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Meniscus damage is a common trauma that often arises from sports injuries or menisci
tissue degeneration. Current treatment methods focus on the repair, replacement, and
regeneration of the meniscus to restore its original function. The advance of tissue
engineering provides a novel approach to restore the unique structure of the
meniscus. Recently, mesenchymal stem cells found in tissues including bone marrow,
peripheral blood, fat, and articular cavity synovium have shown specific advantages in
meniscus repair. Although various studies explore the use of stem cells in repairing
meniscal injuries from different sources and demonstrate their potential for
chondrogenic differentiation, their meniscal cartilage-forming properties are yet to be
systematically compared. Therefore, this review aims to summarize and compare different
sources of mesenchymal stem cells for meniscal repair and regeneration.
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INTRODUCTION

Over the years impaired menisci were considered functionless and were often treated via entire or
partial meniscectomy. Meniscus is a crucial structure within the femorotibial joint that shoulders the
responsibilities of shock absorption, load sharing, and knee stability maintenance (Fox et al., 2012).
Both meniscus injury and meniscectomy can contribute to a significant change in the mechanical
distribution of knee joint, which leads to secondary osteoarthritis (OA). This study aims to review the
frontier of tissue-engineered stem cell therapies of menisci injury. This study aims to review the
status of tissue-engineered stem cell therapies, dividing them into mesenchymal stem cell (MSC)
therapy and co-culture treatments, as the current meniscal repair preferred management option
requires improvement.

Situated between the femur and tibia, menisci are crescent-shaped, fibrocartilaginous structures
with heterogeneous cells. The meniscus has unique mechanical properties, including Young’s
modulus, tensile modulus, and compression modulus. Not only can the meniscus absorb shock,
decelerate the relative speed, and perfect the morphology matching but also can lubricate the joint
and assist in maintaining the anterior and posterior orientation and rotational stability of the knee
joint. Physical activity is closely relevant to collagen fibers that provide meniscal structure. Meniscus
fibers are typically oriented based on the three layers of the meniscus: fibers comprise three different
forms: grid-like form on the surface; radiant form in the middle layer; circumferential circular form
for the inner (Vonk et al., 2010).

The outer one-third of the meniscus, consisting of elongated fibroblast-like cells, is known as the
“red zone”. The copious supply of blood contributes to its strong self-healing abilities. Meanwhile,
the inner two-thirds, consisting of round chondrocyte-like cells, is known as the “white zone”. The
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avascular nature contributes to its weak healing abilities. Partial
or total meniscectomy is the preferred form of treatment for a
meniscus injury, which leads to the progressive degeneration of
articular cartilage and eventually resulted in OA. Alternatively, a
torn meniscus can be clinically sutured but will not heal due to the
avascular structure of the inner meniscus. While meniscal
allograft transplantation has been studied to improve joint
function and alleviate joint pain and swelling. it remains a
major concern due to insufficient donor sources, graft
biocompatibility, immune rejection, potential infection, and
uncertain long-term follow-up efficacy. For example, the use
of inappropriate tissue or graft as a meniscus replacement
might aggravate the injury and do more harm than no treatment.

In orthopedics or sports medicine, there is an increasing
demand for minimally treatments. Cell-culture
techniques have heralded the age of regenerative medicine and
highlighted the potential of new techniques to culture stem cells
(Niu et al., 2016). It has been reported that chondrocytes can
adhere and bond to the articular cartilage matrix, confirming the
feasibility of chondrocyte-seeded cartilaginous scaffolds for
repairing meniscus (Peretti et al., 2001). Given the complex
phenotype of meniscus tissue, the use of single-resource MSC
cultures may be inadequate in imitating the native meniscus well.
Researchers have explored the co-culturing of different cell
sources to overcome the shortcomings of monoculture. Gunja
and Athanasiou (2009) innovatively co-cultured passaged
meniscus cells (MCs) other than those primarily generated on
poly-L-lactic acid (PLLA) scaffolds. Since the second generation
of MCs has been proven to produce an extracellular matrix
(ECM), their application was aimed to solve the limitation of
primary MC numbers, and thereby laying a foundation for
subsequent stem cell culture research. The co-culture of
articular chondrocytes (ACs) and fibrochondrocytes (FCs) has
been effective (Tarafder et al.,, 2019), but the quantity of cells
required is big while the cells available for tissue engineering are
limited. Therefore, the use of stem cell amplification and
differentiation may hold the key to obtain enough cells for
treatment.

invasive

STEM CELL THERAPIES

The growth of regenerative medicine involving stem cells,
including meniscal regeneration, has been witnessed over the
past decade. With multidirectional differentiation being the
prominent characteristic, stem cells such as bone marrow
mesenchymal stem cells (BMSCs) and adipose-derived stem
cells (ASCs) have become the focus of trials on meniscus
injury repair in recent years, owing to their wide distribution
and species diversity (Niu et al., 2016). Immune privileged status
and paracrine activity of the stem cells can upscale the biomimetic
properties of synthetic scaffolds employed in meniscus damage
repair. Apart from BMSCs and ASCs, other sources include
mesenchymal stem cells derived from the synovium and
meniscus, thus creating more possibilities.

It is important to note that the term “mesenchymal stem
cell” or “mesenchymal stromal cell” is broadly used and has

Stem Cells in Meniscus Repair

come to mean any adherent fibroblastic population of cells,
and due to their multipotency, it was speculated that these
cells could form other mesodermal connective tissues outside
their lineage (De Luca et al., 2019). However, neither of these
terms is scientifically accurate. Mesenchyme is an embryonic
connective tissue that forms not only connective tissues, but
also blood and blood vessels (primarily mesodermal in
origin). There is no common embryonic source for skeletal
tissues, and there is no reason to believe that there would be
one in the post-natal organism (Arora and Robey, 2022). In
addition, BMSC populations contain a sub-population of
bona fide skeletal stem cells (SSCs) in association with
other cells of the marrow stroma and only the SSCs are
truly multipotent. Therefore, some scientists like Caplan
(2017) have proposed that MSC’s name should be changed.
However, most experimental studies in the last 2 decades
have habitually adopted the term “mesenchymal stem
(stromal) cell”, and although the concept is not rigorous,
the research conclusions are still valid. Since there is no
updated naming standard, this review still uses the term
MSCs for now.

