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Abstract: Cell-based therapy represents a promising treatment strategy for cartilage defects. Alone
or in combination with scaffolds/biological signals, these strategies open many new avenues for
cartilage tissue engineering. However, the choice of the optimal cell source is not that straightforward.
Currently, various types of differentiated cells (articular and nasal chondrocytes) and stem cells
(mesenchymal stem cells, induced pluripotent stem cells) are being researched to objectively assess
their merits and disadvantages with respect to the ability to repair damaged articular cartilage. In
this paper, we focus on the different cell types used in cartilage treatment, first from a biological
scientist’s perspective and then from a clinician’s standpoint. We compare and analyze the advantages
and disadvantages of these cell types and offer a potential outlook for future research and clinical
application.

Keywords: cartilage repair; chondrocytes; stem cells; articular cartilage; autologous chondrocyte
transplantation; regenerative medicine; tissue engineering

1. Introduction

Cartilage is smooth and elastic connective tissue with four major functions: gives
shape and support, cushions joints, allows smooth articulation of bones around each other,
and enables the growth of long bones. All these functions make cartilage essential for
the musculoskeletal system and movement. Cartilage injuries cause long-term problems
among the younger population and athletes, as well as cartilage degeneration and os-
teoarthritis among the aging population [1]. Regenerative medicine and tissue engineering
seek to find solutions for better treatment strategies. The aim of this review is to describe
different types of cells that can participate in cartilage regeneration as they are one of the
three essential components to be considered for new treatment options (Figure 1).
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Figure 1. Three essential components of new strategies for cartilage treatment: cells, signals, and scaffolds.

2. Biological Perspective

Cartilage is produced by the chondrocytes, and that makes them the key cells for
the development of cell-based cartilage repair and regeneration strategies. Often, these
procedures require culture expansion of cells with chondrogenic potential. That prop-
erty can be attributed to several cell types from the categories of differentiated cells and
their unipotent progenitors, as well as multipotent and pluripotent stem cells (Table 1).
Among differentiated cells, the well-known sources of cells with chondrogenic capacity are
mesoderm-derived articular chondrocytes (MDCs) and neural crest-derived nasal chon-
drocytes (NCDCs). Less differentiated cells, chondroprogenitors (CPs), are descendants
of stem cells but with lineage bias toward chondrocytes and can be isolated from various
tissue sources such as cartilage, synovium, meniscus, and infrapatellar pad. Multipotent
stem cells with chondrogenic capacity are mesenchymal stem cells (MSCs) from different
sources such as bone marrow, adipose tissue, synovia, umbilical cord blood, and peripheral
blood. Pluripotent stem cells have even higher differentiation potential and can give rise to
all embryonic tissues, including cartilage. The source of pluripotent embryonic stem cells
(ESCs) is inner cell mass from the blastocyst stage of embryo development, while induced
pluripotent cells (iPSCs) can be derived from differentiated cells using reprogramming
techniques.

Table 1. Comparison of cell properties relevant to their application for cartilage treatment (number of pluses represent the
scale where + means low, ++ moderate, +++ high, and ++++ very high).

Cells AC NC CPs BM-
MSCs

AD-
MSCs Sy-MSCs UB-

MSCs PB-MSCs ESC iPSCs

Source autologous autologous autologous autologous/
allogenic autologous autologous allogenic autologous/

allogenic allogenic autologous

Harvesting difficult moderate difficult difficult moderate difficult easy easy difficult easy
Availability + + + ++ +++ + + + ++++ ++++
Proliferation

capacity + ++ ++ +++ +++ ++++ ++++ ++++ ++++ ++++

Differentiation
capacity + ++ +++ +++ + ++++ + +++ ++++ ++++

Safety issues no no no no no no no no yes yes
Ethical issues no no no no no no no no yes no
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Besides having an adequate cells source, it is important to induce differentiation to
chondrocytes and the production of cartilage extracellular matrix. Chondrocyte differentia-
tion is preceded by condensation of mesenchymal progenitor cells and nodule formation
and is regulated by several critical signaling pathways. Signaling molecules that can
induce these pathways are bone morphogenetic proteins, fibroblast growth factors, trans-
forming growth factor beta, Wnt, and cell adhesion molecules N-CAM, N-cadherin, and
β-catenin) [2]. The master transcription factor is Sox9, and it is essential for the initiation
and maintenance of chondrogenesis. By analysis of chondrogenic phenotype, it is possi-
ble to assess the quality of chondrocytes and newly formed cartilage. Commonly tested
genes or proteins are type II collagen, Sox9, aggrecan, and high levels of proteoglycans.
Hypertrophic chondrocytes and fibrocartilage are unwanted destinies of differentiating
chondrocytes, and quality testing should confirm the absence or low expression of hyper-
trophic marker collagen type X and fibrotic marker collagen type I [3].

The third component of the essential trinity is appropriate biocompatible scaffold,
mechanical support for cells providing a three-dimensional environment. The most inter-
esting scaffolds for cartilage treatment are resorbable scaffolds whose main function is to
provide temporary templates for cells. The cells will attach to the scaffold, proliferate and
secrete extracellular matrix as the scaffold resorbs. Eventually, the cartilage matrix will
completely replace the scaffold [4]. Scaffold can also be used to deliver bioactive molecules
to the damaged tissue areas to guide the growth of the new tissue [5]. Scaffolds can be
grouped as natural and synthetic polymers. Natural polymers used for cartilage repair
are chitosan, agarose, collagen, hyaluronan, fibrin, and alginate, while common synthetic
polymers are alpha-hydroxy esters such as polylactic acid (PLA), polyglycolic acid (PGA),
and their copolymer polylactic-co-glycolic acid (PLGA) [5].

Another advancement in the field of cartilage repair and regeneration is the use of
chondrons: chondrocytes with pericellular matrix (PCM) [6]. The PCM is a thin layer of
extracellular matrix (ECM) that surrounds chondrocytes and supports their function [7].
The use of chondrons provides bioactive mechanical support for cells (with or without
scaffold). This can be achieved through increased tissue surface by mincing cartilage
tissue into smaller fragments that produce mitogenic signals and activate the migration of
chondrocytes and ECM deposition [8].

2.1. Differentiated Cells
2.1.1. Articular Chondrocytes (ACs)

Chondrocytes are the resident cell type in the articular cartilage that secrete extracel-
lular matrix and sustain the cartilage. They can easily be isolated from intraoperatively
harvested cartilage tissue, and even from post-mortem and refrigerated tissue [9], sim-
ply by dissection followed by enzymatic digestion. Articular chondrocytes (ACs) have
been used for cartilage tissue engineering due to their ability to proliferate in monolayer
culture. However, their expansion in monolayer cell culture leads to the gradual loss of
their differentiated phenotype. The process of dedifferentiation can be followed using
specific markers such as the loss of collagen type II expression and increase in collagen
type I expression. After only two passages in culture, there is a ten-fold decrease in the
ratio of type II/type I collagen that decreases further rapidly with expansion [10,11]. If
extensive expansion of ACs in culture limits their redifferentiation potential, that could
affect neocartilage formation after ACs implantation [12]. Different studies have confirmed
the latter findings, concluding that chondrocytes lose their ability to redifferentiate after
approximately 5–6 population doublings [13–15]. However, the redifferentiation poten-
tial can be restored upon transfer into a three-dimensional culture system and medium
supplementation with specific regulatory molecules [16]. Re-expression of type II collagen
and glycoprotein aggrecan during the expansion of human adult chondrocytes through
12 population doublings was achieved by adjusting the growth conditions using serum-free
medium with the presence of transforming growth factor beta 1 or 2 (TGF-β1 or 2) and
insulin-like growth factor 1 (IGF-1) or insulin [17]. Therefore, the serum-free medium
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formulations containing TGF-β family members, IGF-1, fibroblast growth factor 2 (FGF-2),
and platelet-derived growth factor BB (PDGF-BB) are referred to as standard chondrogenic
medium [9,16].

2.1.2. Nasal Septum Chondrocytes (NCs)

Nasal septum cartilage, such as articular cartilage, is hyaline cartilage made of extra-
cellular matrix produced by nasal septum chondrocytes (NCs). These chondrocytes have
different origins from articular chondrocytes as they migrated from the neural crest during
embryonic development. It has been shown that they have an even greater ability to repair
articular cartilage than articular chondrocytes [18,19]. NCs can be isolated from nasoseptal
cartilage biopsy performed under local anesthesia followed by dissection and enzymatic
digestion [18]. NCs can be expanded in monolayer culture with high proliferative capacity
(Figure 2) [20]. The phenotype changes during monolayer culture are similar to those
happening to ACs as the expression of cartilage-specific genes such as collagen type II
decreases with serial expansion [21]. However, NCs have greater potential to redifferentiate
to chondrocytes and form hyaline cartilage in a three-dimensional culture system. The
addition of chondrogenic medium containing TGF-β, IGF-1, or other supplements can
further enhance the expression of cartilage markers [22,23].

Figure 2. Expansion in culture of nasal chondrocytes derived from sheep nasal septum.

Besides easy harvesting, high proliferation capacity, and cartilage-forming potential,
NCs have other advantages over ACs. They are less dependent on the donor age [20], and
cartilage formation is more reproducible [24]. They also exhibit features of self-renewal
capacity and HOX-negative expression profile that can be reversed after implantation,
suggesting their high plasticity [25]. All these properties of NCs make them promising
candidates for craniofacial and articular cartilage regeneration.

2.2. Progenitors
Chondroprogenitors (CPs)

Chondoprogenitors (CPs) refer to a population of progenitor cells that are specifically
predisposed to differentiate into chondrocytes. CPs have been isolated from various
tissues, including cartilage, synovium, adipose tissue, meniscus [26,27]. Chondroprogenitor
population can be isolated and purified from those tissues after digestion with type I or
II collagenases followed by cell sorting for specific MSC-associated cell surface markers
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CD105, CD9, CD90, CD166, and CD146 [28]. The advantages of CPs for clinical applications
are that they are already primed for chondrogenic differentiation, and expansion does
not alter differentiation, but their disadvantage is limited abundance due to the use of
autologous sources [26]. Extensive expansion in vitro is necessary for CPs clinical use,
and it has been successful both in standard conditions and in the presence of high fetal
calf serum (FCS) concentrations up to 40% and in the presence of TGF-β1 [29]. However,
scalability still remains the problem for clinical use.

2.3. Mesenchymal Stem Cells (MSCs)

Mesenchymal stem cells (MSCs) are multipotent stem cells with the ability to differen-
tiate into specialized cells developing from mesoderm. They are present in multiple tissues,
but the well-recognized sources are bone marrow, adipose tissue, and umbilical cord blood.
International Society for Cellular Therapy (ISCT) defined criteria that cultured MSCs have
to meet, and those are: adherence to plastic dishes for cell culture; positivity for markers
CD73, CD90 and CD105, and absence of CD45, CD31, CD34, CD14, CD11b, CD79alpha,
CD19, and HLA-DR; and can differentiate into osteoblasts, chondrocytes, and adipocytes
under appropriate conditions [30]. MSCs have various clinical applications based on their
anti-inflammatory and immuno-modulatory properties, their ability to repair endogenous
tissues as well as the ability to differentiate in different cells of mesenchymal origin [31].
Their chondrogenic potential enabled the development of regenerative medicine and tissue
engineering approaches to treat cartilage defects. In the text below, significant sources of
MSCs have been described together with their advantages and disadvantages.

