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Treatment of Knee Osteoarthritis With Allogeneic
Bone Marrow Mesenchymal Stem Cells:
A Randomized Controlled Trial
Aurelio Vega, MD, PhD,1 Miguel Angel Martín-Ferrero, MD, PhD,1 Francisco Del Canto, MD,1

Mercedes Alberca, PhD,2 VeronicaGarcía, BS,2 AnnaMunar,MD,3 Lluis Orozco,MD, PhD,3 Robert Soler, MD, PhD,3

Juan Jose Fuertes, MD,4 Marina Huguet, MD,5 Ana Sánchez, MD, PhD,2 and Javier García-Sancho, MD, PhD2

Background.Osteoarthritis is the most prevalent joint disease and a common cause of joint pain, functional loss, and disability.
Conventional treatments demonstrate only modest clinical benefits without lesion reversal. Autologous mesenchymal stromal cell
(MSC) treatments have shown feasibility, safety, and strong indications for clinical efficacy. We performed a randomized, active
control trial to assess the feasibility and safety of treating osteoarthritis with allogeneic MSCs, and we obtain information regarding
the efficacy of this treatment.Methods.We randomized 30 patients with chronic knee pain unresponsive to conservative treat-
ments and showing radiological evidence of osteoarthritis into 2 groups of 15 patients. The test group was treated with allogeneic
bone marrow MSCs by intra-articular injection of 40� 106 cells. The control group received intra-articular hyaluronic acid (60 mg,
single dose). Clinical outcomes were followed for 1 year and included evaluations of pain, disability, and quality of life. Articular car-
tilage quality was assessed by quantitative magnetic resonance imaging T2 mapping. Results. Feasibility and safety were con-
firmed and indications of clinical efficacy were identified. The MSC-treated patients displayed significant improvement in
algofunctional indices versus the active controls treated with hyaluronic acid. Quantification of cartilage quality by T2 relaxation
measurements showed a significant decrease in poor cartilage areas, with cartilage quality improvements inMSC-treated patients.
Conclusions. Allogeneic MSC therapy may be a valid alternative for the treatment of chronic knee osteoarthritis that is more
logistically convenient than autologous MSC treatment. The intervention is simple, does not require surgery, provides pain relief,
and significantly improves cartilage quality.

(Transplantation 2015;99: 1681–1690)
Osteoarthritis is the most prevalent chronic joint disease
and a frequent cause of joint pain and disability.1 Unfor-

tunately, conventional treatments demonstrate only modest
clinical benefits2,3 and articular replacement by prosthesis is
recommended only as a last treatment option. Cell-based ther-
apies are promising for the treatment of osteoarthritis and
have shown encouraging results in animal studies and in
human case reports. In fact, we recently published the
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results of a phase I/II pilot clinical trial for knee osteoar-
thritis with autologous bone marrow (BM)-derived mesen-
chymal stromal cells (MSC). We confirmed the feasibility
and safety of MSC treatments, and our results provided
strong indications for clinical efficacy. Patients exhibited
rapid and progressive improvement of algofunctional indi-
ces, which approached 65% to 78% efficiency within a
year. The outcomes were better than those of conventional
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TABLE 1.

Inclusion and exclusion criteria

Inclusion criteria

1. Grade II-IV osteoarthritis, identified by two different observers, according to
the Kellgren-Lawrence grading scale23

2. Chronic knee pain of mechanical origin
3. Absence of local or general infection
4. Hematological and biochemical analyses with no significant alterations that
contraindicate intervention

5. Patient is able to understand the nature of the study
6. Informed written consent provided by the patient

Exclusion Criteria
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treatments,4 and the associated improvements were main-
tained at the 2-year follow-up.5 A recent study with MSCs
from a different origin, autologous adipose tissue-derived
MSC, has confirmed significant clinical benefit 6 months
after treatment.6 In all MSC studies, objective proof of car-
tilage improvement by magnetic resonance imaging (MRI),
arthroscopic examination, and histological analysis of biopsy
specimens was provided.4-6

