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Background: Osteoarthritis is a chronic, progressive, and degenerative condition with limited therapy options. Recently, biologic
therapies have been an evolving option for the management of osteoarthritis.

Purpose: To assess whether allogenic mesenchymal stromal cells (MSCs) have the potential to improve functional parameters
and induce cartilage regeneration in patients with osteoarthritis.

Study Design: Randomized controlled trial; Level of evidence, 1.

Methods: A total of 146 patients with grade 2 and 3 osteoarthritis were randomized to either an MSC group or placebo group with
a ratio of 1:1. There were 73 patients per group who received either a single intra-articular injection of bone marrow–derived
MSCs (BMMSCs; 25 million cells) or placebo, followed by 20 mg per 2 mL of hyaluronic acid under ultrasound guidance. The
primary endpoint was the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) total score. The secondary
endpoints were WOMAC subscores for pain, stiffness, and physical function; the visual analog scale score for pain; and magnetic
resonance imaging findings using T2 mapping and cartilage volume.

Results: Overall, 65 patients from the BMMSC group and 68 patients from the placebo group completed 12-month follow-up. The
BMMSC group showed significant improvements in the WOMAC total score compared with the placebo group at 6 and 12 months
(percentage change: 223.64% [95% CI, 232.88 to 214.40] at 6 months and 245.60% [95% CI, 255.97 to 235.23] at 12 months
P \ .001; percentage change, 244.3%). BMMSCs significantly improved WOMAC pain, stiffness, and physical function subscores
as well as visual analog scale scores at 6 and 12 months (P \ .001). T2 mapping showed that there was no worsening of deep
cartilage in the medial femorotibial compartment of the knee in the BMMSC group at 12-month follow-up, whereas in the placebo
group, there was significant and gradual worsening of cartilage (P \ .001). Cartilage volume did not change significantly in the
BMMSC group. There were 5 adverse events that were possibly/probably related to the study drug and consisted of injection-
site swelling and pain, which improved within a few days.

Conclusion: In this small randomized trial, BMMSCs proved to be safe and effective for the treatment of grade 2 and 3 osteo-
arthritis. The intervention was simple and easy to administer, provided sustained relief of pain and stiffness, improved physical
function, and prevented worsening of cartilage quality for �12 months.

Registration: CTRI/2018/09/015785 (National Institutes of Health and Clinical Trials Registry–India).
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Osteoarthritis is a chronic, progressive condition that is
degenerative in nature and characterized by a gradual
loss of cartilaginous tissue, leading to stiffness, pain, and
impaired movement of the affected joint. The disease
most commonly affects the joints in the hips, knees, spine,
feet, and hands. Its modifiable and nonmodifiable risk

The American Journal of Sports Medicine
1–13
DOI: 10.1177/03635465231180323
� 2023 The Author(s)

1

http://crossmark.crossref.org/dialog/?doi=10.1177%2F03635465231180323&domain=pdf&date_stamp=2023-06-27


factors include obesity, genetic predisposition, lack of exer-
cise, trauma, sex, and age.37 It is now evident that osteoar-
thritis is not only caused by wear and tear but also by the
involvement of various proinflammatory cytokines and
mediators.5

According to the World Health Organization, 18.0% of
women and 9.6% of men .60 years of age have symptomatic
osteoarthritis worldwide; 80% of them have limitations in
movement, and in 25%, their quality of life is majorly
affected.30 In Indian populations, osteoarthritis of the
knee is most prevalent, followed by osteoarthritis of the
hand. In India, around 23.46 million people had osteoarthri-
tis in 1990, which increased to 62.35 million in 2019.38

Current management approaches for osteoarthritis
include primary prevention (weight loss, averting joint
injuries) and clinical treatment, which focuses on improv-
ing function, pain, and quality of life while avoiding thera-
peutic toxicity.20 Surgical interventions include osteotomy
as well as unicondylar and total knee replacement.36 From
a societal viewpoint, osteoarthritis is costly, with high
direct costs in the form of increased utilization of hospital
and medical services and high indirect costs through lost
productivity of patients and their caregivers.45

Mesenchymal stromal cells (MSCs), which have the
potential for cartilage regeneration in osteoarthritis, have
been presented as an alternative source for cell-based ther-
apy to chondrocytes.27 The regenerative potential of MSCs
is of interest in osteoarthritis, as very few treatment modal-
ities have been shown to reverse or stop the loss of carti-
lage.40 Immunomodulatory and anti-inflammatory
properties of MSCs may be of value in osteoarthritic joints,
regardless of their regenerative capacity.41 In our published
phase 2 study, we had shown that the intra-articular
administration of the lowest dose of 25 million cultured,
pooled, and allogenic MSCs (Stempeucel; Stempeutics)
was safe and demonstrated a positive trend of improvement
in pain, stiffness, and physical function of the affected
joint.11 The purpose of this study was to conduct a random-
ized, double-blind, placebo-controlled phase 3 study using
allogenic, cultured, and pooled bone marrow–derived
MSCs (BMMSCs) for the management of symptomatic
osteoarthritis of the knee. Our hypothesis was that
BMMSCs would result in improved function and decreased
pain compared with placebo; however, a null hypothesis was
also proposed that BMMSCs would have no improvement in
efficacy parameters compared with placebo.

