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A B S T R A C T

Introduction: The meniscus is an important cushioning structure of the knee joint, with the 
maintenance of its normal structure and function playing a crucial role in protecting the joint 
from early degeneration. Stem/progenitor cells could be the key to help researchers to have a 
deeper understanding of the biological process of meniscal injury repair and may be important in 
the meniscus tissue regeneration processes. To the best of our knowledge, there is currently a lack 
of comprehensive reviews on existing research about the meniscus progenitor cells (MPCs).
Objectives: By reviewing the existing MPC literature, we aim to provide insights for future re
search on meniscus regeneration.
Methods: The isolation methods, biological characteristics and the translational application of 
MPCs were summarized.
Results: MPCs could be isolated according to their colony-forming ability, marker expression, 
migration ability, and differential adhesion to fibronectin. Most existing studies on surface 
markers of MPCs have largely followed the paradigm of mesenchymal stromal/stem cell re
search. Based on the information provided by their surface markers and expression profile, re
searchers located MPCs in the peripheral surface area of the meniscus. Few researches have 
investigated the translation and application of MPCs, with most studies being limited to MPCs 
extraction and subsequent reimplantation in vivo.
Conclusions: MPCs are a group of meniscus-resident cells, which exhibit certain stem/progenitor 
cell characteristics, such as the ability to undergo multilineage differentiation in in vitro culture.
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Introduction

The meniscus is a crescent-shaped fibrocartilaginous tissue which is located between the femoral condyle and tibial plateau.1–3 It 
has important roles in load bearing, joint lubrication and preventing the development of osteoarthritis.2 Its functioning relies on the 
structural integrity and appropriate organization of the tissue.3–5 The meniscus injury rate varies in populations with different ages, 
sexes etc.6,7 Currently, most repair techniques are designed to treat the tears in vascular areas (red zone) which are considered to 
possess healing potential.8,9 However, the management of injuries in avascular areas (white zone) is still a challenging clinical issue. 
Due to its poor blood supply, suturing and other repair techniques often achieve poor results in the white zone, which can lead to 
meniscectomy, increasing the risk of early onset of osteoarthritis (OA).10 The past decade has witnessed the rapid development in 
tissue engineering approaches and strategies include cell-based techniques, eg, seeding cells onto scaffolds before implantation or 
cell-free techniques which intend to recruit endogenous reparative cells.5,10–12 Although some exciting preliminary results have been 
reported in the laboratory, clinical studies are rare.10,13

Meniscus cells are heterogeneous groups of cells which reside in the meniscus tissue. Mauck et al found that fibrochondrocytes 
digested from the meniscus possessed multilineage differentiation ability, indicating some potential for self-regeneration.14 Me
senchymal stromal/stem cells (MSCs) have also attracted interest for use in meniscus tissue engineering strategies. MSCs have be
come increasingly favorable to researchers, not only for their highly proliferative nature but also due to their relative abundance in 
tissues.15 Various types of MSCs, including bone marrow MSCs (BM-MSCs), synovium MSCs (SMSCs), adipose-derived MSCs and 
articular cartilage-derived progenitor cells (ACPCs), have been used to facilitate the regeneration of meniscus.4,12,16,17 However, 
some were frequently prone to undergo hypertrophic differentiation. Besides, no consensus has been reached by different researchers 
on choosing the best cell source for meniscus regeneration, which may have hampered their further applications.18,19 In terms of the 
potential for endogenous meniscus repair, cell migration and neo-tissue formation have been reported at the site of meniscus defects 
in vitro,20,21 indicating that the meniscus may harbor its own progenitor populations which contribute to meniscus regeneration.

Segawa et al initially isolated progenitor cells from meniscus tissue in 2008.22 They postulated that MSCs existed in every in
traarticular tissue (including synovium, meniscus, anterior cruciate ligament and articular cartilage), with each tissue source having 
different characteristics according to their origin.23–25 They successfully obtained meniscus cells which retained colony-forming 
ability and multilineage differentiation potential. Since then, several other groups have identified and isolated meniscus progenitor 
cells (MPCs),26–29 but various terms have been used to describe this cell population, such as meniscus mesenchymal stem cells,30,31

meniscus-derived stem cells27 or meniscus stem cells.32 For convenience, in this review we refer to this population as MPCs 
throughout.

Since different studies used different animal or disease models and isolation methods (Fig. 1), in this review, we have attempted to 
summarize the existing studies in MPCs identification, characterization, and application. We also highlight some questions which 
need to be addressed in future studies. The aim is to provide a more comprehensive understanding of MPCs which will hopefully lead 
to improved clinical translation.

