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ABSTRACT

The meniscus is a crescent-shaped, fibrocartilaginous padding in the knee that contains variable vascularization
and histology. This structure enables proper loadbearing, knee movement, and protection of articular cartilage and
bone of the tibiofemoral joint. The meniscus is subject to tears from acute injury and degenerative stresses. Many
meniscal tears do not heal naturally due to poor vascularization and high stresses placed on the meniscus. These
often result in pain and mechanical symptoms and are highly correlated to osteoarthritis (OA) development. While
there are a wide variety of suggested treatments for meniscal tears, studies indicate common surgical interventions
have little to no significant improvements in abating patient symptoms or limiting osteoarthritic progression, with
high failure rates. Therefore, alternative treatments are being actively explored for meniscal tear repair. One of the
most-researched treatment options is using mesenchymal stem cells (MSC), a type of adult multilineage progenitor
cell capable of facilitating meniscal tissue regeneration. Many different types of MSCs and supplemental, cutting-
edge techniques are being tested to maximize tear healing. MSCs hold great promise for regenerating meniscal
tissue, limiting OA, and restoring joint functionality. However, more research is required to prove the significance

of stem cell treatments in humans and define the conditions for their use.
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ACL: Anterior cruciate ligament, ANGPT-1: Angiopoietin, APM:
Arthroscopic partial meniscectomy, ASC/AD-MSC: Adipose
stem cells, bFGF: Basic fibroblast growth factor, BMI: Body mass
index, CM: Conditioned media, COL1A1: Collagen type 1 Al,
COMP: Cartilage oligomeric matrix protein, CSC: Cancer stem
cells, CTGF: Connective tissue growth factor, ECM: Extracellular
matrix, EGF: Endothelial growth factor, FGF: Fibroblast growth
factor, FRI: Functional rating index, GAG: Glycosaminoglycan,
GVHD: Graft vs. host disease, HA: Hyaluronic acid, HGF:
Hepatocyte growth factor, HLA: Human leukocyte-associated,
hMeSPCs: Human meniscus-derived stem/progenitor cells,
IGF: Insulin-like growth factor, IKDC: International knee

documentation committee, iPS: Induced pluripotent stem cell,
KOOS: Knee injury and osteoarthritis outcome score, LCL: Lateral
collateral ligament, LIF: Leukemia inhibitory factor, LMPRT:
Lateral meniscus posterior root tear, LMRT: Lateral meniscus root
tear, MAT: Meniscus allograft transplantation, MC: Meniscus cell,
MCT: Inner meniscus cell, MCL: Medial collateral ligament, MCO:
Outer meniscus cell, MDM: Meniscus-derived matrix, miRNA:
Micro ribonucleic acid, MMRT: Medial meniscus root tear,
MMSC: Meniscus-derived MSCs, mRNA: Messenger ribonucleic
acid, NEX: Matching excitation times, OA: Osteoarthritis, PCL:
Posterior cruciate ligament, PCR: Polymerase chain reaction,
PDGF-AB: Platelet-derived growth factor AB, PGF: Placental
growth factor, PRP: Platelet-Rich plasma, PSC: Pluripotent
stem cell, ROM: Range of motion, TE: Echo times, TGFp-1:
Transforming growth factor B, TR: Repetition times, VAS: Visual
analog scale pain scoring, VEGF: Vascular endothelial growth
factor, Wnt: Homologue of “wingless” in Drosophila.
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Introduction

Meniscus Gross Anatomy

The meniscus is a fibrocartilaginous, crescent-shaped padding
articulating with the femur and tibia intraarticularly in the knee joint
[1]. The meniscus is divided into two asymmetrical components
[2]. The medial meniscus articulates with the medial condyles of
the femur and tibia, while the lateral meniscus articulates with the
lateral condyles of the femur and tibia [1]. The medial meniscus is
semicircular and covers 51% to 74% of the medial articular surface,
while the lateral meniscus is shorter, more circular, and covers
75% to 93% of the lateral articular surface [3]. Both lobes contain
anterior and posterior roots, anchoring the meniscus into the tibia
[4,5]. The meniscus is also anchored to the tibial plateau with the
coronary ligament, which attaches to the peripheral menisci, and
the medial collateral ligament, which prevents translation of the
medial meniscus [6]. The lateral meniscus is further connected

to the femur with the anterior and posterior meniscofemoral
ligaments [7]. The lobes also contain an anterior horn, midbody,
and posterior horn [8]. These have concave superior portions
conforming to the femur, and flat inferior portions, which conform
to the tibial plateau. The anterior lobes are connected through the
transverse ligament [6].

The meniscus's normal functioning and health depend on the
surrounding structures in the knee. The knee is a complex modified
hinge joint, meaning it primarily facilitates flexion, extension,
and some rotational movements [9]. The knee contains the
tibiofemoral joint, where the meniscus enables proper articulation
between the femur and tibia, and the patellofemoral articulation,
where the patella moves against the femur [10]. The infrapatellar
fat pad, adipose tissue below the patella, fills gaps between these
joints [11]. Knee joint ligaments include the medial collateral

Figure 1: Pictures of the tibial plateau in a superior and posterior view. ACL, anterior cruciate ligament; LPRA, lateral meniscus posterior horn
attachment; MPRA, medial meniscus posterior horn attachment; PCL, posterior cruciate ligament; SWF, shiny white fibers of the posterior horn of the

medial meniscus [14].
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Figure 2 (Left): llustration depicting basic knee anatomy [15].
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Figure 3 (Right): A. Radiographic image with outlined anterior and posterior meniscal horns regions. B. Illustration labeling regions of anterior and
posterior meniscal horns, with dotted lines at the lateral and medial meniscus locations [6].
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Figure 3: Illustration of the vascularization of the meniscus from the longitudinal and transverse planes [18].

ligament (MCL), lateral collateral ligament (LCL), anterior
cruciate ligament (ACL), posterior cruciate ligament (PCL),
patellar ligament, and other smaller ligaments. These stabilize the
knee, limiting extreme torsional or translational stresses that could
damage structures like the meniscus. The ACL is suggested to
provide 85% of knee stability. Muscles surrounding the knee joint
act as secondary stabilizers and help facilitate motion [9]. The
knee also contains four bursae, fluid-filled sacs between bones and
other tissues. These limit friction and damage to soft tissue caused
by joint movement [12]. A fibrous capsule surrounds the knee,
containing the cells secreting joint-lubricating synovial fluid [13].

Meniscus Histology

The meniscus is composed of 72% water, 22% collagen, 0.12%
DNA, and 0.8% glycosaminoglycans (GAGs) by weight [16]. A
cross-section of the meniscus reveals a triangular shape that can
be subdivided into red-red, red-white, and white-white zones
[14]. The red-red zone is the meniscus's most peripheral, fully
vascularized portion. The red-white zone is intermediate and
has some vascular supply. The white-white zone is interior and
is avascular [6]. Blood is supplied by the perimeniscal capillary
plexus generated from the lateral, medial, and middle genicular
arteries [17].

The meniscus is divided into histological regions. The outer two-
thirds of the meniscus resemble fibrocartilage, the inner one-
third is assembled more like traditional hyaline cartilage and the
superficial region exhibits unique organization [19]. These regions
are highly correlated with vascular supply.

The extracellular matrix of the meniscus includes hydrated
proteoglycans and elastic fibers, which yield viscoelastic
properties. This matrix also contains parallel, circumferentially

oriented collagen bundles, which are more pronounced in the
peripheral meniscus. These collagen fibers resist torsional stress
[20]. This portion also contains tie-fibers, which largely protrude
from the joint capsule radially into the meniscus. Blood vessels are
oriented alongside and potentially protected by these tie fibers [21].

The outer section of the meniscus contains high concentrations
of collagen type I and spindle-shaped fibroblast cells, which help
renew the matrix [22]. These fibroblasts include two cell types:
Outer, stellate cells with many cytoplasmic projections interacting
with adjacent cells and the extracellular matrix; and inner cells
with 1-2 projections that form a sheet-like conformation. These
cells are linked with gap junctions, especially in the outer
fibroblasts, providing greater stability and enabling chemical
signal transmission [19,22]. Furthermore, the cells express CD34
on their surfaces enabling cellular adhesion [22].

The inner meniscus contains less uniform collagen organization,
with small collagen type II fibers predominating [21]. The
meniscal cells in this region are rounded with no projections,
resembling chondrocytes, and lacking precise arrangement [16].
In addition, this region has higher GAG content, enabling greater
fluid retention and less compressibility [23].

The superficial meniscus contains a fourth meniscal cell type,
which is fusiform and lacks cytoplasmic projections [16]. These
cells are arranged in a thin meshwork and are adept in healing, as
they can increase actin expression enabling cellular migration to
wound sites [24].

The menisci are innervated by the posterior tibial, obturator, and
femoral nerves [1]. Meniscal mechanoreceptors include Ruffini
endings and Pacinian corpuscles, which detect deep pressure
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[25]. These are found mainly in the meniscal horns. The meniscus
largely contains free nerve endings in its vascularized regions
[26]. Nociceptor free nerve endings are stimulated by tissue
damage, while proprioceptors on the anterior and posterior horns
are stimulated during knee movement, enabling the coordination
of muscle tone [25,26]. Larger nerve fibers are oriented
circumferentially in the peripheral zone, while smaller nerves run
radially into the central meniscus. Most nerve fibers are associated
with blood vessels [27].

Scanning electron microscopy revealed a series of canaliculi
connecting the surface and interior of the meniscus. This structure has
been suggested to aid in the diffusion of synovial fluid into the meniscus,
which aids enables nutrient delivery to the avascular area [28].

While the meniscus is often associated with poor healing
capabilities [29], it has been able to heal spontaneously, even in
avascular zones. This mechanism likely involves mesenchymal
stem cells (MSC) in the knee’s synovial fluid [30]. This suggested
mechanism involves synovial hyperplasia, chondrogenic
differentiation, and the production of cartilage matrices by these
cells [31]. In addition, the meniscus also contains clusters of natural
progenitor cells identified by CD146+, which can promote healing
[32]. These intrinsic progenitor cells have been demonstrated to
migrate to the injury site with chemotaxis facilitated by alarmins
and have chondrogenic potential [6,33].