METHODS

Preparation and Characterization of BMMSCs

The investigational medicinal product (IMP) was
BMMSCs, which are bone marrow–derived, ex vivo–
expanded, pooled, allogenic human MSCs that have been
characterized in our previous publications.10-12,25 Cells
from 3 healthy donors meeting the inclusion criteria (see
Appendix 1, available in the online version of this article)
were used to produce the BMMSCs in an approved good
manufacturing practice facility. The final pooled product
was released at passage 5 (US patent No. 8956862; Febru-
ary 17, 2015). A total of 25 million expanded BMMSCs
were cryopreserved in 1 mL of CryoStor CS5 (Sigma-
Aldrich) in blinded 5-mL Crystal Zenith vials (West Phar-
maceutical Services). Placebo was contained in 1 mL of
CryoStor CS5 in similar blinded cryovials. The in-house
IMP specifications are given in Table 1. Details on cell
manufacturing and release criteria are provided in Appen-
dices 1 and 2 (available online), respectively.

Viability and Viable Cell Count

The vial containing 25 million BMMSCs was thawed in
a 37�C water bath and analyzed for viability and viable
cell count in a Vi-Cell XR cell viability analyzer (Beckman
Coulter). Viable and nonviable cells appeared brighter and
darker, respectively, after trypan blue staining and were
automatically recognized by the instrument using viable
cell spot area and viable cell spot brightness settings. The
viability percentage and the total number of viable cells
were determined from the average of 50 images.

Potency Assay Using Thrombospondin-2 (TSP-2)

The secretion of thrombospondin-2 (TSP-2) by BMMSCs
was determined using a potency assay to measure their
in vitro chondrogenic potential. For analysis of the secre-
tome, 1 million MSCs at passage 5 were plated in a 75-
cm2 flask in knockout Dulbecco’s modified Eagle medium
supplemented with 10% fetal bovine serum, 2 mM of L-glu-
tamine, 1X penicillin-streptomycin (Invitrogen), and 2 ng/
mL of basic fibroblast growth factor (Invitrogen) and cul-
tured for 72 hours. The spent medium was collected and
used for analysis with the TSP-2 ELISA Kit (R&D
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Systems) by following the manufacturer’s instructions. The
level of TSP-2 was estimated at an absorbance of 450 nm
using a VersaMax microplate reader (Molecular Devices).

Regulations in India for Cell Therapy Products

In India, per the New Drugs and Clinical Trials Rules of
2019, issued by the Central Drugs Standard Control Orga-
nisation (CDSCO), a cell therapy product is considered to be
a drug and is called a cell- or stem cell–derived product. The
National Guidelines for Stem Cell Research issued by the
Indian Council of Medical Research define the minimal
manipulation, substantial or more than minimal manipula-
tion, and major manipulation of cells.15 They state that clin-
ical trials using cells that have undergone more than
minimal manipulation, which includes the culture expan-
sion of cells harvested from bone marrow, adipose tissue,
or any other source, can only be conducted after obtaining
approval from the CDSCO.

Study Design and Enrollment Criteria

This study was registered prospectively with the National
Institutes of Health and Clinical Trials Registry–India
(No. CTRI/2018/09/015785) and planned as a randomized,
double-blind, multicenter, placebo-controlled phase 3 study.
The study assessed the efficacy and safety of a single intra-
articular injection of 25 million cells compared with a single
dose of placebo in patients with knee osteoarthritis. The
study was conducted in accordance with good clinical prac-
tice guidelines issued by the International Council for Har-
monisation of Technical Requirements for Pharmaceuticals
for Human Use (ICH/135/95; July 2002) and principles out-
lined in the Declaration of Helsinki (64th World Medical
Association General Assembly, Fortaleza, Brazil, October
2013). Approval was obtained from the CDSCO and the
institutional ethics committees of 15 participating hospitals.
An independent data safety monitoring board was estab-
lished comprising drug safety physicians and experts in
therapeutic disciplines to monitor safety data at predefined

intervals during the study. The study was started in Janu-
ary 2019, and 1-year follow-up of the patients was com-
pleted in April 2021. Written informed consent was
obtained from all participants before screening.

Patients were prospectively stratified and randomized
by block randomization, with a block size of 4 patients
each for grade 2 and 3 osteoarthritis. The unblinded bio-
statistician generated the randomization protocol using
PROC PLAN in SAS (Version 9.2 or later; SAS Institute)
and shared it with an independent, unblinded representa-
tive of the IMP management team. The investigators
(S.M., J.J.C., V.G., A.K.S., S.K.T., K.T., V.P., P.K.S., S.S.,
S.Ba, N.S., S.U.K., P.S.P.), patients, study-site personnel,
central laboratory personnel, central radiologist, sponsors
(P.K.G., J.A., S.K., S.Bh, S.P., U.K., V.S., A.S.), and clinical
research personnel remained blinded except 1 person each
from the IMP management team and biostatistics team.
The eligibility criteria of the patients enrolled in the trial
are shown in Table 2.