Autologous MSCs are an excellent therapeutic option for
treating osteoarthritis; however, cell expansion makes the
procedure slow and expensive. Allogeneic cells would be
cheaper and, logistically, more convenient. The most obvious
disadvantage of using these cells is the possibility of host
immune rejection. Mesenchymal stromal cells, however,
are immune privileged7 or immune evasive8 and inhibit
immune responses in a manner not restricted by the HLA sys-
tem. As a result, nonmatched MSC are better tolerated than
other cell types. In fact, there are no reports of rejection in an-
imal experiments,9-12 and studies of transplanted MSC per-
sistence show the same values results for autologous and
allogeneic cells.8,13 In humans, excellent tolerance to allo-
geneic MSCs has been reported in many clinical trials. For
example, in a recent meta-analysis of 87 lupus erythematosus
patients, no transplantation-related adverse events were found
after 4 years of follow-up.14 Similarly, no transplantation-
related adverse events occurred in MSC-treated patients
with breast cancer,15 left ventricular dysfunction,16 ankylosing
spondylitis,17 graft versus host disease,18 and other autoim-
mune diseases.19 Additionally, in the osteoarticular field, a
recent meta-analysis of 844 intra-articular transplantations
of allogeneic MSC concluded that the procedure is safe after
a 21-month follow-up.20

We present a randomized controlled comparatormulticen-
ter study to assess the feasibility and safety of using allogeneic
MSCs to treat knee osteoarthritis. We present evidence to sug-
gest that intra-articular injection of allogeneic MSCs has ther-
apeutic value for treating knee osteoarthritis. Bone marrow
good manufacturing practice–compliant MSCs21 are safe
and have been used extensively for BM transplantation.
For this reason, we selected these cells to maximize biosafety
and efficacy. We used an established hyaluronic acid treat-
ment22 as the active control. The intervention used to intro-
duce MSCs into the joint was minimally invasive and did
not require surgery, which reduced associated complications.
Our results suggest that allogeneic MSC treatment improves
both pain and cartilage quality andmay be a valid alternative
(cheaper than autologous MSC) for treatment of chronic
knee osteoarthritis.
1. Age >75 or <18 years, or legally dependent
2. Signs of infection or positive serology for HIV, hepatitis, or syphilis
3. Congenital or acquired diseases leading to significant knee deformities that
may interfere with cell application or the interpretation of results

4. Obesity with a body mass index >30 (calculated as mass in kg/height in m2)
5. Pregnancy or breast-feeding
6. Neoplasia
7. Immunosuppression
8. Intra-articular injection of any drug during the previous 3 months
9. Participation in another clinical trial or treatment with another investigational
product within 30 days prior to inclusion in the study.

10. Other conditions that may, according to medical criteria, discourage
participation in the study

HIV, human immunodeficiency virus
MATERIALS AND METHODS

Patients and Procedures

This multicenter phase I-II trial was approved by Ethics
Committees at Valladolid University Hospital and the Teknon
Medical Center and by the Spanish Agency of Medicines
(EudraCT 2011-005321-51). The study was registered at
ClinicalTrials.gov (NCT01586312). The design of this trial
was based on our previous one, performed with autolo-
gous MSC.4 Sample size was determined based on the re-
sults from the previous trial for α risk = 0.05 and β risk = 0.20.
We recruited 30 patients (13 men and 17 women; mean
Copyright © 2015 Wolters Kluwer
age ± SE = 57 ± 9 years) with grade II-IV23 chronic knee os-
teoarthritis (Figure S1, SDC, http://links.lww.com/TP/B133),
and unresponsive to conventional treatments (physical and
medical) for at least 6 months before recruitment. Recruit-
ment was performed between April and September 2012.
Detailed inclusion and exclusion criteria are reported in
Table 1. For details on antecedent patient history, see Table 2.
The recruited patients were block randomized by the qual-
ity control manager of the cell production facility, who was
blinded, to receive either the control or the experimental
treatment. The allocation ratio was 1:1. All patients were
treated between July and December 2012, either in the
Valladolid University Hospital (26 patients) or at the
Barcelona TeknonMedical Center (4 patients). Clinical, ana-
lytical, and imaging evaluations were performed to ensure
compliance with these criteria. Patients were informed of
the protocol design before providing written informed
consent. The protocol included 6 visits (V0-V5). The V0
visit involved a final compliance check using the inclusion
criteria, performance of necessary complementary evalua-
tions and tests, and scheduling of dates for the next visit. At
V1, treatments were administered, either MSCs (40 � 106 cells/
knee from a 5 � 106 cell/mL suspension by medial para-
patellar injection) or hyaluronic acid (60 mg in 3 mL;
Durolane) were injected. The V2 to V5 visits (8 days, and
3, 6, and 12 months after implantation) included clinical
evaluation and routine analyses (V2-V5) using the visual
analogue scale (VAS),24 Western Ontario and McMaster
UniversitiesOsteoarthritis (WOMAC),25 and Lequesne algo-
functional indices,26 as well as a short form-12 life quality
(SF-12) questionnaire27 and quantitative MRI exploration
 Health, Inc. All rights reserved.



TABLE 2.