Meniscus Development

The meniscus is derived from the mesoderm germ layer, where
mesenchymal cells differentiate into chondroblasts [34]. Meniscal
embryonic development begins in the 7% week of gestation when
the chondroblasts initially condense to form triangular precursors
[35]. By weeks 8-10, the meniscal shape is completed. At this
phase of embryology, the menisci are highly cellular and fully
vascularized [25]. Further fetal development results in total
decreased cellularity, increased collagen concentration, and
reduced vascularization in the inner meniscus. Collagen assumes
its circumferential arrangement due to movement and postnatal
loadbearing [36].

Meniscus Function

The meniscus has many vital purposes, including joint stability,
preventing anterior tibial displacement, and improving weight
distribution [17,37]. All these functions promote proper leg
movement and protect the knee joint from damage. The knee
transmits load via the four-spring model of the knee, where the
outer springs are the menisci and articular cartilage separating the
femur and tibia, and the inner springs are the articular cartilage
between areas of direct femorotibial contact [15]. The histological
regions of the meniscus uniquely enable resilience from weight
forces and enable load transmission. Loadbearing causes meniscal
compression between the femur and tibia. The histology of
the interior aspects of the meniscal lobes enable resistance to
compression, which results in radial expansion. This lateral growth
puts tension on the peripheral circumferential collagen fibers,
which have high tensile strength and are resilient to torsion [19].

The radial tie fibers limit damaging tension buildup and protect
meniscal structure [38]. This circumferential tension reaches
equilibrium with pressure on the femoral condyle, enabling load
transmission. This process uniformly distributes pressure due to
pore pressure uniformity in the fluid-saturated meniscus [21].

Total meniscectomy decreases contact area and increases contact
pressure, causing average stress (load divided by contact area)
to increase significantly [15,39]. These findings suggest that
the menisci provide surface compliance necessary for load
transmission across wider areas [40]. This function is especially
present at higher forces, where the menisci become highly
compressed, and in healthy knees, where osteoarthritic knees
experience less meniscal load transmission [39,40].

The meniscus partially facilitates knee rotation and prevents
hyperextension, although these functions are primarily governed
by the condyles of the femur, cruciate ligaments, and knee
capsule [15]. The menisci have widely been regarded as shock
absorbers. Studies demonstrated total meniscectomy and partial
meniscectomy decreased shock absorption capabilities [41].
However, recent anthropological findings and critique of existing
literature disagree with this theory [42,43]. Therefore, this function
is debatable.

The meniscus has also been suggested to play a role in joint
lubrication. Due to the canaliculi system discussed above, meniscus
compression associated with loadbearing causes a release of stored
synovial fluids into the joint, which is suggested to lubricate the
joint [36]. This mechanism can also provide nutrition to the
articular cartilage [37].

Meniscus Tear Types

There are many types of meniscus tears, each caused by stressors
resulting in lesions impacting the fibrous structure of the meniscus.
Traumatic meniscus tears are generally induced by acute forces
between the femoral condyles and tibial plateau when the knee
twists [44]. Therefore, damaging movements frequently involve
rotation or inversion around a planted foot, jumping or landing,
and significant external contact on the knee [45]. Degenerative
meniscus tears are caused by gradual processes that wear down
the meniscus and are often asymptomatic and untreated until the
severe progression of osteoarthritis (OA) [44].

Molecular distinctions can also be drawn between these tear
types, as differing gene expression patterns occur in traumatic
tears relative to degenerative tears [46]. Increased chemokines
in traumatic tears cause greater white blood cell recruitment and
inflammation responses [47]. Increased matrix metalloprotease and
decreased COL1AT1 (Collagen type 1, Al) expression in traumatic
tears are associated with chronic nonhealing due to increased
collagen degradation and decreased collagen formation [48,49].

Meniscus tears also widely vary in morphology, with horizontal,
longitudinal vertical, oblique, flap, radial, root, bucket handle,
peripheral, and complex tears, each presenting different imaging
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and pathologies [50,51]. Horizontal tears run parallel to the tibial
plateau, longitudinal vertical tears run perpendicular to the tibial
plateau and parallel to the meniscal long axis, and oblique tears
run at a grade intermediate to the previous two tears. Radial tears
run perpendicular to the tibial plateau, like vertical tears, but they
originate centrally and extend peripherally, running perpendicular
to the meniscal long axis. Flap tears occur when horizontal
or oblique tears become displaced into the meniscal recess
or intercondylar space. Root tears involve the meniscal tibial
attachments and largely occur via avulsion or radial tears. Bucket
handle tears are vertical tears where the interior aspect is displaced
into the intercondylar space. Peripheral tears involve the peripheral
horns of the meniscus. Finally, complex tears include combinations
of multiple tear types [52,53]. Lateral root, horizontal, radial, and
complex tears are associated with degenerative meniscus damage.
In contrast, medial root, vertical longitudinal, and vertical bucket
handle tears are more common in traumatic meniscus damage
[51,54].

Meniscal extrusion or subluxation occurs when the meniscus
protrudes outside the tibiofemoral compartment [55]. Extrusion
can occur due to meniscus tears that impair meniscal rigidity when
subjected to hoop stress, although it is more frequently associated
with OA and joint space narrowing (JSN) [56]. Subluxation
increases stress on all knee structures, especially tibial cartilage [55].

Figure 5: MRI imaging of common meniscus tear pathologies. 1. Radial
tear of the medial meniscus (arrow) with MCL sprain (arrowheads); 2.
The lateral meniscus has partial maceration and lateral extrusion (arrow),
medial extrusion of the meniscus (arrowhead); 3. Horizontal, oblique
tear of the posterior horn of the lateral meniscus; 4. Vertical tear on the
posterior horn of medial meniscus; 5. Medial posterior root tear (arrow)
with medial subluxation (arrowhead) [57].

Meniscus tears can also be graded based on morphology and
severity. Grade I is less severe, globular, and does not extend to
the surface, Grade 1II is intermediate, linear, and does not extend to
the surface. Grade III is the most severe, linear, and extends to the
superior and/or inferior surface [14].

Finally, meniscus tear location is essential. Meniscus tears
occurring exclusively in the white-white avascular zone have
significantly less chance of healing than those in the vascularized
zones [58]. This finding is due to limited nutrient availability and
less organized structures to facilitate cell migration in the white-
white zone.

Meniscus Tear Occurrence and Risk Factors

It is conservatively estimated that the incidence of meniscus tears
is approximately 60 per 100,000 [59], but this estimate likely
underestimates asymptomatic degenerative meniscus tears in
adults [50].

Young athletes have an overall reported meniscus tear rate of
5.1 per 100,000 athletes, with 68% of reported tears occurring in
males. However, in gender-comparable sports, females have higher
rates of meniscal tears. 54% of these athletes also experienced
additional knee injuries with meniscus tears. Therefore, athletics
participation, specifically in contact sports, increases the risk of
traumatic meniscus tears compared to control groups of peers [45].

Traumatic meniscus tears are highly correlated with other knee
injuries, especially ACL tears and cartilage damage. Risk factors
for having severe concomitant injuries with meniscal tears include
maleness, elevated age, and surgical delays [60]. Demographic
factors increasing the chance of meniscal tears include high BMI,
increases in BMI, maleness, jobs with high amounts of kneeling,
squatting, and stair-climbing, and age [61-64].

Finally, knee morphology can influence meniscus tear risk. Varus
alignment and greater lateral posterior tibial slope is correlated
with LMPRTs [54,61], while high posterior tibial slope increases
the odds of ramp lesions [65]. ACL tears, which frequently
generate meniscal trauma, are also influenced by knee morphology,
including intercondylar notch stenosis, increased femoral condylar
offset ratio, increased medial and lateral tibial slopes, and poor
tibiofemoral congruity [66].

Meniscus Tear Pathology

Meniscus Degradation

Torn menisci can cause many adverse health effects, explaining
why their treatment is important. A meniscus tear leads to
accelerated meniscal degeneration. Damaged menisci decrease
GAG production, limiting meniscal hydration and loadbearing
capabilities. Damaged menisci have less organized structures,
making them lose resiliency to hoop and shear stresses and more
likely to experience wear and gross failure [67].

Pain and Swelling

Meniscus injuries can cause extreme discomfort. Pain may originate
from the meniscus, especially in peripheral tears, from the highly
innervated synovium, or due to cytokine release [27,68]. Elevated
pain is correlated with root tears. This tear type might cause greater
pain due to their correlation with greater meniscal extrusion or
accelerated cartilage damage [57]. While some patients experience
pain, swelling, or a pop immediately after their tear, many patients
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with isolated meniscal tears do not report these occurring. Joint
line pain and generalized knee pain can be reported by patients
during exam. Damaged menisci can lead to synovitis or swelling,
often experienced after an acute injury, or increasing activity level
[37]. Pain in degenerative tears and latent acute tears was often
correlated with twisting motions and walking upstairs [69].

Mechanical Symptoms

Meniscus tears are also frequently associated with mechanical
symptoms, including popping, locking, catching, and buckling
sensations [37]. Knee instability, which negatively affects
biomechanics and quality of life, is a significant reason for
intervention in meniscal tears. Peripheral tears are more likely
to cause knee instability [33]. Other mechanical symptoms are
more difficult to correlate with specific tear types. Mechanical
symptoms, including clicking, popping, and catching, were found
to insignificantly differ based on meniscal tear type [57], although
flap tears were significantly correlated with catching sensations in
another study [70]. These mechanical symptoms and pain can lead
patients to lack confidence in their knees [69].

