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Abstract

The paracrine signaling, immunogenic properties and possible applications of mesen-

chymal stromal cells (MSCs) for cartilage tissue engineering and regenerative

medicine therapies have been investigated through numerous in vitro, animal model

and clinical studies. The emerging knowledge largely supports the concept of MSCs

as signaling and modulatory cells, exerting their influence through trophic and

immune mediation rather than as a cell replacement therapy. The virtues of allogeneic

cells as a ready-to-use product with well-defined characteristics of cell surface marker

expression, proliferative ability, and differentiation capacity are well established. With

clinical applications in mind, a greater focus on allogeneic cell sources is evident, and

this review summarizes the latest published and upcoming clinical trials focused on

cartilage regeneration adopting allogeneic and autologous cell sources. Moreover, we

review the current understanding of immune modulatory mechanisms and the role of

trophic factors in articular chondrocyte-MSC interactions that offer feasible targets

for evaluating MSC activity in vivo within the intra-articular environment.

Furthermore, bringing labeling and tracking techniques to the clinical setting, while

inherently challenging, will be extremely informative as clinicians and researchers

seek to bolster the case for the safety and efficacy of allogeneic MSCs. We therefore

review multiple promising approaches for cell tracking and labeling, including both

chimerism studies and imaging-based techniques, that have been widely explored

in vitro and in animal models. Understanding the distribution and persistence of

transplanted MSCs is necessary to fully realize their potential in cartilage regenera-

tion techniques and tissue engineering applications.
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Significance statement

As allogeneic mesenchymal stromal cell (MSC)-based therapies become increasingly prevalent, it

is vital that we interlace the mechanistic understanding with clinical experiences, both human

and veterinary. Herein, the present study analyzed the mechanisms by which MSCs exert

immune modulatory and paracrine signaling functions, summarize current knowledge on the

safety of allogeneic MSCs, highlight important cell labeling and tracking approaches, all within

the context of overviewing the current state and outcomes of the latest human clinical trials uti-

lizing allogeneic and autologous MSCs for articular cartilage repair.

1 | INTRODUCTION

Repair and regeneration of articular cartilage has presented a complex

set of challenges for researchers and clinicians alike. Articular cartilage

is an avascular tissue with poor healing potential once injured.

Although small defects may fill over time without intervention, the

repair tissue is comprised of fibrocartilage, which is inferior to native

hyaline cartilage.1 One of the central struggles of cartilage regenera-

tive medicine strategies is the integration of repair tissue with sur-

rounding native cartilage. Though many clinical applications of MSC

based therapies show superior results in algofunctional indices, long-

term (>1 year) follow-up is consistently challenging and limited by a

lack of noninvasive modalities for fully evaluating repair tissue.2 A

robust body of in vitro and preclinical studies have sought to answer

the many questions around optimal cell source, accounting for donor

variability, and assessing ideal timing and method of delivery. In addi-

tion, the ability to meet the challenge of large-scale manufacturing

while adhering to stringent quality control standards remains a daunt-

ing prospect.3

For decades researchers have struggled to recapitulate the com-

plex biomechanical properties of this tissue with its intricate extracel-

lular matrix, zonal structure, and unique cellular composition.

Mesenchymal stromal cells (MSCs), from their first discovery, have

held promise as a treatment strategy for a multitude of disease pro-

cesses. In the past decade, MSCs have been fervently pursued for car-

tilage tissue engineering and regenerative medicine applications, with

a wealth of knowledge being generated regarding the properties and

possible implementation of MSCs in this specific field. However, a

definitive way forward remains elusive and numerous questions

remain unanswered. We have witnessed a paradigm shift from the

concept of MSCs as a replacement cell to a role centered around sig-

naling (trophic) mechanisms and immune modulation of existing cell

populations, with some even calling for a shift in terminology to

“Medicinal Signaling Cells.”4

The comparative merits of allogeneic MSCs have been well

described, with mounting evidence in the literature, both human and

veterinary, supporting the safety of allogeneic cell sources.5-7 The

allure of allogeneic MSCs is principally in their availability as an “off-

the-shelf” product that is readily available at the most appropriate

time in the disease process, circumventing the delay of autologous

collection and expansion. In addition, allogeneic MSC sources allow

the opportunity to select cells based on appropriate cell surface

marker expression for optimal proliferation, differentiation capabili-

ties, as well as low immunogenicity.

The wealth of knowledge in cell surface expression, immune

properties, cell sources, and optimization of delivery and scaffold

types are a springboard for in vivo applications. Though there is an

obvious linear progression from in vitro to in vivo, there must also be

a continuous feedback loop as we expand the clinical use of allogeneic

MSCs for cartilage repair. It is imperative to integrate data and tech-

niques from in vitro studies and in vivo animal models, to draw on the

veterinary clinical data. Likewise, the challenges and successes identi-

fied in recent clinical trials offer invaluable insight for designing

in vitro studies that answer clinically applicable questions.

A vast body of research over the preceding decades now expands

our understanding of the mechanistic principles of MSCs, variation

between cell sources, their role in mitigating inflammation, paracrine

and cell-cell signaling, as well as optimization of chondrogenic matrix

production and cell scaffold interaction.3,8,9 This narrative review will

provide an overview of the mechanisms by which MSCs exert immune

modulatory and paracrine signaling functions, summarize current

knowledge on the safety of allogeneic MSCs, highlight cell labeling

and tracking applications, and conclude with an overview update of

the current state of human clinical trials utilizing culture expanded

MSCs for articular cartilage repair. These sections highlight direct con-

nections between current trends and challenges in clinical trials as

well as promising techniques emerging from in vitro and animal

models.

2 | MSC MECHANISMS OF
IMMUNOGENICITY AND IMMUNE
MODULATION

The knowledge surrounding MSC immune privilege and modification

of immune cell populations has been critical for understanding how
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MSCs work and establishing allogeneic cell sources as a viable alterna-

tive to autologous cell sources. Since Bartholomew and colleagues

found that bone marrow-derived MSCs (BM-MSCs) have the capabil-

ity to modulate immunosuppression in a baboon skin allograft model

in vivo,10 a number of subsequent studies have demonstrated the

ability of BM-MSCs to modulate immune system through either pro-

moting or restraining inflammation, known as the function of “sensor
and switcher of the immune system.”11 Both BM- and umbilical cord-

derived MSCs (UC-MSCs) have been demonstrated to sense different

danger signals through toll-like receptors (TLRs),12,13 thus MSCs can

be activated into pro-inflammatory or anti-inflammatory phenotypes

to modulate the immune cells.14 For instance, TLRs recognize the mol-

ecules from injured cells or pathogens and further activate MSCs to

release anti-inflammatory factors to prevent the activation and prolif-

eration of T- and B- cells.15 Others have demonstrated that TLR-

primed allogeneic BM-MSCs are resistant to IL-2-activated clearance

by natural killer cells (NK).16

The mechanism of MSC immune modulation is mainly through

the interaction between MSCs and different immune cell types includ-

ing B cells, T cells, dendritic cells (DCs), NKs, macrophages and neutro-

phils, which up- or down-regulate immune cell migration,

proliferation, and function (detailed in Figure 1A). For instance, pro-

inflammatory MSCs (MSC2) can secrete MIP-1 (macrophage inflam-

matory protein-1), CCL5 (C-C motif ligand 5), CXCL9 (C-X-C motif

ligand 9) and CXCL10 to active T cells19 to promote an immune

response. Meanwhile, BM-MSCs can suppress DC activation and mat-

uration through inhibiting the expression of CD80, CD86 and IL-12 in

DCs.20,21

In addition, soluble immune factors, such as prostaglandin E2

(PGE-2), indoleamine 2,3-dioxygenase (IDO), and nitric oxide (NO), are

now thought to be heavily involved, as shown in Figure 1B. For exam-

ple, PGE-2 released from MSCs can restrain DCs maturation.22 Fur-

thermore, extracellular vesicles secreted by MSCs can promote the

generation of M2 macrophages, suppress the maturation of mono-

cytes and inhibit the proliferation of T and B cells.23

In an equine LPS-induced synovitis model, Williams et al demon-

strated that equine allogeneic UC-MSCs reduced the total nucleated

cell count within the joint, but induced a transient inflammation

as evidenced by an increase in synovial PGE-2 up to 72 hours after

injection.24 Other authors have reported variable inflammatory

responses after intra-articular injection with allogeneic equine MSCs,

but interestingly, these do not appear to be dose dependent and

variation in the magnitude of joint effusion is variable between

individuals.25 In another equine induced osteoarthritis (OA) model, the

F IGURE 1 Schematic illustrating how MSCs can modulate the immune response through interaction with immune cells including natural killer
cells, mast cells, dendritic cells, monocytes, neutrophil, T cells and B cells by: A, either promoting or inhibiting (supressing) immune cell migration,
proliferation, activation, and function.17 And/or B, upregulating (red arrows) or downregulating (green arrows) immune cell function through
soluble immune factors modulating pro-inflammatory or anti-inflammatory pathways18

1502 ALDRICH ET AL.
D

ow
nloaded from

 https://academ
ic.oup.com

/stcltm
/article/10/11/1500/6517828 by guest on 15 January 2024



intra-articular injection of allogeneic BM-MSCs primed with IFN- γ

and TNF-α created transient local inflammation after a second MSC

injection was administered, but showed greater anti-inflammatory

effect compared with unprimed cells as evidenced by synovial histo-

pathology, and at the 2 month time point greater down-regulation of

IL-1β and COX2.26 At 6 months, the primed MSC group upregulated

COL2A1, aggrecan, COMP, TIMP-2, and TGF-β1. Others have

reported enhanced immune modulation in equine BM-MSCs primed

with TLR3.27

Taken together, the immune modulation and immunosuppressive

characteristics of MSCs contribute to their therapeutic effect in tissue

regeneration by regulating the inflammatory response, mitigating the

cytotoxic effects of pro-inflammatory cell populations, and producing

an improved therapeutic outcome. Integration of this body of knowl-

edge from the in vitro and animal model space is essential to optimize

the performance of allogeneic MSC in clinical therapeutic applications.