Antecedent history of the patients included in this trial

ARM Patient No.a Sex Age Side OA Grade Previous surgery (date) Cortic. N (date) HA N (date) PRP N (date)

Control (+HA) 1 F 71 R IV
2 F 52 R II 3 (2011), 2 (2012)
6 M 51 R III
8 F 56 R II MM (2006)
9 F 63 R II
11 M 66 R II 2 (2011)
14 M 51 R II (R) Chondropathy (2010)
17 F 59 R III MM (1981)
18 F 44 L II MM (2002-2012) 3 (2012)
21 F 63 R III MM (2002)(2004), MM (L)(1998) 3 (2011), 3 L (2011)
22 F 64 R IV (R) Patellar fracture (1997)
23 M 68 L IV 1 (2012)
24 M 56 R III MM (2010) 3 (2011)
27 F 36 R II LM (1988), LM (1990),

ACL (2000), RT (2000)
3 (2009) 1 (2010) 4 (2011)

29 F 60 L III LM (1982) 4 (2011)

ARM Patient No. Sex Age Side OA Grade Previous surgery (date) Cortic. N (date) HA N (date) PRP N (date)

TEST (+MSC) 3 F 64 L III MM (2008)
4 M 65 L III
5 M 56 R IV
7 F 38 R II MM (1999), LM (2001)
10 M 60 R II Arthroscopic surgery

(L) (3 times in 2009)
12 M 52 L III MM (R)(1986). MM (1990)
13 F 50 R II 5 (2012)
15 M 52 R IV MM (2006) 4 (2010)
16 F 42 R II MM (2005)
19 F 64 R III MM (1998)
20 F 73 R III MM (1994), MM (L)(1995) 1 (1998), 1 (2011) 3 (2012)
25 F 53 L II
26 M 52 R II MM (1981)
28 F 68 L III 1 (2011) 1 (2005) 4 (2010)
30 F 60 R IV LM (1970), ACL (1970) 4 (2011)

Date (year) given in brackets. L and R, left and right, given in brackets in “Surgery”. When not indicated, side is the same as the lesion. All the patients received rehabilitation and a non-steroidal
antiinflammatory drugs.
a Cells from donor 1 were used for treatment of patients 3, 4, 5, and 7; cells from donor 2 for patients 10, 12, 13, 15, and 16; and cells from donor 3 for patients 19, 20, 25, 26, 28, and 30.
OA, osteoarthritis; Cortic., infiltration with corticosteroids; HA, hyaluronic acid; PRP, platelet-rich plasma; (N), number of applications; ACL, anterior cruciate ligament; MM, medial meniscus; LM, lateral meniscus;
MCL, medial collateral ligament; QRT, quadriceps retensioning.
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(V0, V4, and V5). Outcomes were expressed using a 0% to
100% scale in all cases. The patients, radiologists, care pro-
viders, and persons assessing the outcomes of the assay were
blinded after the assignment.
Cell Isolation and Expansion

Bone marrow mesenchymal stromal cells, were obtained
from 3 healthy donors that were subjected to autologous
MSC transplantation and produced more cells than needed
for their own treatment. Cells were processed using good
manufacturing practice conditions in the IBGM Cell Pro-
duction Unit as described previously.4,21 Isolations were
carried out with the following parameters (mean ± SD;
n = 3): BM volume = 103 ± 8 mL, number of mononuclear
cells obtained=1.1± 0.5� 109, expansion time=22±2days,
number of MSC injected into the knee = 40 � 106 while
suspended in Ringer-lactate at 5 � 106 cells/mL, and
Copyright © 2015 Wolters Kluwer H
viability greater than 98%. A serum sample from each do-
nor was obtained to screen for human immunodeficiency,
hepatitis B, and hepatitis C virus by Nucleic Acid Amplifica-
tion Technology.28 The cells obtained from each donor were
used for 4 to 6 recipients (see Table 2 legend for details). Im-
mune matching was not attempted.
Bone Marrow Harvesting, Purification, and Culture

