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Abstract: Walking, running, jumping, or even just standing up are habits that we all have to perform
in our everyday lives. However, defects in tissues composing the knee joint can drastically alter our
ability to complete those simple actions. The knee joint is made up of the interaction between bones
(femur, tibia, and patella), tendons, ligaments, and the two menisci (lateral and medial) in order to
ensure smooth body movements. The meniscus corresponds to a crescent-shaped fibrocartilaginous
tissue, which is found in the knee joint between the femoral condyles and the tibial plateau. It plays
a key role in the stability of the knee joint. However, it is quite vulnerable and therefore tears can
occur within this tissue and compromise the proper function of the knee. Recently, numerous efforts
have been made in order to find solutions to repair and regenerate the meniscus, supported by both
bioengineering researchers and orthopedic surgeons. However, due to its poor healing capacity and
its complex structure, the reconstruction of the meniscus remains particularly challenging. In this
review, the current treatment options will be explained and the possibility of using organoids as
building blocks for implant formation or as an in vitro three-dimensional model will be highlighted.

Keywords: meniscus; fibrocartilage; osteoarthritis; regeneration; organoids

1. The Meniscus: Microarchitecture, Functions, and the Occurrence of Injuries
1.1. Microarchitecture

Anatomically, the meniscus has a fairly complex geometry with a crescent shape and a
triangular cross-section (Figure 1A,B). The two menisci are distinct in shape with the medial
meniscus having an open C-shape whereas the lateral meniscus has a more closed C-shape.
The human medial meniscus is 46.8 ± 3.7 mm long, 31.6 ± 3 mm wide, and 9.3 ± 1.4 mm
high whereas the human lateral meniscus is 35.3 ± 2.8 mm long, 31.7 ± 3.7 mm wide, and
9.9 ± 1.4 mm high [1]. At both extremities of the crescent, the anterior and posterior horns
are somewhat asymmetrical (the posterior horn being slightly larger than the anterior
horn) [2,3] and are anchored into the tibial plateau.

Regarding its microstructure, the meniscus is composed of different kinds of cells,
making a gradient phenotype of fibrocartilage with more oval-shaped fibroblast-like cells
in the outer region and rounded chondrocyte-like cells in the inner region (Figure 1B). In
terms of cellularity (number of cells per area), it was found to decrease from the outer
region towards the inner region and was also found to be lower in the anterior part of
the meniscus compared with the midbody or posterior parts [4]. The cells are responsible
for extracellular matrix (ECM) production, which therefore also has a region-specific
organization. It mainly contains collagen that accounts for 22% of the meniscus wet
weight [5]. It is predominantly fibrillar collagen type I in the outer region and a mixture of
fibrillar collagen type II (at 60%) and fibrillar collagen type I (at 40%) in the inner region [6,7]
(Figure 1C). Therefore, the inner region is more reflective of a hyaline cartilage-like region.
In addition to histologic disparities between the inner and outer regions, the organization
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of the fibers is also distinct. Within the outer and middle region of the meniscus, collagen
fibril bundles have a circumferential orientation all around the periphery [8] (Figure 1D).
Some radial fibers, known as “Tie” fibers, are also present within the tissue and arborize
from the outer edge towards the inner edge [8] (Figure 1D). On top of collagen, the ECM
also contains proteoglycans such as small leucine-rich proteoglycans (SLRPs) as well as
larger proteoglycans that are important regulators of collagen fibrillogenesis [9]. Their
localization within the fibrocartilage is region-dependent (Figure 1D). Sulfated glyco-
saminoglycans (GAGs) that correspond to the side chains of proteoglycans are mainly
found, histologically, in the deep zone of the human meniscus, at least 600 µm away from
the meniscus surface [10]. Within the inner region of the meniscus, it is mostly the SLRPs
biglycan (most abundant SLRP in the meniscus tissue) and fibromodulin that are present [9].
In the outer region, it is mostly decorin which is found [9]. The large proteoglycan aggrecan
and versican are expressed throughout the whole tissue but the expression of aggrecan
is enriched in the inner region and on the contrary the expression of versican is enriched
in the outer region [9,11]. These two proteoglycans are able to bind hyaluronic acid (G1
domain) but also through their C-terminal domain (G3 domain) to directly interact with
epidermal growth factors or to entrap growth factors such as transforming tissue growth
factor β (TGFβ) or Bone Morphogenic Proteins (BMPs) via the formation of supramolecular
structures [12]. Even though the total content of proteoglycans present within the meniscus
is low (around 0.5% wet weight) compared with articular cartilage (around 15% wet weight),
it is strongly involved in the visco-elastic properties of the tissue, the maintenance of the
collagen network, as well as the function of the fibrocartilage [13].
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Figure 1. Meniscus localization and composition. (A) The two menisci are found in between the
femur and tibia and are anchored into the tibial plateau through their entheses. During weight
loading, the femur exerts an axial force onto the meniscus. The meniscus distributes this force to
avoid too high stresses within the joint and generates tensile hoop stresses throughout the structure.
AP = anterior horn, PH = posterior horn. (B) Gradient of fibrocartilage throughout the meniscus.
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(C) Only the outer periphery of the meniscus is vascularized (Red–Red zone). The middle Red–White
zone is partially vascularized and the inner White–White zone is completely avascular. (D) ECM
spatial organization is highly complex with circumferentially oriented collagen I fibers in the deep
zone of the meniscus. Radial Tie fibers circulate from the periphery towards the inner region. Collagen
II is mainly found in the inner avascular region with chondrocyte-like cells. SLRPs and PGs are
throughout the structure but are different between the inner/outer regions. ECM = extracellular
matrix, SLRPs = small leucine-rich proteoglycans, PGs = proteoglycans.