BMSCs showed different differentiation characteristics when
implanted in different regions of the acellular meniscus matrix
(Shimomura et al, 2017). Recently, ASCs is becoming an
emerging topic and only second to BMSCs from a clinical
standpoint. Apart from its greater proliferation and cartilage
differentiation potential, surgery to obtain ASCs from the knee
joint cavity is more convenient and less invasive than that to
obtain BMSCs. Synovial mesenchymal stem cells (SMSCs) as
meniscus tissue engineering materials were reported to show
greater chondrogenic potential and lesser osteogenic potential
than BMSCs (De Bari et al., 2008). Huang et al. (2016) found a
unique cell population, meniscus-derived mesenchymal stem
cells (MMSCs), in rabbit meniscus that had universal stem cell
characteristics and chondrocyte differentiation tendencies. The
peripheral vascular area (red zone) of the meniscus was also
reported to be rich in stem cells with differentiation potential,
supporting the use of MMSC for meniscus repair (Osawa et al.,
2013). The jury is still out on the absolute best source of stem cells
since all sources have their strengths, weaknesses, and
differentiation  capacities. ~Table 1 summarizes the
differentiation  characteristics, clinical advantages and
disadvantages of mesenchymal stem cells from different
sources covered in this paper. The features and comparison
will be discussed in more detail below.

This article aims to comprehensively review the status of
mesenchymal stem cells for meniscal repair and regeneration,
including several common and uncommon cell sources, in animal
and human experiments. The literature search for this review was
conducted in July 2021. The Web of Science database was used
with the following MeSH terms: TI = menisc* AND TS = (repair
OR regeneration) AND AB = (mesenchymal stem cell * OR stem
cell ¥) AND PY = (2000-2021). TI represents Title; TS represents
Topic; PY represents Year Published; AB represents Abstract. A
total of 166 articles were found (Figure 1). When comparing on a
year-to-year basis, stem cell research for meniscus repair shows a
boom in the past decade, with a peak in 2017 for stem cell

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

April 2022 | Volume 10 | Article 796367


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Ding et al.

Stem Cells in Meniscus Repair

TABLE 1 | Summary table showing differentiation capacities as well as advantages and disadvantages of mesenchymal stem cells from different sources.

MSC Source

Bone marrow

Synovium

Adipose

Meniscus

Peripheral blood

Menstruation

Induced pluripotent stem
cells

Differentiation Characteristics

Strong chondrogenic and osteogenic differentiation

Less cell hypertrophy differentiation than BMSCs

Inferior in chondrogenic and osteogenic differentiation
capacities

Superior in adipogenic differentiation

Chondrogenic differentiation

Less CD34 expression than in BMSCs; less osteogenic
differentiation than BMSCs

Chondrogenic differentiation capacity is poor

Chondrogenic properties have not been explored

Pluripotency; differentiation into any somatic cell type under
appropriate conditions

Clinical Advantages

Aspiration can be done under local
anesthesia

Abundant in the articular cavity
Less painful

Minimally invasive

Minimal tissue requirement

Less painful than marrow aspiration;
high yield

Easy to controlled by signaling
pathways

Abundant and less painful

Painless
The most accessible sample source

Clinical Disadvantages

Invasive; Painful; Low yield

Staged surgery, cells require
expansion

Local anesthesia toxic to ASCs
therefore harvest

preferable under GA

Pain

Irreversible damage to donors

Cells require expansion
Low yield

Low vyield

Fixed time available
Expensive
Time-consuming

Tendon Fibrochondrogenic differentiation Excellent viability, distribution and Low yield and complicated operation
proliferation Invasive
Cartilage Less cell hypertrophy differentiation than BMSCs Easy to controlled by signaling Low yield and invasive
pathways
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FIGURE 1| Stem cells employed in meniscal repair studies. Stem cell research for meniscus repair shows a boom in the past decade, with a peak in 2017 for stem
cell research of all kinds and then declining slightly. In this column diagram, different colors correspondingly represent article numbers of that year. Blue ones are less than
5 (5 is not included); gray ones are from 5 to 9; orange ones are from 10 to 14; brown ones are from 15 to 19; purple one is more than 20.

research of all kinds and then declining slightly. Among all the
articles, the top three kinds of stem cells with the largest number
are BMSCs, synovial mesenchymal stem cells (SMSCs), and
ASCs. BMSC was the first stem cell type to be studied, and in
line with the overall trend, with a peak in research in 2017. Studies
on SMSC and ASC started late, increased rapidly in the last
5 years, and continue to rise (Figure 2). All data were extracted
and reviewed from article texts, tables, and figures.

Bone Marrow Mesenchymal Stem Cells
Bone Marrow Mesenchymal Stem Cell Therapies

From our literature study on stem cell trials regarding meniscal
defect repairs, BMSCs account for most of the trials. Studies using
small and large animal models showed that direct intra-articular
injected BMSC shad a good effect on meniscus repair, especially
in the avascular zone. Figure 3 shows the representative results of
promoted regeneration of rat meniscus after intra-articular
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FIGURE 2| Trends in the number of stem cell studies on bone marrow mesenchymal stem cells, adipose-derived stem cells, and synovial mesenchymal stem cells.
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FIGURE 3 | Intra-articular injection of hMSC promoted regeneration of rat meniscus (A) Representative sections of the meniscus stained with Toluidine blue (top

and middle), and immunostained for type Il collagen (bottom) after PBS or hMSCs injection. The staining in the PBS-treated sample was less with Toluidine blue and the
antibody for type Il collagen. The schema of the meniscus on the left is shown for orientation. Scale bar, 100 pm. (B) Representative gross photographs (top) and
sections (bottom) of the joint surface of the tibia at 8 weeks. The cartilage was stained with India ink to identify fibrillation and erosion. The white circle indicates the

medial tibial plateau. The tibia was sectioned coronally and stained with safranin-O and fast green to identify cartilage (red). Scale bars, 2 mm (top) or 200 pm (bottom).
(C) Quantification of histological analysis using the OARSI cartilage osteoarthritis histopathology grading system. Values are mean with lower and upper limit of 95% Cl; n
= 5 for each group (Mann-Whitney U test). Abbreviations: hMSC, human mesenchymal stem cell; rMSC, rat mesenchymal stem cell; N, native meniscus; R, regenerated
meniscus; TB, Toluidine blue; Col Il, type Il collagen. Adapted with permission from Horie et al. (2012).
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injection of human MSCs. It also provided cartilage protection
(Horie et al., 2012; Caminal et al., 2014; Yuan et al.,, 2017). The
ease and safety of cell injection promoted the implement of
human clinical trials (Centeno et al, 2008; Vangsness et al.,
2014), where human BMSCs (hBMSCs) extracted from the
iliac bone marrow were injected percutaneously into the knee
joint of patients, which showed increased cartilage growth,
reduced pain, and increased joint flexibility in most of the
patients. These studies revealed a modality of combining
meniscal allograft transplantation and stem cell injection.

