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ARTICLE INFO ABSTRACT

Keywords: Introduction: Osteoarthritis affects the whole joint and is usually treated using pain relief for
Cartilage many years followed by arthroplasty. Mesenchymal stem/stromal cells have the potential to form
Osteoarthritis

cartilage and bone and have been investigated for their capacity to repair these tissues, but until
recently there has been no strong rationale for their use in the treatment of age-related, idiopathic
osteoarthritis.

Objectives: The aim of this review is to explore the origins of cell therapy for joint diseases and how
the early work in cartilage repair has built toward the possibility of an injectable mesenchymal
cell approach for osteoarthritis.

Methods: A broad selection of publications has been identified relating to cartilage repair, mes-
enchymal cell biology, meniscal cartilage repair, and osteoarthritis therapeutics. Primary studies
as well as several systematic reviews and meta-analyses have been included.

Results: Cell therapies for cartilage lesions have been shown to be successful for traumatic injury
but will be difficult to adapt for the treatment of idiopathic osteoarthritis. However the biological
understanding of mesenchymal cells as a reservoir for trophic factors has led to their use as an
injectable therapy. These studies have provided good evidence that sustained pain reduction can
be achieved by injecting mesenchymal cells into the osteoarthritic joint, with some evidence
also for functional improvement. Exosomes derived from mesenchymal may provide a scalable
alternative to the cell therapy approach in future.

Conclusions: Mesenchymal cells have potential as a possible injectable cell therapy for idiopathic
osteoarthritis and should be further explored through larger-scale, carefully designed clinical
trials.

Mesenchymal stem cells
Tissue engineering

Background

Osteoarthritis (OA) is a disease affecting the whole diarthrodial joint. The primary signs and symptoms have been well described
and include increased subchondral bone density (subchondral sclerosis), osteophyte formation (osteophytosis), cartilage erosion
leading to joint space narrowing (JSN), chronic pain, and loss of joint function.!> However the relationship between these different
components of the disease is by no means simple. For example, in a community-based study of 167 OA patients,® joint pain measured
using a validated Visual Analogue Scale (VAS) was only weakly associated with JSN and osteophytosis, but strongly, and significantly
associated with subchondral sclerosis. On the other hand, loss of joint function, measured using the function sub-scale of the Western
Ontario and McMaster Universities Osteoarthritis (WOMAC) index, was only associated with JSN and had no relationship with
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subchondral sclerosis or osteophytosis. These observations implied a bone-origin for pain and a cartilage-erosion origin for the loss of
joint function. Others studies have also emphasized the complexity of identifying the origins of pain in the OA joint.” This apparent
differential origin of pain and functional change may underly the huge challenge there has been in developing disease-modifying
drugs for OA.® In the absence of a single drug entity acting through a defined molecular pathway, an alternative approach may
be to develop a biological or cell-based therapeutic acting through multiple mechanisms. In this review we describe the concept of
mesenchymal stem/stromal cells (MSCs) and trace the origins of cell therapy options for idiopathic, age-related OA, from the use
of chondrocytes to repair cartilage, through tissue engineering strategies, meniscal repair as a means of preventing secondary OA,
leading on to clinical trials of intra-articular MSC injections as a potential therapy for idiopathic disease.

Definition of MSCs

MSCs were first isolated from bone marrow and characterized in the mid-20th Century.®'? Whilst they were initially shown to
have osteogenic properties, their multi-potential differentiation profile became gradually clear,'>"'° with a particular focus on their
chondrogenic potential.! %2> Subsequent work demonstrated similar or equivalent cells that could be isolated from adipose, umbilical
cord, and synovial membrane.?®>° Some studies have attempted to demonstrate a more primitive stem cell phenotype for MSCs. The
Verfaillie group published evidence of MSC pluripotency,3° however substantial errors in the data were identified, and corrected,®!
leading to doubts about the conclusions reached. More recently, a perivascular origin for MSC precursors has been proposed.?>32-33
But the more widely accepted view is that MSCs do not display all the necessary characteristics of pluripotent cells and indeed there
remains doubt as to whether they should be considered as stem cells at all, with Mesenchymal Stromal Cells becoming the more
widely used name for these cells.>*3” Yet despite these uncertainties, it remains the case that MSCs are being used for a wide range
of clinical investigations for tissue regeneration (eg, bone and cartilage; cardiovascular disease) as well as for disease modification,
including hematological disease, graft-versus-host disease, and inflammatory diseases.>®