For instance, mechanistic considerations will necessarily dictate both

the design of devices and cell-based therapies and the definition of

clinical endpoints in randomized controlled trials.

3 | ALLOGENEIC MSC SAFETY DATA

As the immune modulatory mechanisms of MSCs come into sharper

focus and evidence for the safety of allogeneic applications has

emerged, both autologous and allogeneic MSCs are now being consid-

ered as safe cell sources in cellular therapies, as reflected in current

clinical trends.3,28 For example, Togel et al demonstrated that alloge-

neic BM-MSCs were just as effective as autologous cells for treating

acute kidney injury in a rat model, with no significant MSC-induced

adverse effects observed.29 Another study which used pooled alloge-

neic MSCs in a rat and a rabbit model demonstrated that the injection

of cells did not induce any toxicity nor tumor formation.30 This finding

is particularly important, because tumorigenicity is one of the key con-

cerns in stem cell based therapy.31 In a rabbit osteochondral defect

model, magnetically labeled allogeneic BM-MSCs did not enhance the

hyper-response of T cells to donor antigens, supporting the conclu-

sion that labeled allogeneic cells are likely a safe alternative to autolo-

gous MSCs for osteochondral defect repair.32 The merits of equine

allogeneic vs autologous equine BM-MSCs were evaluated in vitro

and demonstrated equivalent immune modulatory capabilities, primar-

ily through PGE2-mediated T cell suppression.33

The clinical use of MSCs administered intra-articularly and within

tendon and ligament lesions has become common practice over the

last 15 years in equine veterinary medicine, with increasing clinical

application of allogeneic cell sources. As such, several retrospective

analyses and clinical trials in the equine space can provide perspective

on the safety of these practices. For instance, in a retrospective evalu-

ation of 230 injections of allogeneic BM-MSCs from a single donor in

168 different horses, only 10 adverse reactions were reported with

no impact on long-term positive outcomes.34 In a recent prospective

study comparing single vs repeated intra-articular injection of equine

allogeneic MSCs in horses with naturally occurring OA, there was only

one significant adverse event and three instances of mild joint

effusion. All horses had positive outcomes as defined by clinical

improvement in subjective gait analysis and return to athletic function,

including those with transient inflammation postinjection.35 While the

absence of placebo or a “no injection” control group makes it difficult

to distinguish the benefit of MSCs from rehabilitation, the low rate of

adverse events even after repeated injection is encouraging for clinical

safety.

Apart from the animal trials, several human clinical trials have

been conducted using allogeneic MSC to evaluate their safety and

therapeutic effect. In a multicenter phase I-II trials (NCT01586312),

allogeneic BM-MSCs were injected into 15 patients to treat osteoar-

thritis and followed up after 1 year.36 Compared with the control

group, patients in the treatment group showed substantial improve-

ment in algofunctional indices. The further T2 image mapping demon-

strated notable reduction of cartilage defect area in the treatment

group. In another Phase I-II human trial (NCT01297413), allogeneic

BM-MSCs were injected intravenously into 36 patients (n = 15 for

phase I, n = 21 for phase II) to treat chronic stroke.37 Two mild

adverse events (urinary tract infection and intravenous site irritation)

were identified that may be potentially related to the study treatment.

That being said, the treatment was considered safe based on the

results from electrocardiograms, laboratory tests, and CT scans of

chest/abdomen/pelvis.

Although many trials have established the relative safety and

extolled the clinical benefits of using allogeneic MSCs, further evi-

dence indicates that allogeneic MSCs may be not immune privileged.

Zangi et al demonstrated that the survival rate of allogeneic MSCs

was significantly shorter compared with syngeneic MSCs.38 Similar

results were found when allogeneic BM-MSCs were rapidly rejected

by MHC class I and class II mismatched recipient mice.39 In addition,

allogeneic MSCs may also promote the production of T cells with a

memory phenotype.

The current understanding of immune modulatory mechanisms,

gleaned through animal models and equine clinical experience, pro-

vides an increasingly robust case for the safety of allogeneic MSCs for

human clinical applications, but a more nuanced understanding of the

role of MHC mismatch and T cell modulation is still essential. This is a

pivotal step in creating a clinically feasible, affordable off the shelf

products that achieve the optimal cell characteristics (chondrogenic

and proliferative potential, low immunogenicity) and avoid the delays

of autologous culture expansion. Therefore, the immunogenic poten-

tial of allogeneic MSCs must be considered and fully understood in

order to ensure consistent success of clinical trials.

4 | MSC PARACRINE SIGNALING AND
POTENTIAL IN CHONDROGENIC
APPLICATIONS

The delivery of MSCs in vivo has shown promising results in stimulat-

ing the regeneration of articular cartilage and as a treatment of osteo-

arthritis.40-42 While it is evident that MSCs have the capacity to
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differentiate along a chosen cell lineage, which represents great prom-

ise in the area of cartilage regenerative medicine, it is also proposed

that they possess a therapeutic effect achieved through a paracrine

mechanism, known as trophic activity.43,44 There is accumulating evi-

dence that the potential mechanisms of MSCs in vivo may not only be

due to the direct differentiation of MSCs into chondrocytes, but also

paracrine effects though the release and delivery of MSC secretomes

to the host tissue, an array of repair mediators, growth factors, cyto-

kines, and other molecules that stimulate a host response. For carti-

lage regeneration, cell signaling between MSCs and chondrocytes play

a vital role in understanding the regeneration of new tissue.

In vitro studies have shown that paracrine factors released by

chondrocytes have a positive effect on chondrogenic differentiation

of BM-MSCs and human Wharton's jelly MSCs (hWJ-MSCs) by regu-

lating matrix remodeling, cell proliferation, and synthesis of extracellu-

lar matrix (ECM) components.45,46 For example, Bian et al showed

that mixed cell populations of human MSCs and human chondrocytes

encapsulated into a hydrogel exhibited significantly higher glycosami-

noglycan and collagen content, and higher mechanical properties, than

in constructs with MSCs or chondrocytes alone.46 Furthermore, dif-

ferentiation of equine BM-MSCs can be enhanced by coculturing with

mature articular chondrocytes, to produce a more homogeneous ECM

within the newly formed cartilage, improving the expression of

col2a1, aggrecan, and sox9.47 When adipose tissue-derived MSCs

(AD-MSCs) are in close contact with chondrocytes, paracrine mechan-

ics increase the secretion of important cytokines such as epidermal

growth factor (EGF), transforming growth factor beta (TGFβ), vascular

endothelial growth factor (VEGF), bone morphogenetic protein

2 (BMP-2) and fibroblast growth factor-2 (FGF-2) of the MSC, which

in turn enhances the synthesis of cartilage ECM.9,48

Paracrine signals originate from the chondrocyte and cause an

increase in synovial derived MSCs (S-MSC) chondrogenic differentia-

tion potential though the secretion of cytokines.49 Other studies

have found that the increased effects in coculture models are due

to the trophic role of MSCs which promote proliferation and matrix

deposition by the host chondrocyte, rather than MSCs actively

undergoing chondrogenic differentiation.50,51 By identifying species-

specific gene expression in a xenogenic system, Wu et al demon-

strated that cartilage matrix gene expression was derived from the

chondrocyte species of origin, indicating an overgrowth of cho-

ndrocytes or loss of MSCs.50 This was also found to be irrespective

of the MSC origin or culture condition.51 Given that chondrocytes

remain metabolically active in the area of OA and continue to syn-

thesize cartilage ECM, it is hypothesized that with implantation of

MSCs to the defect site, trophic factors and direct cell to cell con-

tact between MSCs and chondrocytes may be able to assist the

native chondrocytes in depositing cartilage ECM.50,52 Studies have

demonstrated that articular chondrocytes secrete parathyroid

hormone-related protein (PTHrP) which inhibit hypertrophy of MSC

and chondrocytes.53-55 Therefore MSCs and chondrocytes may have

a symbiotic paracrine activity wherein growth factors and cytokines

nourish native cartilage and chondrocytes promote MSC differentia-

tion in a feedback loop.56

Trophic activities have been reported to inhibit ischemia-caused

apoptosis and scarring.43,57 It has also been suggested that adipose

derived stem cells could aid neurogenic pain through the release of

cytokines and proteins, thus may be used for the treatment of OA

pain.9,58 In this context, the MSCs serve as “drugstores” to promote

and support the natural regeneration of the injured tissue.57 There-

fore, these paracrine mechanisms may be used to manipulate the dis-

ease process in vivo, in turn, alleviating OA. However, more in vivo

studies and basic science research, must be carried out to better

understand overall paracrine signaling and molecular mechanisms

between implanted cells and the host tissue to prevent the progres-

sion of OA in humans.