Puncture and BM aspiration were performed in an ambu-
latory surgery session. The patient, in prone position, underwent
light sedation. The surgical field was brushed with alcoholic
povidone-iodine solution (chlorhexidine if a history of allergy
to iodine exists) and delimited with sterile fields, leaving free
both posterior iliac crests. After local anesthesia (20 mL of 1%
lidocaine without epinephrine diluted v/v with saline), 2 mem-
bers of the extractor team, placed on both sides of the operating
table, performed several punctures with an 11-G trocar under
ealth, Inc. All rights reserved.
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the iliac spine, aiming toward the posterior sacroiliac joint (this
is the iliac areawith higher trabecular density). The technique
involves sudden cortical perforation and repeated aspiration
of small BM volumes (2-4 mL) to minimize contamination
with the peripheral blood. The aspirate was injected into a
heparinized bag for transport. Two successive aspirations
were performed by rotating 90 degrees clockwise the beveled
trocar. The same puncture hole allows a further 1 to 2 mm
deepening twice, repeating the same methodology with 2
to 4 mL suction, syringe change, 90 degrees bezel rotation,
and new aspiration. Then the trocar can be removed by slid-
ing it slightly, and a few millimeters above the cortical pelvic,
puncture can be repeated, continuing on both sides of the
pelvis until about 80 mL are collected. Bone marrow (sterile
bag heparinized with a volume of about 80 mL of aspirate)
was refrigerated to 4°C, conditioned, and shipped to the Cell
Therapy Unit. Further processing was done within 24 hours.

Donor serum samples were also obtained at this time to
carry out the required screenings for excluding human immu-
nodeficiency virus andhepatitis A andB contamination (Annex
VIII and Directive 2004/23/EC of the European Parliament
and of the Council). Tests must be performed by Nucleic Acid
Amplification Testing to circumvent quarantine, which would
otherwise be necessary to avoid the window effect.28 An ali-
quot of the serum samplemust be stored to allow further anal-
ysis if required in future.

Bone marrow samples were transported to the cell pro-
duction unit at 4 to 12°C within 24 hours of harvesting.
The mononuclear cell fraction was isolated by density-
gradient centrifugation, resuspended, and cultured in MSC
expansion culture medium29 in 175-cm2 tissue culture flasks,
with periodic washing to remove nonadherent cells. When
cells reached 80% confluence, they were trypsinized and
replated, and the process was repeated for 2 more passages.
At the end of this period (21-24 days), cells were harvested,
resuspended in Ringer lactate solution containing 0.5% human
albumin (CSL Behring GmbH,Marburg, Germany) and 5mM
glucose, and transported at 4 to 20°C to the hospital applica-
tion. In addition to quality-control tests, viability and flow
cytometric immunophenotypic profiles29,30 were determined
at this stage.

MRI Assessments

Magnetic resonance imaging was used to assess the car-
tilage state byT2mapping using theGECartiGramas described
TABLE 3.

Minor adverse events

Minor adverse event (comments)

Postimplantation pain and/or synovial fluid effusion with articular swelling at
days 1-7 (E, SR). Responds to ibuprofen. Endurance < 1 week.

Unexpected osteoarticular pain and/or inflammation (knee, shoulder, hip, ankle,
lumbar) (NSR, UE)

Other: Menstrual disorders, influenza, migraine, toothache, restlessness, memory
testicular pain, rhinitis, sensitive hand alteration, sleepiness, allergic reaction, ti
dental implant, lipoma, skin tumour) (NSR, UE)

The total number of patients was 30, 15 in each arm.
In all cases, the adverse events responded to medical/physical therapy.
Comments: E, expected; UE, unexpected; SR, study-related; NSR, not study-related.

Copyright © 2015 Wolters Kluwer
previously4 at baseline and 6 and 12 months after treatment.
Briefly, mean T2 relaxation values (ms) were sampled in 88
well-defined regions of interest (ROIs) including at the pa-
tellar cartilage (24 ROIs), femoral condyles (32 ROIs), and
tibial condyles (32 ROIs). We have shown previously that
values in healthy individuals distribute normally, with a
mean (andmedian) of 37ms and a SD of 7ms. The 95%per-
centile value was 50 ms.4 To analyze the assay results, we
averaged the values in each area (88 ROIs). Those above
50 ms, which reveal poor-quality remodeling inflammatory
tissue,31-33 were counted to compute the poor cartilage index
(PCI, expressed as a%of all values obtained in the 88ROIs),
as described in the Results. Values above 90 ms were not
used for computations. Values at 100% represent the worst
possible PCI, and those at 5% or below are considered
healthy. The MRI tests were completed in all the 15 control
patients and 12 of the 15 test patients.