It is interesting to note that during embryonic development, the whole fibrocartilage
tissue is vascularized [14]. However, after the onset of mechanical loading following birth
(in the first two years of life), the meniscus gets progressively less and less vascularized in
the inner zone [14]. This has been shown to be driven by biochemical factors that are influ-
enced by mechanical factors: the expression of the anti-angiogenic factor endostatin ENDO
(which opposes the angiogenic effects of VEGF) early in development [15–17] as well as the
anti-angiogenic factor Chondromodulin-I, which prevents endothelial cell proliferation [18],
both expressed within the inner regions of the meniscus. In adulthood, only 10 to 25% of
the meniscus periphery remains vascularized [19]. Therefore, heterogeneity is also found
in terms of vascularization of the adult tissue, and the vascularized outer periphery is
referred to as the red–red zone, which contains nerves (Figure 1C). The middle region is
called the red–white zone and then there is the innermost region, called the white–white
region, which is completely avascular and aneural (Figure 1C).

Therefore, the meniscus tissue has a highly anisotropic nature with region-specific dis-
parities in terms of cellular phenotypes, vascularization, and ECM biochemical composition.
In total, a recent study that used mass spectrometry to decipher the proteome of the human
meniscus revealed that 170 proteins are differently expressed between the inner and outer
zones of the meniscus [11]. The genes that are expressed inside the avascular region are
being more and more characterized and this will help the development of tissue-engineered
strategies [20].

This anisotropy makes it very complicated to mimic a meniscus in vitro. However, it
is key to reproduce as much as possible its specific micro-structure as it is essential for the
functions and mainly mechanical properties of the meniscus.

1.2. Mechanical Properties

The mechanical properties of the meniscus are crucial for the proper function of the
knee biomechanics encountered during weight bearing, flexion, and extension of the leg. It
protects the articular cartilage of the femur and tibia from excessive impact damage and its
multiple functions highly rely on its curved shape [21] and the heterogeneous architecture
of its ECM. Indeed, within the body, depending on the regions, the meniscus does not
experience the same types of forces. Its inner region is mostly exposed to compression
forces whereas the outer region sustains mostly tensile loads.

One of its key functions is to transfer the axial compressive force exerted by weight
bearing from the femur into circumferential tensile “hoop” stresses [7] (Figure 1A). This is
made possible by the presence of the circumferentially aligned collagen I fibers all around
the structure. A recent inverse finite element analysis characterized the mechanical proper-
ties of those circumferentially oriented collagen fibers based on experiments performed on
porcine menisci and simulations [22].

The meniscus can also be seen to act as a cushion that absorbs shocks inside the knee
joint. In this sense, the presence of proteoglycans is primordial, as due to their numerous
negative charges, they will attract positively charged ions that will result in the attraction of
water (osmotic swelling of the tissue). Therefore, their presence contributes to the fact that
the meniscus is a highly hydrated tissue (80% of wet weight). This hydration is important
as it exerts pressure that counteracts the compressive forces exerted onto the tissue during
weight bearing. From a mechanical point of view, as fluid water disperses the sudden
stress, while entrapped within a macromolecule network, it allows molecular mobility
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(plasticizing effect) leading to a more strain-resistant and dissipative elastic environment.
Aggrecan, which is the most represented large proteoglycan within the meniscus, is key to
resisting compression forces within the inner region and has been proposed to be important
for the sliding of tensile loads within the outer region [9]. Mahmood et al., tested the ionic
contribution of the proteoglycans by exposing human meniscus discs to different ionic
concentrations (from deionized water to high ionic concentration) and submitted them to
compression into a chamber [23]. They observed that, in physiological ionic concentration,
the quantified Young modulus, reflecting the mechanical stiffness of the meniscus, is 58%
higher compared to meniscus discs exposed to deionized water [23]. However, too-high
hydration of the meniscus tissue is associated with degeneration, and an exploratory study
recently quantified that the ability of the meniscus to dissipate energy decreases when the
amount of water increases within the tissue [22,24].

Indentation creep tests revealed no significant differences of the elasticity between the
anterior, central, and posterior regions of the meniscus (porcine meniscus, E of approxima-
tively 0.24 MPa) [25]. Nevertheless, these assessments have been performed at the surface
of the tissue. Maritz et al., sliced the meniscus to study the central body of the meniscus
comparing the tibial, the internal, and the femoral zone of the tissue. The viscoelastic
outputs revealed a higher elasticity of the femoral and tibial area (105 MPa and 189 MPa,
respectively) in contrast to the internal tissue (34 MPa) [26]. These results mean that the
tissue has in fact a soft core covered with harder strata. The study also revealed two modes
of stress relaxation. This has to be linked to the microstructure reported by Agustoni et al.,
which described the presence of microchannels within the tissue [27]. These channels allow
fluid movement and permit quick relaxation, whereas the collagen fibers are responsible
for the slower relaxation process. On top of this, the meniscus is important for increasing
knee joint congruency [28] for proper load distribution and stress reduction within the joint,
as well as a stabilizer [29] and for joint lubrication and proprioception [19].

Altogether, these characteristics maintain optimal stress absorption and dissipation.
Engineering tissues that can recapitulate these spatial specifications and variations in order
to reproduce key biomechanical functions remains a challenge that has to be overcome to
develop fully appropriate implants.

1.3. Meniscus Tears

Since the meniscus has to withstand high forces during a lifetime, it is highly vulnerable
and exposed to the risk of tear formation that corresponds to a common musculoskeletal injury.