Isolation of MPCs

In earlier studies, researchers isolated MPCs according to their extensive colony-forming ability.22,27,29,32,33 To be specific, newly 
harvested meniscus cells were seeded at a very low density,27,29,32 ranging from 2 cells/cm227 to 104 cells per 60 cm2 dish.22 The 
number of colonies positively correlated to the seeding density.22 Cells which were able to form colonies were regarded as 

Fig. 1. Different meniscus progenitor cell isolation methods. FACS, fluorescence-activated cell sorting; FN, fibronectin. 
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MPCs.22,27,29,32 Their clonogenic ability,22,27,29,33 multilineage differentiation potential22,27,29,32,33 and MSC marker expres
sion22,29,32,33 confirmed the assumption that these colony-forming cells were stem/progenitor cells. Using colony numbers divided by 
the number of cells seeded into the same culture plate, Huang et al reported the abundance of MPCs in rabbit meniscus to be 0.2% to 
0.5% of the total cells present in the meniscus.33

Harvesting cells which migrated out of meniscus explants has been reported to be an efficient method to obtain MPCs.28,34–36

Muhammad et al found that menisci from OA patients lacked a continuous superficial layer compared to those from healthy joints.28

In meniscus explant cultures, cells grew out from the uneven and degenerate surfaces of OA menisci while no outgrowth was 
observed from healthy samples of menisci. This could have been due to the protective effect of the intact surface in the healthy 
meniscus. Further characterization of the outgrown cells confirmed their stem/progenitor cell properties, as defined by their mul
tilineage differentiation potential and MSC marker expression. Seol et al also reported cell migration in their scratch-injury meniscus 
explant model,35 these cells also exhibited clonogenic ability and multilineage differentiation potential. However, in their experi
ments, elongated cells migrated from both noninjured and injured tissue after 10 days of explant culture. The number of cells which 
migrated out was higher in the red zone compared to the white zone. Gamer et al reported the outgrowth of cells from healthy mouse 
meniscal explants to be similar to that from human menisci.36 These studies seemed to contrast with each other in one aspect, which 
was whether the structure of the intact (healthy) or osteoarthritic or injured meniscus surface could affect MPCs’ outgrowth. Ac
cording to Muhammad et al, the incongruent surface which occurs with degeneration in OA was the prerequisite of the cell out
growth.28 In contrast, the meniscus explants in the animal model used by Seol et al and Gamer et al were all healthy samples.35,36 We 
suggest that this could be due to the healthy adult meniscus retaining some capability for repair and regeneration, similar to that 
found in other tissues of the knee, although the turnover rate is relatively low.15 Excising the meniscus from the knee joint and the 
explant preparation procedure itself is, of course, a form of injury, which may lead to the change of microenvironment in the tissue 
and could trigger cell migration. Apart from that, spontaneous healing was observed in rat and rabbit meniscus while this was limited 
in caprine and human menisci.37–39 Different biological properties between animal and human meniscus could also contribute to 
these findings.

Integrins are a group of cell surface proteins which play an important role in extracellular matrix (ECM) adhesion, cell-cell 
attachment mediation, signal transduction for cell differentiation and proliferation.40 Studies have reported their high expression on 
MSCs.41 Differential adhesion to fibronectin (DAF) has been used in the isolation of cartilage progenitor cells for decades but has only 
been used to identify MPCs recently.42–45 Korpershoek et al found that proliferation ability and multilineage differentiation potential 
were significantly enhanced in fibronectin adherent-progenitors compared to mixed populations of meniscus cells,42 results which 
were supported by Wang et al.45 However, Pattappa et al reported, after DAF sorting, that some nonfibronectin adherent cells from 
the red zone still possessed certain characteristics of MPCs,43 indicating that DAF did not enrich for all MPC subpopulations.

Using stem/progenitor cell markers to directly select MPCs from other cells released on enzymatic digestion of the meniscus is 
another frequently used isolation method. Based on the fact that the vascular red region of the meniscus manifested a higher success 
rate in healing than the avascular region, Osawa et al26 hypothesized that cells which were positive for the markers CD34 (vascular 
endothelial cells) or CD146 (vascular pericytes) may play a vital part in meniscus regeneration. They isolated CD34 and CD146 
positive cells from adult and fetus menisci using fluorescence-activated cell sorting (FACS) and proved their multilineage potential. 
As a crucial transcription factor in hedgehog signaling pathway,46 Gli1 (Glioma-Associated Oncogene Homolog 1) is also considered 
to be a marker of progenitor cells which contribute to chondrocyte and osteoblast formation during growth and repair in adulthood, 
for example, in bone fracture repair.47 Wei et al found Gli1 positive cells from mice menisci maintained progenitor characteristics,48

demonstrating better colony forming, migratory and differentiation ability than Gli1 negative cells. They not only played an im
portant role in meniscus development, but were also vital in facilitating meniscus repair in adult mice.