2.3.1. Bone Marrow-Derived Stem Cells (BM-MSCs)

The most common adult source of MSCs for cartilage tissue engineering is bone
marrow. It is harvestable and renewable tissue that can be used in an autologous or
allogenic manner. The collection of bone marrow is usually achieved by aspiration from
the iliac crest of the pelvis. From 25 mL of bone marrow aspirate, 100–150 million bone
marrow-derived stem cells (BM-MSCs) can be produced in 3 weeks, giving the volume
of 0.4–0.5 mL [32]. They can be successfully expanded to generate a sufficient number of
cells while retaining their ability to differentiate [9]. For example, the addition of FGF-
2 supplementation prolongs the life span of BM-MSCs to more than 70 doublings and
maintains their differentiation potential until 50 doublings [33]. However, there is a certain
variability in the number of isolated cells, clonogenicity, and differentiation potential in the
population as the fitness of BM-MSCs decreases with aging [34]. In spite of these problems,
the use of BM-MSCs for cartilage repair relieves the problems of chondrocyte harvesting,
donor site morbidity, and all the limits of chondrocyte growth in culture. BM-MSCs, under
appropriate culture conditions, can be driven down the chondrocyte lineage. The most
commonly used method involves culturing of BM-MSCs in chondrogenic medium as cell
aggregates referred to as pellet culture [9]. Pellet culture is in vitro model resembling
mesenchymal precartilage condensations in embryos. It is favorable for cartilage formation
because it mimics cell-cell interactions. However, bioactive signals such as dexamethasone
and TGF-β1 are an important addition to growth medium [35]. Approximately after
14 days in chondrogenic medium, but dependent on donor, hyaline-like tissue is formed
by the differentiating cells. The new modified chondrogenic medium composition was
developed by Mackay et al. [36], and it contains TGF-β, dexamethasone, ascorbic acid-2-
phosphate, proline, and ITS premix (insulin, transferrin, selenium, linoleic acid). The major
challenge of chondrogenic induction of BM-MSCs is controlling their differentiation because
BM-MSCs tend to exhibit a hypertrophic phenotype leading to calcification [37,38]. The
chondrogenic differentiation can be improved by coculture of BM-MSCs with chondrocytes.
It has been suggested that coculture produces a better cartilage matrix due to the BM-MSCs’
trophic role rather than their active chondrogenic differentiation [38–40].



Cells 2021, 10, 2496 6 of 20

2.3.2. Adipose Tissue-Derived Stem Cells (AD-MSCs)

The second most common source of tissue for MSCs is the adipose tissue and adipose
tissue stromal vascular fraction (SVF) [41]. Adipose tissue is also harvestable tissue, and
unlike bone marrow, it is considered unwanted. So, the great advantage of adipose tissue-
derived stem cells (AD-MSCs) over BM-MSCs is their abundance and accessibility, as well
as their clonogenic potential [42]. Even though AD-MSCs differentiate from chondrocytes,
they were shown to possess lower chondrogenic potential and produce less matrix than
their bone marrow-derived counterparts [43,44].

The adipose tissue is obtained using a liposuction procedure, and it is referred to as
the lipoaspirate. After digestion with collagenase followed by rinsing, the cell mixture
is called stromal vascular fraction (SVF) and contains AD-MSCs, fibroblasts, white and
red blood cells, endothelial cells, etc. The AD-MSCs from SVF can be further isolated
and expanded [45]. Various protocols have been established to achieve chondrogenic
differentiation of AD-MSCs [46], and one of the examples of chondrogenic medium con-
tains Dulbecco’s Modified Eagle Medium (DMEM) TGF-β3, albumin, dexamethasone,
ascorbic acid, transferrin, and insulin [47]. In addition, oxygen deprivation (1%) enhances
AD-MSCs proliferation and 5% promotes chondrogenesis [48]. AD-MSCs are adherent
cells that prefer growth in monolayer culture. However, the accumulation of cells in
pellet culture is necessary for chondrocyte differentiation. This led to the development
of three-dimensional scaffolds that would overcome the growth inhibition and support
chondrogenesis [49]. The application of mechanical forces to cells during culture in vitro
also improves chondrogenesis. Even though the molecular mechanisms have not been
understood yet, it is speculated that cellular actin filaments were key initial regulators of
cell morphology in response to mechanical forces from the extracellular environment [50].

2.3.3. Synovium-Derived Stem Cells (Sy-MSCs)

The synovium is a thin membrane that lines the cavity of synovial joints. It produces
the synovial fluid for joint lubrication and cartilage nutrition. For the first time, synovium-
derived stem cells (Sy-MSCs) were isolated from the synovium of human knee joints in 2001.
by De Bari et al. [51]. The source of Sy-MSCs is usually discarded fragments at arthroscopic
surgery or infrapatellar fat pad and synovial fluid obtained by the minimally invasive and
routine arthroscopic procedure [52,53]. Sy-MSCs are characterized by the expression of
surface markers CD44, CD105, CD73, CD166, CD90, CD106, STRO-1, and by low or no
expression of CD34, CD45, CD14, and HLA-DR [54]. CD44 is the hyaluronic acid receptor,
and its expression is considered to be a true property of Sy-MSCs [55]. It has been shown
that Sy-MSCs had a greater proliferation capacity and stronger chondrogenic potential
than BM-MSCs and AD-MSCs, as well as less hypertrophic differentiation than bone
BM-MSCs [56]. In addition, pellet cultures were significantly larger from Sy-MSC than BM-
MSCs in patient-matched comparisons [57]. Proliferation capacity is maintained even after
10 passages of Sy-MSCs, and it does not depend on donor age or location of their collection.
Differentiation ability into chondrogenic lineage was also superior when compared to
other sources of MSCs, regardless of donor age or location of their collection [51,54]. All
these properties, together with the same embryonic origin as articular cartilage, make
these cells a suitable choice for the treatment of cartilage defects. A combination of bone
morphogenetic protein (BMP-2), TGF-β, and dexamethasone was optimal for the induction
of chondrogenesis Sy-MSCs [57]. In addition, the research of Roelofs et al. showed that
Sy-MSCs carry an imprinted code for joint morphogenesis. They injected adult human
Sy-MSCs overexpressing bone morphogenetic protein 7 (BMP-7) in the skeletal muscle
and observed an ectopic formation of joint-like structure, providing evidence of their
morphogenetic properties [58].

2.3.4. Umbilical Cord Blood-Derived Mesenchymal Stem Cells (UC-MSCs)

Umbilical cord blood is a promising new source of allogenic MSCs due to easy non-
invasive harvesting. In addition, umbilical cord blood-derived mesenchymal stem cells
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(UC-MSCs) became commercially available. UC-MSCs are abundant in collected cord blood
samples, and due to their low immunogenicity, they do not cause an immune response
post-transplantation [59,60]. They have been compared to MSCs from other sources (BM-
MSCs and AD-BMCs), and their isolation success rate was significantly lower, but their
proliferation capacity was the highest. The expression of surface markers is typical for
MSCs, but the intensity of CD90 and CD105 expression is lower than what is detected in
BM-MSCs and AD-BMCs [61]. They do possess intrinsic chondrogenic potential, but the
protocols for their chondrogenic differentiation are still being developed. Gomez-Leduc
et al. demonstrated that UCB-MSCs could be the choice for the treatment of cartilage
defects when they are seeded on the collagen sponge scaffold in the presence of BMP-2
and TGF-β1 under normoxic conditions [62].

2.3.5. Peripheral Blood-Derived Mesenchymal Stem Cells (PB-MSCs)

Circulating MSCs are also called peripheral blood-derived mesenchymal stem cells
(PB-MSCs). The frequency of PB-MSCs in humans is very low, in the order of 1 in 108

peripheral blood mononuclear cells (MNCs) [63]. For comparison, the frequency of BM-
MSCs in bone marrow is 1 in 104 to 1 in 105 bone marrow MNCs [64]. The BM-MSCs
and PB-MSCs showed similar characteristics of cell proliferation and multi-differentiation
potentials. Xu and Li compared the expression of PB-MSCs and BM-MSCs surface markers
and found that CD73 may be an important indicator to distinguish them. PB-MSCs are
also plastic-adherent and have multi-differentiation potential, fulfilling the criteria of the
International Society for Cellular Therapy [65]. Peripheral blood became an alternative
source of MSCs as they can be harvested easily with minimally invasive procedures and
isolated by density gradient centrifugation. PB-MSCs can be used in an autologous and
allogenic manner, and also, they can be used as a non-cultured or culture-expanded
treatment for cartilage repair and regeneration [66]. Some researchers argue that the
number of PB-MSCs in circulation is low [67], but their number can be increased in the
bloodstream by stimulation using granulocyte colony-stimulating factor (G-CSF). The
technique is called “blood mobilization” and results in the production of mixed cells:
MSCs, immature progenitor cells, and hematopoietic stem cells [68]. PB-MSCs need to be
isolated, expanded, and grown in chondrogenic medium to ensure differentiation toward
the cartilage lineage. Even though the number of isolated BMSCs is higher, 5 million
PB-MSCs can be expanded in vitro just from 2 mL of peripheral blood, exceeding the
number of cells necessary for many cartilage repair procedures. Differentiation potential to
chondrocytes is similar to that of BM-MSCs [69].

2.4. Pluripotent Stem Cells

MSCs are multipotent cells and can differentiate into several cell types of common
origin. On the other hand, pluripotent stem cells can differentiate into all cell types
of embryonic origin, excluding only extraembryonic tissues. Pluripotent stem cells can
be derived using several techniques, and here, we will focus on embryonic stem cells
(ESCs) derived from inner cell mass from the blastocyst stage of the embryo and induced
pluripotent stem cells (iPSCs) derived by reprogramming of adult somatic cells.

2.4.1. Embryonic Stem Cells (ESCs)

During embryonic development, chondrocytes are derived from cells of mesenchymal
origin [70]. Therefore, the choice of adult somatic cells for cartilage regeneration are multi-
potent MSCs derived from different sources. Since there are some limits in the regeneration
potential of these cells, especially when looking at the cartilage tissue quality, other ap-
proaches are considered. If we take the step back looking at the cartilage development, all
MSCs are derived from the inner cell mass of the blastocyst. That makes ESCs an attractive
allogenic alternative due to their unlimited number and high developmental plasticity.
ESCs have been employed to obtain mesenchymal progenitors and chondrocytes [71–73].
The methodology includes the generation of embryonic bodies, sorting of mesenchymal
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cells using surface markers CD105 or CD73, and further culturing on murine cell lines
or coculturing with primary chondrocytes [73,74]. However, there are certain problems
with clinical applications of ESCs as the efficient protocols for their differentiation into
functioning chondrocytes as well as the safety risk of residual undifferentiated cells that
can have a tumorigenic potential.

2.4.2. Induced Pluripotent Stem Cells (iPSCs)

Takahashi and Yamanaka, in 2007, successfully reprogrammed human adult somatic
cells to an undifferentiated pluripotent state resembling ESCs [75]. The reprograming of fi-
broblasts was achieved by retroviral delivery of four transcription factors (Oct4, Sox2, c-Myc,
and Klf4) responsible for activation of self-renewal and maintenance of the pluripotent state.
Since then, the reprogramming of a variety of cell types has been achieved using different
combinations of genes and proteins that are involved in self-renewal and pluripotency.
Cells obtained using reprogramming techniques are named induced pluripotent stem cells
(iPSCs). Even though ESCs and iPSCs share similar characteristics regarding morphology,
surface marker expression, and gene expression profiles [76], iPSCs are superior for clinical
applications. They are easily accessible, autologous, and can bypass ethical issues because
they are not in the focus of political and religious views such as ESCs [77]. The pluripotency
of iPSCs makes them a suitable candidate for applications in cartilage regeneration. That
was confirmed by spontaneous generation of cartilage in iPSCs-caused teratomas [75]. In
addition, there are several established protocols for chondrogenic differentiation of iPSCs,
and they include coculture with primary chondrocytes or use of conditioned medium from
cultured chondrocytes, differentiation through embryoid body formation, differentiation
induced by a combination of growth factors, and differentiation from the intermediate
population of MSC-like cells [78,79]. It is difficult to draw the conclusion that of all the
developed methods produces the best chondrocytes because protocols use different iPSC
lines derived from different somatic cells and are reprogrammed using different meth-
ods [77]. The same is with protocols for cartilage tissue engineering where iPSC-derived
chondrocytes grow in three-dimensional cultures or scaffolds to form cartilage-like tissue
in vivo or in vitro [78]. Therefore, robust, reproducible protocols inducing uniform differ-
entiation for clinical applications are still not available. As with other pluripotent cells,
safety considerations need to be taken into account due to the possible re-emergence of
undifferentiated cells that can represent a possible risk for tumorigenesis [80].