There are two different types of possible injuries:

- Traumatic meniscus injuries, due to an acute trauma in usually young and sportive
patients and generally caused by a too high loading or twisting of the knee, often
resulting in the onset of pain. Knee injuries correspond to approximately 40% of
sport-related injuries and among them around 11% to medial meniscus injuries (more
exposed to biomechanical forces compared to the lateral meniscus) and around 4%
to lateral meniscus injuries [30]. Sports that are mainly at risk were reported to be:
soccer, gymnastics, dancing, tennis, and jogging [30].

- Degenerative meniscus injuries caused by slow degradation of the tissue in older patients.

In a study performed on cadaver knees of young (below 40 years old) and older (more
than 65 years old) persons subjected to cyclic uniaxial tensile loads, the older menisci were
found to be less resistant (led before to failure) at high-stress magnitude but had similar
resistance as the younger menisci at low-stress magnitude [31]. This underlines the effect
of aging on repeated loads.

Importantly, meniscal injuries are a common healthcare issue and affect proper knee
joint function. Arthroscopic destabilization of the medial meniscus is used as a model for
meniscus injury and induces the onset of osteoarthritis in mice and Yucatan minipigs after
4 weeks [32,33]. So, if the meniscus injuries are left untreated, they can lead to the early
development of degenerative osteoarthritis. In fact, around 50% of patients will develop
osteoarthritis within 10 to 20 years following diagnosis of the injury [34]. Osteoarthritis
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(OA), characterized by a progressive loss of the articular cartilage, is a degenerative joint
disease that represents a highly important societal issue worldwide. In fact, knee OA has
a prevalence of around 16% in people aged 15 years and over and around 23% in people
aged 40 years and over [35]. In 2020, around 654 million people over the age of 40 had knee
OA worldwide [35].

Different kinds of meniscus injuries can occur either in the inner region, outer region,
or both, and can be either vertical (longitudinal (bucket handle), radial (transverse), oblique
(parrot beak)) or horizontal (flap or cleavage) [36]. Radial tears are problematic because
they are perpendicular to circumferentially aligned collagen fibers and therefore disrupt
the ability for hoop stress generation. It is also quite frequent that those injuries occur in the
inner region of the meniscus and due to the fact that this region is completely avascular, it
has a poor spontaneous self-healing capacity. Therefore, repairing those injuries via sutures
is not working, whereas it can work for the red–white or red–red zone [37]. However,
instead of simple sutures, a system of cross tie-grip sutures seems to work better in the
case of radial tears as recently shown in a porcine model [38], but surgical repair remains
ineffective for a lot of meniscal tears. Therefore, efficient treatment options need to be
found to treat and repair those tears.

2. Therapeutic Options: From Meniscectomy to Preservative Therapies
2.1. Meniscectomy/Partial Meniscectomy

The meniscus was considered for a long time as a non-essential structure inside the
knee joint. Therefore, if any defects or increased pain were observed in some patients, it
was relatively common to remove the entire tissue through total surgical meniscectomy
(Figure 2A). Now that the meniscus’ essential biomechanical functions are well recognized,
surgeons try to keep as much healthy tissue as possible and perform an arthroscopic partial
meniscectomy (APM). Its goal is mainly symptomatic relief in order to decrease patients’
pain and improve knee function, and therefore the quality of life. However, this procedure
is not trivial and can lead in some rare cases to the occurrence of pulmonary embolisms
or infections [39]. On top of that, total or partial meniscectomy both have an impact on
the contact area between the femur and tibia (20% contact area decrease for a 50% partial
meniscectomy and 54% contact area decrease for a total meniscectomy compared to an
intact meniscus) leading to a mean contact stress increase (24% for a partial meniscectomy
and 134% for a total meniscectomy compared with an intact meniscus) [40]. This overload
onto the articular cartilage is known to lead to cartilage degeneration that ultimately results
in the onset of OA. Following a partial meniscectomy, incident osteoarthritis often occurs
within 1-year post-surgery, and it can also increase the risk of worsening the cartilage
damage [41].

A recent clinical trial investigated the long-term effects and long-term efficacy of this
common orthopedic procedure [42]. A slightly increased risk of progression of knee OA
has been reported in patients who underwent a partial meniscectomy, based on radio-
graphic outcomes [42]. Moreover, partial meniscectomy was unable to confer benefits in
the long term as there was no difference in pain and functions compared with the placebo
surgery [42]. Therefore, this technique offers no clinically-relevant benefits in the long
term, as evidenced in other studies [43,44]. However, it is still one of the most commonly
performed orthopedic procedures. In France, between 2005 and 2017, 1,564,461 meniscec-
tomies were performed [45]. However, this tendency started to change as the meniscectomy
rate decreased (21.4% reduction in 2017 compared to 2005) and the meniscus repair rate in-
creased drastically (320% increase in 2017 compared to 2005) [45]. Therefore, this highlights
that the current surgical procedures try to turn towards more conservative techniques. In
fact, keeping the integrity of the whole meniscus seems essential in order to prevent the
development of early OA. There is approximately a 25 to 50% less risk to consult for the
development of knee OA after meniscus repair compared to APM [46]. The European
Society for Sports Traumatology, Knee Surgery, and Arthroscopy (ESSKA) consensus agrees
on the fact that preservation of the meniscus is considered the main goal in the management
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of traumatic meniscus tears [47]. In order to conserve the integrity of the meniscus, it is
necessary to try to repair the meniscus or to develop a synthetic or biological replacement
of the meniscus. There are already some replacement strategies that are in use and can help
to reach better clinical outcomes following total or partial meniscectomy in order to stop or
slow down the development of OA. However, as we saw previously in this review, the low
intrinsic healing capacity of this fibrocartilaginous tissue and its complex microarchitecture
renders its reconstruction for clinics highly challenging.
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Figure 2. Current clinical treatment options for meniscal tears. (A) Following a full meniscectomy,
where the damaged meniscus is taken off, it is possible to perform meniscal allograft transplantation.
(B) Local treatment of closing the tears with sutures and waiting for healing of the tissue is possible
but does not have a high success rate in the inner region of the meniscus which is avascular. (C) Partial
meniscectomy enables removal of the zone that comprises the meniscus injury and this zone can be
replaced with an inert scaffold either the CMI (CMI = collagen meniscus implant) or Actifit. For each
treatment option presented in this figure, the major limitations are highlighted in the right boxes.