Statistical Analyses

Data are reported as means ± SD or SE, as indicated. Sig-
nificant differences were assessed by either Student t tests or
by 1-way repeated-measures analyses of variance with appro-
priate corresponding nonparametric tests. We used GraphPad
Instat3 package software version 3.06 (GraphPad Software,
La Jolla, CA) for all calculations.
RESULTS

Patient Treatment

The 30 patients recruited for this study were given ran-
domized treatments of either MSCs or hyaluronic acid. No
serious adverse events occurred during treatment. Minor
adverse events are summarized in Table 3. Transient mild
local pain and discomfort in the injected knee with inflam-
mation and swelling during the first 1 to 7 days occurred fre-
quently in both the control and cell-treated patients (50-60%
of patients). This pain was controlled with ibuprofen.
Cell Expansion

Cells obtained from the 3 healthy donors were rela-
tively homogeneous and demonstrated a fibroblastic appear-
ance when approaching confluence after 7 to 10days in culture.
This morphology remained unchanged until use. The antigenic
Controls (%) MSV-treated (%) Overall (%)

9 (60%) 8 (53%) 17 (57%)

5 (33%) 7 (47%) 12 (40%)

loss,
nnitus,

11 (73%) 8 (53%) 19 (63%)

 Health, Inc. All rights reserved.



TABLE 4.

Total scores for the VAS, WOMAC, and LEQUESNE severity indices

Test C or E Time N Mean SE Min P25%a P50a P75a Max Conf 95a Conf 99a

VAS (0-100) C Baseline 15 64 7 4 54 70 79 97 13 17
C 12 mo 15 51 8 1 27 50 73 98 15 20

SMDb = 0.48
E Baseline 15 54 7 15 49 55 70 81 10 13
E 12 mo 15 33 6 1 13 27 50 82 13 17

SMDb = 0.77
WOMAC-pain (0-100) C Baseline 15 50 4 20 47 51 57 71 7 10

C 12 mo 15 44 6 7 25 44 55 86 12 16
SMDb = 0.39

E Baseline 15 46 4 24 35 43 59 70 8 10
E 12 mo 15 30 4 8 21 28 36 75 8 10

SMDb = 1.03
WOMAC-general (0-100) C Baseline 15 45 3 18 35 46 56 65 6 8

C 12 mo 15 41 6 6 24 33 56 86 12 15
SMDb = 0.34

E Baseline 15 41 3 17 31 44 51 64 7 10
E 12 mo 15 28 5 6 17 23 35 78 9 12

SMDb = 1.12
LEQUESNE (0-100) C Baseline 15 45 4 13 35 46 56 63 7 9

C 12 mo 15 42 5 13 29 38 56 75 9 12
SMDb = 0.19

E Baseline 15 39 4 17 38 38 44 67 7 9
E 12 mo 15 30 3 13 17 29 40 50 6 8

SMDb = 0.58
a P25%, P50%, and P75% represent 25th, 50th (median), and 75th percentiles, respectively.
b SMD = standardized mean difference, computed as improvement (baseline value minus value at the end of treatment) divided by the SD of the baseline value. SMD is used here as an estimate of
effect size. The correlation between effect size and magnitude of the change are: 0 = null, 0.20 = small, 0.50 = medium, 0.8 = large. Details on effect size can be found in Kirkley et al.34

In all cases, the scale was from 0% to 100%. Measurements performed before cell transplantation (baseline) and 12 months afterwards are shown.
Min, minimum value; Max, maximum value; Conf 95 and Conf 99, confidence interval at 95 and 99% significance.
C, control patients (hyaluronic acid); E, experimental cell-treated patients
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profile of the cultures conformed to the International Soci-
ety for Cellular Therapy criteria for MSCs.4,21,29,30

Evolution of Pain, Disability, and Quality of Life

Table 4 summarizes the distribution of knee pain and
disability indices throughout the observation period. The
starting point within the cohort ranged from mean values
of 39 and 64 on a scale of 0 to 100 for the VAS, Lequesne
index, and WOMAC index. Values of all evaluation scales
improved more with the cell treatment than with the active
control (hyaluronic acid). Improvement of patients following
cell treatment was medium to large (effect size, 0.58 to 1.12
for the different algofunctional indices, Table 4), whereas
improvement was small (effect size, 0.19 to 0.48) after
hyaluronic acid treatment.

Pain was significantly reduced by 6 and 12 months after
MSC transplantation (VAS and pain subscale of WOMAC,
Figure 1A and B). The active controls treated with hyaluronic
acid showed smaller improvements, not statistically signifi-
cant except for the VAS value12 months after intervention
(Figure 1A and B). The other algofunctional indices (general
scale of WOMAC and Lequesne) changed consistently, with
significant decreases at 6 and 12 months in the MSC-treated
group and no significant change in the active controls (Figure 1C
and D). The observed changes were parallel for the VAS,
WOMAC, and Lequesne indices and resulted in displace-
ment of the whole distribution toward smaller values, with
Copyright © 2015 Wolters Kluwer H
decreased median values (P50%, Table 4). In the cell-treated
group, 77% of the patients were satisfied or very satisfied
with the treatment, whereas in the control group, this per-
centage fell to 38%.