There remain many questions around the use of markers and cell sorting for isolating progenitors for repair of the meniscus and 
indeed other musculoskeletal tissues. Firstly, the current knowledge on MSCs is lacking definitive markers. Secondly, some MPC 
markers undergo dynamic changes during in vitro culture49 and it is not yet clear whether changes in marker expression are linked to 
changes in cells characteristics and so the cells’ progenitor capability. Besides, it was reported in cartilage-derived chondrocytes that 
they experienced phenotypic change after several passages.50 This may make different cells hard to distinguish after expansion. 
Thirdly, as there is a difference in marker expression in different species or even strains, it is hard to generalize findings and draw 
conclusion from studies using various animal models.

Given the absence of comparative studies on all the methods, we cannot provide a definitive conclusion on which is the most 
efficient method of isolation. According to our own experience, we found that FACS was a rather consuming process, while prolonged 
explant culture increases the risk of contamination. Enzymatic isolation, on the other hand, may lack specificity and may not ef
fectively distinguish MPCs from other meniscus cells. We tend to use DAF as our preferred choice in isolating MPCs.

Expression profiles of MPCs

It is acknowledged that the term “MSCs” actually represents a group of heterogeneous cell populations. Zha et al categorized the 
heterogeneity of MSCs into 3 levels: individual level, tissue-origin level, and cell subpopulation level.51 According to this point of 
view, markers used to precisely label MPCs should ideally comprise of (1) basic markers of MSCs which confirm its progenitor 
characteristics; (2) meniscus-specific markers; and (3) subpopulation markers which can be used to isolate MPCs with optimal 
functions. Once the above requirements have been met, surface markers could be a powerful tool for researchers. However, due to the 
lack of understanding about the development of the meniscus, its pathological and regeneration processes at the molecular level, no 
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tissue-specific markers have been reported until now. Rather, the marker characterization of MPCs is still largely based on those used 
for MSCs.

The International Society for Cell and Gene Therapy (ISCT) in 2006, recommended that MSCs should be immunopositive for 
CD105, CD73, and CD9052 but not for the hematopoietic markers (CD45, CD34, CD14 or CD11b, CD79alpha or CD19, and HLA- 
DR).53 However, it is now recognized that this is only an “entry threshold” and it cannot effectively discriminate MSCs from other cell 
types.54–56 Expression of CD90/105 on MPCs was reported to range from 86% of the cells,33 to nearly 100%.22,29,32,42,45,49,57

However, in the study by Garmer et al, CD90 was only expressed by 54% of murine MPCs36,58 and CD73 expression was reported to 
be 85% by Korpershoek et al and 95% by Wang et al.42,45

Analogous to previous work on MSCs derived from other tissues, alternative surface markers used to characterize MPCs include 
CD29 (integrin subunit beta 1 or ITGB-1), CD44 (hyaluronan receptor), CD106 (vascular cell adhesion molecule 1 or VCAM-1), 
CD166 (activated-leukocyte cell adhesion molecule or ALCAM). These are all surface markers involved in cell adhesion, and have 
been proven to play an essential role in MSC transplantation treatment of cartilage defects.59,60 CD166 was initially found in cancer 
cells and hematopoietic stem cells61–63 with a study by Brinkhof et al showing that it can help to distinguish fibroblasts from MSCs.55

All these markers seem to be interdependent, for example, the expression of CD166 was positively correlated with the expression of 
CD105.64 Depletion of CD90 can cause a reduction in the expression of CD44 and CD166 and lead to an increase in MSCs’ differ
entiation propensity.52 In the case of MPCs, studies reported that almost all MPCs expressed CD2928,32,45,65 and 
CD44.22,29,32,36,45,49,57,65 However, Huang et al found that only 44% of rabbit MPC expressed CD44,33 with this rate increasing to 
89% when analyzed by immunocytochemistry.66

Other less investigated markers, including SSEA-4, Nanog, and nucleostemin, are reported to be expressed in approximately 80% 
of MPCs.30,66 SSEA-4 and Nanog were previously regarded as markers for human embryonic stem cells,67 but have also been found to 
be present on MSCs from bone marrow and adipose tissue.68 Their functional significance is, however, not yet fully understood.