Osteoarthritis

Approximately a third of osteoarthritic patients have radiographic
meniscal damage [44]. Additionally, traumatic knee injury is
among the strongest predictors of OA development [71,72].
Therefore, meniscus tears are highly correlated with osteoarthritis, a
degenerative joint disease, and the primary cause of musculoskeletal
disability in the developed world [44,73,74]. Knee OA involves
articular cartilage damage, osteophyte generation, and subchondral
bone sclerosis. OA-influencing factors include heredity, age,
obesity, diabetes, inflammation, innate immunity, gena valgum
(“knock-kneed”) or gena varum (“bow-legged”) alignment, and
joint shape [74]. Meniscal damage is significantly correlated to joint
space narrowing (JSN), which is also highly related to OA [75]. A
40% concomitant prevalence of osteoarthritis with symptomatic
meniscus tear presentation has been suggested, possibly explaining
the intersection of many of their pain and mechanical symptoms. OA
risk is higher for meniscus injuries resulting in meniscal extrusion
and osteochondral degeneration [76].

Meniscal Tear Treatments

Surgical Supplements Non-Surgical

- Meniscus Allograft .
Meniscectomy Tl e Growth Factors Physical Therapy

Meniscus Platelet

Meniscal Repair Injections.

Autography Concentrations
Abrasion Therapy EZ‘R:;‘:: Gene Therapy
Scaffolding Fibrin Clot

Total Meniscectomy

The meniscus was originally viewed as a vestigial structure with
unimportant contributions to the structure and stability of the
knee [6]. Furthermore, medical convention viewed tears in the

semilunar cartilage of the meniscus as unable to heal due to low
vascularization [29]. Therefore, total meniscectomy, involving
the removal of both meniscal lobes, was the preferred procedure
to treat prolonged locking, stiffness, and painful motion caused
by meniscal tears [77]. Longitudinal studies following patients
who underwent total meniscectomy as adolescents illustrated
the detrimental effects of this surgical technique — these patients
experienced radiological deterioration, OA, and total knee
replacement at percentages far above their peers [78]. In fact, it
is common to observe “Fairbank’s changes” in the radiology of
a totally meniscectomized knee, which include femoral condyle
deformation (formation of ridge, flattening) and JSN [79].

Partial Meniscectomy

Open partial meniscectomy, which involves carefully removing
only the damaged portions of the meniscus, has largely replaced
total meniscectomy as its risks have become clear [80]. With
the advancement in imaging technology, arthroscopic partial
meniscectomy (APM) was developed, which provided greater
latent results [81]. While AMP is currently used for degenerative
tears, avascular tears, or tears associated with significant
mechanical issues [82], many issues with partial meniscectomy
remain. Possible complications include the failure to recognize
concomitant ligamentous, articular cartilage, or meniscal injury;
removing too much or too little meniscus; and continued knee
locking [83]. Furthermore, excising any meniscal tissue can
affect knee biomechanics [82]. However, the most common
complication is osteoarthritis [84]. High percentages of knees with
partial meniscectomies undergo accelerated degenerative changes
[85,86], and radiographic signs of OA become significant on
average 8-16 years after removal [87]. Despite the high correlation
to articular cartilage damage and OA, partial meniscectomy
continues to be widely used [85].

Meniscal Repair

Meniscal repair involves suturing the meniscus using outside-
in, inside-out, or all-inside suture techniques [88]. Candidates
for this surgery typically have a better-preserved meniscus and
tears located in more vascular regions with less degeneration or
displacement. Meniscal repair largely has significantly better
functional and radiographical results than meniscectomy and helps
prevent early-onset OA [89,90]. However, meniscal repairs have
relatively high failure rates of 12% between 0-1 years and 19%
at 4-6 years, which can require surgical revision [91,92]. Over
one-third of meniscus repair failures occur in the second year, and
failure rates are relatively constant despite ACL status and tear
morphology (not including degenerative, avascular, and root tears)
[82].

Meniscus Allograft Transplantation (MAT)

Meniscus allograft transplantation (MAT) is a technique for
harvesting meniscus grafts from cadavers to alleviate the symptoms
of ameniscectomized knee [93,94]. This treatment option has many
variables dictating success, including initial joint degeneration,
graft processing, surgical technique, concomitant procedures,
and outcome measures [79]. Some studies have found that these
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allografts protect articular cartilage [93], while others report
transient (5-year) positive outcomes and no chondroprotective
effects or osteoarthritic prevention [95,96].

MAT is often a prophylactic transplantation to prevent degenerative
OA and early knee replacement. It is generally limited to young
patients with symptomatic total meniscectomies correlated
with early arthritis, ACL deficiency, or concomitant osteotomy
[97,98]. While this technique may benefit these specific patients
in protecting articular cartilage with low initial degeneration, it
cannot be applied to most meniscal tear patients [93].

Meniscus Autography

Autography replaces large portions of the meniscus with the
patient’s own tissue. Testing of autologous fat pad, tendon,
cartilage, periosteum, synovial flap, and perichondrium tissue often
returned poor results, with high rates of OA or graft failures [97].
While autography was shown to decrease cartilage degradation in
animal models in the short-term, long-term results were better for
non-operative meniscal tears than autograph-treated tears [99].

Meniscus Prothesis

Meniscal prosthesis uses artificial materials to replace symptomatic
partial and total meniscectomized knees [100]. Studies using
numerous materials have generally found some cartilage
protection and no improvements in biomechanical knee behavior
[95,100,]. However, some studies have reported chondroprotective
properties, limiting degeneration and pain, and similar responses
to loading stress and relaxation compared to functional menisci
[95,101,102]. Furthermore, drawing conclusions from result
summaries is difficult due to the high variability of prosthetic
materials. Future technological developments in prosthetic
mirroring of meniscal physiological properties may yield greater
successes and prove to be a viable prophylactic for patients with
severe meniscal deformities, including totally meniscectomized
knees [103]. However, this procedure has narrower applications
compared to meniscal scaffolding.

Growth Factors

Growth factors are biological signals stimulating cell proliferation,
differentiation, and survival [104]. These can facilitate meniscus
regeneration by enabling fibrochondrogenic cell recruitment,
proliferation, and increased ECM production [34,105]. The
most-studied growth factors for meniscal therapy include the
transforming growth factor-f3 (TGFP) superfamily, basic fibroblast
growth factor (bFGF), and insulin-like growth factor-1 (IGF-1).
Other growth factors, like connective tissue growth factor (CTGF),
vascular endothelial growth factor (VEGF), platelet-derived
growth factor (PDGF), and hepatocyte growth factor (HGF), have
also been studied [105]. IGFs stimulate proteoglycan, collagen
11, and integrin synthesis; these products inhibit ECM destruction
[104,106]. TGF-p stimulates collagen IT and GAG synthesis [105].
bFGFs increase meniscal cell proliferation [107]. VEGF promotes
angiogenesis [107]. PDGF increases meniscal cell proliferation,
migration, and proteoglycan production [106,108]. CTGF acts
as a chemotactic and profibrogenic factor [109]. HGF exhibits

chemotactic and angiogenic properties [110].

Growth factors involved in stem cell differentiation and activity
and growth factors upregulated by stem cells are discussed in
Stem Cells.

Scaffolding

Scaffolding utilizes prosthetic or donor tissue to provide a
framework for cell reconstruction. These scaffolds can transiently
aid in tissue regeneration and the delivery of transfected cells,
limit post-meniscectomy pain, and prevent the advancement of
cartilage degeneration [111,112]. There is a lack of consensus on
the ideal scaffold material or technique [113]. Materials include
collagen, polymers, polycaprolactone/silk fibroin, meniscus-
derived matrix (MDM), and hydrogels [114-116]. Experiments
have shown collagen scaffold implantation procedures have
lower failure and reoperation rates, long-term improved clinical
scores, and decreased cartilage degeneration compared to partial
meniscectomy [111,114,117,118]. However, issues can arise with
tailoring the size of the implant [111,117,118].

Polymer scaffolds also improve clinical scores [111].
Polycaprolactone/silk fibroin scaffolds can be intricately 3D printed
and are often used to support cell additions in tissue engineering
[119]. MDM scaffolds are derived from donor menisci, which
contain native components of ECM promoting infiltration and
remodeling of injured sites [115].

Scaffolds are often loaded with stem cells to promote healing; they
will be discussed more in Stem Cells:

Concurrent Treatments.

Platelet Concentrations

Platelet concentrates are transfusions that may stimulate healing.
These concentrates are obtained by centrifuging autologous blood
[120]. Platelet concentrates contain growth factors like PDGF-
AB, TGFp-1, and VEGF. These promote angiogenesis, cellular
replication, and matrix remodeling [121]. Divisions of platelet
products are based on the presence of fibrin and leukocytes; these
include the pure platelet-rich plasma (P-PRP) family, leukocyte-
and platelet-rich plasma (L-PRP) family, pure platelet-rich fibrin
(P-PRF) family, and leukocyte- and platelet-rich fibrin (L-PRF)
family [122]. The pure families eliminate leukocytes, while fibrin
families allow platelet concentration and fibrin matrix formation
through an initial lack of anticoagulants after blood collection. PRP
is easily produced and has minimal risks of adverse effects [121].
PRP has been used to augment meniscal regeneration, although
its use is controversial [122]. Some studies report no statistically
significant improvement in failure rate, pain, histology, or visible
regeneration [120,122,123]. Other studies have shown significant
platelet concentrate-induced improvements. Findings include PRP
improving GAG synthesis, meniscal cell proliferation, meniscal
healing rate, functional scores, and pain measures [124,125].
PRP is also generally correlated with reduced OA markers,
lesser surgical swelling, and pain, accelerated soft tissue repair,
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and transiently increased bone regeneration [121,126]. These
diverse findings may be due to variable PRP generation methods,
classifications, dosages, and timing; this therapy needs greater
research and standardization [127].

Gene Therapy

Gene therapy involves transforming meniscal cells with retroviral
or adenoviral vectors [128]. This technique allows transient,
advantageous changes in gene expression, which can be used to
promote meniscal healing [3,128].