2.2. Meniscal Allograft Transplantation (MAT)

In order to completely replace the damaged meniscus following a total meniscec-
tomy, the only available procedure consists of meniscal allograft transplantation (MAT)
(Figure 2A). The first one was performed in Munich (Germany) in 1989 [48]. However, one
of the main issues is the size mismatch that can exist between the donor and the recipient.
If it is undersized this will induce a low congruence between the femur and tibia, whereas
in contrast, if it is oversized it will lead to the extrusion from its proper site [49]. Recently,
methods are developed in order to properly select the most suitable size within the allograft
bank for matching to the patients, based on 3D magnetic resonance imaging (MRI) scan
of the contralateral side [50]. However, this involves additional costs in the process of
meniscus replacement. MAT has been shown to survive up to seven years [51]. However,
the long-term survival of allograft transplantation has been tested and does not seem to
be adapted especially to young patients as it is only around 50–70% [52]. Another issue
apart from size mismatch is the possibility to transmit dangerous biological pathogens
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from the donor to the recipient. Additionally, the possibility of transplant rejection due to
immunologic reactions is quite high.

Additionally, the allograft transplant needs to be secured inside the knee joint and thus
needs to have a proper fixation. Studies have shown that suturing the meniscal allograft
transplant directly to the remaining host meniscal rim, corresponding to soft tissue, is
often not enough and can result in transplant extrusion [53,54]. Therefore, a common
procedure consists of adding 3D allograft bone plugs in order to anchor it properly to
the tibial plateau. A recent study highlights a novel mini-arthrotomy technique where
they added 10 mm × 8 mm bone plugs both anteriorly and posteriorly to the allograft
transplant and they also added a third bone tunnel located posteromedially (2 cm from the
posterior root) [55]. This is currently under investigation in clinical studies, but it should
improve the strength of fixation, avoid the implant’s extrusion, and should also improve
the distribution of the load throughout the tissue [55]. However, it involves additional
surgical risks (greater blood loss and pain post-surgery) and results in additional costs [55].

One of the main drawbacks of MATs is that the number of allografts is very limited,
and the demands are constantly increasing. In addition, the allografts need to be stored
frozen, and once integrated, only a few cells can re-popularize it, and therefore it can
affect the viability of the MAT. This last point could be improved by injecting allogeneic
mesenchymal stromal/stem cells in the transplant, as suggested recently in a proof-of-
concept study [56]. As we saw here, MAT is quite intensive and it is therefore not routinely
used except for patients with a completely damaged meniscus. Most of the time, MAT
is indicated only in the case of relatively young patients (under 50 years old) that do not
suffer from advanced OA [57]. Therefore, for all the different reasons described before,
allograft transplantation cannot be the only option to replace the meniscus and it is needed
to develop efficient approaches with better long-term survivorship and fewer risks of
immunological reactions.

Instead of using the intact allograft meniscus, studies have shown that keeping just
the ECM from those allografts can be a promising and safer approach.

2.3. Meniscus-Derived Scaffolds

Acellularized meniscus allografts are often becoming used as scaffolds in recent re-
search and development studies of meniscus repair. In fact, they are promising as removing
all the cells from the matrix reduces the chances of immunological reactions to the graft.
Interestingly, decellularizing the tissue through the use of a detergent (such as SDS 2%) kept
the native ECM components and did not affect the organization of the collagen bundles
as validated by phase-contrast microscopy and immunostaining [58]. Moreover, Stand-
mann et al., investigated the biomechanical properties of such scaffolds via a repetitive
ball indentation test and found that their properties (stiffness, compression, and residual
forces) were really close to the native human meniscus [58]. If taken from different regions
(inner/outer), those decellularized scaffolds can drive the differentiation of human bone
marrow mesenchymal stem cells into more fibroblasts for the scaffolds of the outer region
(expression of type I collagen) and into more fibrochondrocytes for the scaffolds of the inner
region (expression of type II collagen and aggrecan) [59]. However, the biggest drawback
of this technology comes from the fact that the ECM of the meniscus is a highly dense
network of collagen and proteoglycans and therefore inhibits proper cell migration into
the scaffold (sterical limitation) [60]. Therefore, one solution to obtain a porous microenvi-
ronment that still contains the meniscus-specific growth factors consists of reducing the
meniscus-derived matrix (MDM) into powder and then reconstructing it into 8% MDM
scaffolds [61]. This approach enables an improved migration of endogenous meniscus cells
in an in vitro meniscus repair model system [61]. To go further, the McNulty lab tested
different cross-linking strategies (physical or chemical) in order to improve the scaffold and
its biomechanical properties. Adding 16% genipin to cross-link the scaffold gave the best
results of integrative meniscus repair (better attraction of endogenous meniscus cells, better
production of GAG and collagen) [62]. Therefore, this strategy could serve in clinics, in the
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following years, in order to repair a damaged region and therefore re-assemble two pieces
of the meniscus together.

In the following section, biological augmentation strategies and inert acellular implants
that can be used as alternatives for meniscus replacement will be presented.