Intervention

Of the 426 patients who provided informed consent, 146
patients met the eligibility criteria and were randomized.
A total of 73 patients each from the BMMSC and placebo
groups received a dose of the study treatment (CONSORT
[Consolidated Standards of Reporting Trials] flowchart in
Figure 1). Patients randomized to the BMMSC arm received
a single intra-articular injection of 25 million BMMSCs sus-
pended in 2 mL (20 mg) (1 mL of CryoStor CS5 1 1 mL of
Plasma-Lyte A [Baxter]) of medium, followed by an injection
of 2 mL of hyaluronic acid. Patients in the placebo arm
received an intra-articular injection of 2 mL of placebo
(1 mL of CryoStor CS5 1 1 mL of Plasma-Lyte A), followed
by 2 mL of hyaluronic acid. All intra-articular injections
were administered under ultrasound guidance. Both the
cells and placebo were supplied in blinded cryovials that
were indistinguishable from each other, and the injections
were administered using a 5-mL blinded syringe. Medica-
tion before the administration of the IMP as well as the

TABLE 1
Investigational Medicinal Product Specifications

No. Test Specification

1 Description Cells are fibroblastic and spindle-shaped when actively
growing; they are intact and round in shape after trypsinization

2 Viable cell count �20 million cells
3 Viability �80%
4 Bacterial endotoxins \0.125 EU/mL
5 Mycoplasma by polymerase chain reaction–enzyme-linked

immunosorbent assay
Not detected

6 Sterility No microbial growth
7 Purity CD105 �90%, CD73 �90%, CD34 �10%, CD45 �10%
8 Differentiation assay for adipocytes, chondrocytes, and osteocytes Confirmation of differentiation
9 Infectious disease markers by polymerase chain reaction (human

immunodeficiency virus, hepatitis C virus, hepatitis B virus,
Epstein-Barr virus, parvovirus B19, cytomegalovirus)

Negative

10 Karyotype Normal (46,XY)
11 Potency assay for thrombospondin-2 secretion levels �10 ng/mL/million cells
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injection protocol were similar to those published earlier.11

Patients were discharged at 24 hours after an inspection
of the target knee joint and a general physical examination
and vital signs.

Outcomes

The primary endpoint of the study was to assess the
change in the Western Ontario and McMaster Universities

Osteoarthritis Index (WOMAC) total score in the BMMSC
arm from baseline to 1 year compared with the placebo
arm. Scores for each WOMAC subscale ranged from 0 to
500 for pain, 0 to 200 for stiffness, 0 to 1700 for physical
function, and the WOMAC total score ranged from 0 to
2400. A visual analog scale (VAS) was also administered,
which was a measure of pain intensity, with scores ranging
from 0 to 100. The minimal clinically important difference
(MCID) was used to analyze patient-reported outcome

TABLE 2
Participant Eligibility Criteria

Inclusion Criteria

1. Male and female patients aged 40-65 y (both inclusive)
2. Body mass index \30
3. History of primary osteoarthritis of the knee characterized by pain, requiring the intake of analgesics
4. Radiograph of the knee joint showing evidence of grade 2 to 3 osteoarthritis based on the Kellgren-Lawrence classification
5. Self-reported difficulty in �1 of the following activities attributed to knee pain: lifting and carrying groceries, walking 400 m, getting in

and out of a chair, getting up from a squatting or cross-leg position, or going up and down the stairs
6. Use of analgesic medication for osteoarthritis for 6 wk based on the investigator’s judgment
7. Willingness to refrain from any other stem cell treatment for 2 y during the study period
8. Female patients of childbearing age who were willing to use accepted methods of contraception during the course of the study
9. Willingness to provide written informed consent including audiovisual consent

Exclusion Criteria

1. Radiograph (evaluated by the central radiologist) showing any of the following:
a. Grade 0, 1, and 4 osteoarthritis based on the Kellgren-Lawrence classification
b. Subchondral sclerosis (involving both the medial and the lateral femorotibial compartments of the knee joint)

2. Magnetic resonance imaging scan of the knee showing any of the following:
a. Anterior cruciate ligament/posterior cruciate ligament tears (complete tears were excluded)
b. Grade 3 meniscal tears, defined as increased signal intensity on proton density–weighted sequences extending up to either articular

surface; this also included root tears but excluded ramp tears (grade 3 complete root tears only were excluded)
c. Exclusive patellofemoral arthritis
d. Grade 0, 1, and 4 osteoarthritis per the proposed grading system

3. Prior or ongoing medical conditions (eg, concomitant illness, psychiatric condition), alcoholism, smoking, tobacco chewing or drug abuse,
medical history results, physical examination findings, electrocardiography findings, or laboratory abnormalities that, in the investigator’s
opinion, could adversely affect the safety of the patient, make it unlikely that the course of treatment or follow-up would be completed, or
impair analysis of the study results

4. History of surgery or major trauma to the examined joint
5. Arthroscopic surgery on the examined joint in the previous 12 mo
6. Signs of active joint inflammation including redness, warmth, and/or large, bulging effusion with a loss of the normal contour of the joint

at the screening visit or on the baseline examination
7. Acute exacerbation of the examined joint in the past 6 wk
8. Use of intra-articular steroids or hyaluronan within the past 3 mo
9. Any stem cell treatment in the past by any route of administration
10. Infection in or around the examined knee
11. Awaiting replacement of the knee or hip joint
12. Other conditions that cause pain in the knee joint
13. Gross deformity (varus deformity on radiography of the knee or flexion deformity .10� using a goniometer) of the knee joint based on the

principal investigator’s judgment
14. Significantly incapacitated or disabled patient categorized as American College of Rheumatology class IV of functional status (largely or

wholly incapacitated) or inability to walk without assistive devices
15. Any secondary causes of arthritis (eg, rheumatoid arthritis, systemic lupus erythematosus, ulcerative colitis, psoriasis, rheumatic or

inflammatory disease)
16. Body mass index �30
17. Hepatitis B surface antigen, hepatitis C antibody, human immunodeficiency virus 1 and 2 antibodies, positive Treponema pallidum

hemagglutination assay test finding, or cytomegalovirus (IgM) antibody
18. History of bleeding disorders
19. Known hypersensitivity to hyaluronan products, animal sera, or constituents of the investigational medicinal product
20. Pregnancy, breastfeeding, planned pregnancy during the study period, or women of childbearing potential not using adequate

contraception
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measures (PROMs) such as the WOMAC total and VAS. A
�20% difference in scores between the study groups was
considered to have a substantial clinical benefit.1,35