The International Society for Cellular Therapy (ISCT) has attempted to standardize the definition of MSCs®”%° using the following
criteria: the cells must be plastic-adherent in standard culture conditions; they must express CD105, CD73, and CD90 and lack
expression of CD45, CD34, CD14 or CD11b, CD79alpha or CD19, and human leucocyte antigen-DR surface molecules; and they must
differentiate to osteoblasts, adipocytes, and chondroblasts in vitro. These criteria have gone some way to improving the comparative
approaches of different studies, yet even a cursory review of the literature would suggest that heterogeneity of approach remains.
Recognizing the on-going problem, an International Consensus group has developed the “DOSES” tool as a transparent communication
method for any description of MSC-based therapies.*!-4> DOSES recommends that all such reports include information on Donor,
Origin of tissue, Separation method, Exhibited cell characteristics and Site of delivery. Whilst helpful in driving best practice in
research/product communication, DOSES does not solve the problem of how best to define what an MSC is and how its identity and
activity should be defined.

It has recently been proposed that MSCs should be defined by markers of their intended mode of action*® as well as by the various
methods outlined using the DOSES tool. This proposal recognizes that the “stem cell” terminology is limiting in that it implies the
capacity to engraft and differentiate and therefore that this is the intended mode of action.** However there is a growing body of
evidence that MSCs can orchestrate trophic repair through their capacity to release growth factors, cytokines and other signaling
molecules that can influence host cells to synthesize neotissue and to suppress inflammation and immune responses.?>>*>-55 It follows
that the development of MSCs for therapeutic purposes should be based on a clear decision as to which mode of action (stem cell
engraftment or trophic repair) is being exploited.*

Cell implantation and tissue engineering for repair of cartilage lesions

Consideration of a cell therapy for cartilage repair dates back to a large body of research and clinical work on autologous chondro-
cyte implantation (ACI) starting in the 1980s, led by a generation of cell biologists and orthopedic surgeons, including Mats Brittberg,
Daniel Grande, Anders Lindahl, Tom Minas, Stefan Nehrer, Lars Peterson, James Richardson, and Sally Roberts.>®%® The first patient
was treated by Brittberg and Peterson in October 1987 and reported 7 years later in their seminal paper.®® Since then, thousands of
patients around the world have been treated with ACI or using matrix-assisted ACI (MACI) where the implanted cells are supported
with a bio-scaffold.®® Clear evidence for the benefit of ACI/MACI over more conventional approaches were provided by a randomized
control trial of ACI versus microfracture.”’ However this technique was designed for the treatment of focal traumatic cartilage lesions
and cannot be used to intervene in the more diffuse cartilage damage observed in OA joints.

Tissue engineering of cartilage takes the concept of ACI and MACI a stage further as it envisages in vitro culture of cells on bio-
scaffolds to allow the maturation of a neocartilage prior to implantation.”'”® In principle, this should enable the treatment of larger,
more diffuse lesions because the engineered cartilage will have some capacity to bear load soon after implantation. In exploratory
studies, the Langer group, engineered cartilage in a bioreactor using immature calf chondrocytes, which had a much higher potential
for chondrocyte formation than adult articular chondrocytes.”*7> However for human translational work an alternative cell source
would be required if tissue engineering was to be of any practical value. This led to the investigation of bovine nasal chondrocytes
as a cell source, based on the observation that nasal septum cartilage has a much higher level of metabolic activity than articular
cartilage. Those studies showed the superiority of nasal versus articular chondrocytes for 3-dimensional cartilage tissue engineering
in vitro,”® and the advantage of pre-cultivation of tissue engineered cartilage when used for the treatment of chondral lesions in a
goat model.””>78 A first in human trail of cartilage engineered using autologous nasal septum chondrocytes provided clear evidence
of feasibility.”®
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At the same time, MSCs were being explored as an alternative cell source for cartilage engineering. It was reasoned that even
with nasal septum chondrocytes, generating enough autologous cells for large, diffuse lesions would be challenging, whereas MSCs
should have greater replicative potential. Several groups were able to demonstrate effective cartilage formation using human bone
marrow MSCs, comparable in quality to cartilage engineered using bovine nasal chondrocytes.?225-89-°0 However there remained
serious doubts as to whether a tissue engineering approach to resurfacing denuded OA cartilage would be viable, despite a ready
cell source, given the large lesion areas and complexity of the tissue organization as well as the challenge of integrating a mature
cartilage sheet with sclerotic sub-chondral bone and survival under day to day mechanical forces.”!-%2