5 | TRACKING AND LABELING OF MSCs

Although in vitro studies are often most suitable for answering mech-

anistic research questions, in vivo animal studies and randomized con-

trolled trials are essential to develop a more complete view of the

roles and interactions of these cells. The nuances of persistence and

distribution of MSCs after injection or implantation is inextricable

from their mechanistic functions. Therefore, means to track the cells

in vivo or histologically postmortem in terminal animal studies is criti-

cally important. Ideal methods for evaluating MSCs used for cartilage

regeneration would be a noninvasive method to provide an under-

standing of the localization of cells over time. Answering questions

about the persistence and spatial distribution of these cells will be piv-

otal in determining appropriate dosages and optimal routes and vehi-

cles of cell delivery.

5.1 | Molecular and genetic methods of cell
tracking

One of the key strategies in tracking and monitoring transplanted

MSCs are chimerism studies, whereby genetic and phenotypic differ-

ences between donor and recipient cells are analyzed using tech-

niques such as cellular phenotyping, sex chromosome markers,

fluorescent in situ hybridization (FISH), quantitative PCR (qPCR), digi-

tal droplet PCR (ddPCR), and next-generation sequencing (NGS),

which have been previously well reviewed.62,63 More recently, clus-

tered regularly interspaced short palindromic repeats (CRISPR) tech-

nique, specifically CRISPR-Cas9, which utilizes an enzyme Cas9, has

been used in conjunction with FISH. This method tracks fluorescent

genome loci labeled with CRISPR-Cas9 complex probes (CASFISH).

The technique is nondestructive, more rapid, and offers excellent spa-

tial resolution.64,65 Although these techniques are used in a clinical

setting when tracking hematopoietic stem cell transplantation, more

invasive procedures, are often necessary for cartilage regeneration

advancements such as performing chimerism analysis on a biopsy. For

example, de Windt et al, reported on a clinical study using allogeneic

MSCs and recycled autologous chondrons analyzing cell chimerism,

using DNA short tandem repeat (STR) on biopsies, from the center of
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the repair tissue, 1 year post transplantation.66 The study revealed

novel results whereby the regenerated tissue contained patient-DNA

only, giving great insight and supporting the hypothesis that alloge-

neic MSCs stimulate a regenerative host response. Furthermore, in an

allograft procedure filling a large osteochondral defects, chimerism

analysis using STR revealed 32% of the allograft donor cells had been

replaced by the patient's own cells at 1 year follow-up.67 In an effort

to advance cartilage regeneration techniques, chimerism studies have

also been performed frequently in preclinical studies utilizing flow

cytometry to identify the role of circulating cells or immunohisto-

chemistry evaluation of the repair tissue itself.68,69 Immunostaining

using human-specific vimentin (hVIM) antibody in xenogeneic preclini-

cal models have revealed human cell chimerism after human embry-

onic stem cells (hESCs) and human BM-MSCs (hBM-MSCs) were

transplanted into osteochondral defects in rat knees, with

transplanted cell numbers reducing over time.70-72 At 12 weeks follow

up, regenerated cartilage was found to be primarily composed of the

host rat chondrocytes populating the defect site, further supporting

the role of paracrine functions of transplanted cells in cartilage

repair.72

Chimerism studies provide valuable information in understanding

the fate of the transplanted cell and provides necessary knowledge

for developing cartilage regeneration techniques, such as proving the

efficiency of using allogeneic MSCs. However, for cartilage regenera-

tion methodologies in a long-term clinical setting, noninvasive imaging

techniques determining the biodistribution of transplanted cells would

be more relevant and preferred. When interpreting the results of chi-

merism studies, researchers must also take into account the delivery

mechanism (eg, scaffold, gel, cell-sheet), security of graft anchoring

techniques (eg, suturing, fibrin glue, flaps) and the role of local

immune response in potential clearance of implanted cells, as these

factors may greatly influence persistence within repair tissue.73,74

5.2 | Cell labeling and imaging techniques

Various cell labeling techniques have been employed to track the dis-

tribution of stem cells in vivo. For instance, the use of fluorescent

nanoparticles, quantum dots (QDs) have been reported to track

labeled equine autologous MSCs in osteoarthritic joints to determine

distribution and settling of cells postinjection whereby MCSs were

found more densely in the synovial membrane vs cartilage, as shown

in Figure 2C.61 Although this technique gives valuable information

regarding the distribution of cells, it is an invasive procedure requiring

a biopsy in a clinical setting. With the use of noninvasive molecular

imaging, insight into the cell trafficking, homing, and retention of

transplanted MSCs in vivo has been possible and can be used as a crit-

ical outcome in clinical studies.

There are two primary methods of molecular imaging; stem cell label-

ing and reporter-gene imaging. Stem cell labeling uses contrast agent such

as radionuclides to directly label the cells whereas reporter-gene imaging

genetically alters the cell to express a reporter protein. With regards to

stem cell labeling, several modalities including positron emission

tomography (PET),75 nuclear scintigraphy/single-photon emission com-

puted tomography (SPECT)76-79 and magnetic resonance imaging (MRI)
59,80,81 have been touted for their promise of tracking of MSCs. PET uses

radioisotopes as tracers to track transplanted cells in patients, most com-

monly fluorine-18 (18F)82 or copper-64 (64Cu). 18F can be combined with

organic molecules such as fluorodeoxyglucose (18F-FDG) or fluoro-

thymidine (18F-FLT) to monitor metabolic activity of transplanted

cells.75,82 With SPECT, transplanted stem cells are most commonly

labeled with Technetium-99 m (99mTc)39 and Indium-111 (111In).83 While
111In provides a longer time window for cell imaging, 99mTc can be used

in higher doses to improve short-term imaging resolution.84 Although 18F,
111In and 99mTc have been found to be successful in tracking stem cells

in vivo, their tracking only remains for a limited time due to the short

half-life of the radionuclides. Therefore, for tracking the differentiation

and long-term fate of MSCs in clinical setting, for example, in cartilage

regeneration, other noninvasive methods should be employed such as

MRI (Figure 2A-B). MRI can be controlled by four different labeling

methods: (a) a positive contrast agent such as gadolinium (Gd3+), (b) a

negative contrast agent such as superparamagnetic iron oxide (SPIO),

(c) by a molecular probe that produces chemical exchange saturation

transfer (CEST), and (d) by molecular probes containing 19F.85 SPIO has

been widely used to track MSCs in long-term in vivo studies.60,86 Using

an equine large animal model, Burk et al tracked the biodistribution of

autologous MSC by labeling MSCs with SPIO particles conjugated to

Rhodamine B to allow detection of cells by MRI and Prussian blue

staining as well as fluorescence-based microscopy and flow cytometry.

Using this technique labeled cells could be traced at their injection site by

MRI as well as histology for the full follow-up period of 24 weeks, indicat-

ing the injected cells appeared to remain viable and integrated within the

injured tissue.80 More recently, to track stem cells in cartilage defects, fer-

umoxytol labeling of MSCs accelerated the diagnosis of successful and

failed matrix-associated stem cell implants using MRI in a large-animal

model. Loss in signal can be used to avoid further follow-up studies of lost

transplants and to refer patients with failing implants to alternative treat-

ment options.47 Although MRI offers great sensitivity for long-term stud-

ies, this technique, however, has some draw backs such as quantification

of labeled cells can be difficult and false positives may also be observed

due to contrast agents being transferred from dead cells to

macrophages.63

Genetic labeling of MSCs with a reporter gene coding proteins able

to generate contrast is another viable means of tracking cell fate utilizing

imaging modalities.87 The key advantage of using this technique is that

it allows stem cell tracking over time as the reporter gene is transmitted

to its progeny cells, whereas signals resulting from other contrast agents

would become weaker with every cell division. Furthermore, the expres-

sion of a reporter gene can be made contingent upon the differentiation

status of a cell. For instance, a ferritin heavy chain 1 (FTH1) MRI

reporter gene was recently utilized to detect neural differentiation of

MSCs in vitro.88 Therefore, the detection of a reporter gene can corre-

late with stem cell viability and differentiation ability, which would be

highly beneficial in tracking cartilage regeneration.89 FTH1 has also been

used to label exosomes, which were detected with in vivo MRI after

intramuscular injection in mice. Although FTH1 labeling produces
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daughter cells that express the gene, proliferation of MSCs may be sig-

nificantly decreased by FTH1 expression.90

In addition to proliferation, effects on cytotoxicity and MSC dif-

ferentiation must be considered when selecting a labeling strategy.