3. Clinical Perspective
3.1. Differentiated Cells
3.1.1. Articular Chondrocytes (ACs)

In the early 1970s, Bentley and Greer [81] published the paper in Nature, where they
described transplantation of the isolated epiphyseal and articular cartilage chondrocytes
into joint surfaces of rabbits. Followed by this pioneering work and after another two
decades of research, Brittberg et al. developed cell-based therapy to treat articular cartilage
defects and reported early clinical results after treating 23 patients with knee cartilage
defects [82]. Autologous chondrocyte implantation (ACI) marked the beginning of a tissue
engineering era in orthopedic surgery. ACI is basically a three-step process. The first
step consists of arthroscopical harvesting of cartilage from the non-weight-bearing portion
of the joint. During the second step, chondrocytes are enzymatically released from the
specimen and culture-expanded for another 4 to 6 weeks. During the third and final step,
the cells are implanted into the defect via (mini)arthrotomy. Original ACI technique injected
chondrocyte-suspension and a periosteal flap secured with transcartilagineous sutures and
additionally sealed with fibrin glue. In the next iteration, the periosteal cover was replaced
with collagen membrane cover, and the final modification included a variety of scaffolds
seeded with chondrocytes (known as matrix-assisted chondrocyte implantation or MACI).
Although the standard technique requires two procedures and involves arthrotomy, a
minimally invasive full-arthroscopic technique has been described as well [83]. A further
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modification of the ACI strategies is the use of chondrocytes cultured as small spheroids
that are totally autologous without the use of any foreign material and are already in a
higher developmental state than chodrocytes in suspension [84,85]. Indications for ACI
include larger lesions (4–10 cm2), younger and more active patients. It should be noted that
outcomes tend to be much poorer in patients with previous attempts of cartilage repair
such as bone marrow stimulating techniques (microfractures) as well as in patients with
a presence of osteoarthritis (OA) [86]. Although long-term results seem to be favorable
for an appropriate indication, graft survival rates are suboptimal, being 78% at 5 years
and 51% at 10 years [87,88]. To overcome the limitations of ACI, such as the need for cells
expansion, high cost, and invasiveness, minced cartilage implantation (MCI) has evolved
as an alternative strategy [89]. It is a single-step approach where cartilage fragments are
collected during arthroscopy, minced and mixed with platelet-rich plasma (PRP) paste,
and applied arthroscopically into the defect [90] (Figure 3). Even less invasive approach
has been reported by Marcarelli et al. [91], where they used autologous micrografting
technology to deliver chondrocyte-suspension to the joint.

Figure 3. The single-step, full-arthroscopic autologous minced cartilage procedure for the treatment of knee cartilage
defect. (a) Articular cartilage defect on the medial condyle of the left knee. (b) Defect after the debridement of all unstable
cartilage with appropriate steep edges. During this step, chondral fragments are harvested for the preparation of the paste.
(c) The arthroscopic fluid is drained from the knee, and the lesion is dried with a cotton swab. (d) Paste mixture containing
autologous chondral fragments and platelet-rich plasma (PRP) is carefully placed into the defect. The last step involves the
introduction of autologous thrombin serum. The combination of the fibrinogen contained in the paste and the thrombin
applied creates a stable clot that holds the mixture in the lesion.

3.1.2. Nasal Chondrocytes (NCs)

NCs emerged as a very interesting alternative for cartilage tissue engineering. From
the clinical standpoint, they are much more accessible via simple outpatient procedures,
cause much less morbidity, and are much more resilient to inflammatory environments [92].
A preclinical large animal study on goats confirmed the safety and feasibility of the ap-
proach [93]. Vukasovic et al. reported on the use of bioreactor-based NC-derived cartilage
implants and their application in a sheep model [94]. Collectively, all the available data
showed very promising results, which led to the observational first-in-human clinical
trial performed by joint efforts of clinicians and scientists from the University Hospital
in Basel [19]. In this study, 10 patients with symptomatic, post-traumatic, full-thickness
cartilage lesions measuring 2–6 cm2 were treated with implantation of NC-engineered
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grafts. During an outpatient procedure, chondrocytes were harvested from the nasal
septum in local anesthesia, expanded, and seeded onto collagen membranes. During
the second procedure, mature grafts were transplanted into the knee cartilage defects
(Figure 4). Patients were followed for a minimum of 24 months, during which no adverse
reactions were recorded, and self-reported clinical scores (Knee injury and Osteoarthritis
Outcome Score/KOOS and International Knee Documentation Committee/IKDC) showed
significant improvement from the baseline. Based on the promising results obtained in the
phase I study, a phase II multicenter, prospective clinical study is ongoing in five European
clinical centers (ClinicalTrials.gov Identifier: NCT02673905).

Figure 4. Transplantation of nasal-chondrocyte engineered construct for the treatment of the full-thickness cartilage defect
in a 28-year-old athlete [19]. (a) Exposure of the full-thickness cartilage defect of the medial femoral condyle via mini-
arthrotomy. (b) Debridement of the cartilage lesion to remove the damaged cartilage and establish adequate shouldering of
the lesion. (c) Tissue-engineered cartilage cut to the right shape and ready for implantation. (d) Tissue-engineered cartilage
inserted in the cartilage defect and secured by 5–0 monofilament absorbable sutures.

3.2. Mesenchymal Stem Cells (MSCs)
3.2.1. Bone Marrow-Derived Stem Cells (BM-MSCs)

BM-MSCs are the most commonly used stem cells for cartilage repair. Intra-articular
application of BM-MSCs has been successfully tested in numerous smaller clinical trials to
treat osteoarthritis (OA), and it resulted in clinical improvement and pain reduction [95–98].
There are also reports of cartilage morphology improvement as demonstrated by histo-
logical analysis [99]. Focal cartilage defects have also been treated successfully with
BM-MSCs. Initial experience with two patients treated for patellar defects was reported
by Wakitani et al. [100]. During the decade between 1998 and 2008, the same group re-
ported on favorable results involving 45 joints in 41 patients following the repair of focal
cartilage defects with autologous BM-MSCs [101]. Different materials, such as collagen or
hyaluronic acid, have been used as carriers for BM-MSCs. Buda et al. [102] used hyaluronic
acid membrane as a scaffold for autologous BM-MSCs and treated 20 consecutive patients
with osteochondral (OCD) knee lesions using a one-step arthroscopic technique. They
found significant improvement in both the IKDC and the KOOS score, as well promising
histochemical and immunohistochemical analysis of the biopsy specimens. In another
study, 23 patients were followed prospectively for a mean 8 years after treatment of full-
thickness cartilage injury with hyaluronic acid-based scaffold embedded with bone marrow
aspirate concentrate [103]. Significant improvements in the Tegner and the IKDC score
were observed. In a recent publication, Chimutengwende-Gordon [104] reported on a
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single-step surgical technique for transplantation of BM-MSCs seeded on a collagen sponge
to treat OCD of the knee. Nejadnik et al. [105] conducted a study that compared clinical out-
comes of patients (n = 36) treated with first-generation ACI to patients (n = 36) treated with
autologous BM-MSCs. Although both methods demonstrated significant improvement
in quality of life, health, and sport activity, no difference between the ACI and BM-MSCs
groups has been observed. They reported that younger patients (<45 years) in the ACI
group had better outcomes, but no difference with respect to the age of patients has been
observed in the BM-MSCs group.

3.2.2. Adipose Tissue-Derived Mesenchymal Stem Cells (AD-MSCs)

From the clinical standpoint, easily accessible subcutaneous fat tissue and simple
isolation protocols are obvious advantages. Many different clinical studies evaluated the
use of AD-MSCs for the treatment of knee OA [45,106]. In most of these studies, AD-MSCs
are prepared in the form of a stromal vascular fraction (SVF), which is obtained immediately
after collagenase digestion and contains different proportions of AD-MSCs along with
the other components such as pericytes, fibroblasts, monocytes, and erythrocytes. In
addition, in mentioned studies, authors used fibrin or PRP or both as an addition to AD-
MSCs, which further obscures the specific role of each SVF component [107]. In a different
approach, Kyriakidis et al. [108] harvested subcutaneous fat, AD-MSCs were expanded
and identified (according to the criteria of the International Society for Cellular Therapy),
embedded into the hyaluronic scaffold, and then transplanted into the chondral defect.
Clinical outcomes demonstrated significant improvements in all subcategories of the KOOS
score, the IKDC subjective score, Tegner Activity Score, and VAS score. Jo et al. [22] used
AD-MSCs prepared from the abdominal subcutaneous fat by liposuction and expanded in
the lab. After standard arthroscopic examination, cells were resuspended in 3 mL of saline
and injected into the knee joint. Primary outcomes were the safety and the Western Ontario
and McMaster Universities Osteoarthritis Index (WOMAC) at 6 months after injection,
and secondary outcomes included four categories: clinical, radiological, arthroscopic, and
histological. The results demonstrated that intra-articular injection of AD-MSCs improved
function and pain of the knee joint without causing adverse events and repaired cartilage
defects by regeneration of hyaline-like articular cartilage. Another approach involves
intra-articular instillation of AD-MSCs following the treatment of the focal cartilage lesions
with microfractures [109]. In this study, patients were divided into two groups: one group
treated with arthroscopic marrow stimulation treatment alone (group A) and the second
group who underwent AD-MSCs injection along with arthroscopic marrow stimulation
treatment (group B). Clinical outcomes were evaluated according to the visual analog scale
(VAS) for pain, the American Orthopedic Foot and Ankle Society (AOFAS) Ankle-Hindfoot
Scale, and the Roles and Maudsley score. The Tegner activity scale was used to determine
outcomes in activity levels. The authors concluded that injection of MSCs in addition to
marrow stimulation treatment had beneficial effects, especially if the lesion size was larger
than 109 mm2 or a subchondral cyst existed.

3.2.3. Synovium-Derived Mesenchymal Stem Cells (Sy-MSCs)

Sy-MSCs have greater chondrogenic potential than cells from other sources, but on
the other hand, are relatively difficult to obtain. Small animal studies demonstrated that
Sy-MSCs adapted well to local microenvironments and differentiated into chondrocyte-
like cells [110]. Sy-MSCs used in combination with PRP gel resulted in the restoration of
osteochondral defect in a rabbit model [111]. The effectiveness of this approach might
be limited by the small number of cells, and bigger defects have not been tested. In
order to overcome this limitation, Kondo et al. [112] evaluated the possible use of Sy-MSC
aggregates to treat osteochondral defects in minipigs. The aggregates of 250,000 Sy-MSCs
were formed, and 16 aggregates (for each defect) were transplanted on osteochondral
defects measuring 6 × 6 × 1.5 mm in the medial femoral condyle and femoral groove.
The knee joints were evaluated at 4 and 12 weeks by macroscopic findings and histology,
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and the results demonstrated significantly better improvement in the Sy-MSCs group
when compared to empty controls (created on the contralateral knee). Promising pre-
clinal results encouraged first human clinical trials. In a prospective, randomized, single-
blind pilot study, Akgun et al. [113] treated 14 patients and compared those treated with
Sy-MSCs embedded in a matrix collagen membrane with those treated with standard
MACI. At a 2-year follow-up, both groups revealed significant improvement from the
baseline, without any significant differences between the groups. In another case, Sy-MSCs
were harvested, cultured in autologous human serum, and arthroscopically implanted in
10 patients [114]. At 3-year follow-up, Lysholm score and MRI appearance improved, but
no benefit was reported in Tegner activity level. In addition, the authors proposed three
potential advantages of their approach: (1) expanded passage 0 Sy-MSCs were ready in
14 days for transplantation; (2) the cells we transplanted arthroscopically, and (3) scaffolds
were not used.