MSCs for meniscal repair in the prevention of secondary OA

The menisci are fibrocartilage structures in the knee that are commonly torn as a resulted of trauma during sport and other
activities, usually requiring partial meniscectomy with the attendant increased risk of OA due to loss of meniscal tissue.”>°> In a
landmark study, Murphy et al® tested the effects of injecting 10 million MSCs into the knees of goats following meniscal/ligament
injury, and ligament resection. The injury model led to the development of OA in controls that were injected with Hyaluronic acid
(HA). However in animals injected with MSCs in HA, there was clear evidence for partial regeneration of the damaged meniscus, and
for inhibition of the development of OA. A subsequent series of pre-clinical studies by other research groups, in rats, pigs and rabbits,
added further evidence in support of the approach.®’-10 This body of work led to the first randomized, double-blind, controlled study
of injected MSCs following partial medial meniscectomy.!?1-102 The study compared 2 doses of MSCs (50 x 10° and 150 x 106) with
HA control and the patients were followed for up to 2 years. The most important outcome from the study was clear evidence for a
sustained reduction in pain, whereas meniscal regeneration, measured as meniscal volume on MRI, was only observed in a subset of
treated patients and was mostly not sustained for the 2 years of the study. These results are important as they highlight the powerful
trophic effects of MSCs, that may be independent of their regenerative capacity.

An alternative to treating the symptoms of OA that develop after meniscectomy would be to avoid meniscectomy all together
by repairing avascular tears. This was the basis of a new approach combining a collagen scaffold with undifferentiated autologous
MSCs that was implanted into the torn meniscus at the time of surgical repair.°?>19%:104 In a proof of concept first in human study, 5
patients with fresh avascular meniscal tears were repaired rather than the injured meniscus being removed. Three of the 5 patients
remained asymptomatic with no re-tear after 2 years follow-up.*® Since the implanted cells were undifferentiated, it was considered
possible that any therapeutic effect was a result of trophic repair rather than engraftment, and differentiation.

MSCs for the treatment of primary, idiopathic OA

The emergence of ACI as a surgical treatment option for focal injuries opened up the idea of cell therapies for primary OA,
although the greater challenge of this age-related disease was well recognized from early on.!?> These techniques were designed for
focal lesions in patients with traumatic injuries whereas patients with primary OA are normally excluded from treatment with cells
because of the well described disease complexities. Furthermore, when considering a cell therapy approach to OA, it is necessary to
deal with not only the challenges of achieving regeneration in a complex pathologic environment (both local and systemic) but also the
health economic aspects. A successful therapy should be relatively cheap, easy to apply, and feasible in multiple joints. Nevertheless,
there has been growing interest in the use of MSCs to treat primary OA. The first report of injection of MSCs into an OA knee was
from Centeno et al. in 2008, with a single patient showing encouraging outcomes.'?® A second study of 4 patients, reported in 2011
also showed some benefit but with a more modest outcome.'%” A series of subsequent studies using either bone marrow-derived or
adipose-derived MSCs have been reported for knees, thumb, and shoulder OA.'°8114 These pioneering, small-scale studies have been
followed by an array of clinical trials of varying design and quality, that have been described in a series of systematic reviews and
meta-analyses.' 15119 All except the oldest of the 5 meta-analyses concluded that there is a significant improvement in pain scores
following MSC injection and 2 of them also found a significant improvement in joint function.!'®-!1° None of the systematic reviews
identified any significant safety concerns and there was anecdotal evidence from imaging data in some studies of increased cartilage
volume or decreased JSN following MSC injection. These independent analyses provide substantial confidence that MSC injections
can be of therapeutic value and therefore closer examination of the findings from the highest quality trials is warranted. In the most
recent meta-analysis,' !> Ma et al. identified ten clinical trials for the treatment of knee OA that were considered to be of high enough
quality to evaluate: 5 using autologous MSCs'?%124 and 5 using allogeneic MSCs.'?>2° Some key findings and observations from
these ten studies are summarized in Table and outlined below.