Gene therapy is used concurrently with stem cells, this topic will
be discussed more in Stem Cells:

Abrasion Therapy

Abrasion therapy enables vascular meniscus tear healing by
rasping or trephination of the damaged area. This procedure
produces a new injury response, causing a fibrovascular scar
promoting healing [105,129]. Abrasion therapy involves creating
full-thickness channels adjacent to the injury site, which enables
cellular migration and endogenous GF perfusion [130]. While there
have been some experiments with greater meniscal healing after
isolated abrasion therapy, problems with this procedure remain
[131]. Issues with healing in non-immobile knees, the inability to
reliably heal avascular regions, and the risk of creating more tears
that don’t heal limit the utilization of this technique [132-134].

Fibrin Clot Meniscal Repair

Fibrin clot meniscal repair involves filling meniscal defects with
exogenous fibrin clots, enabling fibrocartilaginous tissue to fill
the defect [135]. It is posited that the fibrin clot releases GFs,
facilitates migration of reparative cells to the site of the clot, and
acts as a scaffold for healing [135-137]. This procedure predates
PRP therapy, and its induced healing mechanism is similar [136].
Fibrin clotting was considered especially promising for healing
avascular tears, as it was theorized that white-white meniscal
healing was limited due to a lack of hematoma, which has
chemotactic and scaffolding properties [137]. Studies have shown
insignificant contributions to healing when isolated or concurrent
with meniscal repair surgery [137,138], but its supplementation
with abrasion therapy significantly increases its efficacy [139].

Surgical Repair Backlash

There are growing suggestions that significant portions of surgical
interventions for meniscus tears are “useless” [140]. Some
reports suggest that meniscectomy and meniscal repair lead to
no clinically relevant difference in pain (VAS, KOOS), Lysholm,
or Tegner scores [117,141,142]. In fact, one study finds that
placebo surgery and arthroscopic partial meniscectomy lead to
no statistically significant differences in diagnostic findings after
two years [143]. Long-term studies report an overall meniscus
repair failure rate of nineteen percent [144], although procedures
have become more advanced. It can also be argued that meniscal
repair can improve mechanical symptoms [145]. While it can be
reasoned that these procedures are performed too often, some
symptoms warrant surgical intervention. High correlations with

OA and knee degeneration mean interest in developing meniscus
repair mechanisms is still warranted.

Physical Therapy

The alternative to surgical interventions for symptomatic meniscal
damage often includes physical therapy, which aims to strengthen
surrounding muscles and improve biomechanics to reduce
symptoms and regain function. Physical therapy has been shown
to perform similarly to partial meniscectomy and meniscal repair
procedures in pain and physical function scoring in the short term
[79,141,146]. However, it is notable that a significant portion of
physical therapy patients (approximately 30%) eventually opt for
surgery, leading to bias in data [79]. Furthermore, physical therapy
success can vary based on patient compliance and timing after
acute injury [147].

Injections

Physicians can also delay surgery or limit symptoms with
hyaluronic acid (HA) injections, analgesics, and nonsteroidal anti-
inflammatory drugs, or intraarticular injections of steroids [148].
HA is naturally found in the knees and is a glycosaminoglycan
(GAG), forming an aggrecan structure with chondroitin (another
GAG), which aids in meniscus hydration supporting compressive
loads [23]. HA has anti-inflammatory therapeutic effects,
possibly through the sequestration of inflammatory cytokines
[148]. Furthermore, HA injection can also limit symptoms after
arthroscopic surgery [149]. Steroidal injections can be effective
for short-term symptom relief but often cannot provide long-term
relief [142]. At low doses, corticosteroids increase cell growth
and recovery and reduce inflammation [150,151]. Still, high
doses can lead to chondrocyte toxicity, decreased synthesis of
articular cartilage matrix components, gross cartilage damage, and
accelerated OA [150-152]. Combined steroid and HA injections
can further reduce pain [153].

Stem Cells

Stem cells can divide to differentiate into numerous specialized
cell types with the capacity for self-renewal and are classified by
their differentiation capabilities. Totipotent stem cells can form all
germ layers and the placenta in development, while pluripotent
stem cells (PSCs) can form all germ layers [154]. Multipotent stem
cells differentiate into numerous discrete cells; hematopoietic stem
cells, which create the formed units of the blood, like erythrocytes,
thrombocytes, and leukocytes, are examples of this cell type [155].
Oligopotent stem cells can only differentiate into a few closely
related cell types; ocular stem cells, which can differentiate into
corneal and goblet cells, are examples of this pathway [144].
Finally, unipotent cells have the least differentiation ability;
germline stem cells, which only generate gametes, are examples of
unipotent cells [156]. Stem cells can also be divided into embryonic
and mature stem cells. Embryonic stem cells are pluripotent cells
and can be obtained from blastocysts during in vitro fertilization.
Mature stem cells are multipotent and are derived from body
tissues, the umbilical cord, or the placenta after birth [157]. There
are many different mature stem cell types, each specific to their
niche.
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While stem cells were originally isolated and cultured in 1981
[158], their use in the medical field was limited until recently due
to their controversial nature. Embryonic stem cells, a form of PSC,
were far more effective than adult stem cells in their differentiation
and integration capabilities [159]. However, moral, and religious
concerns were raised due to the requirement to harvest these cells
from human embryos, which limited early stem cell research [160].
This issue was resolved with the advent of induced pluripotent
stem cells (iPS), which enabled scientists to revert harvested
adult stem cells to pluripotent stem cells with greater ability for
differentiation [161]. These cells can be reprogrammed through
retroviral or lentiviral transduction, plasmid integration, or direct
delivery of mRNAs and proteins [162]. In addition, the iPS process
enables autologous stem cell harvesting, which reduces immune
rejection risk [163].

Stem Cell Biology

Stem Cell Niche

Asymmetric division is controlled by intrinsic and extrinsic factors
[164]. The intrinsic mechanism is seen mainly in development,
while the extrinsic mechanism is more pertinent to adult stem
cells and meniscal repair [165]. This extrinsic mechanism is
the stem cell niche. The niche is a discontinuous and dynamic
microenvironment containing stem cells, stromal support cells,
extracellular matrix (ECM) proteins, blood vessels, and neural
inputs [166,167]. Stromal cells secrete adhesive signals, soluble
factors, and the ECM, which functions in stem cell retention
and facilitates differentiation [167,168]. The stem cell niche
theory states that self-renewal signals, limited to specific
microenvironments, are necessary to keep stem cells from
differentiating. Therefore, if stem cells are located outside their
niche, they will commence differentiation, and if they remain
in their niche, they will retain self-renewal potential [168]. This
mechanism leads to stem cell locations in specific portions of adult
organs and the initiation of differentiation if stem cells are removed
from their microenvironment [166,167]. Stem cell niches are highly
dynamic, as they are required to respond to various physiological
changes like inflammation, infection, malignancy, and signaling
to maintain tissue homeostasis [166,168,169]. These stimuli can
induce pathways leading to stem cell migration, changed division
cycling rates, and alternate daughter cell production [169].

Self-Renewal

Self-renewal is defined as the generation of at least one phenocopy
daughter cell with a preserved undifferentiated stem cell state
[170,171]. Self-renewal occurs via symmetric division generating
daughter cells with the same fate or asymmetric division generating
daughter cells with different fates [170]. Generally, symmetric
division is observed in early embryonic stem cells, and asymmetric
division is observed in other stem cells [172]. Stem cell division
is encoded by proto-oncogenes supporting self-renewal, gate-
keeping tumor suppressor genes restraining self-renewal, and
caretaker tumor suppressor genes ensuring genomic integrity
[173]. Transcription factors and epigenetic regulators activated by
intrinsic mechanisms enable the activation or inhibition of these
genes [174,175]. Extrinsic factors, like stem cell niche, cytokines,

paracrine or nervous signaling, and GFs, regulate these intrinsic
mechanisms [166,167,174,175]. When stem cells lose the balance
between proto-oncogenes, gate-keeping tumor suppressors, and
care-taking tumor suppressors, cancer stem cells (CSC), apoptosis,
or a lack of renewal can be produced [173,174].

Numerous intracellular and extracellular processes mediate
MSC self-renewal. In vivo, self-renewal is regulated by multiple
factors, including leukemia inhibitory factor (LIF), fibroblast
growth factors (FGF), BMPs, cytokines, hedgehog proteins, and
homologs of “wingless” (Wnt) in Drosophila [171,186]. In vitro,
division can be induced by cytokines and growth factors like FGF-
2, PDGF-BB, and EGF [186].

Differentiation

A similar mechanism controls stem cell differentiation, where
generalized stem cells become more specialized. Differentiation
of stem cells in their niche can be initiated by paracrine or neural
signaling through Wnt/B-catenin, bone morphogenetic protein
(BMP), Notch, Angiopoietin-1 (Ang-1), and growth factors
[167]. Stem cells initially become transient amplifying cells,
which divide rapidly and closely resemble parent cells but have
a narrower multilineage potential. After a regulated number
of divisions, these become progenitor cells, which can only
differentiate into their target cell type [176]. Scientists can induce
stem cell differentiation to specific cell types, arrest differentiation,
or reverse differentiation to create iPS cells. These processes often
involve adding signaling molecules to cultures or transcription
factors to cells through transfection.

Transdifferentiation

Transdifferentiation, or irreversibly converting one cell type
to another, enables stem cells to change multilineage potentials
when transfected to a different stem cell niche [177,178]. This
mechanism enables the conversion of adult stem cells with limited
plasticity to pluripotent stem cells capable of use in a wide variety
of tissues [178]. For example, bone marrow-derived stem cells
can produce epithelial cells of the liver, kidney, lung, skin, and GI
[179]. This mechanism can expand the number of conditions that
can be addressed by easily harvested stem cells.

Mesenchymal Stem Cells

Mesenchymal stem cells are adult multilineage progenitor cells
that can differentiate into mesoderm- and non-mesoderm-derived
tissues [180,181]. MSCs have heterogeneous morphology,
physiology, and cell surface antigens [182], leading to difficulty
in identifying MSCs. This issue led to the creation of standards
defining MSCs, which include plastic adherence; the ability to
differentiate into osteoblasts, adipocytes, and chondroblasts; high
population expression of CD105, CD73, and CD90; and low
population expression of CD45, CD14/CD11b, CD79a/CD19, and
HLA class I [183]. MSC colonies contain three types of cells with
different multilineage differentiation potentials. The cells with the
greatest plasticity could be isolated through unique cell surface
proteins [182]. MSCs were initially discovered as fibroblast
precursors in bone marrow [184,185]. However, MSCs have been
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positively located in almost all organs, generally associated with
connective tissues [184].