Due to the frozen storage of human allograft specimens,
inadequate cellular repopulation may impair graft viability.
Struijk et al. (2021) injected doses of BMSCs (>0.1 million) in
meniscus allograft tissue, which resulted in active cell
proliferation, migration, and robust cell survival. Additionally,
allogeneic hBMSC injection showed graft versus host disease
(GvHD) inhibition and strong anti-inflammatory and
regenerative capacity, which could be attributed to the ability
of BMSCs to produce and release bioactive factors. Despite these
applications, when using single-resource MSC suspension
injection, only a small percentage of functional cells remain at
the target site. To solve this issue, the use of mesenchymal stem
cell sheets was introduced by Qi et al. (2016a). The mesenchymal
stem cell sheet can decrease cell loss obviously and, since the
visible sheet is easy to place around the meniscal defect, it can
directly fill the space caused by meniscectomy.

Direct injection of cells in vivo can promote cellular repair, but
it cannot meet the mechanical requirements of the meniscus
(Desando et al., 2016). This leads to the emergence of scaffold-
based cell therapies. As early as in 2005, implantation of rat
BMSCs together with acellular meniscus scaffolds was reported,
showing comparable results to native meniscus chondrocytes and
a better morphology than a deep-frozen allogeneic cell-free
implant (Yamasaki et al, 2005). Thereafter, animal studies
were conducted to implant BMSCs on artificial synthetic or
modified natural scaffolds, and different kinds of cytokines or
small molecule compounds added in trials performed well;
mechanical stimulation also revealed good experimental results
(Yuan et al., 2017; Stuckensen et al., 2018; Liu et al., 2019; Zhao
et al., 2020).

In addition to the use of specific stem cell species, other factors
also influence meniscus repair and regeneration. A scaffold
provides a microenvironment for stem cell attachment and cell
growth that helps to repair the damaged or torn part of the
meniscus. The challenge in scaffold optimization is to achieve a
delicate balance between mechanical strength and biological
activity. The mechanical and degradation properties of
synthetic or natural materials used for tissue engineering
meniscus scaffolds should be considered to ensure immune
compatibility. Moreover, it is necessary to ensure that the
scaffold can provide recruitment, proliferation and secretion of
ECM for tissue engineered cells. Ying et al. (2018) combined
BMSC with silk protein to repair rabbit meniscus; Achatz et al.
(2016) planted hBMSC on a polyurethane scaffold for in vitro
meniscus repair; Filardo et al. (2019) planted hBMSCs on a three
dimensional printed collagen meniscus scaffold and
characterized cell activity and distribution. Whitehouse et al.

Stem Cells in Meniscus Repair

(2017) applied an autologous BMSC collagen scaffold to repair
five rows of human meniscus injuries, and three cases had good
results after 2years of the surgery while two cases required
meniscectomy. Other studies also report the implantation of
BMSCs on different artificial polymer scaffolds, and various
in vitro or in vivo experiments have verified that BMSCs are
equipped to promote meniscus regeneration and articular
cartilage protection (Zhang et al., 2017; Zhong et al., 2020).

However, stem cells’ infiltration into these scaffolds is low,
owing to their dense ECM structure and mismatched size issues
in the joint. Hence, chemotactic agents such as growth factors
have been explored to stimulate cell migration and infiltration,
and thereby enhancing integration into the scaffold. Growth
factors such as connective tissue growth factor (CTGF) and
transforming growth factor-beta 3 (TGF-B3) act on target cells
to stimulate cellular growth, proliferation, healing, and
differentiation (Tarafder et al, 2019). Hu et al. (2019)
investigated the inductive effects of silver nanoparticles on
osteogenic differentiation and proliferation using MSCs, and
the advancement of meniscus injury healing. However, Zellner
et al. (2014) evaluated the effects of growth factors like platelet-
rich plasma (PRP) or bone morphogenic protein 7 (BMP7) on
avascular meniscal defect regeneration, which failed to
significantly improve meniscus healing in the avascular zone
in a rabbit model after 3 months. Thus, several certain
chemotactic agents may as well make a difference to the
scaffold-based tissue engineering in meniscus regeneration and
more candidates await to be investigated in the future.

Bone Marrow Mesenchymal Stem Cells Co-cultured
With Other Cells
As BMSC numbers isolated from bone marrow are still limited,
most studies on cartilage regeneration use culture-amplified cells.
Recently, increasing studies have focused on the co-culture of
BMSCs with MCs or FCs, and both ECM synthesis and related
gene expression are superior to those of the monoculture group,
suggesting that BMSC differentiation phenotype is affected by FC
or MC (Cui et al., 2012; McCorry et al., 2016; Zellner et al., 2017).
Studies report that the co-culture of primary MCs and MSCs with
direct cell-cell contact enhanced extra chondral matrix generation
either under normoxia or hypoxia (Matthies et al, 2013).
Compared with FCs’ monoculture, the co-cultured group
yielded more glycosaminoglycans (GAGs) and collagen
production. This could be due to MSCs may increase matrix
production but has less capacity on forming fibrous organization
as compared to FCs (McCorry and Bonassar, 2017). Hence, cell
co-culture can be optimized in tissue engineering with balanced
MSC synthesis characteristics and FC matrix remodeling ability.
Given the unique advantages of cell co-culture, a plural of
studies have been performed to investigate the optimal ratio
between cultured MCs and BMSCs. Cui et al. (2012) reported
that MC and MSC co-cultured at a ratio of 75:25 yielded the
highest collagen I and GAG and expressed the lowest
hypertrophic differentiation genes. McCorry et al. (2016)
reported the highest GAG retention in the 50:50 co-culture
ratio, and the highest polymerization modulus was obtained
both at 100:0 (MSC single culture) and 50:50 co-culture ratios.
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FIGURE 4 | 3D images of the cells distribution in scaffolds using different cell seeding methods. (A)-(D) Seeded with MSCs; (E)-(H) seeded with MFCs. (A),(E)
Surface static seeding; (B),(F) injection seeding; (C),(G) centrifugal seeding; (D),(H) vacuum seeding. (Red, 0-100 pm; yellow, 100-200 pm; green, 200-300 um; blue,
300-400 pm; purple, 400-500 pm). Adapted with permission from Zhang et al. (2015).