2.4. Biological Augmentation Strategies and Synthetic Meniscus Scaffolds

The capacity of the meniscus to regenerate can also be augmented by several biological
augmentation approaches such as platelet-rich plasma (PRP), fibrin glue, or fibrin clots [63]
(Figure 2B). In fact, placing a graft of a fibrin clot (assembly of fibrin and platelets) helps
the healing of the damaged region [64]. This can be added on top of suturing the horizontal
meniscal tear [65] or longitudinal tears [66]. However, the delivery is not easy and the
fibrin has the tendency to dissolve too quickly. Adding a polyglycolic acid (PGA) sheet can
help to regulate the dissolution as well as increase the coagulation time of the fibrin clot
but it also complicates the process of graft fabrication [67]. However, all those different
enhancement techniques are not recommended to be used in clinics by the ESSKA [47]:

- for the fibrin glue as well as fibrin clots, it has been reported that scientific evidence
studies are still lacking to evaluate the efficiency of this procedure.

- for PRP, its use does not seem to help meniscus repair as reported in a clinical study in
which surgeries were performed with or without the addition of PRP [68]. In both the
treated and control groups, there were similar functional outcomes and no difference
in reoperation rate [68].

On top of those strategies that can be added to normal repair techniques (sutures. . . )
(Figure 2B), some acellular and porous implants are already used in orthopedic clinics
for partial meniscus replacements [69] (Figure 2C). Those implants are placed at the in-
jury site following a partial meniscectomy. For instance, the Collagen Meniscus Implant
(CMI®) commercialized by Stryker corporation (Kalamazoo, MI, USA) had its first clinical
trial in 1997 and was FDA-approved in 2008 in the United States [70] (Figure 2C). It is
composed of type I collagen fibers that are derived from bovine Achilles tendons and gly-
cosaminoglycans. There is also the Actifit® scaffold (Orteq Sports Medicine Ltd., London,
UK), which arose more recently onto the market [71] (Figure 2C). This one is composed
of a synthetic hybrid of polycaprolactone (PCL) at 80% and polyurethane (PU) at 20%.
These two scaffolds are bioresorbable and lead to colonization by endogenous cells that
differentiate and regenerate the fibrocartilage. A recent meta-analysis highlighted that both
lead to good clinical outcomes (in terms of improvement of the symptoms and meniscus
function) and have a relatively low failure rate (7% for the CMI® and 9% for Actifit®) [72].
However, some issues remain. The CMI® has poorer mechanical properties compared
with the native meniscus and its implantation inside the body is difficult to handle as it
is quite fragile [73,74]. It has been reported that its remodeling once implanted is slow
and that the overall structure of the CMI® is still visible 6-month post-implantation [75].
Often, the invasion by endogenous cells is poor and one solution to try to speed up this
process and the whole regeneration could be conducted by the addition of autologous
cells into the CMI scaffold prior to implantation [73]. This leads to the increased formation
of ECM. Additionally, neither the CMI® nor Actifit® can be used to replace the whole
meniscus structure as in order for endogenous cells to invade the implant the meniscus
rim (vascularized portion) still needs to be present. Therefore, only partial meniscal lesions
can be repaired with those implants. In addition, both the anterior and posterior horns
should not be damaged so that the meniscus is still well-fixed inside the knee joint. For
the Actifit® scaffold, long-term follow-up data are still lacking to properly evaluate its
efficiency [72]. Contrary to the CMI, where only collagen is used and is known to have a
too-fast degradation rate, coaxially electrospun nanofibers with a core of polylactic acid
(PLA) to enhance mechanical properties and still collagen to improve the biocompatibility
of the fibers was tested in vitro [76]. Interestingly, this led to higher mechanical properties
and better capacity for differentiation in comparison to PLA scaffolds alone [76].
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An alternative to the whole meniscus replacement, under FDA clinical trials, consists
of the non-resorbable NUsurface® implant (Active Implants LLC, Memphis, TN, USA)
made of polyethylene and reinforced all around with polycarbonate urethane to support
high traction forces. This scaffold is particularly interesting as it recapitulates the proper
biomechanical properties of the meniscus with the natural contact pattern pressure [77].
However, the drawback is that it is not fixed within the knee joint and therefore it can move
freely and potentially result in knee lock-up [78].

Some strategies also consist of mimicking the anisotropic organization of the collagen
fibers by weaving a 3D matrix of freeze-dried collagen reinforced by a network of synthetic
polymer fibers [79]. However, on top of being heavy in terms of manufacturing, it is also
not possible to do personalized medicine with this implant as cutting it will not retain the
weaving of the fibers.

Overall, meniscus scaffolds represent an interesting strategy to replace damaged
parts of the meniscus or the whole meniscus. When part of the meniscus structure is
compromised, the mechanical function of the tissue is impaired and therefore the scaffolds
furnish mechanical stability. Other kinds of biomaterials have also been used recently:
polyglycolic acid [80] and polyurethane-gellan gum-hyaluronic acid-glucosamine [81].
Growth factors can also be incorporated [82], helping the differentiation of endogenous
cells or stem cells.

However, the degradation of the components of the scaffolds can lead to toxicity, and
there are also some issues with proper tissue remodeling. The thing is that those scaffolds
have most of the time good mechanical properties tested in vitro before implantation,
and it corresponds to the moment where they are the most performant. However, once
put in place they can degrade (completely or partially) fairly quickly (depending on the
nature of their components) over time, or break and therefore get weaker. Additionally, the
constraints are imposed by the chosen material composing the scaffold or hydrogel. Out
of all the different scaffolds developed, only two have reached the phase of application in
the clinics.

Alternatively, a strategy combining a collagen scaffold with autologous human iliac
crest bone marrow-derived mesenchymal stem cells has been tested in five patients but led
to meniscectomy in two of them following 15 months post-implantation [83].