CD49b and CD49c are the integrin subunits α2 and α3, respectively, they bind with integrin β1 to form heterodimeric receptors 
that function to mediate cell-matrix interactions.69 The target ECM proteins of α2β1 are considered to be collagens and laminins, and 
the ECM ligands of α3β1 are collagens, laminins, fibronectin and entactin.70 Since the DAF isolation method took advantage of MPCs’ 
rapid adhesion to fibronectin, taking CD49b and CD49c as MPCs markers would be a logical choice. Of the published studies using 
DAF to isolate MPCs, only one appears to examine the CD49b/49c expression on MPCs. Wang et al found CD49b and CD49c were 
each present on 65% to 85% and nearly 100% of MPCs, respectively, with a significantly greater number of positive cells for both 
integrins than mixed meniscus cells.45 Fibronectin was reported as a low-affinity ligand to α3β1 integrin but a relatively specific 
ligand to α5β1 integrin.71 Research has found that CD49e (α5-integrin) identified a distinct population from chondrocytes, after DAF 
isolation of ACPCs, with almost all cells expressing CD49e.72 Based on these facts, we infer that CD49e may also represent a potential 
marker for MPCs, especially when using DAF as the isolation method. However, Kachroo et al found that while 8.9% of freshly 
isolated chondrocytes expressed CD49e, it was expressed by up to 90% of cells after 120 hours of culture.73 Whether CD49e could be 
a suitable marker was still under debate.

Another long-standing debate in MSC identification is whether pericytes are the same as or a progenitor of MSCs.74,75 Discussion 
of this topic is beyond the content of this review. However, it is noteworthy that some pericyte markers have already been used in 
MPCs detection, among which CD146 is the most frequently used. Osawa et al found that CD146-positive cells were located in the 
peripheral meniscus region,26 surrounding α-SMA-positive arterioles. Their numbers here, however, were much lower in adulthood 
compared to those found in fetal tissue and fetal CD146+ meniscus cells possessed multilineage differentiation potential, with their 
injection into a rat meniscus defect model facilitating its healing.

Most of the studies of MPC surface markers mentioned above were first investigated in MSCs then empirically used in the 
identification of MPCs. Single-cell RNA sequencing (scRNA) is a powerful tool in de novo cell clustering and subpopulation re
cognition. Using scRNA and pseudotime analysis, Sun et al identified endothelial cells (CD146+/CD93+) and fibrochondrocyte 
progenitors (CD146+/CD93−) as progenitor cells in healthy human menisci.57 In vitro studies also showed FACS-sorted CD146+ 
meniscus cells had better colony-forming capacity than CD146− cells.57 However, whether CD146 can consistently be used as 
marker to isolate MPCs from meniscus cells is still under debate.

Using any of the markers described thus far, isolates a heterogeneous cell population from the meniscus, which meets the minimal 
ISCT standard for MSCs. Though such isolated cell populations may manifest progenitor/stem cell characteristics as a whole, the 
selection is not be precise enough to completely purify MPCs. Researchers are continuing to strive to find more subpopulation 
markers, or “stemness” markers,76 which would help to select a subset of cells with superior proliferation, differentiation or whatever 
targeted ability is deemed necessary.77 STRO-1 is another potential subpopulation marker for MSCs which may be involved in 
clonogenicity.76 Its expression was reported as being on 75% of human MPCs28 and 86% of rabbit MPCs.30,66 As previously described, 
Gli1 was also examined, with Wei et al finding that Gli1+ cells were present in the superficial layer of adolescent mice menisci and 
correlated with the development of the meniscus.48 In vitro analysis showed that Gli1+ cells have better proliferation, clonogenicity, 
migration ability, and multilineage differentiation potential than Gli1− cells. They also coexpressed other stem cell markers in
cluding Sca-1, CD90, CD200, PDGFR-a, CD248 and PRG4, with injection of Gli1+ cells facilitating healing of meniscal defects.

To summarize, MPCs have similar expression profiles to MSCs, such that commonly used MSC markers are also suitable for MPC 
characterization. Limited studies have investigated the subpopulation markers, which may not be optimal for identification of MPCs 
with the best functioning capability. Until now, no tissue-specific marker for MPCs has been reported, since previous studies have 
confirmed the idea that MSCs from different tissues preserve different expression profiles54,77–79; it would seem that further research 
is needed to fill in the gaps in this field. In undertaking this review, we noticed that there appears to be a species-related or health- 
status-related difference in marker expression. The human meniscus samples used in these studies were always from OA patients 
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while healthy animal meniscus was used (Table 1). CD166 was reported to be highly expressed by human MPCs, but only moderately 
expressed by ovine MPCs.65 CD105 was positive in approximately 95% of human and rabbit MPCs but only in 2% of murine meniscal 
cells.36 CD73, CD44, and CD90 were present on fewer rabbit MPCs than human MPCs.30,33,66 There were also some species unique 
markers. Sca-1 (stem cell antigen-1), a stem cell marker in mice,36,48,80 was absent in humans and large animals. STRO-1 was present 
on human and rabbit MPCs but not on MSCs derived from several canine tissues.81 This difference may hamper the cross-species 
generalization of research findings in the future. Multiple factors could lead to these differences, including the isolation procedure for 
MPCs, the age of the sample used to source the cells,36 different culturing conditions,64 the number of passages26,49 and, especially, 
the health status of the source tissue. As shown in the single-cell analysis studies by Sun et al and Fu et al, the state and type of 
meniscus cells as well as their microenvironment endured a drastic change in OA knee joint compared with normal knee joint.57,82 It 
is therefore difficult to draw firm conclusions based on current studies. Thus, when reporting marker expression profiles, researchers 
should clarify all of this background information which can have an impact on the results being described. We hope future studies can 
provide more useful data and indicate more reliable and specific markers of MPCs.78,83–85