Plasticity

The initial experimentation determining MSC plasticity discovered
that multilineage potential is maintained during colony formation.
These studies found MSCs could form adipocytes, chondrocytes,
and osteocytes that produce bone or formed units of blood [187].
MSCs have more recently been identified that form myocytes,
tendon fibers, and dental pulp [171,183,182]. Experiments have
induced MSC differentiation into neuron-like and epithelial-
like cells, although these were more controversial due to the
difficulty of identifying specific MSC integration. However,
studies have recently demonstrated BM-MSC fusion to neural
progenitors, hepatocytes, and myocardial cells [183]. Through
transdifferentiation, MSCs have the potential to form an even
wider variety of tissue types [179]. Therefore, MSCs have a high
degree of plasticity [182].

Chondrogenic differentiation of MSCs involves the activation of
transcription factor genes like sox-9 and scleraxis, and ECM genes
including collagen types Il and IX, aggrecan, biglycan, decorin, and
cartilage oligomeric matrix protein [171]. In vitro, chondrogenesis
is often induced by applying TGF-B1, 2, or 3, and sometimes
BMP2, 4, or 6 [188]. MSCs undergoing chondrogenesis can aid in
the repair of articular cartilage in addition to the meniscus [189].

Other signals and pathways can lead MSCs to form different
cell types [171]. Environmental factors can influence MSC
differentiation. MSCs are more likely to undergo chondrogenesis
with cyclic compressions. Adipocyte development is favored in
microgravity or rounded cultures, while osteocytes are formed
from MSCs subjected to shear stresses or sharp edges [190].

MSC Benefits for Meniscal Repair

Integration in Regenerated Tissue

MSCs are associated with natural pathways for tissue healing,
as these cells mobilize to injury sites [191]. Intraarticularly-
injected MSCs have been proven to incorporate in regenerated
tissue [192,193]. Undifferentiated MSCs may be more capable
in this function, raising questions about the proper procedures
in culturing MSCs for tissue repair [194-196]. Furthermore,
some studies suggest that the role of MSC integration in healing
promotion is limited, and other pathways are more important in
tissue regeneration [197,198].

Extracellular Matrix Production

MSCs activate ECM production, further enabling natural repair
cells to migrate to meniscus tears [199-201]. ECM deposition
raises the quantity of important tissue components like collagen,
proteoglycans (GAG), and cartilage oligomeric matrix protein
(COMP) [197,202-207]. This mechanism can improve regenerated
tissue mechanical properties [208].

Angiogenesis

MSCs are angiogenic. Their secretion of VEGF, TGF-B, HGF,
PDGF, BFGF, placental growth factor (PGF), and other paracrine
effectors promote tissue neovascularization [199,209]. In addition,
their capability to differentiate into endothelial-like and pericyte-
like cells potentially furthers angiogenesis [210,211]. This
property can increase healing due to greater nutrient and healing
factor perfusion at the site of injury [204,212].

Growth Factor Secretion

MSC GF secretion also enables greater tissue repair [213]. Signals
from supplemental MSCs can stimulate the proliferation and
mobilization of fibroblasts, chondroblasts, and natural MSCs to the
site of tissue damage [214,204]. This leads to greater integration
of healing cells in repaired tissue, increasing its similarity to
surrounding tissue [204,208].

Immunomodulation

The MSC secretome, which includes signaling factors, extracellular
proteins, and secreted mRNAs [215], is further correlated with
immunomodulation [216-218]. They can suppress the production
of inflammatory cytokines through direct and indirect cellular
contact with T cells and macrophages [219,220]. MSCs limit B
lymphocyte proliferation and differentiation, decreasing antibody
production [218]. These stem cells also increase the secretion
of anti-inflammatory, immune-suppressive signals like IL-6 and
TGF-B1 [218,220]. MSCs upregulate regulatory T cell and B cell
production, which check immune responses, and downregulate
the production of matrix-degrading enzymes in arthritic patients
[219]. In addition, MSCs secrete soluble mediators, which contain
pro-inflammatory and anti-inflammatory cytokines [220,221].
These cytokines attract the upregulated regulatory T and B cells
to the injury site, leading to greater immune cell infiltration while
decreasing inflammation [204]. Finally, MSCs effectively reduce
oxidative stress, tissue damage caused by an accumulation of
oxygen-reactive species (ROS) in cells associated with injury
[222,223]. Prevention of oxidative stress further facilitates proper
healing mechanisms.

Trophic Effect

MSC secretomes also have a trophic effect on injury sites, which
limits apoptosis and promotes cell survival [184,224]. These
effects are facilitated through MSC release of GF cytokines and
their regulation of other signaling pathways, like nitric oxide,
nuclear factor-kB, and indoleamine [225]. This action decreases
the injury field, limits scarring, and promotes angiogenesis [184].

Better Prognosis

Finally, MSC therapy is widely correlated with decreased reported
pain and greater proportions of patients returning to normal
activity [226-228]. In human trials, MSCs have proven effective
at increasing regenerated meniscal volume [229]. More research
is necessary to delineate the level of significance of these findings
[230].
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Risks of Stem Cells

Unregulated Stem Cells

There are numerous risks involved with the use of stem cells. The
rise of illegal or misleading marketing of stem cells by unlicensed
clinics is problematic. The lack of oversight, training, and best
practices by these clinics can lead to serious issues; case studies
for stem-cell induced blindness, cancer, and multiorgan failure
leading to death have all resulted from unregulated stem cell
therapy [231-233].

Tumorigenesis

Mutations can be introduced into stem cell lines from their
resultant divisions or the method of pluripotency induction,
although this risk has been diminished with improved transduction
methods. Further, reprogramming factors can induce upregulation
of oncogenes and unchecked growth [234]. Accordingly, stem
cells carry the theoretical risk of malignant teratocarcinoma, a
form of cancer originating from germ cells [172], or other cancers,
although techniques have been demonstrated to reduce this already
low risk [235-237]. An incredibly limited number patients have
developed cancer caused by a meniscal therapy [233]. There have
been no reported resultant cancers from knee intraarticular stem
cell injections or from accredited and FDA-registered clinical stem
cell trials, further highlighting the importance of steering clear of
stem cell clinics [231,238,239].

Immune Rejection

Immune rejection or graft vs. host disease (GVHD) risks can limit
the therapeutic potential of stem cells and cause health issues, but
this concern is limited by HLA- (human leukocyte-associated)
matching or autologous donation. Stem cells also suppress
elements of the immune system, limiting GVHD risk. In fact, stem
cells can have potentially beneficial immunosuppressive and anti-
inflammatory effects [240].

Spreading to Other Structures

Concerns about the potential for stem cells to spread to other
structures have also been alleviated through experimentation. The
specificity of MSC differentiation and advances in integration of
MSCs at the site of injury can enable scientists to prevent MSC
spread to healthy structures [200]. However, broader multilineage
potential and general application can enable healing of other
damaged structures in the event of concurrent injuries or OA
[241,242]. Intraarticularly-injected fluorescently labeled MSCs
were only observed inside the knee joint using imaging, histological
assessments, and reverse transcription polymerase chain reaction
(PCR) [243]. This result shows stem cells do not spread to other
structures of the body when injected intraarticularly.

Failure to Improve Condition

The most common risk of stem cell utilization is a failure to improve
condition [192,244]. When MSC-assisted healing occurred, MSC-
regenerated tissues showed reduced tensile strength, loadbearing,
and resiliency to shear stresses when compared to healthy menisci
[18,237,245,246]. This result may be due to histological differences
and less order in repaired tissue [207,246,247]. Conversely,

MSCs improve regenerated tissue histology, organization, and
cell morphology compared to untreated tears [18]. The poor
mechanical properties of regenerated tissue or delicacy of MSC
assimilation with tears sites could contribute to the success of
short-term animal studies where the knees are immobilized, or
the failures of studies where stem cells significantly improve
short-term healing metrics but don’t significantly improve long-
term metrics [230,237]. Further studies could clarify which MSC
types and techniques lead to regenerated tissue with the greatest
similarity to natural meniscal tissue, leading to better mechanical
properties and long-term results.

As seen in Stem Cell Supporters, there are many mechanisms
used to improve the efficacy of stem cell treatments. However,
some factors limiting stem cell-induced healing merit further
consideration. For example, animal studies suggest obese, diabetic
autologous stem cells have decreased healing and angiogenic
capacity than stem cells from healthy donors [163].

The procedural aspect of stem cell injection carries its own risks,
which are the most likely complications of this procedure. These
include infection, bleeding, pain, tissue damage, nerve damage,
and misplacement of stem cells.

MSC Sources

The primary sources of MSCs for orthopedic use include bone
marrow (BM-MSC), adipose (AD-MSC), synovial tissue (ST-
MSC), peripheral blood-derived stem cells (PBSC), and the
meniscus (MMSC). To a lesser extent, dental tissue, tendons, and
the placenta (PL-MSC) have been considered for their orthopedic
benefits [157,183,248,274].

Bone Marrow

BM-MSCs are the originally discovered and most-studied MSC
[210]. Autologous harvesting requires bone marrow biopsy, which
often involves aspiration at the iliac crest or sternum and can be
very painful and invasive [198]. BM-MSCs can be isolated from
these bone marrow aspirations or bone marrow aspirate concentrate
(BMAC), formed through centrifugation. BMAC also contains
white blood cells and platelets in similar concentrations to PRP
[249]. BMAC limits in vitro cellular manipulation and provides
niche continuity, which has been suggested to increase MSC
efficacy [250]. BMAC also contains some cellular secretome,
which could increase its regenerative capacity [251]. An animal
experiment showed BMAC increased healing and collagen II
expression more than BM-MSCs, while BM-MSCs had higher
collagen I expression [207]. However, BMAC can contain variable,
low concentrations of BM-MSCs [252]. Difficulty in obtaining
BM-MSCs through this method could limit its therapeutic effects,
as research indicates optimal BM-MSC dosage as 10° cells/cm?
[237]. More experiments in BMAC’s orthopedic applications are
merited, especially comparing results from BMAC vs. BM-MSCs
with PRP or CM treatments.