For the moment, except for the synthetic scaffolds used in clinics, there is no other
clinical impact of tissue-engineered menisci to recover the meniscus function impaired by
injury. This can be largely understandable by the high difficulty to recapitulate the micro-
structure of the meniscus, its ECM composition, and its natural mechanical properties. On
top of all the treatments that currently exist, there is a medical need to obtain in vitro 3D
models to test and develop new therapeutic options. In addition, one should not forget that
the meniscus is embedded into the whole articulation of the knee, and recapitulating the
whole knee joint with compartmentalized specific cell types and physiological mechanical
properties would represent an important tool for the research and development of new
therapies and the characterization of rheumatologic diseases or orthopedic pathologies.

3. Tissue Engineering of the Meniscus and at a Larger Scale the Whole Knee Joint

In order to develop a cell-based implant (Section 3.1) or to go further in the understand-
ing of disease development and to test new therapies against joint diseases (Section 3.4),
it would be of great interest to build up 3D cell-based structures of the meniscus and the
whole knee joint. For that, the 3D culture of cells leading to the formation of an organoid
that contains numerous organ-specific cells differentiated from progenitor cells that ag-
gregate together according to the principle of cellular self-assembly could be used. 3D
culture recently became the gold standard to build up tissues and whole organs for the
purposes of in vitro modeling, drug screening, developmental biology, the development of
biomarkers, or for regeneration [84–92]. Within the spheroids, cells are producing their own
3D microenvironment, which is physiologically more relevant compared to 2D culture. For
regenerative purposes, it is of great interest as it enables recapitulation of the 3D conditions
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found during embryonic development (organogenesis), and cells are also known to better
communicate with each other and maintain their phenotypic lineage differentiation in
comparison with the 2D culture [88].

3.1. Cell-Based Biofabrication of Knee Joint Tissue Implants

Instead of trying to regenerate the whole meniscus tissue, local repair treatments
with Adipose-derived stem cells (ADSCs), and spheroids have been tested in vivo with a
rabbit model with meniscal defect [93]. It consists in using approximately 400–500 ADSC
spheroids that are put into a handmade cylindrical Teflon mold with perforations at the
bottom for medium circulation (Figure 3A). Inside, the spheroids adhere and fuse with
each other to form what they called a “high-density mesenchymal stem cell scaffold-free
allograft construct” (HDMACs) [93]. After implantation of these cylindrical plugs into a
1.5 mm avascular meniscus defect, this resulted in histological healing [93].
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Figure 3. Examples of tissue engineering techniques based on the use of spheroids. (A) Scheme
of the Teflon mold inspired from [94]. The high-density MSC scaffold-free allograft construct
successfully healed a defect of 1.5 mm in the avascular region of the anterior horn in a rabbit
model [93]. ADSCs = adipose-derived stem cells. (B) A biofabrication strategy that is based on the
use of spheroids that form inside PCL chambers. PCL = polycaprolactone. (C) Using distinct spheroid
populations in order to build up specific zonal patterns within the in vitro-produced tissue in order
to obtain specific and functional regions following in vivo implantation. hPDC = human periosteum
derived cells, Ipsc = induced pluripotent stem cells.

To produce larger cell-based implants, one technology that has become more common
is 3D bioprinting, which allows the patterned deposition of cells by a layer-by-layer as-
sembling process. This field has grown a lot in the past years and current 3D bioprinting
approaches for meniscus regeneration have been discussed in detail elsewhere [95]. With
this technology, it is possible to precisely control the architectural geometry, and therefore
it is suitable for on-demand product design for personalized medicine. This presents a
considerable advantage as measurements of numerous cadaveric menisci present a high
variability between donors [96]. For reconstructing a patient’s exact meniscus, 3D med-
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ical image datasets from magnetic resonance imaging (MRI) or computed tomography
(CT) can be used to design the shape of the product [97]. Recently, spheroids combined
with the technology of 3D printing have been used for purposes of articular cartilage
regeneration. Using spheroids is interesting in that context as it enables recapitulation of
the cell interactions that happen during early developmental mesenchymal condensation.
Daly et al., established a novel biofabrication strategy where a cell suspension of BM-MSCs
and chondrocytes (ratio of 3:1) is ink-jetted into 3D-printed biodegradable thermoplastic
poly (ε-caprolactone) (PCL) microchambers [98] (Figure 3A). Inside the hydrophobic cham-
bers, the mixed-cell population is able to self-assemble, leading to spheroids that grow and
can fuse with their adjacent spheroids. Interestingly, the boundary conditions provided
by the microchambers are able to guide the growth of the spheroids and collagen fiber
anisotropy. Recently, they updated this technology by building up the microchambers with
PCL fibers thanks to an electric field through melt electrowriting [98]. This technology pro-
duces lower fiber diameter which is more accurate for biomimetic implants. The produced
hybrid synthetic–biological implant provides tensile stiffness through the PCL fibers and
also resistance to compression after 8 weeks in culture. Therefore, it is really promising and
could be envisioned to be used for fibrocartilaginous tissue implants. However, here, the
bio-printed tissue is homogenous and therefore does not recapitulate the zonal complexity
that is found, for instance in a native meniscus tissue.

3.2. Recapitulating the Zonal Complexity of Tissues

As we saw in the previous sections of this review, one of the biggest challenges in
trying to tissue engineer a meniscus in vitro is coming from the anisotropy of the tissue,
with its highly organized architecture enabling proper meniscus function. Some existing
strategies have recently been developed in order to grow knee joint cellular structures with
different stable zonal patterns that could inspire future work to build up meniscus implants.