Figure S2A (SDC, http://links.lww.com/TP/B133) shows
knee pain relief at the 1-year follow-up, assessed byWOMAC
(pain subscale), as a function of the initial pain score.24 Treat-
ment efficacy is equal to the slope of the line, with a slope of
1 indicating the “perfect treatment.”Even though some scatter
existed, a positive correlation was observed among values
obtained in the MSC-treated group (r = 0.74; P < 0.02)
around a line with a slope of 0.42 ± 0.10 (mean ± SE). In the
controls treated with hyaluronic acid, the slope of the best-fit
line was smaller, 0.10 ± 0.08. The difference between both
slopes was statistically significant (P < 0.02), indicating that
the treatment with cells was successful. The other indices re-
flected similar results, although the differences between the
control and experimental groups were not always statistically
significant, likely because of the dispersion of individual data.
In Figure S2B (SDC, http://links.lww.com/TP/B133), we plot-
ted the 3 main algofunctional indices: VAS, WOMAC (gen-
eral), and Lequesne. We fitted a straight line to all control
values on 1 side and to all experimental values on the other.
This provided 2 lines with slopes of (mean ± SE) 0.14 ± 0.05
and 0.38 ± 0.06, respectively. The difference was highly signif-
icant (P < 0.005), confirming that the cell treatment relieved
pain and disability.
ealth, Inc. All rights reserved.



FIGURE 1. MSC-treatment resulted in improvements in pain and disability. A, The graph shows the evolution of knee pain over time, as mea-
sured by the VAS. Mean ± SE values are provided for the 15 patients treated with MSCs (closed symbols) and for the other 15 treated with the
active control (hyaluronic acid; open symbols), **P < 0.01, ***P < 0.001 (repeated-measures ANOVA with a Dunnet multiple test compared to
the baseline, n.s. = non-significant (P > 0.05). B–D, The evolution of other algofunctional indices is shown. WOMAC-gen, WOMAC general
scale; ANOVA, analyses of variance.
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In our previous study with autologous cells, we did not
find an effect on the life quality, as measured by the SF-36
questionnaire.4 Consistent with these results, in the present
study, we did not find significant differences between the
control and the cell-treated patients in either the physical
or mental component scores of the SF-12 questionnaire
(Table S1, SDC, http://links.lww.com/TP/B133). However,
the SF-36 questionnaire has been reported to be less sensitive
for assessing knee arthritis thanWOMAC, which was devel-
oped specifically for patients with lower extremity arthritis.35

In fact, in several previous studies, the SF-36 scores were
barely modified in either control or treated osteoarthritis
patients.36,37 Thus, we place more value on the WOMAC
scoring system.

Imaging

The MRI quantitative T2 mapping has been used previ-
ously to evaluate articular cartilage quality. T2 relaxation
time is sensitive to both changes in cartilage hydration and
collagen fibril orientation.32,38 T2 relaxation time is longer
Copyright © 2015 Wolters Kluwer
in remodeling inflammatory tissue versus hyaline cartilage32,33

and increases in osteoarthritis.38-40 Healing could then be
followed by the decrease of the T2 relaxation time in affected
areas. Figure 2A illustrates the decrease of T2 values in sev-
eral areas of the articular cartilage after treatment with MSC
in one of the patients. Note improvement after treatment in
the areas indicated by white arrows. In order to perform a
quantitative analysis, the articular cartilages were segmented
in 88 ROIs (see details in Methods) and the mean T2 relaxa-
tions were computed. Figure 2B shows the transversal profile
of an anteroposterior section and illustrates partial healing
by treatment by MSC, with decrease of the mean T2 relaxa-
tion times in several ROIs.

In healthy knees, the mean T2 relaxation value of the 88
ROIs was (±SD) 37.0 ± 6.8 ms. Because 95% of values
should be smaller than mean + 2 � SD, 50 (=37 + 2 � 6.8)
was chosen as the threshold above which T2 values were
considered inordinately high.4 For this reason, the PCI was
computed as the percentage of T2 values greater than 50 ms.
A PCI of 100 is the worst possible value and a value near
 Health, Inc. All rights reserved.