Recently, Hagmeijer et al. (2019) reported that the best meniscus
structure was obtained when MC and MSC were co-cultured at a
ratio of 20:80. While most studies focused on co-culturing BMSCs
and MCs, (Saliken et al., 2012) compared cells from the inner (I)
and outer (O) meniscus respectively. Their results showed that
although primary MCOs or MCIs co-cultured with BMSCs had
similar synergistic effects that increased matrix formation, MCOs
were more advantageous in inhibiting the hypertrophic
differentiation of MSCs. The reason for this difference was
unclear though. These suggest that MCs from the outer
vascular regions of the meniscus can be supplemented with
MSCs to engineer functional grafts for inner avascular
meniscus reconstruction. However, these findings contrasted to
those of their previous studies (Adesida et al., 2007). Donor
variability (age, gender, and so on) is one plausible reason and
further study deserves to be carried out.

Tissue engineering provides a possible solution to the problem
of regeneration and replacement after meniscectomy. However,
the uneven distribution of seed cells on scaffolds and the

decreased proliferation ability hinder the application of tissue-
engineered meniscus as a new generation of meniscus graft. The
centrifugal seeding method, a simple and cost-effective cell-
seeding protocol for tissue-engineered meniscus, was reported
to significantly improve FCs or BMSCs distribution and
proliferation on the demineralized cancellous bone scaffolds
(Zhang et al, 2015). Static seeding, injection seeding,
centrifugal seeding, and vacuum seeding methods were used to
seed the meniscal FCs and mesenchymal stem cells to scaffolds.
Combined with the reconstructed three-dimensional image, the
distribution of seeded cells was investigated (Figure 4). By using a
scaffold composed of Col I gel on the small intestine submucosa
combined with a co-culture of MCs and BMSCs, a construct
similar to the native meniscus tissue in its GAG/DNA expression
in addition to Col I, Col II, and aggrecan production was observed
(Kremer et al,, 2017). It should be noted that growth factors also
have potential to promote meniscus recovery. However, the
current research findings are yet inadequate to draw a solid
conclusion.
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A major limitation of cell engineering therapy is that the
repaired cartilage tissue may disappears from the damaged area
over time and requires a follow-up surgery. For example, Somoza
et al. (2014) reported that neither exogenous nor endogenous
BMSCs could promote long-lasting phenotypic correction
(i.e, anatomical site-specific) and articular cartilage
regeneration. Therefore, a better source of chondrocytes and a
better understanding of the key environmental cues for articular
chondrocyte development are expected. Other limitation of
current preclinical study of cell engineering therapy includes
the knee joint of employed small animal models (e.g. rabbits)
has great difference from human knee joint. Studies using larger
animal models are needed to establish a more comprehensive
understanding of the underlying mechanism of cell engineering
that leads to its clinical application.

Synovial Mesenchymal Stem Cells

Synovial Mesenchymal Stem Cell Therapies
Matsukura et al. (2014) studied the knee fluid of MSCs after
trauma. Their results suggested that SMSCs were the main stem
cells mobilized after a knee injury and could be a critical cell
source for meniscus repair. When compared with BMSCs,
obtaining SMSCs is minimally invasive, has minimal tissue
requirement, and can be harvested during a simple
arthroscopic procedure (Jacob et al, 2019). Still, due to the
limited number of cells in the synovial fluid, staged surgery
and expansion of cells are required, which is a potential
disadvantage of the clinical applications. Taking this
disadvantage into consideration, Baboolal et al. (2018)
discussed the feasibility of SMSC mobilization during the knee
arthroscopy process and thereby providing a theoretical basis for
the future evaluation and clinical application of natural joint MSC
in joint repair. Three irrigation fluid samples were collected from
each patient after initial examination of the joint and synovium
agitation at the beginning of knee arthroscopy. Employing this
technique to mobilize cells in the synovium during arthroscopy
can greatly amplify the number of functional mesenchymal stem
cells. Moreover, the technique is easy to use and has no
complications.

Comprehensive studies have been performed to establish the
optimal differentiation conditions of SMSCs. The factors that
promote SMSCs differentiation, exogenous growth factors were
tested by Liang et al. (2018) on the meniscus-derived
decellularized matrix with SMSCs. Their results showed an
upregulation in the expression of aggrecan, Collagen I, and
Collagen II. A study by Tarafder et al. (2018) reported that
the controlled applications of CTGF and TGF-B3 can induce
seamless healing of avascular meniscus tears by inducing the
recruitment and step-wise differentiation of SMSCs. Additionally,
chemical and physical conditions have also been further
investigated, with promising results in PCL electrospinning
technology, magnesium ions, 3D printing-based biomimetic,
and  composite  tissue-engineered  meniscus  scaffold
(Shimomura et al., 2019; Zhang et al,, 2019; Li et al., 2020; Li
et al., 2021). To ensure clinical efficacy, the proper transport of
SMSCs from the processing facility to the clinic is important.
Mizuno et al. (2017) verified that the viability and chondrogenic

Stem Cells in Meniscus Repair

potential of SMSCs were preserved when the cells were suspended
in complete human serum, and the optimal temperature was at
4Cor 13C.