For instance, the use of iron-containing particles can lead to the for-

mation of reactive oxygen species (ROS); however, the addition of

surface coating polymers has been shown to protect the iron core

while mitigating toxic effects.91 Some nanoparticles (Gd@C82[OH]22)

appear to be protective with regard to macrophage-induced damage

and at low concentrations may facilitate osteogenic differentiation

within an inflammatory microenvironment.92

Information regarding the persistence and distribution of cells

in vivo is vital to our understanding of how they exert the many func-

tions we have identified in vitro. In addition, valuable clues regarding

dose and optimal route of administration are lost by not investigating

spatial distribution. Through animal studies and a small number of clin-

ical trials, it is evident that each technique has limitations; therefore, it

may be advantageous to employ multiple strategies to elucidate the

activity of cells both through an early time point evaluation of spatial

distribution, survival and proliferation, and later using MRI evaluation

through well-established imaging protocols.

6 | EFFICACY OF RECENT CLINICAL
TRIALS UTILIZING CULTURE EXPANDED
ALLOGENEIC AND AUTOLOGOUS MSCs

Several recent meta-analyses offer a valuable birds-eye view of the

current status of clinical trial data on the efficacy and safety of MSC

therapies for the treatment of OA, whether by intra-articular injection

F IGURE 2 Imaging techniques tracking stem cells in vivo. A, MRI and histologic assessment of labeled viable and apoptotic matrix-associated
stem cell implants (MASIs) in cartilage defects of Göttingen minipigs. (i) Sagittal image from proton density-weighted MRI and (ii) corresponding
color-encoded T2 map overlaid on a T2-weighted spin-echo image obtained 1 week after implantation show similar iron signals and T2 relaxation

times for ferumoxytol-labeled viable (blue circle) and apoptotic (red circle) MASIs. (iii) Safranin-O staining 3 months after the MASI procedure
shows better regeneration of the cartilage defect that was implanted with a viable MASI (blue frame) compared with the cartilage defect that was
implanted with an apoptotic MASI (red frame). Scale bar = 1000 μm. (iv) Sagittal image from proton density–weighted MRI and (v) corresponding
color-encoded T2 map overlaid on an image from T2-weighted spin-echo MRI performed at week 2 after implantation show loss of iron signal
and increased T2 relaxation time in the apoptotic implant (red circle) but not in the viable transplant (blue circle). (vi) Immunofluorescent staining
of collagen1 (green) and collagen 2 (red) 3 months after the MASI procedure show better regeneration of the cartilage defect that was implanted
with a viable MASI (blue frame) compared with the cartilage defect that was implanted with an apoptotic MASI (red frame). Scale bar = 1000 μm.
Reprinted with permission from reference 59. B, In vivo MRI of BMSCs labeled iron oxide nanoparticles (IONPs) in a rat model, sagittal T2-
weighted MRI of control and treatment groups in an osteochondral defect. Reprinted with permission from reference 60. C, Distribution of
quantum dot (QD) labeled mesenchymal stem cells (MSCs; red) to synovial membrane (i and ii) and articular cartilage (iii, iv). (iii) and (iv) are
expanded images from (i) and (ii) denoted by the white boxes. Scale bar = 200 μm. Reprinted with permission from reference 61
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or surgical implantation. Herein, we describe a summary of the

methods and key findings of latest clinical studies utilizing allogeneic

and autologous MSCs for cartilage tissue engineering and regenera-

tive medicine applications in Table 1. A common theme throughout

these latest trials is the improvement of subjective measures of pain

relief and functional improvement (VAS, IKDC, KOOS, TAS, and

others), but a lack of statistically significant objective outcome

parameters to definitively indicate improvement in the quality of

repair tissue.2,106-109 For instance, in a comprehensive evaluation

index, Cui et al noted no therapeutic effect of MSCs, but when uni-

lateral evaluation indices were parsed out, there was significant

improvement in clinical symptoms and cartilage morphology in the

11 clinical trials examined.106 Even in studies with quantitative MRI-

based cartilage assessment through dGEMRIC or T2 mapping it is

important to consider that MSC treatment may have little effect on

cartilage volume, but this is not necessarily an adequate proxy mea-

surement of quality, particularly as cartilage volume is not correlated

with pain reduction.107 Many call for “more elegant”2 clinical trials

that are “methodologically rigorous”108 and include follow-up of a

year or longer, in order to overcome the inherent heterogeneity of

patient groups and other limitations of clinical trials. Others have

noted the significant modifier effect of rehabilitation on

algofunctional indices and concluded this must also be addressed as

a confounding variable.108

Some have heeded the call for long-term follow up, but often this

comes at the cost of a large sample size. One study with a notable

follow-up period of 7 years demonstrated no osteogenesis or

tumorogenesis in any of its seven participants, who received surgical

implantation of a UC-MSCs in a hyaluronic acid hydrogel.94 All dis-

played stable clinical outcomes over the 7-year period. In addition to

improved VAS and IKDC scores, histology (n = 2) was similar to native

cartilage and dGEMRIC showed high GAG content in the repair tis-

sue.94 In another recent phase I/IIa clinical trial of 18 KOA patient ran-

domly assigned to three different dose groups (1 � 107; 2 � 107;

5 � 07) for intra-articular allogeneic adipose derived MSCs and

assessed clinically and via compositional MRI over a 48 week period.

All dose groups improved clinically as assessed by WOMAC scores

compared with baseline, but perhaps of greater significance the group

identified some MRI sequences (T1rho, T2, T2star, R2star, ADC) that

suggest change in cartilage composition, with T1rho mapping demon-

strating the most sensitivity to delineate differences between dose

groups.101

The introduction and FDA approval of several commercial prod-

ucts which utilize allogeneic UC-MSCs has resulted in an increasing

number of clinical trials that have moved in this direction. It is notable

that across multiple clinical trials, utilizing various MSC sources and

preparations, the reported number of adverse events is very low, but

to our knowledge there are no studies that have directly compared

allogeneic and autologous MSC therapies.6 Thus, assertions on the

safety of allogeneic MSC therapies for osteoarthritis and cartilage

regeneration are still reliant on a relatively small number of clinical tri-

als bolstered by some promising in vitro, animal model and equine

clinical data.5,99T
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MSCs are not the only viable cells in novel cartilage repair thera-

pies. The use of chondrocyte-based therapies, such as matrix guided

autologous chondrocyte implantation (MACI) and particulated carti-

lage allografts (PCA), have been applied clinically for repair of chondral

defects.110-113 These techniques present challenges including limited

availability (especially for older patients), donor site morbidity (autolo-

gous) and potential immunogenicity (allogeneic). MACI while initially

promising in preclinical and clinical trials has shown some disappoint-

ing results in a 10 years' follow-up, which revealed graft softening,

deterioration and fibrocartilage formation.110 Allogeneic PCAs have

been used successfully, particularly for osteochondral lesions of the

talus.113 This technique utilizes juvenile chondrocytes, which have

higher metabolic activity and chondrogenic differentiation potential,

compared with their adult counterparts. However, these regenerative

approaches are outside the scope of the present review, and the argu-

ment could be made that the successful implantation of allograft

material into osteochondral defects is an indirect vindication for the

use of MSCs, which are undifferentiated.

The immune modulatory properties of MSCs, particularly their

inhibition of DCs and PGE-2 based mechanism, likely account for

some of the statistically significant data indicating positive VAS and

WOMAC scores in human clinical trials to date, in spite of less con-

vincing results in objective measures.96,99,103 Understanding the

mechanistic principles behind immune modulation is essential for

devising clinically relevant means of quantitatively assessing the suc-

cess of these therapies in clinical patients. With a more nuanced

understanding of the immune modulatory characteristics of MSCs that

has emerged over recent decades, there is opportunity to integrate

analysis of immune cell types. Identification of known mediators of

immune modulation and suppression, which can be accomplished

through synovial fluid arthrocentesis, may help generate objective

endpoints for clinical trials in order to fully capture the successes and

shortcomings of novel therapies. Increased utilization of biomarker

analysis may also be valuable in order to ascertain if the mechanisms

identified in vitro are recapitulated in the in vivo ecosystem of the

joint. Such quantitative measures offer the opportunity for compari-

son to internal or external controls.

The advantage of clinical trials as a holistic representation of

the MSC immune modulatory and regenerative capacity can be

overshadowed by their inherent limitations in patient number and

heterogeneity, lack of control groups and other confounding vari-

ables. Additionally, all means of follow-up must be suitably noninva-

sive to achieve ethical approval and patient consent. Therefore,

many gold standard methods of evaluation within in vitro and ani-

mal model studies are impossible to implement. In order to over-

come these challenges as we press forward in our implementation

of allogeneic MSC-based therapies it is vital that clinical studies

adapt and integrate methods that are well established within the

in vitro and animal model space.