Patients were followed for up to 12 months in the majority of studies, though 3 studies only followed up for 6 months, and
1 extended to 4 years.'?® Pain was significantly reduced in the MSC treatment group in 8 of the ten studies and there was no
apparent difference when comparing studies using autologous or allogeneic cells or tissue origin of the cells (adipose, bone marrow
or placenta/umbilical cord). Knee function was significantly improved in the MSC treatment group in 8 out of ten studies and once
again there was no apparent difference when comparing studies using autologous or allogeneic cells or tissue origin of the cells.
Radiological assessment of cartilage thickness and/or cartilage lesion size was assessed in 8 of the ten studies with evidence of
improvement in the MSC treatment group in 4 of the 8 studies and partial improvement in a further 2 studies. Six of the ten studies
were testing a proprietary cell therapy product, however there was no apparent difference in outcome between the commercially-
based and non-commercial investigations. Two of the studies were classed as Phase 2b,'20-12! whilst all the other studies were
classed as Phase 1/2 or pilot investigations. Both of the Phase 2b studies found significant reduction in pain following MSC treatment
compared with controls and some evidence of radiological improvement, though only one of them showed evidence for improved
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Table
Summary of data from ten clinical trials of intra-articular MSCs.
Study Cell source Trial design Dosage Pain and Function® Radiology
Lu et al'?® Autologous adipose « MSCs in both knees (n = 26) v« 50 x 10° per knee at d « VAS/significant - Significant increase in
derived MSCs HA in both knees (n = 26) 0 and 3 wk improvement cartilage volume (after 2
Proprietary product: * 6- and 12-mo follow-up * SF-36 - significant doses)
Re-join « Double blind improvement; WOMAC - no
Cellular biomedicine * Phase 2b significant difference
Group (CBMG)
Lee et al'?! Autologous adipose « MSCs (n = 12) v saline (n = 12) « 100 x 10° per knee at d « VAS - Significant « No significant
derived MSCs » 6-mo follow-up 0 improvement difference in cartilage
Proprietary product: « Double blind * WOMAC - significant thickness; Stable lesion
Jointstem « Phase 2b improvement; KOOS size v significant increase
R-Bio Co Ltd (Biostar) -significant improvement in lesion size in control
group
Emadedin Autologous BMSCs *«BMSCs (n=19) v * 40 x 10° per knee at d + VAS - no significant « Not assessed
et al'?? Saline+2%HSA (n = 24) 0 difference; Painless walking

Lamo-Espinosa
et al'®®

Freitag et al'**

Khalifeh Soltani
etal'®

Kuah et al'?°

Vega et al'?’

Matas et al'?®

Gupta et al'?’

Autologous BMSCs

Autologous adipose
derived MSCs
Proprietary product:
Magellan Advanced
Treatment
Magellan Stem Cells

Allogeneic placenta
derived MSCs

Allogeneic adipose
derived MSCs
Proprietary product:
Progenza

Regeneus Ltd

Allogeneic BMSCs

Allogeneic umbilical
cord-derived MSCs
Proprietary product:
Cellistem OA

Cell for Cell

Allogeneic BMSCs
Proprietary product:
Stempeucel
Stempeutics

« 3- and 6-mo follow-up
« Double blind
« Phase 1/2

« BMSCs at 2 doses + HA (n =8
andn=8)vHA(n=9)

* 4y follow-up

« Double blind

« Phase 1/2

» MSCs at 2 doses in saline
(n=10andn=10) v
Conventional management with
no injection (n = 10)

* 12 mo follow-up

« Unblinded

« Pilot study

* MSCs (n = 10) v saline (n = 10)
* 2-, 8-, and 24-wk follow-up

« Double blind

« Pilot study

« MSCs at 2 doses in conditioned
medium (n=8andn=8) v
conditioned medium a placebo
n=4

« Double blind

* 3-, 6-, 9-, and 12-mo follow-up
Phase 1/2

*« BMSCs (n = 15) v HA (n = 15)
* Double blind

«8d, 3-, 6-, and 12-mo follow-up
« Phase 1/2

* MSCs at 1 or 2 time points
(m=9andn=9)vHA (n=8)
« Triple blind

 12-mo follow-up

« Phase 1/2

* BMSCs at 4 doses + subsequent
HA (n = 10 at each dose) v

+ 10 x 10° or 100 x 10°
per knee at d 0

distance and standing time —
significant improvement

« WOMAC - significant
improvement

 VAS - significant
improvement

* WOMAC - significant
improvement

+ 100 x 10° per knee at d * Pain score - significant

0 or at BOTHd 0 and 6
mo

+ 50 - 60 x 10° per knee
atd 0

« Three patients per
placenta

+3.9x 10° or 6.7 x 10°
per knee at d 0
* One donor

* 40 x 10° per knee at d
0

« Three donors (all being
treated with autologous

MSCs)

+ 20 x 10° per knee at d
0 ord 0 and 6 mo
« Three placenta donors

+ 25 x 10°, 50 x 106,
75 x 10° or 150 x 10°

Plasma + subsequent HA (n = 20) per knee

« Double-blind
 12-mo follow-up
+ Phase 2

« Pooled stem cell bank
from multiple donors

improvement at both doses

* WOMAC - significant
improvement; KOOS -
significant improvement at
both doses for all
components

« No significant differences
between the single and
double dosage regime

« VAS - no significant
difference

* ROM - significant
improvement; KOOS -
significant improvement at 2
and 8 wk but not after 24 wk
« VAS - significant
improvement at both doses