Because of their frequent study, BM-MSCs have been highly
correlated with positive outcomes and many benefits of MSCs
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[247,253,254]. Chondrogenic differentiation potential is likely
higher in BM-MSCs compared to ASCs [255]. BM-MSCs
may not be ideal for meniscus repair due to their correlation to
cartilage hypertrophy and osteogenesis [256]. However, cartilage
hypertrophy can be limited through co-culturing BM-MSCs with
meniscal cells [248,257]. Co-cultures with MCs have also been
found to improve GAG, collagen types Il and I, and positive
gene expression (257-259). A very small percentage of bone
marrow cells are MSCs, and BM-MSC yield, and quality can
vary even from the same donor [260]. Furthermore, there is no
cell membrane protein completely differentiating these MSCs
from other bone marrow cells [260,261]. Finally, BM-MSCs have
longer duplication periods and reach senescence earlier than other
stem cells [261]. These factors have caused scientists to search for
effective alternatives to BM-MSCs [262].

Adipose Tissue

Another commonly used mesenchymal stem cell therapy in
orthopedic surgery is Adipose Stem Cells (ASC or AD-MSC).
These are capable of osteogenic, chondrogenic, adipogenic,
and neurogenic differentiation [209,263,264]. ACSs can be
autologously harvested using liposuction or subcutaneous
adipose tissue sampling, which is a somewhat invasive procedure
[179,263], and are easily expanded in vitro [209]. Isolation of
ASCs involves the formation of a cell pellet with collagenase and
centrifugation and culturing the cell pellet on plastic. Isolation
can also be done through fluorescence-activated cell sorting using
fluorescently tagged monoclonal antibodies binding to unique
expressed CD markers [209,264]. ASCs can be chondrogenically
induced through treatment with GF or conditioned media (CM),
enabling the production of collagen II and proteoglycan [264].
Some studies have suggested that AD-MSCs are more effective
at meniscus repair in autologous and allogenic purposes than
BM-MSCs [265]. ASCs are potentially more potent suppressors
of immune response than BM-MSCs [218,255]. Furthermore,
AD-MSCs are found to be more supportive of hematopoiesis and
angiogenesis than BM-MSCs [266]. Studies have confirmed the
integration of AD-MSCs in repaired tissue [267,268].

Synovial Tissue

ST-MSCs are promising for treating cartilage injuries, as they
originate from common cells during the development of synovial
joints [261]. These cells are capable of meniscal repair, as they
show integration at the tissue repair site and high capabilities in
enhancing collagen I and II deposition [200,206,242,269]. ST-
MSCs can be derived from non-articular surfaces of synovial
joints where synovial fluid is produced. However, due to the close
association of synovium with fat tissues, sample contamination
and attributing ASC properties to ST-MSCs could occur [183].

Peripheral Blood

PBSCs are isolated through apheresis, arguably providing the safest
and least invasive method for harvesting orthopedic stem cells
[197]. These treatments have successfully produced proteoglycan
and type II collagen; PBSCs have shown high success in cartilage
repair [270]. Furthermore, peripheral blood-derived progenitor

cells are suggested to provide similar differentiation potential
to other MSCs, although more studies are necessary for this
comparison [271]. Moreover, difficulty in isolating PBSCs means
these treatments concurrently contain granulocytes, erythrocytes,
and platelets. This may lead to unknown effects in intraarticular
injection and limit allogenic treatments [272].

Meniscus

MMSCs are progenitor cells found in cartilage [273]. These
cells can be treated to increase pluripotency, leading to their
use in tissue engineering for avascular meniscus tear treatment
[202,274,275]. MMSCs produce tissue mirroring hyaline cartilage
more effectively than other methods and have higher collagen
IT expression than BM-MSCs [202,254,276]. MMSCs improve
compressive properties and the gross morphology of regenerated
tissue [254]. Labeled MMSCs have been shown at tissue repair
sites, although their concentration decreased sharply over time
in the animal study [254]. Harvesting autologous chondrocytes
is highly invasive and requires removal of parts of the meniscus
[275]. Therefore, allogenic biopsies are generally used. This
method leads to an increased risk for immune rejection, although
studies have repeatedly shown a lack of adverse immune reaction
to these cells [248].

MSC-Associated Risks

There are some downsides associated with MSCs. Researchers
point to uncertainty in the properties of MSCs due to the difficulty
in completely determining differentiation potential and isolation,
which can introduce error [209]. Age, BMI, and gender can
impact MSC proliferation, protein expression, angiogenesis,
immunoregulation, and differentiation ability. The number of
MSCs in niches and the healing potential of these MSCs decrease
with age [260,277]. Obesity has been found to increase the risk of
stem cell tumorigenesis [210,220]. MSCs often require expansion
invitro due to low natural frequency in specific niches in vivo, which
is contrary to their natural behavior. This may introduce different
cellular characteristics or lead to differentiation before application
to an injured site, but advancements in culture methods help limit
this risk [184]. More research needs to be conducted to determine
if the effects of these factors merit allogenic donations for certain
patients. Contradictory reports have also been filed, claiming
MSCs exhibit tumorigenesis or tumor suppression [209,237].
However, current evidence suggests an extremely low probability
of getting cancer from stem cells [237]. The use of allogenic ASCs
induces antibody production in 19-34% of recipients. While MSCs
largely suppress immune response, effects of this cellular response
in meniscal repair are unknown [278].

Other Stem Cell Benefits

While this paper is designed to review how stem cells can be utilized
to heal torn menisci, intraarticular stem cell injection can also
provide beneficial latent functions. Experiments have demonstrated
MSC application to arthritic knees results in significantly reduced
swelling, cartilage depletion, inflammatory exudate, and arthritic
index [207,279]. Furthermore, MSCs can limit osteochondral
lesions, osteophyte formation, and articular cartilage degradation
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[280-282]. Therefore, MSCs have been correlated with reduced
OA progression, measured by decreased OA-associated signals,
increased joint space, and decreased articular cartilage damage
[197,202,254,283]. Conditioned media treatment might limit OA
more than direct MSC treatments, though [282].

The healing of concomitant ligamentous injuries can also be aided
by stem cell therapy, especially through its anti-inflammatory and
matrix regenerative properties, although further human trials are
necessary to confirm the positive results largely seen in animal
models [279,284,285]. Stem cells have also been suggested
to aid healing of wounds and decrease scarring response [286].
Therefore, patients that would normally be at risk for poor wound
healing with arthroscopic or open meniscal procedures could
additionally receive stem cells at their wound site for greater
stimulation of healing. Risk factors of poor wound healing where
patients could benefit from stem cell application include diabetes,
hereditary healing disorders or a history of keloid formation, and
an immunocompromised state [287].

Environmental Conditions

MSC environmental conditions during in vitro culturing can
influence their properties. Their development in hypoxic
conditions causes higher expression of angiogenic genes,
potentially attenuating the effects that aging has on MSCs [210].
Cyclic compression of BM-MSCs has been suggested to improve
mechanical properties, although it may concurrently decrease
viability and adhesion to scaffolding [201,245]. Cell perfusion,
involving a continuous change of culture medium providing
new nutrients and removing wastes from the culture, has also
been suggested to promote BM-MSC differentiation and protein
synthesis, although results have been mixed [201,245]. Dynamic
cultures in free-swelling conditions increase infiltration MSC and
collagen deposition, while static cultures have greater GAG levels
[288]. Co-culturing MSCs with meniscal cells (MCs) decreases
hypertrophic effects on cartilage [248,257]. Other effects of co-
culturing include increased GAG matrix content, collagen II
expression, and tissue generation [258,259]. Co-culturing with
outer MCs (MCO) or inner MCs (MCI) can further change the
properties of MSCs [259].

Tissue Engineering

Tissue engineering treats meniscus injuries through the application
of stem cells, signaling molecules, and potentially scaffolding
[189]. As discussed in current accepted treatments, scaffolds
have extremely variable composition. Studies are attempting to
determine the most effective scaffolding material, porosity, and
surface factors; more research in this area is especially needed
due to recent scaffold advances [196]. Loading scaffolds with
stem cells can increase its integration in healing menisci [247].
Tissue engineering can provide mechanical stability, enable
cellular infiltration and stabilization to the injury site, increase key
protein creation, and facilitate tissue repair [246,254,289,290].
Innovations recently included in some scaffolds include the
incorporation of GFs in scaffold structure to stimulate healing;
matrix degradation designed to enhance cell migration and tissue

integration; environmental factors that aid in chondrogenic
differentiation; and the ability to competitively inhibit degrading
protease activity [290,291].

Tissue engineering significantly increases tensile strength and
resistance to shear stress compared to scaffold-only treatments
[227]. The concurrent application of GF in tissue engineering
can increase stem cell activity. Studies show TGF-B3 application
in tissue engineering increases mature meniscus transcripts,
indicating greater differentiation, and enables more significant
GAG deposition [203,257]. TGF-B1 increases regenerated
tissue compressive properties, while BMP2 increases the size of
constructs without improving compressive properties [205]. Not all
growth factors are effective; for example, IL-1 supplementation
doesn’t result in significant histological differences and decreases
mRNA [258]. There have been failures in tissue engineering
experiments, frequently due to issues with determining proper
materials or creating scaffolds, which can survive the high-stress
environment of the knee [208].

Platelet Concentrates and Fibrin Clotting

PRP can augment MSCs in vitro and in vivo through combination
therapy. Stem cell cultures in PRP increased MSC proliferation
in a dose-dependent manner and enhanced differentiation
as measured by indicator protein production [292,294,295].
Combination therapy also enables greater stem cell potency and
differentiation [293]. Finally, in vivo stem cell and PRP treatments
lead to greater angiogenesis and tissue regeneration than isolated
therapies [296]. These effects are potentially due to the GFs found
in PRP, as culturing stem cells in isolated GF originally contained
in PRP caused greater differentiation, division, and stem cell
activity [295]. With a similar mechanism to PRP, MSC application
concurrently with fibrin clotting significantly increases healing,
angiogenesis, immune cell infiltrate, fibroblast proliferation,
deposition of collagen fibers, and total bonding to surrounding
tissues [204,208].