In trials where surgical intervention is undertaken, histologic

evaluation and second-look arthroscopy are invaluable when possi-

ble. These are, of course, invasive means of evaluating repair tissue;

thus, every effort should be made to capture maximal data from

these samples through genetic MSC tracking mechanisms such as

identification of STRs as previously discussed in Section 5.1. Immu-

nostaining for hVIM or CASFISH, in addition to standard histologic

analysis techniques, may become more prevalent in future studies.

Some success has been demonstrated through the use of MRI for

evaluation of regenerative tissue, especially select sequences, T2

mapping, dGEMRIC, but other studies report no discernable differ-

ence in MRI scores pre- and posttreatment or between experimen-

tal groups.101 The addition of MSC labeling techniques, such as

SPIOs and ferumoxytol, designed to enhance the value of MRI as a

means of tracking MSC biodistribution may soon provide a new

layer of information to our assessment of clinical patients receiving

MSC-based therapies. Currently, very few published clinical trials

utilize these advanced diagnostic techniques for generating outcome

measures (Table 1).

7 | CONCLUSION

As allogeneic MSC based therapies become increasingly prevalent it is

vital that we interlace the mechanistic understanding with clinical

experiences, both human and veterinary. The in vitro and in vivo liter-

ature must act as a continuous feedback loop for pioneering new and

innovative means of cartilage repair and regeneration. Clinical trials

may consider incorporating assays that provide information regarding

immune modulatory and trophic activities of MSCs in vivo, which may

serve the dual purpose of aiding in validating these in vitro findings,

while also increasing objective outcome measures within these stud-

ies. In addition, numerous molecular and imaging-based strategies

have been devised for tracking of MSCs; however, these technologies

and methods have not transitioned seamlessly from the lab to the

clinic. Promising new means of cell labeling and tracking should con-

tinue to be evaluated in animal models and eventually utilized with

greater frequency in human and veterinary clinical trials to expand our

understanding of MSC biodistribution, adherence, and persistence.

MRI-based protocols for tracking labeled cells are particularly attrac-

tive because they are noninvasive, offer high spatial resolution, and

are a cornerstone of cartilage evaluation in nearly all randomized con-

trolled trials evaluating novel therapies and intervention for the treat-

ment of osteoarthritis.89 Future strategies for tracking of MSCs

should be aimed at both short- (weeks) and long-term (months-years)

follow-up.

ACKNOWLEDGMENTS

The authors acknowledge funding from the New Zealand Health

Research Council (Sir Charles Hercus Fellowship 19/135, K.L.;

Explorer Grant 19/779, X.C.; Emerging Researcher First Grant

15/483, K.L.) together with the Royal Society Te Ap�arangi (Marsden

Fast Start Grant MFP-UOO1826, K.L.; Rutherford Discovery Fellow-

ship RDF-UOO1204, T.W.), the Ministry for Business, Innovation &

Employment (UOOX1407; T.W.), the New Zealand Equine Trust Pro-

ject Grant (T.W.), as well as the University of Otago Health Sciences

Postdoctoral Fellowship (X.C.).

REVIEW OF CARTILAGE MSC THERAPIES 1511
D

ow
nloaded from

 https://academ
ic.oup.com

/stcltm
/article/10/11/1500/6517828 by guest on 15 January 2024



CONFLICT OF INTEREST

W.C.M. declared leadership position for Equine Orthopaedic Surgeon

for clients in Southern California; Co-Chair of Executive Advisory

Board of C. Wayne McIlwraith Translational Medicine Institute at Col-

orado State University; PI on two grants totaling $418 047.00 and

Co-I on two other grants totaling $909 836.00 to Colorado State Uni-

versity in 2019-20; Shareholder in Advanced Regenerative Therapies

(ART) in Fort Collins, CO 80537. The other authors declared no

potential conflicts of interest.

AUTHOR CONTRIBUTIONS

E.A.: conception and design, manuscript writing; X.C., C.A.M., K.L.:

manuscript writing; G.H.: final approval of manuscript; C.W.M.: con-

ception and design, final approval of manuscript; T.B.F.W.: conception

and design, manuscript writing, final approval of manuscript.

DATA AVAILABILITY STATEMENT

Data sharing is not applicable to this article as no new data were cre-

ated or analyzed in this study.

ORCID

Ellison D. Aldrich https://orcid.org/0000-0002-9921-9744

Xiaolin Cui https://orcid.org/0000-0001-5118-0169

Caroline A. Murphy https://orcid.org/0000-0003-2488-1351

Khoon S. Lim https://orcid.org/0000-0002-2486-196X

Gary J. Hooper https://orcid.org/0000-0002-3424-5773

C. Wayne McIlwraith https://orcid.org/0000-0002-7302-2265

Tim B.F. Woodfield https://orcid.org/0000-0002-5428-7575

REFERENCES

1. Armiento AR, Alini M, Stoddart MJ. Articular fibrocartilage—why does

hyaline cartilage fail to repair? Adv Drug Deliv Rev. 2019;146:289-305.

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

safety of mesenchymal stem cell transplantation for osteoarthritis

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

3. Lam ATL, Reuveny S, Oh SK. Human mesenchymal stem cell therapy

for cartilage repair: review on isolation, expansion, and constructs.

Stem Cell Res. 2020;44:101738.

4. Caplan AI. Mesenchymal stem cells: time to change the name! STEM

CELLS TRANSLATIONAL MEDICINE. 2017;6(6):1445-1451.

5. Colbath AC, Dow SW, McIlwraith CW, Goodrich LR. Mesenchymal

stem cells for treatment of musculoskeletal disease in horses: rela-

tive merits of allogeneic versus autologous stem cells. Equine Vet J.

2020;52:654-663.

6. Mautner K, Carr D, Whitley J, Bowers R. Allogeneic versus autolo-

gous injectable mesenchymal stem cells for knee osteoarthritis:

review and current status. Tech Orthop. 2019;34(4):244-256.

7. Colbath AC, Dow SW, Hopkins LS, et al. Allogeneic vs. autologous

intra-articular mesenchymal stem cell injection within normal horses:

Clinical and cytological comparisons suggest safety. Equine Vet J.

2020;52(1):144-151. https://doi.org/10.1111/evj.13136.

8. Wang Y, Tian M, Wang F, et al. Understanding the immunological

mechanisms of mesenchymal stem cells in allogeneic transplantation:

from the aspect of major histocompatibility complex class I. Stem

Cells Dev. 2019;28(17):1141-1150.

9. Burke J, Hunter M, Kolhe R, et al. Therapeutic potential of mesen-

chymal stem cell based therapy for osteoarthritis. Clin Transl Med.

2016;5(1):1-8.

10. Bartholomew A, Sturgeon C, Siatskas M, et al. Mesenchymal stem

cells suppress lymphocyte proliferation in vitro and prolong skin

graft survival in vivo. Exp Hematol. 2002;30(1):42-48.

11. Aggarwal S, Pittenger MF. Human mesenchymal stem cells modu-

late allogeneic immune cell responses. Blood. 2005;105(4):1815-

1822.

12. Romieu-Mourez R, François M, Boivin MN, Bouchentouf M,

Spaner DE, Galipeau J. Cytokine modulation of TLR expression and

activation in mesenchymal stromal cells leads to a proinflammatory

phenotype. J Immunol. 2009;182(12):7963-7973.

13. Zhao X, Liu D, Gong W, et al. The toll-like receptor 3 ligand, poly(I:

C), improves immunosuppressive function and therapeutic effect of

mesenchymal stem cells on sepsis via inhibiting MiR-143. STEM CELLS.

2014;32(2):521-533.

14. Waterman RS, Tomchuck SL, Henkle SL, Betancourt AM. A new

mesenchymal stem cell (MSC) paradigm: polarization into a pro-

inflammatory MSC1 or an immunosuppressive MSC2 phenotype.

PLoS One. 2010;5(4):e10088.

15. DelaRosa O, Dalemans W, Lombardo E. Toll-like receptors as modu-

lators of mesenchymal stem cells. Front Immunol. 2012;3(182).

16. Giuliani M, Bennaceur-Griscelli A, Nanbakhsh A, et al. TLR ligands

stimulation protects MSC from NK killing. STEM CELLS. 2014;32(1):

290-300.

17. Jiang W, Xu J. Immune modulation by mesenchymal stem cells. Cell

Prolif. 2020;53(1):e12712.

18. Weiss ARR, Dahlke MH. Immunomodulation by mesenchymal stem

cells (MSCs): mechanisms of action of living, apoptotic, and dead

MSCs. Front Immunol. 2019;10(1191). https://doi.org/10.3389/

fimmu.2019.01191

19. Wang Y, Chen X, Cao W, Shi Y. Plasticity of mesenchymal stem cells

in immunomodulation: pathological and therapeutic implications.

Nat Immunol. 2014;15(11):1009-1016.