3.2.4. Umbilical Cord Blood-Derived Mesenchymal Stem Cells (UC-MSCs)

Since there are no ethical concerns associated with their use, and there is no donor site
morbidity associated with other sources such as bone marrow of subcutaneous fat. Addi-
tional advantages include the possibility to use them as off-the-shelf products and the fact
that these cells do not require tissue matching for allogenic transplantation [115]. Animal
studies demonstrated the feasibility of using UC-MSCs in real-world clinical scenarios.
Ha et al. treated osteochondral defect in a minipig model with a mixture (1.5 mL) of human
UC-MSCs (0.5 × 107 cells per milliliter) and 4% hyaluronate (HA) hydrogel composite. At
12 weeks postoperatively, the transplanted knees demonstrated superior cartilage restora-
tion in comparison with empty controls from the contralateral knee. In a similar approach,
Park et al. [116] treated osteochondral defects created in the rabbit trochlear groove with
human UC-MSCs and HA composite. The animals were euthanized 8 and 16 weeks after
the index procedure and histological analysis confirmed superior cartilage restoration in
the treated knees. In addition, immunohistochemical analysis with anti-human antibodies
confirmed the gradual disappearance of the transplanted MSCs. Based on these promising
preclinical results, the first human trials followed. Park et al. [117] reported on the first-in-
human clinical trial investigating the safety and feasibility of transplantation of a composite
made of UC-MSCs and HA hydrogel in seven patients. During a 7-year follow-up, no
significant adverse events were observed, and the improved clinical outcomes remained
stable. In another study, 93 patients underwent treatment of full-thickness chondral defects
in the OA knee with a high tibial osteotomy (HTO) and transplantation of UC-MSCs [118].
The patients were followed for a minimum of one year, and at the final follow-up, the
median IKDC subjective score, the WOMAC score, the KSS pain and function scores, and
the HSS improved significantly. Yang et al. [119] compared clinical and second-look arthro-
scopic outcomes between bone marrow aspirate concentrate (BMAC) augmentation and
UC-MSCs transplantation in HTO for medial compartmental knee OA. At a mean follow-up
of 33 months, clinical outcomes including IKDC, KOOS, SF-36, and Tegner activity scores
were significantly improved in both groups, but there were no differences between the two
groups. However, second-look arthroscopy showed better healing of repaired cartilage
in the UC-MSCs group. Similar results were obtained in a recent retrospective study of
150 cases that underwent HTO with MFX combined with BMAC or allogeneic UC-MSCs
procedure for medial unicompartmental OA [120]. A total of 123 cases underwent plate
removal and second-look arthroscopy after a minimum of 1 year after the HTO surgery.
Morphology of the repaired cartilage was superior in the UC-MSCs group, but there were
no differences in the clinical outcomes between the groups.

3.2.5. Peripheral Blood-Derived Mesenchymal Stem Cells (PB-MSCs)

Since they are easily accessible and extractable from the peripheral blood, PB-MSCs
represent an attractive alternative as a cell source for cartilage repair strategies. Initial
reports of clinical use came from Poland, where investigators presented early results of
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talus cartilage defects treated with autologous MSCs CD34+ implantation technique [121].
They treated 9 patients and observed improved Magee score as well as magnetic resonance-
determined (MR) morphology of the repaired cartilage resembling native one. A few
years later, the same group published the results of the study where they compared
clinical outcomes following the reconstruction of the knee osteochondral lesions in two
groups of patients treated with PB-MSCs and with BMAC [122]. The authors reported a
significant improvement across all scales in 86% of all treated patients. They also noted a
statistically significant superiority of the group treated with PB-MSCs. At 5 years, a slight
decrease in mean clinical assessment scores was seen in both groups of patients. Another
approach involves the intra-articular injection of PB-MSCs to enhance chondrogenesis. In
a randomized control trial, 50 patients with International Cartilage Repair Society (ICRS)
grade 3 and 4 lesions of the knee joint underwent arthroscopic subchondral drilling; 25
patients each were randomized to the control (HA) and the intervention (PB-MSCs + HA)
groups [123]. Both groups received five weekly injections commencing 1 week after surgery.

3.3. Pluripotent Stem Cells
3.3.1. Embryonic Stem Cells (ESCs)

It has been shown that under optimal conditions, the hESC-derived cells proliferate
without phenotypic changes and maintain MSCs surface markers [124]. When put into
specific hydrogels, they can generate neocartilage-producing cartilage-specific gene upreg-
ulation and extracellular matrix production [125]. From the theoretical standpoint, because
of their observed capability of unlimited self-renewal and multilineage differentiation, they
could be a potentially unlimited source for cartilage engineering. However, ESCs have
shown to be very problematic due to their pluripotency, which is difficult to control, and
there is a considerable risk of teratoma formation. In addition, ESCs induce the risk of
immune rejection, and there are considerable ethical concerns about the use of human
embryos for this purpose. Evens though it is obvious that ESCs at this point have no future
in cartilage engineering, recent studies showed promising results in the use of exosomes
from ECSs to alleviate OA [126].

3.3.2. Induced Pluripotent Stem Cells (iPSCs)

Since their discovery in 2006, iPSCs have generated tremendous interest in both the
scientific and clinical communities [127]. The idea that a very large number of autologous
cells can be derived from a small starting population of cells is very appealing and holds
great promise for cartilage tissue engineering. iPSCs exhibit similar pluripotency and
abundancy as ECSs but without problems associated with ethical and political issues [128].
The current preclinical focus is directed toward developing robust and reproducible chon-
drogenic differentiation protocols that will allow the production of a uniform chondrocyte
population to be used in cartilage repair strategies [129]. At this point, this goal has not
been reached, and the direct consequence is the lack of human studies and a relatively
small number of animal studies (especially on relevant translational models) (Figure 5) [77].
In one such study, porcine iPSCs were transplanted into an osteochondral replacement
model after minimal treatment in vitro, and cartilage regeneration was observed without
tumor formation [130].
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Figure 5. Wet lab mechanical stability testing of the iPSCs-based engineered cartilage construct. (a) Cartilage constructs
engineered from iPSCs differentiated into chondrocytes. (b,c) Special drill was used to create defects on sheep trochlea.
(d) Full-thickness cartilage defect on sheep trochlea. (e) Cartilage construct ready for press-fit transplantation. (f) Cartilage
construct seated in the defect. Stable, no protrusion beyond the defect borders. (Cartilage constructs were grown and
provided by Wa’el Kafienah, University of Bristol, U.K.).

4. Conclusions

Cells are the most important component of regenerative medicine and tissue engineer-
ing strategies. As signals are the force of differentiation, and scaffolds are temporary shape
and support, the true creators of the new tissue are the cells. Therefore, the selection of cell
types and their source is an important topic of the field.

Developmental biology provided us an insight into where to look for cells that have an
intrinsic ability to become chondrocytes and secrete cartilage. Our totipotent zygote divides
and becomes blastocyst with pluripotent cells that can give rise to all embryonic tissues.
Further development restricts differentiation potential to multipotent cells that can give
rise to similar cell types. Mesenchymal stem cells are the precursor of chondrocytes and are
found in many different tissues, as described above. Further, they prime to chondrogenic
lineage as chondroprogenitors. As they become terminally differentiated chondrocytes,
they are found embedded in the cartilage matrix that they actively secrete.

Every stage of cell differentiation from pluripotency to fully differentiated cells has
advantages and disadvantages in regard to clinical application. The most relevant proper-
ties are harvesting, availability, proliferation, chondrogenic potential, ethical and safety
considerations as well as the possibility of allogenic or autologous applications (Table 1).
Pluripotent cells such as ESCs and iPSCs can have unlimited proliferation potential, but
protocols for differentiation and safe use are still developing. Differentiated cells such as
ACs have been used for almost three decades in clinical procedures, and ACI represents the
golden standard in cell-based cartilage repair at the moment. However, ACI has obvious
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limitations with a constant need for improvement. One of those improvements is the
nose-to-knee (N2K) strategy involving the use of NCs to repair articular cartilage. Not only
that the harvesting of NCs is much easier with lower patient morbidity, but the cells have
much better biological potential and are much more resilient to a postoperative inflamma-
tory environment. The common disadvantages of the use of progenitors and terminally
differentiated cells are low availability, difficult harvesting, and donor site morbidity.

Autologous transplants are the golden standard when possible, but it is also important
to emphasize some advantages of allogenic sources. Using allogenic cells from different
donors enables patients to undergo a single surgical procedure. The tissue source is not
as limited, and the risk of infection is lower. Allogenic transplants may carry the risk of
immune rejection and disease transmission, so the requirements to produce clinical-grade
standardized off-the-shelf products are high.

The highest clinical potential lies in the application of multipotent MSCs. MSCs are
not as uniform as differentiated cells, can be harvested from many tissues, and require
optimization and adaptation of protocols as well as thorough characterization of newly
formed tissue. Accessible sources of MSCs are umbilical cord and peripheral blood, but
the abundance of the MSCs is low. The best chondrogenic potential seems to have MSCs
from synovium, but the harvesting is difficult and abundance very low. Taken all together,
the most favorable results are obtained with bone marrow-derived MSCs with moderate
results in all categories.

Author Contributions: Conceptualization, A.I.; Investigation, I.U. and A.I., writing-original draft
preparation, I.U. and A.I.; visualisation I.U. and A.I.; funding aquisition A.I. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was supported by the European Union’s Horizon 2020 research and innovation
program under grant agreement No. 681103, BIO-CHIP.

Institutional Review Board Statement: Approvals were obtained from ethics committee of the
Ministry of Agriculture of Croatia (class: UP/I-322-01/16-01/04, file No. 525-10/0255-165; class: UP/
I-322-01/17-01/103, file No. 525-10/0255-18-6) and was designed in accordance with the 3R (replace,
reduce, refine) concept.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fontaine, K.R.; Haaz, S.; Heo, M. Projected prevalence of US adults with self-reported doctor-diagnosed arthritis, 2005 to 2050.

Clin. Rheumatol. 2007. [CrossRef]
2. Matta, C.; Mobasheri, A. Regulation of chondrogenesis by protein kinase C: Emerging new roles in calcium signalling. Cell.

Signal. 2014, 26, 979–1000. [CrossRef]
3. Nejadnik, H.; Diecke, S.; Lenkov, O.D.; Chapelin, F.; Donig, J.; Tong, X.; Derugin, N.; Chan, R.C.F.; Gaur, A.; Yang, F.; et al.