FIGURE 2. Monitorization of articular cartilage quality by T2 mapping. A, Sagittal view of external condyles (plane 7 of 22). T2 image is shown
in grey. T2 relaxation measurements are superimposed in pseudocolor. Calibration scale at left (20 to 90 ms). Poor quality cartilage shows lon-
ger relaxation values, coded in red and yellow. Note improvement after treatment in the indicated areas (white arrows). B, Reconstruction of a
transverse profile (at anteroposterior plane 2 of 4) of T2 relaxation times. Data were averaged in 8 manually segmented ROIs from medial to
lateral condyles, as indicated. The values before and after the treatment are compared. Note logarithmic scale. The normal mean value is
37 ms and values over 50 ms are considered inordinately high. A green rectangle delimiting the normal values has been drawn in the figure.
Black triangles correspond to baseline measurements before treatment whereas red circles represent measurements taken at the end of
the assay. Note that 8 high values decreased, 4 of them to normal limits. In the total counting (88 ROIs) 11 of 21 were switched from greater
than 50 to less than 50 ms by the treatment in this patient.
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5 is considered healthy.4 Figure 3A compares the evolution
of the PCI in cell-treated patients versus the active controls
treated with hyaluronic acid. The PCI decreased in both
groups, but the decrease was not statistically significant in
the control, whereas it reached significance (P < 0.05) in the
experimental group at the 12-month follow up. In Figure 3B,
Copyright © 2015 Wolters Kluwer H
PCI improvement was plotted against the baseline PCI score.
In the treated patients, the slope of the line (efficiency of treat-
ment) was 0.69, whereas in the control series, the slope was
only 0.28. However, the differences were not significant as
dispersion of the data was rather high (DS = 0.49 and 0.38,
respectively). Both lines intercepted the abscissa axis near
ealth, Inc. All rights reserved.



TABLE 5.

Comparison of results of clinical trials with different cellular treatments of knee osteoarthritis

Clinical trial Interventiona Durationb n Basalc +Treatmentc Pain reliefd Efficacye Effect sizef

Orozco, 2013 Auto_BM_MSC 1 y 12 24 ± 14 6 ± 6 18 ± 13 0.75 1.29
Jo, 2014 Auto_AT_MSC 6 mo 12 56 ± 19 34 ± 23 22 0.39 0.96
This Study Allo_BM_MSC 1 y 15 46 ± 15 30 ± 16 16 ± 23 0.36 1.07
This Study Control (HA) 1 y 15 50 ± 14 44 ± 23 6 ± 16 0.12 0.43
a Auto_BM_MSC, Autologous Bone Marrow-derived Mesenchymal Stromal Cells. Auto_AT_MSC, Autologous Adipose Tissue-derived MSC. Allogeneic Bone Marrow-derived MSC. Control (HA), active control
(hyaluronic acid).
b Duration in years or months.
c The WOMAC index (pain subscale) has been used; scale 0-100.
d Pain relief is computed as the difference between “basal” (initial pain score) and “treatment” values.
e Efficacy is computed as the quotient Pain Relief/Basal.
f Effect size is computed as Pain Relief/Basal SD.
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the 5% value, which is the randomly expected value for non-
affected individuals (Figure 3B).
DISCUSSION

Previous studies have demonstrated that autologous MSCs
provide excellent therapeutic alternative for treating osteo-
arthritis4-6; however, allogeneic cells, which have been exten-
sively tested for safety (see Introduction)would be logistically
more convenient. This trial was, to the best of our knowl-
edge, the first to use allogeneic MSC to test therapeutic effi-
cacy in knee osteoarthritis. Our results show that allogeneic
MSC transplantation is safe and feasible and results in no major
adverse outcomes. Postimplantation pain was observed in 53%
to 60% of patients (Table 3) and showed similar frequencies
in the experimental and control groups. This pain responded
well to ibuprofen, vanishing within 1 to 6 days. This minor
adverse outcome was also reported at a similar frequency (50%)
in a trial that tested autologous MSCs.4

Improvement of cartilage quality can be followed by MRI
through T2mapping, which focuses on the evolution of poor
FIGURE 3. Cartilage quality improved as a result of MSC-treatment. Ca
using the PCI (computed as the percentage of sample points with a T2
whereas healthy cartilage will approach 5.4 A, The graph shows the tem
MSCs (filled circles; continuous line) and 15 active controls treated with h
sures ANOVAwith a Dunnetmultiple test compared to the baseline), n.s. =
initial PCI score is shown for all the patients included in this study. Best
slopes are shown on the right.

Copyright © 2015 Wolters Kluwer
cartilage areas and filters out most of the spurious variation,
thus enhancing the sensitivity of the procedure.4 Cartilage
healing can be conveniently followed by the decrease of the
poor-quality cartilage areas, quantified by PCI. In our previ-
ous study, we showed that PCI improved significantly after
treatment with autologousMSC and continued to improve
through the second year follow-up.5 We find here that alloge-
neicMSC treatment also significantly improves PCI (Figure 3),
suggesting that these MSC aid in cartilage repair or regenera-
tion. Adipose tissue–derived MSCs have also been reported
to aid in cartilage repair, as evidenced byMRI and histological
indications of hyaline cartilage regeneration.6 Further investi-
gation of the cartilage healing progression over a longer time
period and investigation into the effect of repeated MSC
application is warranted for future studies.