Conditioned Media

Conditioned media (CM) is a regenerative therapy that can be
used in concert with stem cells in vivo or in isolated applications.
CM is obtained by collecting the cell secretome produced by
cultured stem cells under specific protocols [297]. This secretome
includes cytokines, chemokines, growth factors (TGF-a, TGF-p,
HGF, EGF, IGF-1, VEGF, angiopoietin (ANGPT-1), etc.), ECM
proteins, exosomes, mRNA, and miRNA [215]. This therapy
increases and prolongs the concentration of beneficial components
of paracrine signaling found naturally in the body after injury
[298]. CM provides all the non-cellular components of stem cells,
which have been theorized to provide the main observed benefits
in injury treatment [298,299]. However, studies indicate long-
term healing is most achieved when CM is used concurrently with
MSCs [282]. With these concomitant stem cell treatments, CM
drives chemotaxis to the injury site and increases regeneration
capabilities [196,297]. CM can be readily produced, sterilized, and
stored [215]. More research is needed to determine the merits of
CM and the proper methodology for its production.
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Table 1: Animal modeling data for meniscal repair experiments [300,301].

. Source
Author(s), Animal, Cell Number Control Supplements 0}1 tco'm ¢ Measurements Results
Year Defect Model 5 Timeline
Method of Delivery
High expression MSC
markers, low expression
hematopoietic markers
Harvesting 4 or 12 weeks Greater clonogenicity
post-surgery and higher collagen 11
Flow cytometry determining  expression than BMCs
multipotent differentiation SDF-1/CXCR4 increases
666 human meniscus- potential. migration and adherence
. . . . Oil Red O, Alkaline of hMeSPCs to injured
6 F rats with removed derived stem/progenitor Identical PBS . .
Shen et al. K X .. SDF-1/CXCR4 Phosphatase, and meniscus, chemotactic
anterior half of medial cells (hMeSPCs) volume injected . .. L
[202] Lo . o . treatment Safranin O staining for effects limited by
menisci in both knees  Intraarticularly injected |in L knee .
. histology AMD3100
into R knee . .
Area assay for macroscopic | Intraarticular treatment
analysis increases tissue formation

Ink staining articular cartilage
Meniscal morphology with
TEM

4 weeks, reduces surface
irregularities, decreases
some OA markers

Rat meniscus heals in
control — require larger
animal models

Increased expression

. s collagen type II
Actlve}tlon or 1nh{b1t10n RT-PCR Inhibited OA expression
S hemi- LEAESE TS ol o Collection of whole menisci | pattern
Masafumi et al. . . BM-MSCs (2¢6) PBS injection | of Ihh, PTHLH, SAG, . .
meniscectomized rat . . . . . 2.,4,8 weeks Low integration of hMSC
[197] intraarticularly injected into L knee BMP2 in human MSCs ... o
models into R knee Human dermal Histology Greater activation of
fibroblasts (HDF) Immunochemistry chondrogenic genes
Insignificant
morphological changes
Greater integration of
undifferentiated than
differentiated stem cells in
Aoz .
6 Ovine menisci MSCs (.5€5 —2.0e5 Chondrogide, strgen th of :tegm cell/
fibrocartilage cylinders e P aaesllco collagen—scaffold roups
. gecy or differentiated) in Sponge, OSSIX PLUS Histological analysis & group
Pabbruwe et al. | (histology) " . Group 4: No . . . than others
. conditioned medium . . scaffolds Biomechanical testing . . Lo
[196] 6 Ovine whole intervention . . Lo Highest integration in
menisci with incision Group 1: Seeded Conditioned media Cell migration assay PN —
(biomechanical) pee el LG collagenous éhondro lide
Group 2: Cells only (differentiation) and I%ltra foam g
CICHRE R e Conditioned medium
from meniscus drives
chemotaxis regardless of
vitality
Meniscus score 1: 56%
return to previous level of
work, 44% return to work.
1 . 0,
24 Horses with Meniscus score 2:29%%
Jameness from return to previous level
e Comparison of work, 29% returned to
. ? with 2 . work, 42% fail to return
ﬂiif:slg:ilby Autologous BM-MSCs  published, peer SCC}(l)arrelge T V8PS to work.
. . injected intraarticularly |reviewed studies . . Meniscus score 3: 25%
Ferris et al. 9 horses with . Graded severity of lesion .
. 1.5e7 — 2e7 cells per describing return None . return to previous level of
[299] meniscus score 1, 7 Degree of return to previous

horses with meniscus
score 2, 8 horses with
meniscus score 3, 9

horses advanced joint

disease

joint 3-4 weeks after
stifle arthroscopy surgery

to function after
routine stifle
arthroscopy and
treatment

level of work

work, 37% return to work,
37% fail to return.
Advanced joint disease:
45% return to previous
level of work, 22% return
to work, 33% fail to return.
Significant differences

for all conditions with
returning to work
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Ferris et al.
[299]

12 mice with induced
meniscal defects

Equine BM-MSC and
fibrin glue-infused
meniscal construct
inserted

Fibrin glue-
infused meniscal
construct
inserted

Equine fibrin forming
fibrin glue

Meniscal constructs
from equine menisci

Harvesting constructs after
4 weeks

Gross observations
Histology

BM-MSC constructs have
increased vascularization,
decreased thickness of
repair system, increased
total bonding

Abdel-Hamid
et al. [204]

8 dogs with inflicted
longitudinal meniscal

injury

Autologous BM-MSCs
and clotted autologous

bone marrow added to

wound

Only autologous
clotted bone
marrow added to
wound

Clotted bone marrow

After 3 weeks observe
clinical signs for healing,
remove meniscus after 12
weeks

Histological and
immunohistochemical studies
Degree of healing

Statistically significant
increase in complete
healing, angiogenesis,
immune cell infiltrate,
fibroblast proliferation,
deposition of collagen
fibers in BM-MSC group

Nerurkar et al.
[288]

Application of cells
harvested from calves
to scaffolds

le7 BM-MSCs applied
to both sides of scaffold
Dynamic culture —
incubated in orbital
shaker, Transient
dynamic culture —

Application le7
cells to both
sides of scaffold
Static culture

— incubated in

Electrospun
nanofibrous scaffold

Analysis at 12 weeks
Mechanical testing
Histology and quantification
of infiltration

Dynamic culture has
highest rate of infiltration,
transient dynamic culture
has most even infiltration
GAG levels highest in
static culture

Dynamic culture

incubated in orbital free-swell, R
has highest collagen
shaker and free-swell .
production
Successful adipogenic,
Lo osteogenic, and
TGF-B1, IGF-I, or Gross morphology differentiation
Sanchez- .. from goats . .
Application to . . . BMP-2 Histology and Self-assembled tissue
Adams et al. . . Adipogenic, osteogenic, None . . .
[205] chondrogenic medium or Self-assembled tissue | immunochemistry contructs upregulate
. construct Biochemistry collagen type 1T
chondrogenic . . .
. T . Compressive testing TGF-B1 increases
differentiation . .
compressive properties,
BMP2 increases size
Group 1 (12 rabbits):
Short lesion anterior
horn of meniscus, Significant increased
immediate suture healing in groups A, C
Group 2 (8 rabbits): indicating greater efficacy
e .anterlor le5 ACSs harvested . . Gross morphology Wlth.leSS delay .
. , horn of meniscus, 3 . Matrigel with no . A Significant healing of
Ruiz-Iban et al. from rabbit fat pads put A . Evaluation of repair with
week delayed suture . L . ASCs instilled in None treatment vs. control
[267] . in gel and instilled in . probe e
Group 3 (12 rabbits): - lesion . No vascularization —
lesion Histology

Larger, longitudinal
lesion immediate suture
Group 4 (8 rabbits):
Larger, longitudinal
lesion, 3 week delayed
suture

lesions created in avascular
zone

Confirmed descendants of
ASCs at healed area

Shen et al.
[254]

9 rabbits with partial
meniscectomy

Autologous BM-MSCs
(6¢6) intraarticularly
injected into right knee
1 and 2 weeks post
meniscectomy

PBS injected
into left knee

TGF-B1 in vitro

Evaluation 4,8,12 weeks
TEM

Cell labelling and detection
Histology

Radiographic evaluation
Immunohistochemistry
RNA isolation and
RT-PCR

Biomechanical evaluation

Significant increase of
neo-tissue, better defined
shape, higher collagen II
expression

Resultant gross
morphology from
experimental group similar
to normal menisci
Labelled BM-MSCs
contribute to regeneration,
decrease sharply over time
Greater compressibility
than control

Inhibit progression of OA
by increasing joint space
width and decreasing
surface cartilage damage
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Angele et al.
[247]

18 rabbits with medial
partial meniscectomy

18 Scaffold loaded with
autologous BM-MSCs
implanted (2.5e6 cells
seeded)

12 Contralateral
scaffolds without
BMSCs

6 Untreated
defects

Hyaluronan/gelatin
composite scaffold
TGF-B1

Harvesting 12 weeks
Gross assessment of joint
tissue morphology
Histology
Immunohistochemistry
SEM

Extremely limited healing
in untreated — generated
tissue had no collagen II,
limited fibrocartilage
Total integration of
implant with BM-MSCs,
54% empty scaffold
integration