Spatial distribution of MPCs

Since studies have proved the existence of MPCs and identified several markers that could be used to help characterize them, 
researchers have progressed to explore their distribution in vivo. Most studies reported MPCs to be located in the superficial layer of 
the periphery of the meniscus. Gamer et al located MPCs via immunohistochemical staining for the markers (CD44, Biglycan, Lox, 
and IGF-1) in the superficial zone of the outer part of the murine meniscus (Fig. 2A).36 In addition, the high synthesis of type I 
collagen but low synthesis of type II collagen in the in vitro culture of MPCs also supported its origin from the peripheral region. Wei 
et al investigated the role of Gli1+ MPCs in adolescent murine meniscus and provided a detailed insight of MPCs from a develop
mental angle.48 They observed murine menisci macroscopically and found that they endured a rapid growth from postnatal at 1 week 
to 8 weeks of age. This coincided with the finding that the Gli1+ cells’ appearance in the superficial layer of the anterior horn 
occurred between 2 and 8 weeks of age. Lineage tracing techniques showed that their descendants spread to the central layer of the 
anterior horn at 6 weeks. As for the posterior horn, few cells in the central area initially expressed Gli1 in 4-week-old mice but they 
did give rise to many cells after 6 weeks of tracing. This suggested different developmental patterns in different parts of the meniscus 
structure (Fig. 2B). In adult mice, there were few Gli1+ cells in the superficial layer of the horn area and their density was drastically 
reduced compared with that seen in adolescent mice. Costaining of MSC markers such as Sca-1, CD90, CD200, and PDGFR-α also 
confirmed MPCs in the peripheral area of the meniscus, that colabeled with Gli1+. In a study by Seol et al, using a meniscus injury 
model, cells that had migrated to the defect area were mainly located on the surface, with few occurring in the deeper layers of the 
tissue.35 The superficial origin of MPCs was similar to the localization of cartilage-resident MSC-like progenitors, which are believed 
to be retained in the superficial zone of articular cartilage and play an important role in tissue homeostasis.15,87

One of the major concerns among researchers is whether the lower regenerative capacity of the white zone of the meniscus can be 
attributed to the differences in the level of MPCs. Researchers have tried and succeeded in extracting MPCs from the white zone of the 
meniscus which possessed stem/progenitor characteristics and expressed MSC markers.28,33,34,65,86 Though the number was less in 
the white zone, as Seol et al reported, MPCs in the red zone were 8.4 times more abundant than that in the white zone.35 Then the 
question to address was, if MPCs do exist in the avascular zone of the meniscus, why does the tissue usually fail to repair after injury 
when the vascular zone enjoys a much higher success rate of repair? Could the stem/progenitor cells from the 2 different areas have 
different characteristics?

Unfortunately, there remains no clear consensus. Different studies on different characteristics yielded different results. Some 
studies reported that cells from both areas have similar capabilities, for example, they possessed the same level of migration ability36

and similar levels of proliferation and differentiation potential.43 Others have suggested that there are indeed differences between the 
2, for example, a clear diversity in morphology has been reported by different groups.2,14 Mauck et al first investigated meniscus 

Fig. 2. A, Spatial distribution of MPCs in 8-week mouse meniscus. B, Different development pattern of Gli1+ MPCs in posterior and anterior horns 
of the meniscus. MPCs, meniscus progenitor cells.
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fibroblasts from the red zone, white zone, and mix area and found that cells which originated from the white zone appeared more 
chondrocyte-like while red zone cells were more elongated and fibroblast-like.2,88 This difference in morphology was also reported in 
a later study on MPCs by Wang et al.45 Some articles highlight the superiority of MPCs from the vascular area, finding that the 
vascular area-derived MPCs possessed a greater clonogenicity and proliferation ability compared to those from the inner me
niscus.42,45 In multilineage differentiation assays, MPCs from the vascular region were also reported to perform better in adipogenic 
or osteogenic differentiation assays.14,43