The secondary efficacy endpoints included the WOMAC
subscores of pain, stiffness, and physical function; the VAS
score; and magnetic resonance imaging (MRI) findings of
cartilage quality using T2 mapping and cartilage volume
in the BMMSC arm compared with the placebo arm at
the 1-year time point. MRI was conducted at baseline, 6
months, and 1 year using a 3-T machine of �8 channels
and with an extremity coil/flex coil using CartiGram T2
sequence software (GE Healthcare). Sagittal T2-weighted
images of each patient were loaded and color-coded with
the IntelliSpace Portal (Philips), which divided each sagit-
tal image into 6 predefined subcompartments and then fur-
ther subdivided each subcompartment into 3 layers
(superficial, deep, and intermediate) for detailed cartilage
analysis. T2 relaxation times of cartilage were calculated
for each subdivision (with T2 being higher in damaged car-
tilage). Cartilage volume was calculated manually using 2
separate 5-mm 3-dimensional sagittal images in maximum
intensity projection. Knee MRI assessments were per-
formed by a single radiologist blinded for all the parame-
ters at all time points.

The secondary safety endpoints included all adverse
events (AEs), treatment-emergent AEs (TEAEs), and labo-
ratory parameters. Exploratory endpoints included the

presence of the biomarker C-terminal cross-linked telopep-
tide of type II collagen (CTX-II; indicative of disease pro-
gression) in urine and the anti-inflammatory marker
interleukin 10 (IL-10) in serum.

Follow-up

Clinical and laboratory outcomes were evaluated at 1 week
and 1, 3, 6, and 12 months after the administration of the
IMP. The clinical data were unblinded after 12 months of
follow-up, and the patients were followed up for efficacy
and safety for 24 months after the injection.

Sample Size Calculation

The sample size was calculated using nQuery software
(Version 6; Statsols). The input was determined based on
the change in the WOMAC total score from baseline to 6
months for the MSC and placebo arms from the completed
phase 2 study.13 To establish the superiority of a dose of 25
million BMMSCs compared with placebo with 90% power
and alpha of .05, a 2-sided test was applied, and the study
required 51 evaluable patients per group. To account for
a dropout rate of 30%, the study required 73 evaluable
patients per group for a total of 146 patients.

Figure 1. CONSORT (Consolidated Standards of Reporting Trials) flowchart showing the number of patients screened, random-
ized, followed up, and analyzed. mITT, modified intention to treat.
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Statistical Analysis

The SAS package (Version 9.4; SAS Institute) was used for
statistical analysis. There were 3 cohorts considered for anal-
ysis: the modified intention-to-treat (mITT), per-protocol
(PP), and safety cohorts. The mITT cohort was used for anal-
ysis of the primary efficacy endpoint, and the PP cohort was
also used to analyze the primary endpoint. Analysis of the
secondary efficacy endpoints was performed using the
mITT cohort. The mITT cohort included all randomized
patients who received the study medication and had a base-
line measurement and �1 posttreatment measurement,
whereas the PP cohort included all randomized patients
who completed both the baseline visit and the end-of-treat-
ment visit and had no major protocol violations/deviations.
The normality of data was examined with the Shapiro-Wilk
test. Based on the normality test, an independent t test/
paired t test or the nonparametric Mann-Whitney test/Wil-
coxon signed-rank test was performed for comparisons of
the change from baseline values between the study groups
using the mITT and PP cohorts at a 5% level of significance.
If P \ .05, then the null hypothesis would be rejected. AEs
were summarized descriptively by the total number of AEs
and compared between the 2 study groups. AEs and TEAEs
were presented as the number and proportion of patients
who experienced AEs by treatment group, classified by the
Medical Dictionary for Regulatory Activities ‘‘System Organ
Class’’ and ‘‘Preferred Term.’’ All AEs were categorized in
terms of severity (mild, moderate, and severe), action taken,
relatedness, expectedness, and outcome. Certain secondary
efficacy endpoints and exploratory biomarkers were analyzed
using a generalized estimating equation (GEE) model with
longitudinal analysis.13,43

RESULTS

Viability, Viable Cell Count, and TSP-2 Secretion

Analysis of cell viability and count is presented in Figure 2.
On analysis, we found that the viability of the different cell
batches analyzed was .90%, and the mean viable cell
count was 26.5 6 0.9 million cells in a vial. As TSP-2 plays
a major role in MSC-mediated cartilage regeneration, we
analyzed the potency of MSCs to secrete TSP-2 in culture
from 3 different BMMSC batches. All batches showed uni-
form levels of TSP-2 secretion, and the values of the 3
batches were 29.03, 28.19, and 30.39 ng/mL/million cells.