In the context of articular cartilage repair, a bizonal (with a non-mineralized hya-
line cartilage region and at the bottom a mineralizing calcified cartilage region) structure
was biofabricated [99]. To do so, the bottom layer was made up of mesenchymal stro-
mal cell (MSC)-derived cell disks, and on top articular chondrocytes embedded into a
starPEG/heparin hydrogel (preventing mineralization) were placed. Depending on the
regions, specific differentiation mediums were applied.

On top of cartilage defects, osteochondral lesions are also found, involving both de-
fects in cartilage and bone. For that purpose, Nilsson Hall et al., engineered osteochondral
assembloids to recapitulate the whole osteochondral unit made up of a gradient of specific
layers going from avascular cartilage to mineralized cartilage and subchondral bone [100].
They were inspired by trying to recapitulate processes found during embryonic develop-
ment. Cell-based microtissues and organoids from different origins (either from human
periosteum-derived cells (hPDCs) or induced pluripotent stem cells (iPSCs)) were used
as building blocks that are assembled into a multilayered structure (Figure 3B). The goal
of their study is the formation of cartilaginous intermediate implants that possess zone-
specific characteristics resulting in both bone and cartilage formation after implantation
subcutaneously. They cultured the different microtissues into agarose microwells and then
fused them together to obtain the proper zonal patterns into macro wells [100]. To obtain
different populations subtypes with hPDCs, they could play on the time of chondrogenesis
maturation, the more they left the microtissues the more they mature into mineralization to
give up the specific bone part [100]. To obtain the proper differentiation for the meniscus, it
is important to know the steps of its morphogenesis and the involved regulatory pathways
during embryonic development. It is known that, as the articular cartilage, the meniscus
originates from the condensation of mesenchymal cells. Then, the Interzone cells (within
the intermediate layer of the condensate) progressively morph into the specific meniscus
shape between the 7th and 10th week of gestation [101,102]. Not much is understood
about the controlling molecular pathways but TGF-beta signaling has been revealed to be
important and IGF-1 signaling seems also to be involved specifically in the meniscus mor-
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phogenesis (for the specification as well as the maintenance of meniscal progenitors [103].
Those developmental studies can help to engineer meniscus tissue in vitro.

On top of getting the appropriate cell differentiation in each region, validated by
histological stainings and gene expression analyses, it is also key to recapitulate the proper
ECM fiber alignment found in every tissue in order to be as close as possible to the native
mechanical properties.

3.3. Optimization of the Mechanical Properties

One major challenge for engineering a functional meniscus implant is to develop a
robust biomimetic-aligned collagen fibrillar network organization in order to withstand
the strong forces present in the in vivo environment. Simply seeding chondrocytes in
the inner region and a 50/50 co-culture of chondrocytes and meniscal cells in the outer
two-thirds of a mold spatially already results in distinct biomechanical properties (the
inner region being more resistant to compression and the outer region more resistant
to tension) [104]. However, this study did not investigate if the fibers recapitulate the
circumferential alignment. More recently, by also using a molding technique inside a
high-density collagen gel, Puetzer et al., could show that recapitulating the mechanical
attachments of the meniscus by its horns, through clamping the hydrogel, results in the
development of organized circumferential and radial fibers by the fibrochoncytes and also
on tissue size maintenance (avoiding tissue retraction) [105]. To go further, the same authors
submitted this clamped scaffold-free meniscus implant to physiological axial loading
inside a bioreactor [106]. This led to an increase in the production of ECM components
(collagen, GAG) and importantly to a more pronounced zonal alignment of the fibers,
both circumferentially and radially, leading to an increase in the mechanical properties
closer to the native properties [106]. Additionally, applying a biaxial plastic compression
instead of the usually applied uniaxial compression enables the generation of a highly
aligned microstructure along a single axis, whereas, in the case of uniaxial compression,
the alignment remains isotropic [107].

To enhance the neotissue biomechanical properties instead of biomechanical loading,
stimulation of the cells with biochemical stimuli is also an option. The use of lysophos-
phatidic acid (LPA) in combination with TCL (comprising TGFβ1, GAG-cleaving enzyme
chondroitinase ABC and lysyl-oxidase like 2 (LOXL2)) enables the increase of the tensile
and compressive properties of a self-assembled tissue with chondrocytes and meniscus
cells [108,109]. Lysyl oxidase (LOX)-induced cross-linking of the collagen fibers can also be
naturally promoted by hypoxia culture conditions 2% (vol/vol) O2 leading to an increase
in the engineered tissue mechanical properties (5-fold more robust) [110]. Studies also
used a combinatorial approach with mechanical stimuli (compression-tension strains) as
well as the application of growth factors to properly induce anisotropic differentiation of
bone-marrow-derived MSCs in a wedge-shaped scaffold of PCL [111].

Altogether, the addition of boundary conditions to mimic the anchoring of the menis-
cus into the bone, the application of physiological biomechanical forces, as well as bioactive
stimuli can help to reach native biomechanical properties.

Targeting the cell’s mechanotransduction to decrease inflammation and/or increase
repair capacities can also be an option. Mechanotransduction corresponds to the ability
of the cells to sense mechanical stimuli and respond by leading to chemical information
within the cells and the expression of specific genes.

Following meniscus injury, it has been shown that an inflammatory response is in-
duced, as can be seen by the presence of several cytokines within the synovial fluid such as
interleukin 1 (IL-1) [112]. IL-1 participates in the onset of OA as it leads to the expression of
nitric oxide, matrix metalloproteinases that degrade the ECM of the meniscus tissue, and
inhibits the proper mechanical properties as well as the repair of the fibrocartilage [113].
Interestingly, a recent study performed on meniscal explants of the inner and outer re-
gions as well as isolated meniscus cells submitted to physiological mechanical loading
(compression and cyclic tensile stretch), revealed that mechanical stimulation can strongly
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modulate the transcriptomic profile that is activated by IL-1, and can decrease the expres-
sion of genes involved in inflammatory signaling and OA development [114]. These new
results open the hope of increasing the capacity of the meniscus for repair by targeting the
meniscus mechanotransduction.