20. Jiang X-X, Zhang Y, Liu B, et al. Human mesenchymal stem cells

inhibit differentiation and function of monocyte-derived dendritic

cells. Blood. 2005;105(10):4120-4126.

21. Zhang W, Ge W, Li C, et al. Effects of mesenchymal stem cells on

differentiation, maturation, and function of human monocyte-

derived dendritic cells. Stem Cells Dev. 2004;13(3):263-271.

22. Spaggiari GM, Abdelrazik H, Becchetti F, Moretta L. MSCs inhibit

monocyte-derived DC maturation and function by selectively inter-

fering with the generation of immature DCs: central role of MSC-

derived prostaglandin E2. Blood. 2009;113(26):6576-6583.

23. Bernardo ME, Fibbe WE. Mesenchymal stromal cells: sensors and

switchers of inflammation. Cell Stem Cell. 2013;13(4):392-402.

24. Williams LB, Koenig JB, Black B, Gibson TWG, Sharif S, Koch TG.

Equine allogeneic umbilical cord blood derived mesenchymal stromal

cells reduce synovial fluid nucleated cell count and induce mild self-

limiting inflammation when evaluated in an lipopolysaccharide

induced synovitis model. Equine Vet J. 2016;48(5):619-625.

25. Bertoni L, Branly T, Jacquet S, et al. Intra-articular injection of 2 dif-

ferent dosages of autologous and allogeneic bone marrow- and

umbilical cord-derived mesenchymal stem cells triggers a variable

inflammatory response of the fetlock joint on 12 sound experimental

horses. Stem Cells Int. 2019;2019:1-17.

26. Barrachina L, Remacha AR, Romero A, et al. Assessment of effective-

ness and safety of repeat administration of proinflammatory primed

allogeneic mesenchymal stem cells in an equine model of chemically

induced osteoarthritis. BMC Vet Res. 2018;14(1):241.

27. Cassano JM, Schnabel LV, Goodale MB, Fortier LA. The immuno-

modulatory function of equine MSCs is enhanced by priming

through an inflammatory microenvironment or TLR3 ligand. Vet

Immunol Immunopathol. 2018;195:33-39.

28. Negoro T, Takagaki Y, Okura H, Matsuyama A. Trends in clinical tri-

als for articular cartilage repair by cell therapy. NPJ Regen Med.

2018;3(1):1-10.

1512 ALDRICH ET AL.
D

ow
nloaded from

 https://academ
ic.oup.com

/stcltm
/article/10/11/1500/6517828 by guest on 15 January 2024

https://orcid.org/0000-0002-9921-9744
https://orcid.org/0000-0002-9921-9744
https://orcid.org/0000-0001-5118-0169
https://orcid.org/0000-0001-5118-0169
https://orcid.org/0000-0003-2488-1351
https://orcid.org/0000-0003-2488-1351
https://orcid.org/0000-0002-2486-196X
https://orcid.org/0000-0002-2486-196X
https://orcid.org/0000-0002-3424-5773
https://orcid.org/0000-0002-3424-5773
https://orcid.org/0000-0002-7302-2265
https://orcid.org/0000-0002-7302-2265
https://orcid.org/0000-0002-5428-7575
https://orcid.org/0000-0002-5428-7575
https://doi.org/10.1111/evj.13136
https://doi.org/10.3389/fimmu.2019.01191
https://doi.org/10.3389/fimmu.2019.01191


29. Tögel F, Cohen A, Zhang P, Yang Y, Hu Z, Westenfelder C. Autolo-

gous and allogeneic marrow stromal cells are safe and effective for

the treatment of acute kidney injury. Stem Cells Dev. 2009;18(3):

475-485.

30. Rengasamy M, Gupta PK, Kolkundkar U, et al. Preclinical safety & tox-

icity evaluation of pooled, allogeneic human bone marrow-derived mes-

enchymal stromal cells. Indian J Med Res. 2016;144(6):852-864.

31. Tang J-N, Cores J, Huang K, et al. Concise review: is cardiac

cell therapy dead? Embarrassing trial outcomes and new direc-

tions for the future. STEM CELLS TRANSLATIONAL MEDICINE. 2018;7(4):

354-359.

32. Mahmoud EE, Tanaka Y, Kamei N, et al. Monitoring immune

response after allogeneic transplantation of mesenchymal stem cells

for osteochondral repair. J Tissue Eng Regen Med. 2018;12(1):e275-

e286.

33. Colbath AC, Dow SW, Phillips JN, McIlwraith CW, Goodrich LR.

Autologous and allogeneic equine mesenchymal stem cells exhibit

equivalent immunomodulatory properties in vitro. Stem Cells Dev.

2017;26(7):503-511.

34. Ursini TL, Amelse LL, Elkhenany HA, et al. Retrospective analysis of

local injection site adverse reactions associated with 230 allogenic

administrations of bone marrow-derived mesenchymal stem cells in

164 horses. Equine Vet J. 2019;51(2):198-205.

35. Magri C, Schramme M, Febre M, et al. Comparison of efficacy and

safety of single versus repeated intra-articular injection of allogeneic

neonatal mesenchymal stem cells for treatment of osteoarthritis of

the metacarpophalangeal/metatarsophalangeal joint in horses: a

clinical pilot study. PLoS One. 2019;14(8):e0221317.

36. Vega A, Martín-Ferrero MA, del Canto F, et al. Treatment of knee

osteoarthritis with allogeneic bone marrow mesenchymal stem cells:

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

1690.

37. Levy ML, Crawford JR, Dib N, et al. Phase I/II study of safety and

preliminary efficacy of intravenous allogeneic mesenchymal stem

cells in chronic stroke. Stroke. 2019;50(10):2835-2841.

38. Zangi L, Margalit R, Reich-Zeliger S, et al. Direct imaging of immune

rejection and memory induction by allogeneic mesenchymal stromal

cells. STEM CELLS. 2009;27(11):2865-2874.

39. Eliopoulos N, Stagg J, Lejeune L, Pommey S, Galipeau J. Allogeneic

marrow stromal cells are immune rejected by MHC class I- and class

II-mismatched recipient mice. Blood. 2005;106(13):4057-4065.

40. Jo CH, Lee YG, Shin WH, et al. Intra-articular injection of mesenchy-

mal stem cells for the treatment of osteoarthritis. STEM CELLS. 2014;

32(5):1254-1266.

41. Lamo-Espinosa JM, Mora G, Blanco JF, et al. Intra-articular injection

of two different doses of autologous bone marrow mesenchymal

stem cells versus hyaluronic acid in the treatment of knee osteoar-

thritis: multicenter randomized controlled clinical trial (phase I/II). J

Transl Med. 2016;14(1):1-9.

42. Murphy JM, Fink DJ, Hunziker EB, Barry FP. Stem cell therapy in a

caprine model of osteoarthritis. Arthritis Rheum. 2003;48(12):3464-

3474.

43. Caplan AI. Why are MSCs therapeutic? New data: new insight.

J Pathol. 2009;217(2):318-324.

44. Caplan AI, Dennis JE. Mesenchymal stem cells as trophic mediators.

J Cell Biochem. 2006;98(5):1076-1084.

45. Alves da Silva ML, Costa-Pinto AR, Martins A, et al. Conditioned

medium as a strategy for human stem cells chondrogenic differentia-

tion. J Tissue Eng Regen Med. 2015;9(6):714-723.

46. Bian L, Zhai DY, Mauck RL, Burdick JA. Coculture of human mesen-

chymal stem cells and articular chondrocytes reduces hypertrophy

and enhances functional properties of engineered cartilage. Tissue

Eng Part A. 2011;17(7–8):1137-1145.
47. Lettry V, Hosoya K, Takagi S, Okumura M. Coculture of equine mes-

enchymal stem cells and mature equine articular chondrocytes

results in improved chondrogenic differentiation of the stem cells.

Jpn J Vet Res. 2010;58(1):5-15.

48. Zhong J, Guo B, Xie J, et al. Crosstalk between adipose-derived stem

cells and chondrocytes: when growth factors matter. Bone Res.

2016;4(15036). https://doi.org/10.1038/boneres.2015.36.

49. Kubosch EJ, Heidt E, Bernstein A, Böttiger K, Schmal H. The trans-

well coculture of human synovial mesenchymal stem cells with cho-

ndrocytes leads to self-organization, chondrogenic differentiation,

and secretion of TGFβ. Stem Cell Res Therapy. 2016;7(1):1-11.

50. Wu L, Leijten JCH, Georgi N, Post JN, van Blitterswijk CA,

Karperien M. Trophic effects of mesenchymal stem cells increase

chondrocyte proliferation and matrix formation. Tissue Eng Part A.