Baseline Characteristics of Patients

The baseline characteristics of the enrolled patients are
presented in Table 3. Both the BMMSC and the placebo
groups were comparable and balanced at baseline in all
the parameters. High scores for the VAS and WOMAC sug-
gest that the patients enrolled in the study had severe
pain, and the baseline data were balanced in the efficacy
parameters in both groups. There were no major protocol
deviations observed during the study.

Safety Profile

A total of 79 TEAEs were reported in 44 patients (Table 4).
The majority of the TEAEs in both arms of the study were
mild and moderate in severity. One TEAE in 1 patient
(1.4%) in the BMMSC arm had a fatal outcome (coronavi-
rus infection). Additionally, 5 TEAEs (n = 4 [5.5%] in

Figure 2. Potency assay of bone marrow–derived mesenchymal stromal cells showing viability, viable cell count, and thrombo-
spondin-2 (TSP-2) secretion. The viability of all the batches was .90%, with a mean cell yield of 26.5 million and TSP-2 secretion
level of 29.20 ng/mL/million cells. IMP, investigational medicinal product; OA, osteoarthritis.
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BMMSC group and n = 1 [1.4%] in placebo group) were
considered to be possibly/probably related to the study
drug. These included injection site joint swelling, injection
site pain, and injection site joint pain. All events of joint
pain and swelling recovered completely within a few days
of symptomatic treatment. There were 10 serious AEs
(SAEs) in 8 patients reported during the study. Overall,
6 SAEs in 4 patients (5.5%) recorded in the BMMSC group
consisted of intestinal obstruction (2 events), coronavirus
infection (2 events), gastroenteritis, and severe fever with
thrombocytopenia; 4 SAEs in 4 patients (5.5%) recorded
in the placebo group comprised coronavirus infection (2
events), transient ischemic attack, and hypertension. All
the events were assessed as unrelated to the study drug.
One patient in the BMMSC arm had 3 SAEs: gastroenter-
itis (1 event) and intestinal obstruction (2 events). With
regard to the SAE of intestinal obstruction, the patient
during the first admission underwent initial laparoscopy,

followed by laparotomy and a surgical intervention, and
during her second admission was managed nonoperatively.
The patient improved and was discharged in a hemody-
namically stable state. Also, 2 patients each in the BMMSC
and placebo arms developed a coronavirus infection. There
were 3 patients who recovered from the infection; however,
1 patient in the BMMSC arm developed complications of
the coronavirus infection and died because of septicemia
with a septic acute kidney injury and bilateral pneumoni-
tis. The cause of the SAE was assessed by the investigator,
ethics committee, and independent data safety monitoring
board as not related to BMMSCs. Another patient devel-
oped fever with thrombocytopenia (decreased to 43,000/
mm3), which was initially diagnosed as dengue fever, but
the NS1 antigen test result was negative. The patient
was managed nonoperatively, and the patient improved
and was discharged under stable conditions. The SAE
was determined to be unrelated to the study drug.

TABLE 3
Patient Characteristics at Baselinea

BMMSC (n = 73) Placebo (n = 73)

Age, y 51.6 6 6.77 53.6 6 6.78
Height, cm 159.0 6 6.89 157.8 6 7.74
Weight, kg 67.1 6 8.41 65.4 6 9.05
Body mass index 26.5 6 2.58 26.2 6 2.99
Sex, male:female, n 26:47 22:51
Kellgren-Lawrence grade of osteoarthritis, n

Grade 2 36 38
Grade 3 37 35

WOMAC total score 1412.0 6 336.59 1361.4 6 305.18
WOMAC pain subscore 295.3 6 76.03 282.0 6 67.70
WOMAC stiffness subscore 114.6 6 36.76 109.4 6 35.17
WOMAC physical function subscore 1002.7 6 236.47 969.9 6 223.40
VAS score 66.1 6 13.96 65.0 6 13.09

aData are shown as mean 6 SD unless otherwise indicated. BMMSC, bone marrow–derived mesenchymal stromal cell; VAS, visual analog
scale; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index.

TABLE 4
Treatment-Emergent Adverse Eventsa

BMMSC (n = 73) Placebo (n = 73)

Total 49 (24) 30 (20)
Ear and labyrinth disorders 1 (1) 0 (0)
Gastrointestinal disorders 3 (2) 4 (3)
General disorders and administration site conditions 10 (7) 4 (3)
Infections and infestations 9 (6) 4 (4)
Injury, poisoning, and procedural complications 2 (2) 1 (1)
Investigation related 1 (1) 4 (4)
Metabolism and nutrition disorders 4 (4) 7 (6)
Musculoskeletal and connective tissue disorders 13 (8) 1 (1)
Nervous system disorders 0 (0) 3 (3)
Respiratory, thoracic, and mediastinal disorders 3 (3) 0 (0)
Skin and subcutaneous tissue disorders 2 (2) 1 (1)
Vascular disorders 1 (1) 1 (1)

aData are shown as number of events (number of patients). BMMSC, bone marrow–derived mesenchymal stromal cell. Some patients had
more than one adverse event.
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All hematological and biochemical parameters including
electrocardiography results did not reveal any significant
abnormalities. There was no difference in the incidence
of AEs between the BMMSC and the placebo arms. A total
of 4 patients underwent total knee replacement at 1-year
follow-up: 3 patients in the placebo arm and 1 patient in
the BMMSC arm.