However, MPCs derived from the avascular region seemed to have higher stem/progenitor marker expression and 2 sub
populations, CD105+/90+/44+/29+ and CD105−/90−/44−/29−, were distinguishable.49 Further, the white zone had the 
largest proportion of CD105+/90+/44+/29+ cells compared to the red zone. In a murine preclinical model of meniscal injury it 
was reported that MPCs derived from the inner region of 7-day-aged mice showed increased rates of proliferation and differentiation 
potential than mix-region-derived MPCs,32 and the injection of inner-derived MPCs resulted in an improved repair score compared to 
mix-region-derived MPCs in a meniscus injury model.32

To summarize, most studies thus far have shown that MPCs derived from vascular regions possess improved stem/progenitor cell 
potential than other regional MPCs14,42,43,45; despite this, we have learned that both vascular and avascular regions harbor MPCs 
with stem/progenitor cell characteristics. Why then does the white zone of the meniscus have such a low endogenous repair capacity? 
One explanation might be the difference between in vitro and in vivo culture systems used to assess cellular properties. All of the 
studies mentioned above were based on in vitro observations, that is, to say, the proliferation and differentiation ability of isolated 
MPCs were investigated in an environment very different from the in vivo situation. The lack of blood vessels in the white zone may 
result in insufficient circulating nutrients, and contribute to the failure of repair in this region. As suggested by Mauck et al,14 in order 
to perform better in terms of load-bearing, the inner part of meniscus had to sacrifice vascular and neural invaginations to become a 
more compact dense tissue, which in itself could also limit the migratory potential of reparative cell types when the tissue in this 
region is injured.

Comparing MPCs and progenitors from other musculoskeletal tissues

In many of the studies reviewed thus far, isolated MPCs were often compared with unsorted meniscus cells or other tissue-derived 
stem/progenitor cells in terms of their immunoprofile, gene expression profile, and progenitor cell capacity (Table 2). With regards to 
stem cell marker expression, CD166 was found to be more highly expressed in BM-MSCs; apart from this no consistent differences 
were reported between MPCs and other tissue-derived stem/progenitor cells investigated.22,65 Contradictory results have been 
presented when comparing mixed meniscus cells, with some studies reporting that MPCs demonstrate a higher expression level of 
stem cell markers compared to mixed meniscus cells,28,33 while other studies have reported no significant differences.45 This may be 
due to the different passage number of the cells used across studies, as surface markers are known to experience dynamic expression 
level changes during in vitro culture expansion.89 Chahla et al found that while there were 2 distinct subpopulations (CD105+/90+/ 
44+/29+ and CD105−/90−/44−/29−) observed in freshly isolated meniscus cells,49 at passage 2 one of the subpopulations 
(CD105−/90−/44−/29−) had disappeared. We suggested that “Natural selection” may have taken place after several passages of 
in vitro culture, whereby subpopulations that proliferate including transient amplifying cells and terminally differentiated cells, may 
fail to yield daughter cells and finally be eliminated from the culture.90 In addition to this, cells could undergo rapid change in 
phenotype during in vitro culture, as mentioned before,50 which could also contribute to this.

Gene expression profiles investigated by most studies can be divided into the following groups: chondrogenic and ECM-related 
genes, stem cell-related genes and tissue-origin genes. The interaction between cells and the ECM are crucial in promoting tissue 
homeostasis. While cells in healthy menisci play an important role in ECM metabolism by synthesizing and remodeling its compo
nents,91 the ECM itself can also influence and regulate cell fates.92 Meanwhile, the organized healthy ECM structure is crucial for 
providing the meniscus’s functional role in load bearing. Thus, characterization of ECM-related gene expression profiles is an im
portant part of MPC evaluation. MPCs expressed lower COL2 and higher COL1 compared with unsorted meniscus cells,28,33,45 they 
also less expressed ACAN which is another ECM-related gene at higher levels.42 Though the overall ECM gene expression profile of 
MPCs was reported to be similar to BM-MSCs and ACPCs,35 lower expression of levels of COL2 and COL1 were shown. In other 
studies, COL2 expression was reported to be higher in MPCs compared to SMSCs, tendon-derived MSCs, and BM-MSCs.29,66 Besides, 
Korpershoek et al found that in contrast to BM-MSCs, MPCs do not undergo in vitro hypertrophic differentiation even when subjected 
to hypertrophic media.42 Injection of MPCs into the OA knee joint was found to be able to suppress OA and decrease the COLX 
expression in the tibial plateau.29

The stem cell markers Stro-1, SSEA-4, Nanog, and Nucleostemin were comparably expressed in MPCs and BM-MSCs,33,66 however, 
this study reported that MPCs expressed higher gene expression levels of CD44 and Notch1 compared to ACPCs.35 Aiming to in
vestigate whether different stem/progenitor cells from different tissue origins have differing expression profiles, Segawa et al used 
DNA microarray analysis and found PRELP, OGN, and ECRG4 were more highly expressed in intra-articular tissue-derived cells, 
especially in MPCs.22 In a meniscus injured model generated by Seol et al, significantly increased expression levels of inflammatory 
and catabolic genes (IL6, IL8, CXCL2, MMP9) were observed compared with ACPCs and MSCs.35