2011;17(9–10):1425-1436.
51. Wu L, Prins HJ, Helder MN, van Blitterswijk CA, Karperien M. Tro-

phic effects of mesenchymal stem cells in chondrocyte co-cultures

are independent of culture conditions and cell sources. Tissue Eng

Part A. 2012;18(15–16):1542-1551.
52. de Windt TS, Saris DBF, Slaper-Cortenbach ICM, et al. Direct cell-

cell contact with chondrocytes is a key mechanism in multipotent

mesenchymal stromal cell-mediated chondrogenesis. Tissue Eng Part

A. 2015;21(19–20):2536-2547.
53. Fischer J, Dickhut A, Rickert M, Richter W. Articular chondrocytes

secrete PTHrP and inhibit hypertrophy of mesenchymal stem cells in

coculture during chondrogenesis. Arthritis Rheum. 2010;62(9):2696-

2706.

54. Kim YJ, Kim HJ, Im GI. PTHrP promotes chondrogenesis and sup-

presses hypertrophy from both bone marrow-derived and adipose

tissue-derived MSCs. Biochem Biophys Res Commun. 2008;373(1):

104-108.

55. Zhang M, Xie R, Hou W, et al. PTHrP prevents chondrocyte prema-

ture hypertrophy by inducing cyclin-D1-dependent Runx2 and

Runx3 phosphorylation, ubiquitylation and proteasomal degradation.

J Cell Sci. 2009;122(9):1382-1389.

56. Kuroda K, Kabata T, Hayashi K, et al. The paracrine effect of

adipose-derived stem cells inhibits osteoarthritis progression. BMC

Musculoskelet Disord. 2015;16(1):1-10.

57. Caplan AI, Correa D. The MSC: An injury drugstore. Cell Stem Cell.

2011;9(1):11-15.

58. Im GI. Regeneration of articular cartilage using adipose stem cells.

J Biomed Mater Res Part A. 2016;104(7):1830-1844.

59. Theruvath AJ, Nejadnik H, Lenkov O, et al. Tracking stem cell

implants in cartilage defects of minipigs by using ferumoxytol-

enhanced MRI. Radiology. 2019;292(1):129-137.

60. Shelat R, Bhatt LK, Paunipagar B, et al. Regeneration of hyaline carti-

lage in osteochondral lesion model using L-lysine magnetic

nanoparticles labeled mesenchymal stem cells and their in vivo imag-

ing. J Tissue Eng Regen Med. 2020;14(11):1604-1617.

61. Grady ST, Britton L, Hinrichs K, Nixon AJ, Watts AE. Persistence of

fluorescent nanoparticle-labelled bone marrow mesenchymal stem

cells in vitro and after intra-articular injection. J Tissue Eng Regen

Med. 2019;13(2):191-202.

62. Assou S, Bouckenheimer J, De Vos J. Concise review: assessing the

genome integrity of human induced pluripotent stem cells: what

quality control metrics? STEM CELLS. 2018;36(6):814-821.

63. Vives J, Casademont-Roca A, Martorell L, Nogues N. Beyond chime-

rism analysis: methods for tracking a new generation of cell-based

medicines. Bone Marrow Transplant. 2020;55(7):1229-1239.

64. Chen B, Gilbert LA, Cimini BA, et al. Dynamic imaging of genomic

loci in living human cells by an optimized CRISPR/Cas system. Cell.

2013;155(7):1479-1491.

65. Deng W, Shi X, Tjian R, Lionnet T, Singer RH. CASFISH:

CRISPR/Cas9-mediated in situ labeling of genomic loci in fixed cells.

Proc Natl Acad Sci USA. 2015;112(38):11870-11875.

66. de Windt TS, Vonk LA, Slaper-Cortenbach ICM, Nizak R, van

Rijen MHP, Saris DBF. Allogeneic MSCs and recycled autologous

REVIEW OF CARTILAGE MSC THERAPIES 1513
D

ow
nloaded from

 https://academ
ic.oup.com

/stcltm
/article/10/11/1500/6517828 by guest on 15 January 2024

https://doi.org/10.1038/boneres.2015.36.


chondrons mixed in a one-stage cartilage cell transplantation: a first-

in-man trial in 35 patients. STEM CELLS. 2017;35(8):1984-1993.

67. Krettek C, Clausen J, Omar M, Noack S, Neunaber C. Two-stage late

reconstruction with a fresh large osteochondral shell allograft trans-

plantation (FLOCSAT) for a large osteochondral defect in a non-

union after a lateral tibia plateau fracture 2-year follow up. Injury.

2017;48(7):1309-1318.

68. Gardner OF, Juneja SC, Whetstone H, et al. Effective repair of artic-

ular cartilage using human pluripotent stem cell-derived tissue. Eur

Cells Mater. 2019;38(November):215-227.

69. Murphy MP, Koepke LS, Lopez MT, et al. Articular cartilage regenera-

tion by activated skeletal stem cells. Nat Med. 2020;26(10):1583-1592.

70. Cheng A, Kapacee Z, Peng J, et al. Cartilage repair using human

embryonic stem cell-derived chondroprogenitors. STEM CELLS TRANSLA-

TIONAL MEDICINE. 2015;3(11):1287-1294.

71. Itokazu M, Wakitani S, Mera H, et al. Transplantation of scaffold-

free cartilage-like cell-sheets made from human bone marrow mes-

enchymal stem cells for cartilage repair: a preclinical study. Cartilage.

2016;7(4):361-372.

72. Toh WS, Lee EH, Guo XM, et al. Cartilage repair using hyaluronan

hydrogel-encapsulated human embryonic stem cell-derived

chondrogenic cells. Biomaterials. 2010;31(27):6968-6980.

73. Francis SL, di Bella C, Wallace GG, Choong PFM. Cartilage tissue

engineering using stem cells and bioprinting technology—barriers to

clinical translation. Front Surg. 2018;5:70.

74. Kondo M, Kameishi S, Grainger DW, Okano T. Novel therapies using

cell sheets engineered from allogeneic mesenchymal stem/stromal

cells. Emerg Top Life Sci. 2020;4(6):677-689.

75. Williams KM, Holter-Chakrabarty J, Lindenberg L, et al. Imaging of

subclinical haemopoiesis after stem-cell transplantation in patients

with haematological malignancies: a prospective pilot study. Lancet

Haematol. 2018;5(1):e44-e52.

76. Becerra P, Valdés Vázquez MA, Dudhia J, et al. Distribution of

injected technetium99m-labeled mesenchymal stem cells in horses

with naturally occurring tendinopathy. J Orthop Res. 2013;31(7):

1096-1102.

77. Espinosa P, Spriet M, Sole A, Walker NJ, Vaughan B, Galuppo LD.

Scintigraphic tracking of allogeneic mesenchymal stem cells in the

distal limb after intra-arterial injection in standing horses. Vet Surg.

2016;45(5):619-624.

78. Sole A, Spriet M, Padgett KA, et al. Distribution and persistence

of technetium-99 hexamethyl propylene amine oxime-labelled

bone marrow-derived mesenchymal stem cells in experimentally

induced tendon lesions after intratendinous injection and regional

perfusion of the equine distal limb. Equine Vet J. 2013;45(6):

726-731.

79. Spriet M, Buerchler S, Trela JM, et al. Scintigraphic tracking of

mesenchymal stem cells after intravenous regional limb perfusion and

subcutaneous administration in the standing horse. Vet Surg. 2015;44

(3):273-280.

80. Burk J, Berner D, Brehm W, et al. Long-term cell tracking following

local injection of mesenchymal stromal cells in the equine model of

induced tendon disease. Cell Transplant. 2016;25(12):2199-2211.

81. Hamilton AM, Cheung WY, G�omez-Aristizábal A, et al. Iron

nanoparticle-labeled murine mesenchymal stromal cells in an osteo-

arthritic model persists and suggests anti-inflammatory mechanism

of action. PLoS One. 2019;14(12):e0214107.

82. Hsu MJ, Prigent J, Dollet PE, et al. Long-term in vivo monitoring of

adult-derived human liver stem/progenitor cells by bioluminescence

imaging, positron emission tomography, and contrast-enhanced

computed tomography. Stem Cells Dev. 2017;26(13):986-1002.

83. Lyngbæk S, Ripa RS, Haack-Sørensen M, et al. Serial in vivo imaging

of the porcine heart after percutaneous, intramyocardially injected

111In-labeled human mesenchymal stromal cells. Int J Cardiovasc

Imaging. 2010;26(3):273-284.

84. Gu E, Chen WY, Gu J, Burridge P, Wu JC. Molecular imaging of stem

cells: tracking survival, biodistribution, tumorigenicity, and immuno-

genicity. Theranostics. 2012;2(4):335-345.

85. Ahrens ET, Bulte JWM. Tracking immune cells in vivo using mag-

netic resonance imaging. Nat Rev Immunol. 2013;13(10):755-763.

86. Jing XH, Yang L, Duan XJ, et al. In vivo MR imaging tracking of mag-

netic iron oxide nanoparticle labeled, engineered, autologous bone

marrow mesenchymal stem cells following intra-articular injection.

Joint Bone Spine. 2008;75(4):432-438.

87. Jurgielewicz P, Harmsen S, Wei E, Bachmann MH, Ting R, Aras O.

New imaging probes to track cell fate: reporter genes in stem cell

research. Cell Mol Life Sci. 2017;74(24):4455-4469.