Clinical Outcomes

The WOMAC total score decreased in both the BMMSC
and placebo arms at 3 months of follow-up (997.0 6

312.56 vs 1005.5 6 367.21, respectively; P = .3905). There-
after, the mean score in the BMMSC arm was lower com-
pared with the placebo arm at 6 months (870.6 6 297.87

Figure 3. Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) total score and subscores. (A) Mean values
of the WOMAC total score over time. (B) Percentage change in the WOMAC total score over time. (C) Mean values of the WOMAC
pain subscore over time. (D) Mean values of the WOMAC stiffness subscore over time. (E) Mean values of the WOMAC physical
function (PF) subscore over time. (F) Mean values of the visual analog scale (VAS) score over time. Red line indicates Stempeucel
arm and the blue line indicates placebo arm.
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vs 1187.7 6 469.69, respectively; P \ .001) and 12 months
(741.3 6 346.13 vs 1363.5 6 488.62, respectively; P \ .001)
(Figure 3A). The mean percentage difference between the
groups showed a statistically significant improvement (P
\ .001) in the BMMSC arm both at 6 months (223.64
[95% CI, 232.88 to 214.40]) and 12 months (246.60
[95% CI, 255.97 to 235.23]) (Figure 3B). Also, 89.2% of
patients in the BMMSC group showed an improvement of
�20% compared with 26.5% in the placebo group.

WOMAC subscores showed a similar trend; the mean
difference in the WOMAC pain subscore at 6 months was
283.49 (95% CI, 2113.61 to 253.38) and at 12 months
was 2133.99 (95% CI, 2167.63 to 2100.34) in the BMMSC
arm compared with the placebo arm (both P \ .001) (Fig-
ure 3C). A mean percentage reduction was observed in
the BMMSC arm of 226.91 (95% CI, 236.29 to 217.53)
at 6 months and 246.34 (95% CI, 256.94 to 235.73) at
12 months, showing a statistically significant improvement
(P \ .001).

The mean difference in the WOMAC stiffness subscore
at 6 months was 233.44 (95% CI, 246.61 to 220.27) and
at 12 months was 254.63 (95% CI, 268.55 to 240.70) in
the BMMSC arm compared with the placebo arm (both P
\ .001) (Figure 3D). A mean percentage reduction was
observed in the BMMSC arm of 231.90 (95% CI, 244.72
to 219.08) at 6 months and 255.12 (95% CI, 279.35 to
230.89) at 12 months, showing a statistically significant
improvement (P \ .001).

The mean difference in the WOMAC physical function
subscore at 6 months was 2232.98 (95% CI, 2337.03 to
2128.92) and at 12 months was 2444.13 (95% CI,
2559.70 to 2328.55) in the BMMSC arm compared with
the placebo arm (both P \ .001) (Figure 3E). A mean per-
centage reduction was observed in the BMMSC arm of
222.60 (95% CI, 232.07 to 213.12) at 6 months and
245.63 (95% CI, 256.27 to 234.98) at 12 months (both P
\ .001).

The VAS score decreased in both study groups at 3-
month follow-up; thereafter, the decrease was seen only
in the BMMSC arm. The mean score at 12-month follow-
up was 33.5 6 17.34 and 61.1 6 21.85 in the BMMSC

and placebo arms, respectively, and a mean difference of
228.46 (95% CI, 235.62 to 221.29) was observed with sta-
tistical significance for the BMMSC arm (P \ .001) (Figure
3F). A mean percentage reduction was observed in the
BMMSC arm of 217.62 (95% CI, 226.20 to 29.04) at 6
months and 241.58 (95% CI, 251.86 to 231.29) at 12
months (both P \ .001). Also, 89.2% of patients in the
BMMSC group showed an improvement of �20% compared
with 29.4% in the placebo group.

Structural Outcomes on MRI

T2 mapping of deep cartilage of the medial femorotibial
compartment showed the relaxation time within normal
limits (\40 ms) in the BMMSC arm at baseline (35.7 6

7.68 ms), 6 months (37.8 6 8.72 ms), and 12 months (36.1
6 7.79 ms). However, in the placebo arm, the relaxation
time gradually increased from baseline (39.2 6 8.04 ms) to
6 months (39.2 6 8.07 ms) and then 12 months (47.0 6

75.20 ms), which was statistically significant (P \ .001)
(Figure 4). However, the difference between the 2 groups
was not significant at 6- and 12-month follow-up. The lat-
eral femorotibial compartment did not show any changes
in both the groups. Representative images of T2 mapping
are shown in Figure 5.

Cartilage volume was evaluated by the GEE method
and showed an increase in an average volume of 34.07
units as compared to placebo arm irrespective of time,
which was statistically not significant.

Biomarker Analysis

Interleukin 10. In the BMMSC arm, values increased
significantly compared with baseline at 1 month (0.376 6

2.0721 pg/mL; P = .0313) but not at 3 months (0.323 6

1.6238 pg/mL; P = .0623) and 12 months (0.051 6 0.7182
pg/mL; P = .0625). However, in the placebo arm, the values
decreased compared with baseline at 12 months (20.023 6

6.3325 pg/mL; P = .0156). The mean difference between the
2 groups at 12-month follow-up was 0.28 pg/mL (95% CI,
21.48 to 22.03), which was not significant (P = .4546).

C-Terminal Cross-Linked Telopeptide of Type II Colla-
gen. Analysis of the data was performed using the general-
ized estimating equation method, which showed that in the
BMMSC arm, there was no significant change in values
compared with the placebo arm, irrespective of time
(7.79 ng/mmol; P = .863).