Compared with other tissue-derived MSCs, MPCs have also shown equivalent progenitor cell capacity. Segawa et al found that 
meniscus, synovium, intra-articular ligament, and adipose-derived MSCs had higher colony yields compared with muscle and bone 
marrow-derived MSCs22 and similar results have been presented by Shen et al.29 However, others have reported that both counts and 
the density of colonies were notably lower in MPCs compared to BM-MSCs.30,66 MPCs were also found to proliferate faster than 
unsorted meniscus cells33 and ACPCs,45 with no significant difference being observed in the proliferation ability between MPCs and 
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BM-MSCs.66 As for multilineage differentiation potential, while osteogenic and adipogenic abilities were weaker in MPCs compared 
to BM-MSC,33,66 MPCs demonstrated enhanced chondrogenic capacity.33,66 However, Segawa et al showed that after pellet culture in 
chondrogenic media, SMSC and BM-MSC pellets had the heaviest wet weights, followed by meniscus MSCs, with adipose-derived 
MSCs producing the lightest.22 These differences were however minimal and might be owing to the difference in species usage and 
isolation methodologies.

Current applications of meniscal progenitor cells in meniscus regeneration

In current clinical practice, the use of stem cells derived from extrameniscal tissues (such as BM-MSCs, AD-MSCs, and SMSCs) is 
the main approach for a stem cell therapy in treating meniscal defects.4,12 Although these therapies have shown some efficacy, they 
each have their disadvantages, as reviewed by Jacob et al.4 Alternatively, utilizing autologous meniscal progenitor cells or inducing 
more meniscal progenitor cell involvement might represent a better choice for repairing meniscal injuries considering their low 
immunogenicity and outstanding chondrogenic potential.27,42,45 Since the discovery of MPCs in the last decade, researchers have 
conducted few lab-based experiments to evaluate the potential of MPCs in meniscus regeneration. It is noteworthy that most of the 
experiments mentioned previously in this review paragraphs were in vitro, whereas in vivo experiments in animal models are few, 
but could provide a more authentic understanding of repair mechanisms. The most frequently used method in applying MPCs to 
damaged areas in vivo was to directly inject MPCs to the defect area. In one study, different groups of human fetal cells including 
CD34+ MPCs, CD146+ MPCs, CD34−/CD146− cells, and a PBS control group were transplanted into an athymic rat meniscal 
injury model26 and repair assessments at 4 weeks post-treatment showed enhanced healing in the CD34+ and CD146+ cell injection 
groups, whilst CD34−/CD146− cell injection groups displayed incomplete healing and the PBS control group showed no evidence of 
repair. Interestingly, though the gap was obvious in PBS group, a number of spindle-shaped cells were found on the surface of cut 
edges of the menisci.26 The efficacy of allogenic MPCs injected into a partial meniscectomy in a rat29 or rabbit model27,33 was also 
investigated, in which the MPC-treated groups demonstrated more neo-tissue formation and had morphology and histological 
staining patterns akin to the normal meniscus, when compared to the control groups.27 The MPC-treated groups also showed more 
type II collagen deposition via immunohistochemical staining and this was verified by more ordered and larger fibrils via 

Table 2 
Marker expression, other cell types cooperation, and application of MPCs. 

Marker expression Other cell types comparation Application

Muhammad et al28 Positive: STRO1, CD29, CD90, CD105, CD106 
Negative: CD45, CD34

- -

Ding and Huang30 Positive: SSEA-4, STRO-1, Nanog, 
nucleostemin, CD44, CD90 
Negative: CD34

BM-MSCs MPCs transplant

Gui et al66 Positive: SSEA-4, Nanog, Nucleostemin, 
STRO-1, CD44, CD90 
Negative: CD34

BM-MSCs, TMSCs -

Huang et al33 Positive: CD90, CD105, CD73, CD44 
Negative: CD31, CD34, CD45

Fibrochondrocytes, BM-MSCs MPCs transplant

Korpershoek et al42 Positive: CD90, CD105, CD73 
Negative: CD45, CD34, CD79α, CD11b

- -

Segawa et al22 Positive: CD90, CD105, CD166, CD44 
Negative: CD34, CD45

SMSCs, ADMSCs, BM-MSCs, intraarticular ligament- 
derived MSCs, muscle-MSCs

-

Wang et al45 Positive: CD73, CD90, CD105, CD29, CD44, 
CD49b, CD49c, CD166

- -

Gamer et al36 Positive: CD44, Sca-1 
Medium: 54% CD90.2, 35.4% CD73 
Negative: CD34