Improved Approach for Chondrogenic Differentiation of Human Induced Pluripotent Stem Cells. Stem Cell Rev. Rep. 2015.
[CrossRef] [PubMed]

4. Panek, M.; Marijanovic, I.; Ivkovic, A. Stem cells in bone regeneration. Period. Biol. 2015, 117, 177–184. [CrossRef]
5. Huang, H.; Xu, H.; Zhang, J. Current Tissue Engineering Approaches for Cartilage Regeneration. In Cartilage Tissue Engineering

and Regeneration Techniques; IntechOpen: London, UK, 2019.
6. Shah, S.S.; Mithoefer, K. Scientific Developments and Clinical Applications Utilizing Chondrons and Chondrocytes with Matrix

for Cartilage Repair. Cartilage 2020. [CrossRef]
7. Wang, Q.G.; Nguyen, B.; Thomas, C.R.; Zhang, Z.; El Haj, A.J.; Kuiper, N.J. Molecular profiling of single cells in response to

mechanical force: Comparison of chondrocytes, chondrons and encapsulated chondrocytes. Biomaterials 2010, 31. [CrossRef]
[PubMed]

8. Lu, Y.; Dhanaraj, S.; Wang, Z.; Bradley, D.M.; Bowman, S.M.; Cole, B.J.; Binette, F. Minced cartilage without cell culture serves as
an effective intraoperative cell source for cartilage repair. J. Orthop. Res. 2006, 24. [CrossRef] [PubMed]

9. Tew, S.R.; Murdoch, A.D.; Rauchenberg, R.P.; Hardingham, T.E. Cellular methods in cartilage research: Primary human
chondrocytes in culture and chondrogenesis in human bone marrow stem cells. Methods 2008. [CrossRef] [PubMed]

http://doi.org/10.1007/s10067-007-0556-7
http://doi.org/10.1016/j.cellsig.2014.01.011
http://doi.org/10.1007/s12015-014-9581-5
http://www.ncbi.nlm.nih.gov/pubmed/25578634
http://doi.org/10.1016/j.ijom.2011.07.851
http://doi.org/10.1177/1947603520968884
http://doi.org/10.1016/j.biomaterials.2009.11.021
http://www.ncbi.nlm.nih.gov/pubmed/19954841
http://doi.org/10.1002/jor.20135
http://www.ncbi.nlm.nih.gov/pubmed/16652342
http://doi.org/10.1016/j.ymeth.2008.01.006
http://www.ncbi.nlm.nih.gov/pubmed/18442700


Cells 2021, 10, 2496 16 of 20

10. Diaz-Romero, J.; Gaillard, J.P.; Grogan, S.P.; Nesic, D.; Trub, T.; Mainil-Varlet, P. Immunophenotypic analysis of human articular
chondrocytes: Changes in surface markers associated with cell expansion in monolayer culture. J. Cell. Physiol. 2005. [CrossRef]

11. Jakob, M.; Démarteau, O.; Schäfer, D.; Hintermann, B.; Dick, W.; Heberer, M.; Martin, I. Specific growth factors during the
expansion and redifferentiation of adult human articular chondrocytes enhance chondrogenesis and cartilaginous tissue formation
in vitro. J. Cell. Biochem. 2001. [CrossRef]

12. Kisiday, J.D. Expansion of Chondrocytes for Cartilage Tissue Engineering: A Review of Chondrocyte Dedifferentiation and
Redifferentiation as a Function of Growth in Expansion Culture. Regen. Med. Front. 2019. [CrossRef]

13. Passaretti, D.; Silverman, R.P.; Huang, W.; Kirchhoff, C.H.; Ashiku, S.; Randolph, M.A.; Yaremchuk, M.J. Cultured chondrocytes
produce injectable tissue-engineered cartilage in hydrogel polymer. Tissue Eng. 2001. [CrossRef]

14. Pelttari, K.; Winter, A.; Steck, E.; Goetzke, K.; Hennig, T.; Ochs, B.G.; Aigner, T.; Richter, W. Premature induction of hypertrophy
during in vitro chondrogenesis of human mesenchymal stem cells correlates with calcification and vascular invasion after ectopic
transplantation in SCID mice. Arthritis Rheum. 2006. [CrossRef]

15. Dell’Accio, F.; De Bari, C.; Luyten, F.P. Molecular markers predictive of the capacity of expanded human articular chondrocytes to
form stable cartilage in vivo. Arthritis Rheum. 2001. [CrossRef]

16. Barbero, A.; Ploegert, S.; Heberer, M.; Martin, I. Plasticity of clonal populations of dedifferentiated adult human articular
chondrocytes. Arthritis Rheum. 2003. [CrossRef] [PubMed]

17. Yaeger, P.C.; Masi, T.L.; De Ortiz, J.L.B.; Binette, F.; Tubo, R.; McPherson, J.M. Synergistic action of transforming growth factor-β
and insulin-like growth factor-I induces expression of type II collagen and aggrecan genes in adult human articular chondrocytes.
Exp. Cell Res. 1997. [CrossRef] [PubMed]

18. Pelttari, K.; Mumme, M.; Barbero, A.; Martin, I. Nasal chondrocytes as a neural crest-derived cell source for regenerative medicine.
Curr. Opin. Biotechnol. 2017, 47, 1–6. [CrossRef] [PubMed]

19. Mumme, M.; Barbero, A.; Miot, S.; Wixmerten, A.; Feliciano, S.; Wolf, F.; Asnaghi, A.M.; Baumhoer, D.; Bieri, O.; Kretzschmar, M.;
et al. Nasal chondrocyte-based engineered autologous cartilage tissue for repair of articular cartilage defects: An observational
first-in-human trial. Lancet 2016. [CrossRef]

20. Rotter, N.; Bonassar, L.J.; Tobias, G.; Lebl, M.; Roy, A.K.; Vacanti, C.A. Age dependence of biochemical and biomechanical
properties of tissue-engineered human septal cartilage. Biomaterials 2002. [CrossRef]

21. Homicz, M.R.; Schumacher, B.L.; Sah, R.L.; Watson, D. Effects of serial expansion of septal chondrocytes on tissue-engineered
neocartilage composition. Otolaryngol. Head Neck Surg. 2002. [CrossRef]

22. Kafienah, W.; Jakob, M.; Démarteau, O.; Frazer, A.; Barker, M.D.; Martin, I.; Hollander, A.P. Three-dimensional tissue engineering
of hyaline cartilage: Comparison of adult nasal and articular chondrocytes. Tissue Eng. 2002. [CrossRef] [PubMed]

23. Bujía, J.; Sittinger, M.; Wilmes, E.; Hammer, C. Effect of growth factors on cell proliferation by human nasal septal chondrocytes
cultured in monolayer. Acta Otolaryngol. 1994. [CrossRef] [PubMed]

24. Malda, J.; Kreijveld, E.; Temenoff, J.S.; Van Blitterswijk, C.A.; Riesle, J. Expansion of human nasal chondrocytes on macroporous
microcarriers enhances redifferentiation. Biomaterials 2003. [CrossRef]

25. Pelttari, K.; Pippenger, B.; Mumme, M.; Feliciano, S.; Scotti, C.; Mainil-Varlet, P.; Procino, A.; Von Rechenberg, B.; Schwamborn, T.;
Jakob, M.; et al. Adult human neural crest-derived cells for articular cartilage repair. Sci. Transl. Med. 2014. [CrossRef] [PubMed]

26. Jayasuriya, C.T.; Chen, Q. Potential benefits and limitations of utilizing chondroprogenitors in cell-based cartilage therapy.
Connect. Tissue Res. 2015, 56. [CrossRef]

27. Dowthwaite, G.P.; Bishop, J.C.; Redman, S.N.; Khan, I.M.; Rooney, P.; Evans, D.J.R.; Haughton, L.; Bayram, Z.; Boyer, S.; Thomson,
B.; et al. The surface of articular cartilage contains a progenitor cell populations. J. Cell Sci. 2004, 117. [CrossRef]

28. Su, X.; Wu, Z.; Chen, J.; Wu, N.; Ma, P.; Xia, Z.; Jiang, C.; Ye, Z.; Liu, S.; Liu, J.; et al. CD146 as a new marker for an increased
chondroprogenitor cell sub-population in the later stages of osteoarthritis. J. Orthop. Res. 2015, 33. [CrossRef]

29. Melero-Martin, J.M.; Dowling, M.A.; Smith, M.; Al-Rubeai, M. Optimal in-vitro expansion of chondroprogenitor cells in monolayer
culture. Biotechnol. Bioeng. 2006, 93. [CrossRef] [PubMed]

30. Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.C.; Krause, D.S.; Deans, R.J.; Keating, A.; Prockop, D.J.;
Horwitz, E.M. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular
Therapy position statement. Cytotherapy 2006. [CrossRef]

31. Galle, J.; Bader, A.; Hepp, P.; Grill, W.; Fuchs, B.; Kas, J.A.; Krinner, A.; MarquaB, B.; Muller, K.; Schiller, J.; et al. Mesenchymal
Stem Cells in Cartilage Repair: State of the Art and Methods to monitor Cell Growth, Differentiation and Cartilage Regeneration.
Curr. Med. Chem. 2010. [CrossRef]

32. Pittenger, M.F.; Discher, D.E.; Péault, B.M.; Phinney, D.G.; Hare, J.M.; Caplan, A.I. Mesenchymal stem cell perspective: Cell
biology to clinical progress. NPJ Regen. Med. 2019, 4, 1–15. [CrossRef] [PubMed]

33. Bianchi, G.; Banfi, A.; Mastrogiacomo, M.; Notaro, R.; Luzzatto, L.; Cancedda, R.; Quarto, R. Ex vivo enrichment of mesenchymal
cell progenitors by fibroblast growth factor 2. Exp. Cell Res. 2003. [CrossRef]

34. Stolzing, A.; Jones, E.; McGonagle, D.; Scutt, A. Age-related changes in human bone marrow-derived mesenchymal stem cells:
Consequences for cell therapies. Mech. Ageing Dev. 2008. [CrossRef] [PubMed]

35. Johnstone, B.; Hering, T.M.; Caplan, A.I.; Goldberg, V.M.; Yoo, J.U. In vitro chondrogenesis of bone marrow-derived mesenchymal
progenitor cells. Exp. Cell Res. 1998, 238, 265–272. [CrossRef]

http://doi.org/10.1002/jcp.20164
http://doi.org/10.1002/1097-4644(20010501)81:2&lt;368::AID-JCB1051&gt;3.0.CO;2-J
http://doi.org/10.20900/rmf20200002
http://doi.org/10.1089/107632701753337744
http://doi.org/10.1002/art.22136
http://doi.org/10.1002/1529-0131(200107)44:7&lt;1608::AID-ART284&gt;3.0.CO;2-T
http://doi.org/10.1002/art.10950
http://www.ncbi.nlm.nih.gov/pubmed/12746904
http://doi.org/10.1006/excr.1997.3781
http://www.ncbi.nlm.nih.gov/pubmed/9434627
http://doi.org/10.1016/j.copbio.2017.05.007
http://www.ncbi.nlm.nih.gov/pubmed/28551498
http://doi.org/10.1016/S0140-6736(16)31658-0
http://doi.org/10.1016/S0142-9612(02)00031-5
http://doi.org/10.1067/mhn.2002.129730
http://doi.org/10.1089/10763270260424178
http://www.ncbi.nlm.nih.gov/pubmed/12459060
http://doi.org/10.3109/00016489409126100
http://www.ncbi.nlm.nih.gov/pubmed/7825437
http://doi.org/10.1016/S0142-9612(03)00428-9
http://doi.org/10.1126/scitranslmed.3009688
http://www.ncbi.nlm.nih.gov/pubmed/25163479
http://doi.org/10.3109/03008207.2015.1040547
http://doi.org/10.1242/jcs.00912
http://doi.org/10.1002/jor.22731
http://doi.org/10.1002/bit.20735
http://www.ncbi.nlm.nih.gov/pubmed/16259002
http://doi.org/10.1080/14653240600855905
http://doi.org/10.2174/092986710791331095
http://doi.org/10.1038/s41536-019-0083-6
http://www.ncbi.nlm.nih.gov/pubmed/31815001
http://doi.org/10.1016/S0014-4827(03)00138-1
http://doi.org/10.1016/j.mad.2007.12.002
http://www.ncbi.nlm.nih.gov/pubmed/18241911
http://doi.org/10.1006/excr.1997.3858