+ WOMAC - no significant
difference between treatment
and placebo but significant
improvement within
treatment groups

« VAS - significant
improvement; Pain score —
significant improvement

« WOMAC - significant
improvement; LEQUESNE —
significant improvement

« VAS - significant
improvement in the repat
dose group

* WOMAC - significant
improvement in the repeat
dose group

« VAS - significant reduction
but only at lowest dose of
cells

* WOMAC - no significant
difference but trend to
reduction greatest for lowest
dose of cells

« Not assessed

« Significant
improvement or lack of
progression after 2 dose
but not significant after 1
dose (though a trend in
positive direction)

« Significant increase in
cartilage thickness after
24 wk

« Significant
improvement in cartilage
volume v placebo
(treatment groups
remained stable, placebo
cartilage became
thinner)

« Significant
improvement in T2
relaxation time for lesion
areas

« No significant
difference in structural
appearance

« No significant
difference in structural
appearance

* VAS, Visual Analogue Scale; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; LEQEUSNE, Lequesne index of severity
for osteoarthritis; SF-36, Short Form-36 general health questionnaire; KOOS, Knee injury and Osteoarthritis Outcome Score; ROM, Range of Motion.
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knee function. Cell dose varied widely from one study to the other. The range of doses used was from 3.9 x 10° up to 150 x 10°,
given either once on day O or, in some cases, repeated a second time after 3 weeks or 6 months. There was no clear evidence of a
dose-response effect, with some positive outcomes seen even at the lowest doses, although in 2 of the studies there was a tendency for
a weaker efficacy at the highest doses. This unusual finding is consistent with the meta-analysis by Kabat et al. of MSC dosage when
used for a variety of pathologies, in which they identified a minimal effective dose range for intra-articular MSCs of 50-100 x 10°
cells/patient, with lack of efficacy above or below that range.'3°

Taken together, the clinical trials outlined above and the systematic reviews and meta-analyses of their outcomes, provide a
growing body of evidence that MSCs may provide a new approach to the treatment of primary, idiopathic OA. Of particular importance
is the evidence for a sustained reduction in pain 12 months after administration of the MSCs and remarkably, in 1 case, even at 4
years follow-up.'? Serious side-effects were rare and more likely at the highest cell doses or after repeat dosing over a short (3-week
interval) time-frame. The degree of functional improvement and/or cartilage regeneration remains unclear, despite the positive data
from the most recent meta-analysis.!'® The variability in these outcomes between trials may depend on dosing, cohort size or on
the methodology used for clinical, and radiological evaluation. Carefully designed Phase 3 trials will be needed to establish the full
potential of intra-articular MSCs in the treatment of OA.

Future perspectives

At present, OA is generally managed through the use of pain control for a decade or more,'®! until end-stage disease, when arthro-
plasty is usually the most effective choice.”>!%2135> However there are also a range of options for intra-articular administration of ther-
apeutics to control flare-ups in pain in single joints, including corticosteroids (CS),'® HA'3” and Platelet-Rich Plasma (PRP),!38,139
some of which may also have disease-modifying activity.®:140-142 MSCs and disease-modifying biologicals such as PRP are likely to
act through similar mechanisms, involving the activation and inhibition of cytokine and growth factor networks in the joints'4> and
some evidence has also been provided to suggest that PRP implanted into cartilage lesions may recruit chondro-progenitor cells.!*4

More recently, a new option for an MSC-based therapy has been proposed based on the isolation and purification of MSC exosomes,
which are thought to be involved in the paracrine secretion of trophic factors from MSCs.' #5147 They are 1 of 3 types of extracellular
vesicle, along with apoptotic bodies and micro-vesicles, and they are thought to play an important role in cell migration, proliferation,
differentiation, and extracellular matrix formation.!“° Interestingly, exosomes can also be derived from PRP and both PRP-derived and
MSC-derived exosomes were found to have efficacy in the treatment of muscle strain in rats.!“® The biology of exosomes is complex,
has not been well described, and clearly overlaps with extracellular vesicles more generally and the whole MSC secretome.!4%>150
Furthermore, whilst the in vitro profile of extracellular vesicles, exosomes and MSC secretome is of growing interest, it is too early
to know if they will have the specificity and potency needed to act as a therapeutic alternative to MSCs. In the meantime, further
work on injectable MSC clinical trials will determine if the cells themselves can replace more conventional treatments for this hard
to manage age-related disease. Ultimately, even if a good efficacy, and safety profile of MSCs can be shown, there will also need to
be a clear advantage over these existing therapeutic options if these cells are to become a first line treatment option, especially given
the likely higher cost of production relative to more traditional drugs.
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