DISCUSSION

Despite the enormous burden of osteoarthritis, there are
no disease-modifying drugs that have demonstrated con-
sistent efficacy or have been approved for use worldwide.
This may be because of the heterogeneity of the disease
process, as it makes it difficult to target different pathways
for a pharmacological intervention. Because of the incon-
sistency of palliative treatment, the role of MSC therapy

Figure 4. T2 mapping of change from baseline scores in ms
in deep cartilage of the medial femorotibial (MFT [femoral
condylar]) compartment.
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has come to the forefront to provide a potential disease-
modifying approach for the regeneration of damaged artic-
ular cartilage in addition to symptomatic improvement.
Studies have shown that an intra-articular injection of
MSCs improved pain, stiffness, and function of the affected
joint.8,11,21 In this study, both the VAS and the WOMAC
total scores improved by 41.58% and 46.60%, respectively,
at 12-month follow-up compared with the placebo arm.
Similarly, WOMAC subscores showed a statistically signif-
icant improvement at 12-month follow-up. The WOMAC
and VAS are important PROMs, which are commonly
used in clinical research for the evaluation of treatment
effects.35

The interpretation of PROMs is challenging, as statisti-
cally significant differences may not always be clinically
meaningful changes. Hence, the concept of the MCID has
emerged for evaluating the changes in the PROM score
from the patient perspective.2 In previously published
results, an MCID of �20% between the study groups is
an indication of the effectiveness of the WOMAC and its
subscores.1,34 In our study, 89.2% of the patients injected

with BMMSCs showed an improvement of �20% in the
WOMAC total score at 12-month follow-up compared
with 26.5% of patients in the placebo arm. Another pub-
lished study9 using stromal vascular fraction in knee oste-
oarthritis found an MCID of 33% in the WOMAC total
score at 6-month follow-up. In a published review, Prodro-
mos et al32 examined the efficacy of autologous MSCs in
osteoarthritis and showed that an MSC injection provided
a consistent improvement compared with placebo.

In our study, the VAS score showed an improvement of
�20% in 89.2% of patients in the BMMSC arm, which
matched the value of improvement for the VAS (28.7 units)
in a published review that used autologous MSCs.32 This
demonstrates the potential of BMMSCs to provide pro-
longed symptomatic relief for �1 year.

There is a debate regarding the use of autologous versus
allogenic MSCs for efficacy in osteoarthritis. Autologous
MSCs have the advantage of potentially minimizing the
immune response and may have better efficacy. Further,
the quantity of cells that can be obtained during a single
harvest as well as the potential time for expansion should

Figure 5. Representative images of T2 mapping at (A) baseline and (B) 12 months of bone marrow–derived mesenchymal stromal
cell therapy. Decreasing T2 values correspond to an improvement in hydration and the collagen network of cartilage. There was
a decrease in the relaxation time of deep cartilage from 56.27 ms at baseline to 44.53 ms at 12-month follow-up.
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be considered. However, disadvantages include the fact
that as most of the patients are elderly, the differentiation
and proliferation potential of the cells may be compro-
mised. Certain metabolic conditions such as diabetes and
obesity can predispose the differential potential of these
cells toward the adipogenic lineage rather than chondro-
genic differentiation.7,26 Also, the proliferative capacity of
the cells decreases with age.4 Finally, a procedure of
some type is required to harvest the donor cells, exposing
patients to discomfort.

The use of allogenic cells offers certain advantages, as
they can be used ‘‘off the shelf’’ because they can be
banked, are available on demand, and can be transported
with minimal delay. As these cells are extracted from
healthy, young donors, the risk of a decreased regenerative
potential is minimized. Further, these cells guarantee
quality control and reduce the cost of cell therapies. How-
ever, there may be a risk of immunological incompatibility;
because of low or modest levels of major histocompatibility
complex class I molecules and the lack of expression of
major histocompatibility complex class II and costimula-
tory molecules, this risk is minimized.23 Recently, many
published studies have used allogenic MSCs in osteoarthri-
tis and reported no AEs that were related to the study
drug, thus concluding that allogenic MSCs are safe and
efficacious.11,19,21,27,31 These findings are supported by
the results of this study.

We analyzed the potency of BMMSCs by their ability to
secrete prochondrogenic factors such as TSP-2. As osteoar-
thritis is a degenerative disease associated with the loss of
cartilage, we believe that the presence of these molecules
in the secretome of MSCs affect the clinical outcome.
TSP-2 is an extracellular matrix protein and plays a major
role in determining the chondrogenic differentiation poten-
tial of MSCs16 and also stimulates the differentiation of
endogenous chondroprogenitor cells.17 In our analysis, we
demonstrated that all the batches of BMMSCs secreted
a steady level of TSP-2 at the 72-hour time point in culture.