88. Mu T, Qin Y, Liu B, et al. In vitro neural differentiation of bone mar-

row mesenchymal stem cells carrying the FTH1 reporter gene and

detection with MRI. Biomed Res Int. 2018;2018:1978602.

89. Yahyapour R, Farhood B, Graily G, et al. Stem cell tracing through

MR molecular imaging. Tissue Eng Regen Med. 2018;15(3):249-261.

90. Liu T, Zhu Y, Zhao R, Wei X, Xin X. Visualization of exosomes from

mesenchymal stem cells in vivo by magnetic resonance imaging.

Magn Reson Imaging. 2020;68:75-82.

91. Barrow M, Taylor A, Murray P, Rosseinsky MJ, Adams DJ. Design

considerations for the synthesis of polymer coated iron oxide

nanoparticles for stem cell labelling and tracking using MRI. Chem

Soc Rev. 2015;44(19):6733-6748.

92. Lin J, Cai R, Sun B, et al. Gd@C82(OH)22 harnesses inflammatory

regeneration for osteogenesis of mesenchymal stem cells through

JNK/STAT3 signaling pathway. J Mater Chem B. 2018;6(36):5802-

5811.

93. Chung Y-W, Yang HY, Kang SJ, Song EK, Seon JK. Allogeneic umbili-

cal cord blood-derived mesenchymal stem cells combined with high

tibial osteotomy: a retrospective study on safety and early results.

Int Orthop. 2021;45(2):481-488.

94. Park YB, Ha CW, Lee CH, Yoon YC, Park YG. Cartilage regeneration

in osteoarthritic patients by a composite of allogeneic umbilical cord

blood-derived mesenchymal stem cells and hyaluronate hydrogel:

results from a clinical trial for safety and proof-of-concept with

7 years of extended follow-up. STEM CELLS TRANSLATIONAL MEDICINE.

2017;6(2):613-621.

95. Song JS, Hong KT, Kim NM, Park HS, Choi NH. Human umbilical

cord blood-derived mesenchymal stem cell implantation for osteoar-

thritis of the knee. Arch Orthop Trauma Surg. 2020;140(4):503-509.

96. Song JS, Hong KT, Kim NM, et al. Implantation of allogenic umbilical

cord blood-derived mesenchymal stem cells improves knee osteoar-

thritis outcomes: two-year follow-up. Regen Ther. 2020;14:32-39.

97. Song J-S, Hong KT, Kim NM, et al. Allogenic umbilical cord blood-

derived mesenchymal stem cells implantation for the treatment of

juvenile osteochondritis dissecans of the knee. J Clin Orthop Trauma.

2019;10:S20-S25.

98. Fiolin J, Dilogo IH, Lubis AM, et al. Functional and radiological com-

parison of umbilical cord mesenchymal stem cells, somatotropin, and

hyaluronic acid injection for cartilage repair in early osteoarthritis of

the knee: a randomized controlled trial. Orthop J Sports Med. 2020;8

(5 suppl 5):2325967120S00045.

99. Matas J, Orrego M, Amenabar D, et al. Umbilical cord-derived mes-

enchymal stromal cells (MSCs) for knee osteoarthritis: repeated

MSC dosing is superior to a single MSC dose and to hyaluronic acid

in a controlled randomized phase I/II trial. STEM CELLS TRANSLATIONAL

MEDICINE. 2019;8(3):215-224.

100. Ryu DJ, Jeon YS, Park JS, et al. Comparison of bone marrow aspirate

concentrate and allogenic human umbilical cord blood derived mes-

enchymal stem cell implantation on chondral defect of knee: assess-

ment of clinical and magnetic resonance imaging outcomes at 2-year

follow-up. Cell Transplant. 2020;29:963689720943581.

101. Zhao X, Ruan J, Tang H, et al. Multi-compositional MRI evaluation of

repair cartilage in knee osteoarthritis with treatment of allogeneic

1514 ALDRICH ET AL.
D

ow
nloaded from

 https://academ
ic.oup.com

/stcltm
/article/10/11/1500/6517828 by guest on 15 January 2024



human adipose-derived mesenchymal progenitor cells. Stem Cell Res

Ther. 2019;10(1):308.

102. Emadedin M, Labibzadeh N, Liastani MG, et al. Intra-articular

implantation of autologous bone marrow-derived mesenchymal

stromal cells to treat knee osteoarthritis: a randomized, triple-blind,

placebo-controlled phase 1/2 clinical trial. Cytotherapy. 2018;20(10):

1238-1246.

103. Hashimoto Y, Nishida Y, Takahashi S, et al. Transplantation of autol-

ogous bone marrow-derived mesenchymal stem cells under arthro-

scopic surgery with microfracture versus microfracture alone for

articular cartilage lesions in the knee: a multicenter prospective ran-

domized control clinical trial. Regen Ther. 2019;11:106-113.

104. LeeWS, KimHJ, KimKI, KimGB, JinW. Intra-articular injection of autol-

ogous adipose tissue-derivedmesenchymal stem cells for the treatment

of knee osteoarthritis: a phase IIb, randomized, placebo-controlled clini-

cal trial. STEM CELLS TRANSLATIONALMEDICINE. 2019;8(6):504-511.

105. Shimomura K, Yasui Y, Koizumi K, et al. First-in-human pilot study

of implantation of a scaffold-free tissue-engineered construct gen-

erated from autologous synovial mesenchymal stem cells for repair

of knee chondral lesions. Am J Sports Med. 2018;46(10):2384-

2393.

106. Cui GH, Wang YY, Li CJ, Shi CH, Wang WS. Efficacy of mesenchy-

mal stem cells in treating patients with osteoarthritis of the knee: a

meta-analysis. Exp Ther Med. 2016;12(5):3390-3400.

107. Iijima H, Isho T, Kuroki H, Takahashi M, Aoyama T. Effectiveness of

mesenchymal stem cells for treating patients with knee osteoarthri-

tis: a meta-analysis toward the establishment of effective regenera-

tive rehabilitation. NPJ Regen Med. 2018;3:15.

108. Kim SH, Ha CW, Park YB, Nam E, Lee JE, Lee HJ. Intra-articular

injection of mesenchymal stem cells for clinical outcomes and

cartilage repair in osteoarthritis of the knee: a meta-analysis of

randomized controlled trials. Arch Orthop Trauma Surg. 2019;139

(7):971-980.

109. Xu S, Liu H, Xie Y, Sang L, Liu J, Chen B. Effect of mesenchymal stro-

mal cells for articular cartilage degeneration treatment: a meta-anal-

ysis. Cytotherapy. 2015;17(10):1342-1352.

110. Clatworthy M. A prospective outcome, MRI and biospy study of

MACI cartilage transplantation. Orthop J Sports Med. 2017;5(5 suppl

5):2325967117S00186.

111. Erickson BJ, Strickland SM, Gomoll AH. Indications, techniques, out-

comes for matrix-induced autologous chondrocyte implantation

(MACI). Oper Tech Sports Med. 2018;26(3):175-182.

112. Nixon AJ, Sparks HD, Begum L, et al. Matrix-induced autologous

chondrocyte implantation (MACI) using a cell-seeded collagen mem-

brane improves cartilage healing in the equine model. JBJS. 2017;99

(23):1987-1998.

113. Wixted CM, Dekker TJ, Adams SB. Particulated juvenile articular

cartilage allograft transplantation for osteochondral lesions of the

knee and ankle. Expert Rev Med Devices. 2020;17(3):235-244.

How to cite this article: Aldrich ED, Cui X, Murphy CA, et al.

Allogeneic mesenchymal stromal cells for cartilage

regeneration: A review of in vitro evaluation, clinical

experience, and translational opportunities. STEM CELLS Transl

Med. 2021;10(11):1500-1515. https://doi.org/10.1002/sctm.

20-0552

REVIEW OF CARTILAGE MSC THERAPIES 1515
D

ow
nloaded from

 https://academ
ic.oup.com

/stcltm
/article/10/11/1500/6517828 by guest on 15 January 2024

https://doi.org/10.1002/sctm.20-0552
https://doi.org/10.1002/sctm.20-0552

	Allogeneic mesenchymal stromal cells for cartilage regeneration: A review of in vitro evaluation, clinical experience, and ...
	1  INTRODUCTION
	2  MSC MECHANISMS OF IMMUNOGENICITY AND IMMUNE MODULATION
	3  ALLOGENEIC MSC SAFETY DATA
	4  MSC PARACRINE SIGNALING AND POTENTIAL IN CHONDROGENIC APPLICATIONS
	5  TRACKING AND LABELING OF MSCs
	5.1  Molecular and genetic methods of cell tracking
	5.2  Cell labeling and imaging techniques

	6  EFFICACY OF RECENT CLINICAL TRIALS UTILIZING CULTURE EXPANDED ALLOGENEIC AND AUTOLOGOUS MSCs
	7  CONCLUSION
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