- -

Shen et al29 Positive: CD44, CD90, CD105, CD166 
Negative: CD34, CD45

BM-MSCs, SMSCs MPCs transplant

Fu et al31 Positive: CD44, CD90, CD105 
Negative: CD34, CD45

- -

He et al32 Positive: CD29, CD44, CD90, CD105 
Negative: CD34, CD45

- MPCs transplant

Linde et al65 Positive: CD29, CD44, CD166 BM-MSCs -
Sun et al57 Positive: CD146 - -
Shen et al27 - - MPCs transplant
Terpstra et al44 - - MPCs with bioink 

scaffold
Osawa et al26 - - MPCs transplant
Seol et al35 - ACPCs -
Chahla et al49 - BM-MSCs -

Abbreviations: ACPCs, articular cartilage-derived progenitor cells; ADMSCs, adipose-derived mesenchymal stromal/stem cells; BM-MSCs, bone 
marrow-mesenchymal stromal/stem cells; MPCs, meniscus progenitor cells; SMSCs, synovium mesenchymal stromal/stem cells; TMSCs, tendon- 
derived mesenchymal stromal/stem cells.
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transmission electron microscopy scanning.27 However, no clear divergence was reflected among different groups in ECM-related 
gene expression.27 Using a small animal fluorescent imaging system, Shen et al further traced the fate of injected labeled MPCs in 
vivo, reporting that the number of MPCs decreased with time postinjection,27,29 and that only a few injected MPCs were found after 
12 weeks post meniscectomy.27 These studies also described a positive effect on injured meniscal tissues, observed following MPCs 
injection, which could delay the progression of OA.27,29,32 Another study compared the healing potential of MPCs and BM-MSCs 
treatments in meniscus injuries reported improved results for MPCs, which showed increased cartilage-like tissue formation via 
histology staining.30,33 Only one article was found to use MPCs in tissue-engineered scaffolds to treat meniscus defects.44 The authors 
expressed their preference in utilizing MPCs over mixed meniscus cells for their superior proliferation ability.44 Together this evi
dence suggests that MPCs show promise as a prospective cell therapy for meniscus repair. Nevertheless, the exploration of MPC 
applications remains limited. Considering the enhanced chondrogenic ability of MPCs shown in most in vitro studies, these cells hold 
great promise for avascular area reconstruction and serve as a potential cell source for tissue engineering-based repair strategies. 
Furthermore, the role and underlying contributions of MPCs in OA pathogenesis are also unclear. We anticipate more studies that 
delve into the application and translational aspects of MPCs in the future.

Currently, the majority of studies investigating the potential of MPCs in promoting the repair of meniscal injuries have utilized 
small animal models such as rabbits and rats. However, a limitation of these models is that meniscal tissues in these animals possess a 
strong intrinsic capacity for repair and regeneration, as noted by Shen et al,27 who reported that meniscal injury models in rabbits and 
rats were found to almost completely self-heal within 12 weeks postsurgery. This is in stark contrast to the ineffective repair me
chanisms observed in human menisci. Therefore, in order to better understand the role of MPCs in promoting the repair of meniscal 
injuries, it is imperative to conduct studies utilizing larger animal models which more closely resemble human physiology.

Conclusion

Meniscus regeneration is a worldwide challenge and researchers have been seeking progenitor cells to be involved in this process 
for many years. Studies indicate that a cell population exists in menisci which possess great proliferation, colony-forming ability and 
multilineage differentiation potential. These are now recognized as MPCs. MPCs can be isolated according to their colony-forming 
ability, migration ability, marker expression or DAF. In vitro studies show they share similar surface markers with MSCs from other 
tissues. MPCs mostly locate in the peripheral surface area of the meniscus. In vivo injection of MPCs into animal meniscus injury 
models enhances meniscus healing, which highlights their potential role in meniscus repair. However, the regulatory mechanism and 
in vivo evolution of MPCs in injury responses are still not fully characterized and more investigations are needed to help us gain a 
deeper understanding of their roles in meniscus regeneration and eventually facilitate the clinical translation in the future.

Methods

The electronic databases of EMBASE and PubMed were searched using the following search terms: (meniscus OR menisci OR 
meniscal) AND (progenitor OR progenitor cell OR multipotent cell OR meniscus-derived OR (stem cell OR MSC OR mesenchymal 
stem cell OR mesenchymal stromal cell AND (meniscus-derived OR meniscus resident))). A final search was performed on May 5, 
2023. Two authors (W-TY and J-SW) screened all selected studies by title, abstract and followed by full-text screening independently. 
After the removal of duplicates, inconsistencies between the researchers were discussed to achieve a consensus.
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