SMSCs have been used in various preclinical trials to repair
meniscus defects in rat, rabbit, and pig models to regenerate
fibrocartilage in animal experiments can be effectively generated
based on these results (Katagiri et al., 2013; Nakagawa et al., 2015;
Ozeki et al.,, 2021). Figure 5 shows the representative results of
meniscal regeneration after intra-articular injection of SMSCs
derived from Luc/LacZ transgenic rats. Good proliferation and
chondrogenic potential make SMSCs a potent cell source for
cartilage and meniscus regeneration (Li et al., 2017; Watanabe
et al., 2020). Compared to BMSCs, differentiated SMSCs showed
lesser expression of collagen X, a marker of cell hypertrophy
differentiation. Kondo et al. (2017) were the first to investigate
autologous SMSCs in primate experiments. Their results showed
that it could promote meniscus regeneration and reduce
degeneration of articular cartilage.

Agreeing with preclinical findings, clinical trials that directly
inject SMSCs into the knee joint to treat meniscus defects and OA
showed a restoration of the meniscus function and cartilage
protection (Saulnier et al., 2015; Suzuki et al, 2020; Sekiya
et al.,, 2021). SMSCs combined with the surgical suture repair
of a complex degenerative tear of the medial meniscus could not
only improve the symptoms of patients but also had no obvious
adverse reactions (Sekiya et al., 2019). For now, SMSCs have
shown promising prospects, whether being injected directly into
the joint cavity or cultured on a scaffold. More experiments have
yet to be repeated to facilitate the clinical application of SMSCs.

Synovial Mesenchymal Stem Cells Co-cultured With
Other Cells
To address the shortage of autologous MCs, some researchers
designed a co-culture system of SMSCs with MCs to produce
large amounts of cells while maintaining characteristics of MCs.
By co-culturing SMSCs with MCs in vitro, Song et al. (2015)
proved that SMSCs could support the proliferation and collagen
synthesis of FCs by secreting FGF1. Before that, Tan et al. (2010)
had co-cultured MCs and SMSCs on small intestine submucosa
(SIS) to establish an in vitro engineered meniscus construction
method. They mixed approximately 0.9 million cells with fibrin
gel, which were seeded onto lyophilized SIS discs and then
incubated in a serum-free medium supplemented with 10 ng/
ml TGF-B1 and 500 ng/ml insulin-like growth factor I for
1 month. The results showed that the co-culture of SMSCs
and MCs constructs had greater «cell survival and
chondrogenic differentiation phenotypes; higher
glycosaminoglycan, collagen II, and Sox 9 but lower collagen I,
which lead to an increase in equilibrium modulus. This
preliminary study confirms the advantages of MCs and SMSCs
co-cultivation in meniscus tissue engineering and regeneration.
The co-culture of MCs and SMSCs has shown its advantage
over the monoculture of each population; however, the optimal
ratio to be used remains to be solved. Different ratios of SMSCs
and MCs at 3:1, 1:1, and 1:3 were tested by Xie et al. (2018). The
proliferation and differentiation abilities were compared. The co-
culture of SMSCs/MCs at the ratio of 1:3 showed better results
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FIGURE 5 | Histological and macroscopic observation of meniscal regeneration after the intra-articular injection of MSCs derived from Luc/LacZ transgenic rats.
(A): Representative sections of normal meniscus and regenerated tissues in the synovium-MSC injection group stained with X-gal (and eosin as counter staining),
toluidine blue, and immunostained with collagen type 2. Scale bar = 100 um. (B) Representative macroscopic findings of the joint surface of femur and tibia 12 weeks
after the synovium-MSC group and the control group. The cartilage was stained with India ink. Abbreviations: L, lateral; M, medial; MSCs, mesenchymal stem cells.

than the control groups (monoculture of SMSCs or MCs) or those
at other ratios, indicating the most secretion of sGAG, a marker of
chondrogenic differentiation. SMSCs are abundant in the
articular cavity, easy to obtain, and have multi-directional
differentiation potential. This MCs and SMSCs co-culture
system may be a promising strategy for meniscus repair with
tissue engineering. A limitation of this approach is that the
localization of SMSCs has not been fully studied, and its
specific markers and MSCs characteristics in each region of
the synovium need further study.

Adipose-Derived Stem Cells
Adipose-Derived Stem CellTherapies
Recently, ASCs have gained popularity due to the ease of
procurement via liposuction. Hoffa’s fat pad is an adipose body
in the knee and being anatomically close to the meniscus. It is an
intracapsular extra synovial source of ASCs for meniscus tissue
engineering (Abpeikar et al., 2021). Given the less painful harvest
process than marrow aspiration and higher yield, ASCs are a good
alternative to BMSCs in equine meniscus repair (Gonzalez-
Fernandez et al, 2016). Baek et al. (2018) employed an
electrospinning collagen scaffold for in wvitro culturing adult
MMSCs, BMSCs, SMSCs, and ASCs derived from the
infrapatellar fat pad (IPFP). Their results demonstrated that
meniscal-like tissue produced by ASCs had higher meniscus gene
expression, better mechanical properties, and better cell distribution.
To evaluate the practical applicability of ASCs, autologous and
allograft ASCs were tested in a rabbit meniscus longitudinal tear
injury model. ASCs allograft was placed either in the lesion and
filling the defect area as cylindrical plugs implanted with collagen
scaffolds, or directly injected into the joint cavity. Both methods
enhanced suture repair and suppressed inflammation (Qi et al,,
2016b; Toratani et al., 2017; Takata et al., 2020). In a larger animal
model, Rothrauff et al. (2019) applied autologous IPFP-derived
ASCs to repair radial meniscus tears of goats. They reported

enhanced repair with a photo-cross-linked hydrogel containing
TGF-p. Autologous IPFP-derived ASCs could improve meniscus
healing and reduce deterioration into OA. Cengiz et al. (2020)
planted Hoffa’s fat pad-derived ASCs that were isolated from
human tissues on PCL silk fibroin protein complex scaffolds. In
vitro culture, showed a valuable regenerative potential of ASCs.
However, the potential of hASCs derived from Hoffa’s fat pad to
differentiate into MCs and the similarity of the new tissue to
native MCs and ECM remains to be studied.