Cells 2021, 10, 2496 17 of 20

36. Mackay, A.M.; Beck, S.C.; Murphy, J.M.; Barry, F.P.; Chichester, C.O.; Pittenger, M.F. Chondrogenic differentiation of cultured
human mesenchymal stem cells from marrow. Tissue Eng. 1998. [CrossRef] [PubMed]

37. Zhao, X.; Hwang, N.S.; Bichara, D.A.; Saris, D.B.; Malda, J.; Vacanti, J.P.; Pomerantseva, I.; Sundback, C.A.; Langer, R.; Anderson,
D.G.; et al. Chondrogenesis by bone marrow-derived mesenchymal stem cells grown in chondrocyte-conditioned medium for
auricular reconstruction. J. Tissue Eng. Regen. Med. 2017, 11. [CrossRef]

38. Bian, L.; Zhai, D.Y.; Mauck, R.; Burdick, J.A. Coculture of Human Mesenchymal Stem Cells and Articular Chondrocytes Reduces
Hypertrophy and Enhances Functional Properties of Engineered Cartilage. Tissue Eng. Part. A 2011, 17, 1137–1145. [CrossRef]

39. Alves da Silva, M.L.; Costa-Pinto, A.R.; Martins, A.; Correlo, V.M.; Sol, P.; Bhattacharya, M.; Faria, S.; Reis, R.L.; Neves, N.M.
Conditioned medium as a strategy for human stem cells chondrogenic differentiation. J. Tissue Eng. Regen. Med. 2015, 9.
[CrossRef]

40. Giovannini, S.; Diaz-Romero, J.; Aigner, T.; Heini, P.; Mainil-Varlet, P.; Nesic, D. Micromass co-culture of human articular
chondrocytes and human bone marrow mesenchymal stem cells to investigate stable neocartilage tissue formation in vitro. Eur.
Cells Mater. 2010, 20. [CrossRef]

41. Halvorsen, Y.C.; Wilkison, W.O.; Gimble, J.M. Adipose-derived stromal cells—their utility and potential in bone formation. Int. J.
Obes. 2000. [CrossRef] [PubMed]

42. Vishnubalaji, R.; Al-Nbaheen, M.; Kadalmani, B.; Aldahmash, A.; Ramesh, T. Comparative investigation of the differentiation
capability of bone-marrow- and adipose-derived mesenchymal stem cells by qualitative and quantitative analysis. Cell Tissue Res.
2012. [CrossRef]

43. Afizah, H.; Yang, Z.; Hui, J.H.P.; Ouyang, H.W.; Lee, E.H. A comparison between the chondrogenic potential of human Bone
Marrow Stem Cells (BMSCs) and Adipose-Derived Stem Cells (ADSCs) taken from the same donors. Tissue Eng. 2007. [CrossRef]

44. Kohli, N.; Wright, K.T.; Sammons, R.L.; Jeys, L.; Snow, M.; Johnson, W.E.B. An in vitro comparison of the incorporation, growth,
and chondrogenic potential of human bone marrow versus adipose tissue mesenchymal stem cells in clinically relevant cell
scaffolds used for cartilage repair. Cartilage 2015. [CrossRef]

45. Pak, J.; Lee, J.H.; Kartolo, W.A.; Lee, S.H. Cartilage Regeneration in Human with Adipose Tissue-Derived Stem Cells: Current
Status in Clinical Implications. Biomed. Res. Int. 2016, 2016. [CrossRef]

46. Stromps, J.P.; Paul, N.E.; Rath, B.; Nourbakhsh, M.; Bernhagen, J.; Pallua, N. Chondrogenic differentiation of human adipose-
derived stem cells: A new path in articular cartilage defect management? Biomed. Res. Int. 2014. [CrossRef]

47. Baptista, L.S.; Silva, K.R.; Pedrosa, C.S.G.; Amaral, R.J.F.C.; Belizário, J.V.; Borojevic, R.; Granjeiro, J.M. Bioengineered Cartilage in a
Scaffold-Free Method by Human Cartilage-Derived Progenitor Cells: A Comparison With Human Adipose-Derived Mesenchymal
Stromal Cells. Artif. Organs 2013. [CrossRef]

48. Merceron, C.; Vinatier, C.; Portron, S.; Masson, M.; Amiaud, J.; Guigand, L.; Chérel, Y.; Weiss, P.; Guicheux, J. Differential effects
of hypoxia on osteochondrogenic potential of human adipose-derived stem cells. Am. J. Physiol. Cell Physiol. 2010. [CrossRef]
[PubMed]

49. Xu, J.; Wang, W.; Ludeman, M.; Cheng, K.; Hayami, T.; Lotz, J.C.; Kapila, S. Chondrogenic differentiation of human mesenchymal
stem cells in three-dimensional alginate gels. Tissue Eng. Part. A. 2008. [CrossRef] [PubMed]

50. González-Cruz, R.D.; Darling, E.M. Adipose-derived stem cell fate is predicted by cellular mechanical properties. Adipocyte 2013.
[CrossRef]

51. De Bari, C.; Dell’Accio, F.; Tylzanowski, P.; Luyten, F.P. Multipotent mesenchymal stem cells from adult human synovial
membrane. Arthritis Rheum. 2001. [CrossRef]

52. Garcia, J.; Wright, K.; Roberts, S.; Kuiper, J.H.; Mangham, C.; Richardson, J.; Mennan, C. Characterisation of synovial fluid and
infrapatellar fat pad derived mesenchymal stromal cells: The influence of tissue source and inflammatory stimulus. Sci. Rep.
2016. [CrossRef] [PubMed]

53. Fernandes, T.L.; Kimura, H.A.; Pinheiro, C.C.G.; Shimomura, K.; Nakamura, N.; Ferreira, J.R.; Gomoll, A.H.; Hernandez, A.J.;
Bueno, D.F. Human synovial mesenchymal stem cells good manufacturing practices for articular cartilage regeneration. Tissue
Eng. Part. C Methods 2018. [CrossRef] [PubMed]

54. Mochizuki, T.; Muneta, T.; Sakaguchi, Y.; Nimura, A.; Yokoyama, A.; Koga, H.; Sekiya, I. Higher chondrogenic potential of fibrous
synovium- and adipose synovium-derived cells compared with subcutaneous fat-derived cells: Distinguishing properties of
mesenchymal stem cells in humans. Arthritis Rheum. 2006. [CrossRef]

55. Li, N.; Gao, J.; Mi, L.; Zhang, G.; Zhang, L.; Zhang, N.; Huo, R.; Hu, J.; Xu, K. Synovial membrane mesenchymal stem cells: Past
life, current situation, and application in bone and joint diseases. Stem Cell Res. Ther. 2020, 11, 1–12. [CrossRef] [PubMed]

56. Kubosch, E.J.; Lang, G.; Furst, D.; Kubosch, D.; Izadpanah, K.; Rolauffs, B.; Sudkamp, N.P.; Schmal, H. The Potential for
Synovium-derived Stem Cells in Cartilage Repair. Curr. Stem Cell Res. Ther. 2018. [CrossRef]

57. Shirasawa, S.; Sekiya, I.; Sakaguchi, Y.; Yagishita, K.; Ichinose, S.; Muneta, T. In vitro chondrogenesis of human synovium-derived
mesenchymal stem cells: Optimal condition and comparison with bone marrow-derived cells. J. Cell. Biochem. 2006, 97. [CrossRef]

58. Roelofs, A.J.; Zupan, J.; Riemen, A.H.K.; Kania, K.; Ansboro, S.; White, N.; Clark, S.M.; De Bari, C. Joint morphogenetic cells in
the adult mammalian synovium. Nat. Commun. 2017, 8. [CrossRef]

59. Erices, A.; Conget, P.; Minguell, J.J. Mesenchymal progenitor cells in human umbilical cord blood. Br. J. Haematol. 2000. [CrossRef]
60. Song, J.S.; Hong, K.T.; Kim, N.M.; Jung, J.Y.; Park, H.S.; Lee, S.H.; Cho, Y.J.; Kim, S.J. Implantation of allogenic umbilical cord

blood-derived mesenchymal stem cells improves knee osteoarthritis outcomes: Two-year follow-up. Regen. Ther. 2020. [CrossRef]

http://doi.org/10.1089/ten.1998.4.415
http://www.ncbi.nlm.nih.gov/pubmed/9916173
http://doi.org/10.1002/term.2171
http://doi.org/10.1089/ten.tea.2010.0531
http://doi.org/10.1002/term.1812
http://doi.org/10.22203/eCM.v020a20
http://doi.org/10.1038/sj.ijo.0801503
http://www.ncbi.nlm.nih.gov/pubmed/11126240
http://doi.org/10.1007/s00441-011-1306-3
http://doi.org/10.1089/ten.2006.0118
http://doi.org/10.1177/1947603515589650
http://doi.org/10.1155/2016/4702674
http://doi.org/10.1155/2014/740926
http://doi.org/10.1111/aor.12121
http://doi.org/10.1152/ajpcell.00398.2009
http://www.ncbi.nlm.nih.gov/pubmed/19940068
http://doi.org/10.1089/tea.2007.0272
http://www.ncbi.nlm.nih.gov/pubmed/18377198
http://doi.org/10.4161/adip.23015
http://doi.org/10.1002/1529-0131(200108)44:8&lt;1928::AID-ART331&gt;3.0.CO;2-P
http://doi.org/10.1038/srep24295
http://www.ncbi.nlm.nih.gov/pubmed/27073003
http://doi.org/10.1089/ten.tec.2018.0219
http://www.ncbi.nlm.nih.gov/pubmed/30412046
http://doi.org/10.1002/art.21651
http://doi.org/10.1186/s13287-020-01885-3
http://www.ncbi.nlm.nih.gov/pubmed/32894205
http://doi.org/10.2174/1574888X12666171002111026
http://doi.org/10.1002/jcb.20546
http://doi.org/10.1038/ncomms15040
http://doi.org/10.1046/j.1365-2141.2000.01986.x
http://doi.org/10.1016/j.reth.2019.10.003


Cells 2021, 10, 2496 18 of 20

61. Kern, S.; Eichler, H.; Stoeve, J.; Klüter, H.; Bieback, K. Comparative Analysis of Mesenchymal Stem Cells from Bone Marrow,
Umbilical Cord Blood, or Adipose Tissue. Stem Cells 2006. [CrossRef]

62. Gómez-Leduc, T.; Hervieu, M.; Legendre, F.; Bouyoucef, M.; Gruchy, N.; Poulain, L.; De Vienne, C.; Herlicoviez, M.; Demoor, M.;
Galéra, P. Chondrogenic commitment of human umbilical cord blood-derived mesenchymal stem cells in collagen matrices for
cartilage engineering. Sci. Rep. 2016. [CrossRef]

63. Kuznetsov, S.A.; Mankani, M.H.; Gronthos, S.; Satomura, K.; Bianco, P.; Robey, P.G. Circulating skeletal stem cells. J. Cell Biol.
2001, 153. [CrossRef]

64. Castro-Malaspina, H.; Gay, R.E.; Resnick, G.; Kapoor, N.; Meyers, P.; Chiarieri, D.; McKenzie, S.; Broxmeyer, H.E.; Moore, M.A.
Characterization of human bone marrow fibroblast colony-forming cells (CFU-F) and their progeny. Blood 1980, 56. [CrossRef]