In addition, the process of mechanotransduction was revealed essential for the cell-
signaling events underlying the mechanism of collagen fiber alignments [115]. Some Ca2+

oscillations in MSCs are observed during fibrillar collagen assembly and the authors could
show that inhibiting the mechanosensitive channel transient receptor potential vanilloid 4
(TRPV4) (through a chemical inhibitor GSK205) abolishes those oscillations and disrupts
the alignment of the collagen fibers, whereas activating this channel (though the chemical
agonist GSK101) accelerates the alignment of the fibers [115]. TRPV4 activity is necessary to
regulate cell-generated tension forces at cell-matrix adhesions for proper matrix assembly
by the MSCs. Therefore, for robust cell differentiation it would also be possible to play with
the properties of the cells to sense the physical forces and transmit them.

Instead of targeting mechanosensitive channels, finding ways to directly target key
transcription factors is also an option. In a recent study, Lee et al., found out that both in the
human and mouse menisci, the Forkhead box O (FoxOs) transcription factors are almost
suppressed in the context of the osteoarthritic degenerative meniscus [116]. However,
both are essential regulators of meniscus development and cellular homeostasis, therefore
targeting them so that they are accurately expressed in injured situations, could serve as a
new therapeutic approach.

3.4. Building Up an In Vitro 3D-Organoid Model of the Knee Joint

For the purpose of designing an organotypic model for recapitulating the knee joint,
the challenge consists in being able to reconstitute the specific nature of the tissues com-
posing the knee joint (cartilage, bone, fibrocartilage for the meniscus, synoviocytes that
compose the synovial membrane and produce the synovial fluid) offering the possibility to
investigate the crosstalk between them. The advantage of this approach is that it can be
personalized (if based on patient-specific human cells) and it can be an alternative to the
use of the animal model to characterize or perform pre-clinical studies of a specific disease.

Some attempts have already been made in vitro. Sun et al., biofabricated a human car-
tilage organoid [117]. Synovial mesenchymal stromal cells self-aggregated into organoids
that showed ectopic chondrogenesis that could serve as a model for osteoarthritis and
testing of a possible treatment. However, here, the authors construct a model composed
solely of cartilage. Since osteoarthritis is a degenerative joint disease that causes damage
to the cartilage but also the subchondral bone, we have developed in our laboratory a
revolutionary model to regenerate both the cartilage and the subchondral bone [92,118,119].
Therefore, it is interesting to biofabricate a model with an interaction between these two
tissue cell types. This has been achieved by building up organoids from murine-induced
pluripotent stem cells and exposing them in a sequentially time-controlled way to growth
factors such as transforming growth factor β3 (TGFβ3) (to stimulate chondrogenesis) and
bone morphogenetic protein 2 (BMP2) (to stimulate osteogenesis) [120]. This is very promis-
ing as they started from a single cell source but reached an organoid composed of both
cartilage and bone that can be used as in vitro model for the study of osteoarthritis [120].

Recently, new techniques called organ-on-a-chip have emerged and allow the mimick-
ing of specific organ functions but at a micro-scale. Thanks to these advances, cartilage-on-
a-chip [121,122] have been developed, comprising microfluidics chips containing chondro-
cytes permanently exposed to a well-controlled medium. This approach is really interesting
for testing the toxicity and efficiency of new compound treatment, for exposing cells to dele-
terious signals known to be involved in the development of a pathology, characterizing cell
behaviors, or observing the cell’s response to physiological/pathophysiological mechanical
stimuli. For instance, using their cartilage-on-a-chip platform, Paggi et al., were able to
exert multi-directional mechanical stimuli onto the chondrocytes, reflecting the different
types of forces that chondrocytes experience in vivo (both compressive forces and shear
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strain) [123]. This work highlights the importance of mechanical cues in the production
of essential cartilaginous ECM markers such as aggrecan and collagen type II. It shows
the importance of applying adequate mechanical stimuli to the cells in order for them to
produce and secrete a matrix close to the native matrix found in vivo.

In vitro 3D models also enables us to study the cross-talks between different tissues
composing the knee joint. Recently Rothbauer et al., took advantage of the microfluidic
joint-on-a-chip technology to study the cross-talk between a coculture with a human
synovial organoid (made from Rheumatoid Arthritis patient-derived primary fibroblast-
like synoviocytes) and a human chondral organoid with the perspective to develop a
model for arthritic diseases [124] (Figure 3C). In their design, the two organoids were
embedded within hydrogels. They could show that, in the presence of synovial organoids,
the chondral organoids exhibited an improved phenotype of chondrocytes. Therefore, this
article emphasizes that it is very important to consider the interactions between tissues
in the modeling of musculoskeletal diseases and that joint-on-a-chip techniques offer
those abilities.

Overall, current technologies allow researchers to obtain those types of in vitro models.
However, it is still a great challenge to allow different tissues that are spatially co-existing and
interacting with each other to mimic the whole knee-joint architecture and function; especially
the mechanical functions which, as we have seen for the meniscus, are very important.

4. Conclusions

In conclusion, this review highlights current therapies and some prospects for treating
meniscal tears. It remains a challenge to try to mimic the sophisticated structure and
composition of the meniscus to be as close as possible to the native mechanical properties.
However, research in this area is highly active and hopefully, new treatments will appear
soon in the clinics. Developing in vitro personalized 3D model of the meniscus and a
larger scale of the entire knee joint would represent a great advance in the research and
development of new therapies.
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