Early reports showed ASCs were inferior to SMSCs in terms of
their chondrogenic and osteogenic differentiation capacities
(Sakaguchi et al., 2005), leading to a water-down curative effect
compared to SMSCs™ of the same cell quantity. Despite these
disadvantages, ASCs has its unique advantages. Sasaki et al.
(2018) isolated hASCs and planted them in a photo-cross-
linked methacrylic gelatin hydrogel to form a 3D structure and
added TGF-P3 for in vitro culture. Their results showed satisfactory
healing abilities, which were evaluated at 4 and 8 weeks of culture
using histology, immunofluorescence staining, and mechanical
tests. Clinical trials using intra-articular injected ASCs reported
a satisfactory effect on meniscus repair and cartilage protection.
Efforts were also made to overcome the shortage of ASCs such as
cell loss and low survival rate. Nordberg et al. (2016) showed
acupuncture perforation promoted the infiltration of human ASCs
(hASCs) in the meniscus, which may improve the efficacy of
meniscus transplantation. Cell sheets were also used in ASCs to
increase the number of effective cells and fill the wound space
(Takata et al., 2020). Moreover, mechanical stimulation can
increase the expression of meniscus-related RNA level in ASCs
and promote cell differentiation (Meier et al., 2016).

Adipose-Derived Stem Cells Co-cultured With Other
Cells

There are little reports on the co-culture of ASCs with other
somatic cells and the results are not encouraging. Moradi et al.
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(2017) implanted ACs and ASCs into scaffolds in different ratios
and found that the AC/scaffold group was the best, followed by
the AC-ASC/scaffold and ASC/scaffold groups. Additionally, the
AC/scaffold group had the best articular cartilage preservation
and highest histological score, suggesting that the PVA/Ch/PPU
(Ch4) scaffold implanted with AC alone could successfully
regenerate the torn meniscus, with ASC providing no
significant contribution to the healing process. Despite these
results, the applications of ASCs in meniscus regeneration
cannot be dismissed. Although animal models and specific
materials and methods are different among various research,
the experimental ideas are basically the same. Figure 6 shows the
flow path of this study, which can be used as a typical example for
experimental design of scaffold-based stem cell co-culture.

Meniscus-Derived Mesenchymal Stem
Cells

The meniscus itself is rich in stem cells during its early
development (Gamer et al., 2017). The developmental changes
in cell morphology and structure of MMSCs are substantial (He
et al,, 2019), reflecting the complexity of MMSCs differentiation
in different location and developmental stages. Thus, MMSCs are
a potent cell source for meniscus tissue engineering. These
meniscus progenitor cells are multipotent, exhibiting migratory
activity, and are likely to be controlled by canonical TGF-B
signaling that leads to an increase in SOX9 and a decrease in
RUNX2 (Muhammad et al., 2014). Therefore, studies relevant to
signaling pathways promote the development of novel cellular,
biological, and regenerative therapies for meniscus repair.

To evaluate whether or not MMSCs are advantageous to other
stem cell populations, Huang et al. (2016) compared MMSCs,
BMSCs, and FCs in rabbit meniscus repair. The results showed
that MMSCs had smaller cell bodies and larger nuclei, with
common stem cell characteristics and chondrocyte

differentiation abilities. Additionally, MMSCs not only have
smaller colonies and slower growth rates but also have lesser
CD34 expression than that in BMSCs. Finally, MMSCs always
exhibited a clear tendency of chondrogenic differentiation either
in vivo or in vitro, while BMSCs showed higher osteogenic
potential. MMSCs were then injected into the joints of
animals with meniscus defects to test their capacity in tissue
regeneration, resulting in promoted cell migration (Shen et al.,
2013; Shen et al., 2014). Nevertheless, (Zellner et al., 2017) used
collagen hydrogel scaffold to compare rabbit autologous BMSCs
and MMSCs in vivo and found that BMSCs had better clinical
applications. Whether BMSCs or MMSCs are more suitable for
regenerative medicine is yet to be determined using more
multidimensional and repeated experiments in vivo or in vitro.

Mesenchymal Stem Cells From Other

Sources
Since the transplantation of meniscal allograft or artificial menisci
is limited by graft sources and adverse events, substitution for
meniscus reconstruction still needs to be explored. Apart from
the common types of stem cells discussed above, there are other
innovative sources of stem cells that have been studied in tissue
engineering. Hoben et al. co-cultured human embryonic stem
cells with fibroblasts and showed the production of type II
collagen were increased by 9.8 times (Hoben et al, 2009).
However, studies in this field are very few. Some of these stem
cells have only been tested for their cartilage differentiation
potential, lacking in vivo animal trials, and cytokine
production abilities that can inhibit meniscus repair. Despite
the methods used and results obtained from these studies, they
help to advance regenerative medicine in meniscus repair.
(Table 2).

When FCs were co-cultured with human umbilical vein
colorectal cells, endostatin expression increased, endothelial
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TABLE 2 | Various mesenchymal stem cell sources used for meniscus repair.

Stem Cells in Meniscus Repair

Hoberg et al. Jayasuriya et al. Hoben et al. Koh et al. Olivos-Meza et al. Li et al. References
(2009) (2019) (2009) (2017) (2019) (2017)
HUVECs C-PCs hESCs TMSCs PBSCs TDSCs Cell Source
- 1.0 x 10° 5.0 x 10° 1.0 x 10° 2.0 x 107 2.5 x 10° Number of
Cells Used

- Three-month-old Lewis - 6 New Zealand white Clinical human trial 15 skeletally mature Animal Model

rats (Ex vivo) rabbits (3.0-3.3 kg) Japanese big-ear rabbits

(8.0-3.5 kg)
Inner 2/3 of the Radial tear in inner — Meniscal defect Partial irreparable Tendon tissue defect Meniscus
menisci ft were anterior horn meniscal injury or injury model
minced partial (or subtotal)
meniscectomy

Detection and mRNA expression Immunostaining Mechanical testing Lysholm Scale Macroscopy; Histology; Evaluations
quantification of analysis Histomorphometry;
cDNA by PCR Biomechanics
ELISA Immunostaining Histology Immunostaining T2 Mapping