There is an ongoing debate that repeated injections of
MSCs may have better efficacy compared with a single
injection. In a study using umbilical cord MSCs, the
authors showed that at the end of 12-month follow-up,
the repeated injection group (20 million cells every 6
months) experienced a significant improvement in the
WOMAC total score, WOMAC pain subscore, and VAS
score compared with the control group.27 In another
dose-finding study (10 million, 20 million, and 50 million
of adipose tissue–derived MSCs), the patients in each
dose group received 2 injections at 3 and 6 weeks after lipo-
suction, and subsequently, a third injection was given after
48 weeks.39 It was seen that after the first 2 injections,
there was a substantial improvement in pain, function,
and quality of life until the 12th week; thereafter, a decreas-
ing trend was observed. Yet, after the third injection, the
improvement rate increased further, thus highlighting
a time- and dose-dependent effect.39 In our study, a single
intra-articular injection of pooled, cultured MSCs showed
a prolonged improvement up to 1 year. This may be caused
by the enhanced anti-inflammatory potential, better
immunomodulatory properties, and higher secretion of

chondrogenic factors in these pooled cells, which create
an optimum environment for a controlled regenerative
pathway in the affected joint. Pooling of cells from �2
donors potentially helps to compensate for the variability
between the donors and balances the various properties
of the different donor cell populations, thus increasing
the efficacy of these pooled cells. The dose dependency
and frequency of allogenic injections require further study.

T2 mapping of MRI, which uses the T2 relaxation time
as a parameter, provides both quantitative and qualitative
analyses to observe early changes within cartilage and
assess damage and the regenerative response.4,28 T2 relax-
ation time is a function of hydration, collagen content, and
collagen fibril orientation in the extracellular matrix.
Hence, a longer T2 relaxation time is seen in cartilage
with osteoarthritis, whereas healing will decrease the
relaxation time in affected areas.6 In a published study,
the use of allogenic BMMSCs (40 million cells) significantly
improved cartilage quality as seen on T2 mapping, sug-
gesting that MSCs aid in cartilage repair and regenera-
tion42 at 1-year follow-up. In another study by the same
research group, using autologous, expanded BMMSCs
with the same dose showed an improvement in cartilage
quality using T2 relaxation time in 11 of 12 patients
injected.29 Yet, a study by Lee et al,22 using adipose
tissue–derived MSCs (100 million cells), showed no signif-
icant improvement in cartilage quality at 6-month follow-
up in the cell group, whereas the defect in the control
group increased. In our study, at 1-year follow-up, carti-
lage quality was maintained in the deep cartilage of the
medial compartment (the most commonly affected in
osteoarthritis), with a mean T2 relaxation time of
\38 ms in the BMMSC arm, whereas in the placebo arm,
it increased to 47 ms, indicating the continuous degenera-
tion of cartilage. As Orozco et al29 showed a consistent
improvement in cartilage quality over a 2-year follow-up
period, it is expected that an improvement in cartilage
quality can be seen over a longer time period.22 In this
study, cartilage volume increased by 34.07 units, although
not significant, over a period of 1 year, and this is con-
firmed by similar findings in other studies.18,24,42 CTX-II,
a by-product of type II collagen breakdown and a biomarker
for cartilage degradation, has been widely studied and is
elevated in urine in patients with osteoarthritis,33 thus
indicative of disease progression. This biomarker is of
high interest, as it has been shown to have increased sen-
sitivity and analyte stability. Interestingly, in this study,
the CTX-II level had a nonsignificant decrease by 7.79
ng/mmol in the BMMSC arm over a period of 1 year, which
may have a chondroprotective effect, as reported earlier.3

IL-10, an anti-inflammatory cytokine, has a chondroprotec-
tive effect, and it is involved in the synthesis of type II col-
lagen and aggrecan.14 This study has shown that IL-10
levels had a significant increase at 1-month follow-up,
but the increase at 3 and 12 months was not significant
in the BMMSC arm.

Our findings of the safety of BMMSCs are consistent
with what is reported in the literature. Wang et al44 con-
ducted a meta-analysis of the past 15 years regarding the
safety of both autologous and allogenic MSCs in 3546
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participants and concluded that MSC administration is
safe in all populations; related AEs were transient fever,
administration site reactions (injection site bleeding, injec-
tion site swelling, injection site pain, injection site itching,
and injection site infection), constipation, fatigue, and
sleeplessness. We have reported injection site joint swell-
ing and injection site pain events related to the study
drug, which subsided after a few days with analgesics.
No systemic side effects or SAEs related to the study
drug were observed, thus confirming the safety profile of
BMMSCs.

There are some limitations of the study. First, cartilage
changes were identified by T2 mapping on MRI; however,
arthroscopic and histological evaluations would have
been the gold standard. Yet, these would have presented
logistical and cost limitations as well as consent issues
because of their invasive nature. Second, the dosing sched-
ule is yet to be determined, as we only included a single-
dose group. However, we found that even a single dose of
BMMSCs had long-term efficacy for �1 year. Third, allo-
genic MSCs have the risk of immunological incompatibil-
ity, which is minimized because of the inherent
characteristics of these cells. Yet, to confirm the presence
or absence of incompatibility measurements of a panel-
reactive antibody is a good parameter—which, however,
was not done in this study. Fourth, the biodistribution of
the cells to assess the nature and extent of distribution, tis-
sue engraftment, and differentiation of cells was not exam-
ined, with this being a blinded study and the difficulties of
doing so in patients because of ethical considerations.
Fifth, the study will continue for 2 years (1-year data pre-
sented here), and it will be important to obtain long-term
follow-up data of these patients to determine durability
and safety. Finally, for future studies, it may be interesting
to observe the safety and efficacy of genetically modified
MSCs overexpressing IL-10 and transforming growth
factor–beta in osteoarthritis.

CONCLUSION

Allogenic, cultured, and pooled BMMSCs were safe and
effective for the treatment of grade 2 and 3 osteoarthritis.
The intervention provided sustained relief of pain and stiff-
ness and improved physical function at 12-month follow-up.
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