65. Xu, L.; Li, G. Circulating mesenchymal stem cells and their clinical implications. J. Orthop. Transl. 2014, 2. [CrossRef]
66. Chen, Y.R.; Yan, X.; Yuan, F.Z.; Ye, J.; Xu, B.B.; Zhou, Z.X.; Mao, Z.M.; Guan, J.; Song, Y.F.; Sun, Z.W.; et al. The Use of Peripheral

Blood-Derived Stem Cells for Cartilage Repair and Regeneration In Vivo: A Review. Front. Pharmacol. 2020, 11, 404. [CrossRef]
67. Wexler, S.A.; Donaldson, C.; Denning-Kendall, P.; Rice, C.; Bradley, B.; Hows, J.M. Adult bone marrow is a rich source of human

mesenchymal “stem” cells but umbilical cord and mobilized adult blood are not. Br. J. Haematol. 2003. [CrossRef] [PubMed]
68. Kassis, I.; Zangi, L.; Rivkin, R.; Levdansky, L.; Samuel, S.; Marx, G.; Gorodetsky, R. Isolation of mesenchymal stem cells from

G-CSF-mobilized human peripheral blood using fibrin microbeads. Bone Marrow Transplant. 2006. [CrossRef] [PubMed]
69. Haleem, A.M.; El Singergy, A.A.; Sabry, D.; Atta, H.M.; Rashed, L.A.; Chu, C.R.; El Shewy, M.T.; Azzam, A.; Aziz, M.T.A. The

clinical use of human culture-expanded autologous bone marrow mesenchymal stem cells transplanted on platelet-rich fibrin
glue in the treatment of articular cartilage defects: A pilot study and preliminary results. Cartilage 2010. [CrossRef] [PubMed]

70. Hall, B.K.; Miyake, T. All for one and one for all: Condensations and the initiation of skeletal development. BioEssays 2000, 22,
138–147. [CrossRef]

71. Toh, W.S.; Lee, E.H.; Cao, T. Potential of Human Embryonic Stem Cells in Cartilage Tissue Engineering and Regenerative
Medicine. Stem Cell Rev. Rep. 2011, 7, 544–559. [CrossRef]

72. Hematti, P. Human embryonic stem cell-derived mesenchymal progenitors: An overview. Methods Mol. Biol. 2011, 690, 163–174.
73. Olee, T.; Grogan, S.P.; Lotz, M.K.; Colwell, C.W.; D’Lima, D.D.; Snyder, E.Y. Repair of cartilage defects in arthritic tissue with

differentiated human embryonic stem cells. Tissue Eng. Part. A 2014. [CrossRef] [PubMed]
74. Hwang, N.S.; Varghese, S.; Elisseeff, J. Derivation of chondrogenically-committed cells from human embryonic cells for cartilage

tissue regeneration. PLoS ONE 2008. [CrossRef]
75. Takahashi, K.; Tanabe, K.; Ohnuki, M.; Narita, M.; Ichisaka, T.; Tomoda, K.; Yamanaka, S. Induction of Pluripotent Stem Cells

from Adult Human Fibroblasts by Defined Factors. Cell 2007. [CrossRef] [PubMed]
76. Zhao, J.; Jiang, W.J.; Sun, C.; Hou, C.Z.; Yang, X.M.; Gao, J.G. Induced pluripotent stem cells: Origins, applications, and future

perspectives. J. Zhejiang Univ. Sci. B 2013, 14, 1059–1069. [CrossRef] [PubMed]
77. Castro-Viñuelas, R.; Sanjurjo-Rodríguez, C.; Piñeiro-Ramil, M.; Hermida-Gómez, T.; Fuentes-Boquete, I.M.; de Toro-Santos, F.J.;

Blanco-García, F.J.; Díaz-Prado, S.M. Induced pluripotent stem cells for cartilage repair: Current status and future perspectives.
Eur. Cells Mater. 2018, 36, 96–109. [CrossRef] [PubMed]

78. Tsumaki, N.; Okada, M.; Yamashita, A. iPS cell technologies and cartilage regeneration. Bone 2015. [CrossRef]
79. Suchorska, W.M.; Augustyniak, E.; Richter, M.; Trzeciak, T. Comparison of Four Protocols to Generate Chondrocyte-Like Cells

from Human Induced Pluripotent Stem Cells (hiPSCs). Stem Cell Rev. Rep. 2017. [CrossRef]
80. Kumazaki, T.; Takahashi, T.; Matsuo, T.; Kamada, M.; Mitsui, Y. Reemergence of undifferentiated cells from transplants of human

induced pluripotent stem cells is a possible potential risk factor of tumorigenic differentiation. Cell Biol. Int. Rep. 2013. [CrossRef]
81. Bentley, G.; Greer, R.B. 3rd Homotransplantation of isolated epiphyseal and articular cartilage chondrocytes into joint surfaces of

rabbits. Nature 1971, 230, 385–388. [CrossRef]
82. Brittberg, M.; Lindahl, A.; Nilsson, A.; Ohlsson, C.; Isaksson, O.; Peterson, L. Treatment of deep cartilage defects in the knee with

autologous chondrocyte transplantation. N. Engl. J. Med. 1994, 331, 889–895. [CrossRef]
83. Marcacci, M.; Kon, E.; Zaffagnini, S.; Filardo, G.; Delcogliano, M.; Neri, M.P.; Iacono, F.; Hollander, A.P. Arthroscopic second

generation autologous chondrocyte implantation. Knee Surg. Sport. Traumatol. Arthrosc. 2007, 15, 610–619. [CrossRef] [PubMed]
84. Becher, C.; Laute, V.; Fickert, S.; Zinser, W.; Niemeyer, P.; John, T.; Diehl, P.; Kolombe, T.; Siebold, R.; Fay, J. Safety of three different

product doses in autologous chondrocyte implantation: Results of a prospective, randomised, controlled trial. J. Orthop. Surg. Res.
2017, 12. [CrossRef] [PubMed]

85. Riedl, M.; Vadalà, G.; Papalia, R.; Denaro, V. Three-dimensional, Scaffold-Free, Autologous Chondrocyte Transplantation: A
Systematic Review. Orthop. J. Sport. Med. 2020, 8. [CrossRef]

86. Müller, P.E.; Gallik, D.; Hammerschmid, F.; Baur-Melnyk, A.; Pietschmann, M.F.; Zhang, A.; Niethammer, T.R. Third-generation
autologous chondrocyte implantation after failed bone marrow stimulation leads to inferior clinical results. Knee Surg. Sport.
Traumatol. Arthrosc. 2020, 28, 470–477. [CrossRef]

87. Peterson, L.; Vasiliadis, H.S.; Brittberg, M.; Lindahl, A. Autologous chondrocyte implantation: A long-term follow-up. Am. J.
Sports Med. 2010, 38, 1117–1124. [CrossRef] [PubMed]

88. Nawaz, S.Z.; Bentley, G.; Briggs, T.W.R.; Carrington, R.W.J.; Skinner, J.A.; Gallagher, K.R.; Dhinsa, B.S. Autologous chondrocyte
implantation in the knee: Mid-term to long-term results. J. Bone Jt. Surg. Am. Vol. 2014, 96, 824–830. [CrossRef]

http://doi.org/10.1634/stemcells.2005-0342
http://doi.org/10.1038/srep32786
http://doi.org/10.1083/jcb.153.5.1133
http://doi.org/10.1182/blood.V56.2.289.289
http://doi.org/10.1016/j.jot.2013.11.002
http://doi.org/10.3389/fphar.2020.00404
http://doi.org/10.1046/j.1365-2141.2003.04284.x
http://www.ncbi.nlm.nih.gov/pubmed/12694261
http://doi.org/10.1038/sj.bmt.1705358
http://www.ncbi.nlm.nih.gov/pubmed/16670702
http://doi.org/10.1177/1947603510366027
http://www.ncbi.nlm.nih.gov/pubmed/21170288
http://doi.org/10.1002/(SICI)1521-1878(200002)22:2&lt;138::AID-BIES5&gt;3.0.CO;2-4
http://doi.org/10.1007/s12015-010-9222-6
http://doi.org/10.1089/ten.tea.2012.0751
http://www.ncbi.nlm.nih.gov/pubmed/24028447
http://doi.org/10.1371/journal.pone.0002498
http://doi.org/10.1016/j.cell.2007.11.019
http://www.ncbi.nlm.nih.gov/pubmed/18035408
http://doi.org/10.1631/jzus.B1300215
http://www.ncbi.nlm.nih.gov/pubmed/24302707
http://doi.org/10.22203/eCM.v036a08
http://www.ncbi.nlm.nih.gov/pubmed/30204229
http://doi.org/10.1016/j.bone.2014.07.011
http://doi.org/10.1007/s12015-016-9708-y
http://doi.org/10.1002/cbi3.10012
http://doi.org/10.1038/230385a0
http://doi.org/10.1056/NEJM199410063311401
http://doi.org/10.1007/s00167-006-0265-9
http://www.ncbi.nlm.nih.gov/pubmed/17372718
http://doi.org/10.1186/s13018-017-0570-7
http://www.ncbi.nlm.nih.gov/pubmed/28499391
http://doi.org/10.1177/2325967120951152
http://doi.org/10.1007/s00167-019-05661-6
http://doi.org/10.1177/0363546509357915
http://www.ncbi.nlm.nih.gov/pubmed/20181804
http://doi.org/10.2106/JBJS.L.01695


Cells 2021, 10, 2496 19 of 20

89. Massen, F.K.; Inauen, C.R.; Harder, L.P.; Runer, A.; Preiss, S.; Salzmann, G.M. One-Step Autologous Minced Cartilage Procedure
for the Treatment of Knee Joint Chondral and Osteochondral Lesions: A Series of 27 Patients With 2-Year Follow-up. Orthop. J.
Sport. Med. 2019, 7, 1–8. [CrossRef]

90. Schneider, S.; Ossendorff, R.; Holz, J.; Salzmann, G.M. Arthroscopic Minced Cartilage Implantation (MCI): A Technical Note.
Arthrosc. Tech. 2021, 10, e97–e101. [CrossRef] [PubMed]

91. Marcarelli, M.; Zappia, M.; Rissolio, L.; Baroni, C.; Astarita, C.; Trovato, L.; Graziano, A. Cartilage Micrografts as a Novel
Non-Invasive and Non-Arthroscopic Autograft Procedure for Knee Chondropathy: Three-Year Follow-Up Study. J. Clin. Med.
2021, 10, 322. [CrossRef]

92. Scotti, C.; Osmokrovic, A.; Wolf, F.; Miot, S.; Peretti, G.M.; Barbero, A.; Martin, I. Response of human engineered cartilage based
on articular or nasal chondrocytes to interleukin-1β and low oxygen. Tissue Eng. Part. A 2012, 18, 362–372. [CrossRef]

93. Mumme, M.; Steinitz, A.; Nuss, K.M.; Klein, K.; Feliciano, S.; Kronen, P.; Jakob, M.; Von Rechenberg, B.; Martin, I.; Barbero, A.;
et al. Regenerative Potential of Tissue-Engineered Nasal Chondrocytes in Goat Articular Cartilage Defects. Tissue Eng. Part. A
2016, 22, 1286–1295. [CrossRef]
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tissue healing of hyaline cartilage by use of semiquantitative evaluation scale. Acta Med. Croat. 2011, 65.