Cell surface marker Quantitative Real-time gPCR —

biochemistry

Western blot Flow cytometry Biochemistry —

— — Histology —
2 weeks: higher 3,5,10,17 and 20days: 3 weeks: The 10 weeks: conditioned 12 months: fail to 24 weeks: promoted QOutcome

expression of
endostatin and
decreased
proliferation rate of
endothelial cells

promoted FC
proliferation and native
tissue integration; SDF-
1/CXCR4 axis is
required to successfully
fill meniscus tissue tears

combination of growth
factors BMP-4 and TGF-
B3 with coculture of FC
showed the best
regeneration capacity

cell proliferation rate was decreased, and meniscal tract repair was
inhibited (Hoberg et al., 2009). Clinically, peripheral blood stem
cell (PBSC) transplantation has been applied to repair meniscus.
Olivos-Meza et al. (2019) conducted the first clinical application
of PBSC combined with polyurethane scaffold in humans and no
significant difference in articular cartilage was observed.
Similarly, menstrual blood can be said to be the most
accessible sample source and there is no need for complex
ethical and surgical interventions. Menstrual-derived stem cells
have a greater proliferation and differentiation potential than
BMSCs, making them a perspective tool in clinical practice
(Uzieliene et al, 2018). However, their chondrogenic
properties have not been extensively explored. Clinical
application of these stem cells is still to be investigated with
no positive results yet.

There are several studies whose results are promising in
regenerative medicine. Human pluripotent stem cells (hPSCs)
can maintain pluripotency and normal karyotype during culture
and can differentiate into any somatic cell type under appropriate
conditions. However, due to ethical issues, PSCs used nowadays
are all induced pluripotent stem cells, and thereby adding to the
experimental difficulty. Semitendinosus tendon autograft was
investigated for its fibrochondrogenic metaplasticity potential
and chondroprotective effect (Li et al, 2017). Their
experiment mainly studied two important stem cell sources:
Tendon-derived stem cells and SMSCs, a combination of
which exhibited excellent viability, distribution, proliferation,
and fibrochondrogenic differentiation abilities in decellularized
semitendinosus tendon scaffolds in vitro. Koh et al. (2017)
investigated the effects of conditioned medium from meniscal

medium (CM)-expanded
cells treated with TGF-
B3 apparently promotes
meniscus regeneration

show any
advantage in the
protection of
articular cartilage

meniscal regeneration
and protection of
condylar cartilage

fibrochondrocytes and TGF-beta 3 on tonsil-derived
mesenchymal stem cells for meniscus tissue engineering in
vivo, highlighting a novel stem cell commitment strategy
combined with biomaterial designs. Jayasuriya et al. (2019)
hypothesized that chondroprogenitor cells (C-PCs) from
healthy human cartilage are better than BMSCs due to their
ability to resist cell hypertrophy and to mobilize in response to
chemokine signaling.

DISCUSSION

Studies have confirmed that mesenchymal stem cells can be
isolated from various intra-articular tissues, including
meniscus and ligaments, and that the gene expression profiles
of intra-articular tissue mesenchymal stem cells are similar to
each other: high expression of proline arginine-rich and leucine-
rich repeat protein (Segawa et al., 2009). Stem cells in other well-
differentiated tissues have also been explored for their capacities
to differentiate into cartilage for damaged meniscus repair.
Whether it is bone marrow, adipose tissue, or synovial fluid
that has been widely studied, or menstrual blood, tonsil,
peripheral blood that has been reported less often, different
stem cell sources present different characteristics and clinical
application potential. Of note, it is undeniable that the ability of
animals to repair is different from humans, and meniscus injuries
in some animals could be completely healed without any
treatment in due course of time. Thus, if a gene modification
could lead to an animal model that has a higher resemblance to
pathological changes in humans, it could become an important
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TABLE 3 | Summary of clinical studies using stem cell therapies.

Stem Cells in Meniscus Repair

Ref Cell Patient Injury Methods Evaluation Observation Outcome
Source Inclusion Time
Centeno et al.  BMSCs  46-year old Degenerative menisci Percutaneous injection  MRI 24 weeks Meniscus and cartilage
(2008) male and OA of 22.4 million MSCs volume increased
into knees Visual Analogue Modified VAS pain scores
Score (VAS) decreased
Range of Range of motion in
motion (ROM) extension increased
Whitehouse BMSCs 4 males and 1 Isolated medial Autologous MSC/ MRI 24 months The implant survived in 3
et al. (2017) female, aging meniscal tears in the collagen-scaffold ROM cases whereas 2 cases
from 30 to avascular zone with implantations Tegner-Lysholm developed recurrent
38 years intact anterior cruciate score symptoms at around
ligaments International Knee 15 months, leading to
Documentation meniscectomy
Committee (IKDC)
score
Vangsness BMSCs 55 patients with ~ Partial medial Group A: BMSCs (5 x  VAS score 12 months A higher proportion of those
et al. (2014) an average age  meniscectomy 107), human serum with osteoarthritic changes
of 46 years albumin, sodium experienced a reduction in
hyaluronate, and pain
plasma
Group B: BMSCs (1.5 MRI
x 108
Group C: sodium -
hyaluronate
Sekiya et al. SMSCs 6 patients (5 degenerative flap and A suspension of Tegner-Lysholm 52 weeks The posterior junctional
(2021) males and 1 radial medial meniscus  SMSCs was placed score zone was completely
female) aging tear onto the sutured restored in 2 patients and
from 45 to meniscus through a partially restored in the other
62 years needle 2 patients
Arthroscopy Lysholm scores were
significantly higher at 4 and
52 weeks
MRI —
Olivos-Meza PBSCs 17 patients Partial irreparable 2 groups: acellular Lysholm Score 12 months It failed to show any
et al. (2019) aging from 18 meniscal injury or partial  polyurethane scaffold MRI advantage in the protection
to 50 years (or subtotal) or polyurethane of articular cartilage
meniscectomy scaffold enriched
with MSC
Pak et al. ASCs 32-year-old Meniscal tear Percutaneous injection  VAS score 3 months Symptoms were improved
(2014) female of platelet-rich plasma, MRl Repeated MRI showed
calcium chloride, and almost complete
autologous ASCs disappearance of the torn
meniscus
ROM —

Functional rating
index

research direction (Dai et al., 2021). The clinical application of
different stem cells for meniscal repair has been summarized in
Table 3.