The analgesic effect of allogeneic MSC treatment is remark-
able, resulting in 38% to 42% improvement in pain compared
to 10% to 14% in active controls with hyaluronic acid (Figure 1A
and B; Figure S2A, SDC, http://links.lww.com/TP/B133).
Improvements in the other algofunctional indices were similar
(Figure 1C and D; Figure S2B, SDC, http://links.lww.com/TP/B133).
rtilage quality was assessed by MRI T2 mapping and was quantified
relaxation value > 50 ms). The worst possible value for PCI is 100,
poral evolution of PCI, mean ± SE values of 12 patients treated with
yaluronic acid (open triangles; dotted line), *P < 0.05 (repeated mea-
nonsignificant. B, The correlation between PCI improvement and the

-fit lines (not forced through the origin) are shown. The values of the
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The effects were significant at 6 and 12 months for MSC-
treated patients, whereas smaller improvements in the active
control group were, in general, not statistically significant.
The efficacy of the allogeneic MSC treatment for pain relief
compares favorably to the reported for conventional treat-
ments. For example, in a recent meta-analysis of 4 presti-
gious clinical trials, we find an efficacy range of 4% to 36
% for 8 different treatments (see Figure 3 in Orozco et al4).
Table 5 compares the results obtained here with allogeneic
cells to those of previous trials using autologous MSC. Effi-
cacy was quantified for comparisons of different trials by di-
viding pain relief by the initial pain score.24 This gives values
between 0 (no effect) and 1 (perfect treatment). Values of ef-
fect size, a primary measurement of significance (see Table 4
legend), are also shown. The efficacy of allogeneic treatment
found in this trial was smaller than that reported for autolo-
gous BM -derived cells4 and similar to that reported with au-
tologous adipose tissue-derived cells6 (Table 5); however,
direct comparisons are difficult because the previous studies
were uncontrolled. Apart from differences in the cell type,
the fact that the present study was a multicenter endeavor
that included two different surgical teams may have con-
tributed to differences by increasing variability. In fact, it
would be interesting to directly compare autologous with
allogeneic cells in different arms of the same trial, and we
aremoving in this direction for future studies.

The results published here are the first to demonstrate fea-
sibility and safety of allogeneic MSCs while providing strong
indications for their efficacy in treating osteoarthritis.
These results may contribute to more widespread use of MSC
treatments because allogeneic cells are cheaper and more
logistically convenient than autologous cells. Additionally,
studies are increasingly demonstrating the biosafety of alloge-
neic MSCs (see Introduction), which also encourages clinical
use. However, the transition from autologous to allogeneic
MSCs should be made with extreme caution to ensure safety.
Allogeneic MSC treatments will benefit from further research
addressing howMSCs relieve pain, promote regeneration, and
become immune evasive. In addition, protecting MSCs from
immune detection and prolonging their persistence in vivo
may improve clinical outcomes and prevent sensitization.8

Research that has been performed suggests that, due to the
fast acting nature of MSC treatments, many of the early
beneficial effects may be trophic by promoting immuno-
modulatory7,41 and/or anti-inflammatory effects.42 Impor-
tantly, MSCs have also been shown to stimulate cocultured
cells to proliferate and synthesize extracellular matrix.43-45

In fact, transplanted MSCs engrafted into the joint are acti-
vated and express Indian hedgehog and other genes. These
genes in turn promote expression of collagen II and other
chondrogenic genes by host cells.46 Because of these hit and
run effects, tracing MSC action may be elusive.

In summary, we propose that cell therapy with expanded
allogeneic BM-MSC be considered as a treatment for chronic
osteoarthritis. Cell handling and expansion of these cells is
reproducible, and quality control tests are satisfactory. The
clinical procedure is feasible and safe, and requires minimally
invasive intervention without surgery or hospitalization. The
procedure results in significant relief of pain and disability,
and quantitative MRI evidence indicates partial articular car-
tilage healing. Advantages of allogeneic over autologous
treatments include lower cost, higher homogeneity, and the
Copyright © 2015 Wolters Kluwer H
possibility of using them in seropositive patients. The healing
effects appear to be somewhat smaller than those reported
for treatment with autologous MSC, but this should be con-
firmed in future studies designed to directly compare both
cell types within the same trial.
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