95. Vega, A.; Martín-Ferrero, M.A.; Del Canto, F.; Alberca, M.; García, V.; Munar, A.; Orozco, L.; Soler, R.; Fuertes, J.J.; Huguet, M.;
et al. Treatment of knee osteoarthritis with allogeneic bone marrow mesenchymal stem cells: A randomized controlled trial.
Transplantation 2015, 99, 1681–1690. [CrossRef]

96. Orozco, L.; Munar, A.; Soler, R.; Alberca, M.; Soler, F.; Huguet, M.; Sentís, J.; Sánchez, A.; García-Sancho, J. Treatment of knee
osteoarthritis with autologous mesenchymal stem cells: A pilot study. Transplantation 2013, 95, 1535–1541. [CrossRef] [PubMed]

97. Gupta, P.K.; Chullikana, A.; Rengasamy, M.; Shetty, N.; Pandey, V.; Agarwal, V.; Wagh, S.Y.; Vellotare, P.K.; Damodaran, D.;
Viswanathan, P.; et al. Efficacy and safety of adult human bone marrow-derived, cultured, pooled, allogeneic mesenchymal
stromal cells (Stempeucel®): Preclinical and clinical trial in osteoarthritis of the knee joint. Arthritis Res. Ther. 2016, 18, 1–18.
[CrossRef]

98. Yubo, M.; Yanyan, L.; Li, L.; Tao, S.; Bo, L.; Lin, C. Clinical efficacy and safety of mesenchymal stem cell transplantation for
osteoarthritis treatment: A meta-analysis. PLoS ONE 2017, 12, 1–16. [CrossRef]

99. Hyunchul, C.J.; Gil Lee, Y.; Hyoung Shin, W.; Kim, H.; Won Chai, J.; Cheol Jeong, E.; Eun Kim, J.; Shim, H.; Sun Shin, J.; Seob Shin,
I.; et al. Intra-Articular Injection of Mesenchymal Stem Cells for the Treatment of Osteoarthritis of the Knee: A Proof-of-Concept
Clinical Trial. Stem Cells 2014, 32, 1254–1266. [CrossRef]

100. Wakitani, S.; Mitsuoka, T.; Nakamura, N.; Toritsuka, Y.; Nakamura, Y.; Horibe, S. Autologous Bone Marrow Stromal Cell
Transplantation for Repair of Full-Thickness Articular Cartilage Defects in Human Patellae: Two Case Reports. Cell Transplant.
2004, 13, 595–600. [CrossRef]

101. Wakitani, S.; Okabe, T.; Horibe, S.; Mitsuoka, T.; Saito, M.; Koyama, T.; Nawata, M.; Tensho, K.; Kato, H.; Uematsu, K.; et al.
Safety of autologous bone marrow-derived mesenchymal stem cell transplantation for cartilage repair in 41 patients with 45
joints followed for up to 11 years and 5 months. J. Tissue Eng. Regen. Med. 2011, 5, 146–150. [CrossRef] [PubMed]

102. Buda, R.; Vannini, F.; Cavallo, M.; Grigolo, B.; Cenacchi, A.; Giannini, S. Osteochondral lesions of the knee: A new one-step repair
technique with bone-marrow-derived cells. J. Bone Jt. Surg. Ser. A 2010, 92, 2–11. [CrossRef]

103. Gobbi, A.; Whyte, G.P. Long-term Clinical Outcomes of One-Stage Cartilage Repair in the Knee with Hyaluronic Acid–Based
Scaffold Embedded With Mesenchymal Stem Cells Sourced From Bone Marrow Aspirate Concentrate. Am. J. Sports Med. 2019, 47,
1621–1628. [CrossRef]

104. Chimutengwende-Gordon, M.; Ahmad, M.A.; Bentley, G.; Brammah, J.; Carrington, R.; Miles, J.; Donaldson, J. Stem cell
transplantation for the treatment of osteochondral defects of the knee: Operative technique for a single-stage transplantation
procedure using bone marrow-derived mesenchymal stem cells. Knee 2021, 28, 400–409. [CrossRef] [PubMed]

105. Nejadnik, H.; Hui, J.H.; Choong, E.P.F.; Tai, B.C.; Lee, E.H. Autologous bone marrow-derived mesenchymal stem cells versus
autologous chondrocyte implantation: An observational cohort study. Am. J. Sports Med. 2010, 38, 1110–1116. [CrossRef]
[PubMed]

106. Koh, Y.G.; Choi, Y.J.; Kwon, S.K.; Kim, Y.S.; Yeo, J.E. Clinical results and second-look arthroscopic findings after treatment with
adipose-derived stem cells for knee osteoarthritis. Knee Surg. Sport. Traumatol. Arthrosc. 2015, 23, 1308–1316. [CrossRef] [PubMed]

107. Hurley, E.T.; Yasui, Y.; Gianakos, A.L.; Seow, D.; Shimozono, Y.; Kerkhoffs, G.M.M.J.; Kennedy, J.G. Limited evidence for
adipose-derived stem cell therapy on the treatment of osteoarthritis. Knee Surg. Sport. Traumatol. Arthrosc. 2018, 26, 3499–3507.
[CrossRef] [PubMed]

108. Kyriakidis, T.; Iosifidis, M.; Michalopoulos, E.; Melas, I.; Stavropoulos-Giokas, C.; Verdonk, R. Good mid-term outcomes after
adipose-derived culture-expanded mesenchymal stem cells implantation in knee focal cartilage defects. Knee Surg. Sport.
Traumatol. Arthrosc. 2020, 28, 502–508. [CrossRef]

109. Kim, Y.S.; Park, E.H.; Kim, Y.C.; Koh, Y.G. Clinical Outcomes of Mesenchymal Stem Cell Injection With Arthroscopic Treatment in
Older Patients with Osteochondral Lesions of the Talus. Am. J. Sports Med. 2013, 41, 1090–1099. [CrossRef]

110. Koga, H.; Muneta, T.; Ju, Y.-J.; Nagase, T.; Nimura, A.; Mochizuki, T.; Ichinose, S.; von der Mark, K.; Sekiya, I. Synovial Stem Cells
Are Regionally Specified According to Local Microenvironments After Implantation for Cartilage Regeneration. Stem Cells 2007,
25, 689–696. [CrossRef]

http://doi.org/10.1177/2325967119853773
http://doi.org/10.1016/j.eats.2020.09.015
http://www.ncbi.nlm.nih.gov/pubmed/33532215
http://doi.org/10.3390/jcm10020322
http://doi.org/10.1089/ten.tea.2011.0234
http://doi.org/10.1089/ten.tea.2016.0159
http://doi.org/10.1097/TP.0000000000000678
http://doi.org/10.1097/TP.0b013e318291a2da
http://www.ncbi.nlm.nih.gov/pubmed/23680930
http://doi.org/10.1186/s13075-016-1195-7
http://doi.org/10.1371/journal.pone.0175449
http://doi.org/10.1002/stem.1634
http://doi.org/10.3727/000000004783983747
http://doi.org/10.1002/term.299
http://www.ncbi.nlm.nih.gov/pubmed/20603892
http://doi.org/10.2106/JBJS.J.00813
http://doi.org/10.1177/0363546519845362
http://doi.org/10.1016/j.knee.2020.05.004
http://www.ncbi.nlm.nih.gov/pubmed/32680778
http://doi.org/10.1177/0363546509359067
http://www.ncbi.nlm.nih.gov/pubmed/20392971
http://doi.org/10.1007/s00167-013-2807-2
http://www.ncbi.nlm.nih.gov/pubmed/24326779
http://doi.org/10.1007/s00167-018-4955-x
http://www.ncbi.nlm.nih.gov/pubmed/29713784
http://doi.org/10.1007/s00167-019-05688-9
http://doi.org/10.1177/0363546513479018
http://doi.org/10.1634/stemcells.2006-0281


Cells 2021, 10, 2496 20 of 20

111. Lee, J.-C.; Min, H.J.; Park, H.J.; Lee, S.; Seong, S.C.; Lee, M.C. Synovial Membrane–Derived Mesenchymal Stem Cells Supported by
Platelet-Rich Plasma Can Repair Osteochondral Defects in a Rabbit Model. Arthrosc. J. Arthrosc. Relat. Surg. 2013, 29, 1034–1046.
[CrossRef]

112. Kondo, S.; Nakagawa, Y.; Mizuno, M.; Katagiri, K.; Tsuji, K.; Kiuchi, S.; Ono, H.; Muneta, T.; Koga, H.; Sekiya, I. Transplantation
of Aggregates of Autologous Synovial Mesenchymal Stem Cells for Treatment of Cartilage Defects in the Femoral Condyle and
the Femoral Groove in Microminipigs. Am. J. Sports Med. 2019, 47, 2338–2347. [CrossRef]

113. Akgun, I.; Unlu, M.C.; Erdal, O.A.; Ogut, T.; Erturk, M.; Ovali, E.; Kantarci, F.; Caliskan, G.; Akgun, Y. Matrix-induced autologous
mesenchymal stem cell implantation versus matrix-induced autologous chondrocyte implantation in the treatment of chondral
defects of the knee: A 2-year randomized study. Arch. Orthop. Trauma Surg. 2015, 135, 251–263. [CrossRef] [PubMed]

114. Sekiya, I.; Muneta, T.; Horie, M.; Koga, H. Arthroscopic Transplantation of Synovial Stem Cells Improves Clinical Outcomes in
Knees with Cartilage Defects. Clin. Orthop. Relat. Res. 2015, 473. [CrossRef]

115. Weiss, M.L.; Anderson, C.; Medicetty, S.; Seshareddy, K.B.; Weiss, R.J.; VanderWerff, I.; Troyer, D.; McIntosh, K.R. Immune
Properties of Human Umbilical Cord Wharton’s Jelly-Derived Cells. Stem Cells 2008, 26, 2865–2874. [CrossRef]

116. Park, Y.B.; Ha, C.W.; Kim, J.A.; Han, W.J.; Rhim, J.H.; Lee, H.J.; Kim, K.J.; Park, Y.G.; Chung, J.Y. Single-stage cell-based cartilage
repair in a rabbit model: Cell tracking and in vivo chondrogenesis of human umbilical cord blood-derived mesenchymal stem
cells and hyaluronic acid hydrogel composite. Osteoarthr. Cartil. 2017, 25, 570–580. [CrossRef] [PubMed]

117. Park, Y.-B.; Ha, C.-W.; Lee, C.-H.; Yoon, Y.C.; Park, Y.-G. Cartilage Regeneration in Osteoarthritic Patients by a Composite of
Allogeneic Umbilical Cord Blood-Derived Mesenchymal Stem Cells and Hyaluronate Hydrogel: Results from a Clinical Trial for
Safety and Proof-of-Concept with 7 Years of Extended Follow-Up. Stem Cells Transl. Med. 2017, 6, 613–621. [CrossRef]

118. Chung, Y.W.; Yang, H.Y.; Kang, S.J.; Song, E.K.; Seon, J.K. Allogeneic umbilical cord blood-derived mesenchymal stem cells
combined with high tibial osteotomy: A retrospective study on safety and early results. Int. Orthop. 2021, 45, 481–488. [CrossRef]
[PubMed]

119. Yang, H.-Y.; Song, E.-K.; Kang, S.-J.; Kwak, W.-K.; Kang, J.-K.; Seon, J.-K. Allogenic umbilical cord blood-derived mesenchymal
stromal cell implantation was superior to bone marrow aspirate concentrate augmentation for cartilage regeneration despite
similar clinical outcomes. Knee Surg. Sport. Traumatol. Arthrosc. 2021. [CrossRef]

120. Lee, N.-H.; Na, S.-M.; Ahn, H.-W.; Kang, J.-K.; Seon, J.-K.; Song, E.-K. Allogenic Human Umbilical Cord Blood-Derived
Mesenchymal Stem Cells Is More Effective Than Bone Marrow Aspiration Concentrate for Cartilage Regeneration After High
Tibial Osteotomy in Medial Unicompartmental Osteoarthritis of Knee. Arthrosc. J. Arthrosc. Relat. Surg. 2021. [CrossRef]
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