Many studies have reported the use of stem-cell-based tissue
engineering for the reconstruction of meniscus defects or overall
transplantation, the latter of which is very rare in clinical patients.
Both intra-articular injection of MSCs and tissue engineering for
meniscus injury repair show great clinical prospects. Due to the
more complex cellular and biomechanical properties of the
meniscus compared with cartilage, the number of intra-
articular injections and tissue engineering of the meniscus in
clinical trials is far less than that of cartilage (Kwon et al.,, 2019).
Some patients begin with an initial minor meniscus tear and are

treated with partial or even total meniscectomy, which does not
contribute to the growth of articular cartilage and joint function.
If an effective treatment can be provided to promote the
regeneration of cells and tissues of the torn or damaged
meniscus, it may be more meaningful to protect the normal
morphology and structure of the meniscus and joint function.
Tissue engineering offers great opportunities to regain an intact
meniscus without permanent injuries.

Studies on repairing partial defect and meniscus tear with stem
cells are still in their initial stages, mainly limited to in vitro and
animal experiments, and are yet to be verified by repeatable
experiments. Besides, the method of stem cells collection also has
an important influence on clinical application. Additionally,
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despite the positive results obtained from many in vitro
experiments and animal models, human clinical trials are still
urgently required due to a lack of evidence to conclude that stem
cells can form long-lasting tissues similar to the native human
menisci. Even BMSC, the most thoroughly studied stem cell
source, requires further clinical experiments and long-term
follow-ups. The tissue engineering of MSCs to repair damaged
menisci is promising and might play an indispensable role.

Currently, experiments yield outcomes in animal models for a
certain period and it is unknown whether the induced
differentiated tissue can bear the function of the meniscus for
a long time. The physical and chemical conditions under which
stem cells are cultured are yet to be standardized. For example, on
the choice of the carrier of cells, the scaffold, a consensus is yet to
be reached. Different scaffold material choices and pretreatment
methods emerge every year. PRP is a concentrated suspension of
multiple growth factors. Poly-lactic co-glycolic acid (PLGA)
network scaffolds pretreated with PRP tend to have more
adhesion of chondrocytes and the same number of cells
required to repair the meniscus can be achieved by seeding
fewer cells (Kwak et al, 2017). Single-rotation PRP
preparations may be the most advantageous for intra-articular
application; however, dual-rotation PRP systems are to be
carefully considered before their clinical application (Kisiday
et al., 2012). As a replacement for PRP, Platelet-rich fibrin, an
autologous fibrin matrix containing abundant platelet and
leukocyte cytokines, has emerged. Its advantages over PRP
include ease of preparation/application, low cost, and absence
of biochemical modifications.

The preparation of biomimetic scaffolds by decellularization
of various tissues is a new and developing field in tissue
engineering. Some approaches have entered the clinical stage,
such as acellular bone removal and cardiac valvular ligaments
(Rana et al., 2017). Mesenchymal stem cells can be considered a
hopeful candidate for acellular cartilage repair due to their
availability, low donor site incidences, differentiation flexibility,
immunoregulatory ability, low antigenicity, and nutritional
effects. According to the review by Huang et al. (2017), the
use of chemotaxis functionalized scaffolds is promising for
increasing cell recruitment, increasing cell penetration into the
scaffold, and achieving uniform cell distribution. Furthermore,
co-culture with mesenchymal stem cells and differentiated cell
populations can increase and stabilize their chondrogenic
differentiation abilities.

The use of scaffolds also has disadvantages, such as toxic
degradation products, material-induced inflammation, and
material purity. A self-assembly scaffoldless approach has
come into play since 2007. Aufderheide and Athanasiou
(2007) co-cultured high density of meniscus FCs and ACs in
different ratios on agarose molds, which could prevent cells from
attaching to the matrix, and thereby guiding the formation of new
cartilage by forcing cells to attach to other cells or the newly
synthesized ECM. Other studies also supported the feasibility of a
scaffoldless approach during the early years (Hoben et al., 2007;
Gunja and Athanasiou, 2009). However, with the introduction of
3D printing, many of the drawbacks have been solved and the

Stem Cells in Meniscus Repair

focus has shifted to finding optimal scaffold materials and
conditions. Unlike scaffolds, culture media are necessary for
cell experiments and have been well adapted for different
conditions. Fetal bovine serum (FBS) has long been used in
cell culture to enhance the growth of ACs and FCs. Gunja and
Athanasiou (2009) tried to use a serum-free medium added with
insulin-transferrin-Selenium and dexamethasone, which showed
that serum deficiency did not impede ECM production or reduce
cell adherence to PLLA constructs. Moreover, since it is not an
animal product, an immune reaction is reduced and there is no
variation common in FBS, which is of great clinical significance.
In contrast, Hoben and Athanasiou (2008) reported that the FBS
medium is better in overall matrix production and cell
proliferation. Therefore, FBS may be regarded as a
biochemical tool to increase Collagen II rather than a
necessary culture medium component.

No matter how the materials and cells are selected, the
common dilemma is that the mechanical properties are not
similar to the native properties even after culturing for a long
time. Baker et al. (2011) reported that dynamic tensile loading
could regulate mesenchymal stem cell transcriptional behavior,
stimulate ECM deposition, and enhance the structure’s
mechanical properties. Similarly, Yuan et al. (2014) optimized
the cell parameters of pulsed direct current stimulation at the
microscale and applied it to the repair of full-thickness defects in
the graft at the macro scale, which proved that electrical
stimulations promoted MCs migration and integrated tissue

repair. Particularly, ET-1 is an angiogenic factor that
stimulates internal and external MC migration at a
microscopic scale and internal and external explant’s

integration and repair at a macroscopic scale (Yuan et al,, 2015).
In the future, whether through scaffold material selection,
cytokine incorporation, or physical or electrochemical
stimulation, the common goal is to make the mechanical
properties of the regenerated menisci infinitely similar to those
of the native ones. Other concerns on the stem cells such as
genetic  instability,  spontaneous  transformation, and
carcinogenicity have also been raised, considering the
multipotent potential and immunosuppressive properties of
specific stem cells. Therefore, relevant growth-promoting and
supportive therapy after regenerative meniscus implantation is
also essential to considerate. To conclude, emerging stem cell
therapies provide more effective treatment algorithms for
meniscus connective tissue conditions with the goal of joint
preservation and more high-quality evidence from all
stakeholders involved in stem cell therapy communication is
necessary to refine the role of stem cells for connective tissue
regeneration with the goal of successful joint preservation.
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