Significant cartilage
regeneration, greater cross-
sectional width BM-MSC
loaded scaffolds
Histological structure

less ordered than normal
meniscal tissue

Group D: non-
precultured BM-MSCs
injected into scaffolds,

Group A: Empty
defect

Harvesting 12 weeks

Group E significantly
greater healing
Group D cells don’t

66 ra?bblt's, 4 mm . implanted into meniscal |Group B: Hyaluronan/gelatin Jq1nt morphology 51gn}ﬁcantly change
Zellner etal.  longitudinal tears in . . Histology healing
tears Meniscal suture |composite scaffold . .
[246] avascular zone of pars Immunochemistry Group E has higher
. . Group E: precultured Group C: PRP  |PRP . . .
intermedia L . Meniscus Scoring collagen II expression
BMSCs injected into and unseeded . . . s
: . Biomechanical analysis 1.3 N dividing BM-MSC
scaffolds, implanted into |scaffold ..
imeniscal tears scaffold treatment menisci,
3 N for healthy meniscus
Integration of BM-MSC
derived cells in healed area
Similar Aggrecan,
. 30 rat meniscal BM-MSCs (2¢5) seeded Sc.affolds Cglture for 1,2,4 weeks collager} X, GADPH gene
Yamasaki et al. scaffolds loaded with | into evacuated rat without cells None Histology expression to normal
[192] cultured RT-PCR menisci, depressed

autologous cells

meniscal scaffolds

Normal menisci

Measurement of stiffness

collagen II gene expression
Stiffness of culture
approximates normal
menisci after 2 weeks

GFP-labelled rat
BM-MSCs cultured

GFP-labelled

Analysis 4 weeks
Gross morphology

GFP shows mobilization
of injected BM-MSCs to
ACL at concentrations of
le6 and greater, to menisci

32 rats with transverse . rat BM-MSCs Fluorescent microscopic at concentrations of 1e7
Agung et al. L in TGF-B3 and . .
ACL incisions and .. not cultured in | TGF-$3 observation and greater
[241] . . dexamethasone injected . . . .
medial menisci . . TGF-B3 and Immunohistochemical Scar tissue observed in
intraarticularly (1e6 and . o .
T T—— dexamethasone Histology 63% le7 knees, not in 1e6
RT-PCR ECM positivity around
GFP cells indicates tissue
regeneration
Significantly more
uniform, organized healing
of menisci with SMSCs
Limits osteochondral
Hatsushika et rljrrizt)l:;tcs) fw afe Intraarticular injection  |Intraarticular BMP-7 g:;::si\t/}r;fptélzo’;g’zét WERS ;c;iilglrllls;rbce:;;zﬁfgzserves
[ anteromedial menisci BRI LiScECERESRS JOS (3 Histology SMSC:s lead to faster
recovery but not significant
difference in size in 6
months
Naturally higher number
. + 1
Group 1: 5¢5 CD34 Harvest 4 weeks of CD34/CP146 posmye .
12 rats given cells Histolo cells in peripheral menisci
Osawa et al. et . Group 2: 5e5 CD146+ £y Fetal CD34 and CD146
reproducible oblique Group 4: PBS  None Immunofluorescence . .
[194] cells positive cells recruited

medial meniscus tear

Group 3: 5¢5 CD34- and
CD146- cells

Chondrogenic, osteogenic,
adipogenic assays

to meniscal repair sites,
contribute to meniscal
repair
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Qi et al. [268]

18 rabbits with

anteromedial partial

meniscectomies

Group 1: Intraarticular
injection autologous
Superparamagnetic iron
(SPIO) labelled ASCs
(2e6)

Group 2: Intraarticular
injection autologous
unlabeled ASCs (2¢6)

Group 3:
Intraarticular
injection saline

None

Analysis 6,12 weeks
MRI

Gross observation
Histology

Anterior meniscus
histologically similar to
normal tissue with good
integration

ASCs associated with
regenerated tissue.

Less tibial plateau damage,
cartilage damage, and
osteophyte development in
ASC groups

36 goats horizontal

Group 1: Single suture,
wrapping collagen I/I11
membrane around tear

Sacrificed 3,6 months

Highest OA scores
collagen membrane only
Collagen membrane

Jiilke et al. Group 2: Single suture, |Control: Single | Porcine collagen I/I11 . . has greater healing, cell
tear avascular zone of . . Gross inspection
[282] . . wrapping collagen I/IIl  suture membrane wrapping . response 3 months
medial meniscus Histology
membrane around tear Collagen membrane and
with injected autologous cells have greater healing,
articular chondrocytes cell response 6 months
Tendon seeded with
Tendon and MSC group: Evaluation 2,4,8 weeks SMSC:s fully integrated
SMSC solution (1e6/ Macroscopic observation after 8 weeks, still
115 s sl mL) applied to harvested Unireated . Histology ' identifiable b(.)rde.r
. . autologous Achilles Achilles tendon Immunochemistry Coarse synovial tissue fills
Ozeki et al. meniscectomy . . groups: No . . . . .
. tissue grafted into defect. graft (labelled with In Vivo Bioluminescent defect in control
[242] (anteromedial cells or tendon . . . .
. Tendon group: . Luciferase, LacZ, GFP) Imaging Greater histological scores,
meniscus) grafting

Harvested autologous
Achilles tissue grafted
into defect

Detection LacZ
Fluorescent examination
Flow cytometry

type II collagen tendon
with SMSCs
No detection of cells in
other regions

Nakagawa et
al. [18]

15 micropigs
Longitudinal tear

lesion medial menisci

SMSC (2¢7) suspension
placed on meniscal
lesion, sutured

Suture with no
cell addition

None

Evaluation 2,4,12 weeks
Macroscopic observation
Histology
Immunochemistry

TEM

MRI Tl1rho mapping
Biomechanics

Cell tracking

Full or partial healing
SMSC, little healing
control

T1rho SMSC approaches
that of meniscal cells
More organization, similar
cell morphology to normal
meniscus

Increased tensile strength,
half of normal meniscus

Whitehouse et
al. [237]

30 sheep with induced

meniscal tear in
avascular region

Group 1: 1e6 autologous
BM-MSCs and scaffold
with 48 hours incubation
Group 2: Scaffold only
Continuous perfusion
and mechanical
stimulation I group (1
time/day, 8 h/time),
continuous perfusion and
mechanical stimulation
II group (4 time/day, 2 h/
time, 4 h rest)

Suture only
group

Collagen meniscus
scaffold
Osteogenic

or adipogenic
supplements

Harvesting at 13,24 weeks
Assessment histological
analysis and
histomorphometry

Significant better outcome
with MSC and collagen
scaffold after 13 weeks

No animals experience
complete healing after 24
weeks — early repair unable
to survive loadbearing
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Table 2: Human data for meniscal repair experiments [300-302].

q Source
AU, GRS Cell Number Control Supplements L Results
Year Defect Model . Measurements
Method of Delivery
Visible meniscal healing; decreased
Pak et al. | F, Grade IT Meniscal Al.ltolf)gous A.I)-MCS.S EREN MRI/3 months . . FRI, VWI, extension V.AS, flexion
Injection medial inferior None . 7 Symptom questionnaires ' VAS; decreased extension degree,
[226] Tear . acid, CaCl .
retropatellar joint at 6,12, 18 months increased
flexion degree
VAS questionnaires and
.. FRI questionnaires before
PRP, containing . . .
PDGFs. TGFs procedure, 1, 3 months Significant increased meniscal and
Centeno et | 1 M, degenerative Autologous BM-MSCs None FGFs l,L PL ’ Range of motion before  femoral cartilage volume
al. [227] joint disease 2.24¢7 cells ( iver’l 0 ’1 2 procedure, 1, 3 months  FRI and VAS steady decrease
vfeeks) T Imaging with NEX, TR, TE | Slightly increased flexion and extension
Image processing
articular cartilage volume
. . . Sup erolatejral e Sodium Sequent%al MRI 1maging Significantly increased meniscus
Vangsness et |55 patients with partial of allogenic MSCs Sequential evaluations of
. hyaluronate ~ None L volume 24% Group A, 6% Group B,
al. [229] meniscectomy Group A 5e7 cells . clinical outcomes 2 year
vehicle control . 0% control
Group B 1.5¢8 cells intervals
Assessment 21
ﬁayserlz/rlzn;lsiial :Irll: Co-culture MC MSC at 75:25 yields
BM-MSC co-cultured Total MSC ezpressi(l))n g highest collagen type I and GAG
Cui et al. Chondrogenic media | with mature MC at Cultured with or p production, lowest levels hypertrophic
. . . control, Total | . Morphology
[257] pellets varying ratios (100:0, MC control without TGF-$3 Histoloey and genes.
75:25, 50:50, 0:100) . gy and Groups treated with TGF-B3 have
immunochemistry of "
greater GAG deposition
proteoglycan and collagen
ECM
Biochemical
assays for. DNA, Histology indicates growth and
3D aqueous- glycosaminoglycans, . o
derived silk collagen (il
Mandal et al. Applied directly to 8e5 BM-MSCs added to | Non-seeded 3 . g Significant increase collagen and sGAG
. scaffolds with Histology ; .
[203] silk scaffolds each of 3 scaffold layers scaffold layers — RT-PCR uniformly in scaffold
TGF-p3 Conofocal and SEM S1gmﬁgant increase in mature meniscus
. . transcripts TGF-$3
imaging
Mechanical testing
Greater GAG matrix content and
. increased tissue for all samples
4 human menisci No significant differences of DNA
harvested from total  BM-MSCs cultured with Monocultures Assessment 3 weeks con teﬁ PR —
Saliken et al. knee replacements outer MC (MCO) or Cultured with qRT-PCR & .
. . . MCO, MCI, . . . Collagen II expression increases
[259] Tissue removed from inner MC (MCI) in 1:3 TGF-B1 Biochemical analysis o .
outer or inner regions  ratio BM-MSC Histochemical analysis throughout, significant with co-cultures
of meniscus ¢ g of MCO:MSC
Greatest [hh and MMP-13 expression
MCL:MSC
Pure primary %élg Ezd with Assessment 17 days IL-1B doesn’t result in significant
Chowdhu Chondrogenic media Co-cultures of MCs and ' MCs or pure Culture d with Histological, histological differences, decreases
ol g BM-MSCs microfuged \BM-MSCs . biochemical, RT-PCR for mRNA expression
etal. [258]  pellets . . or without .
forming pellet microfuged R aggrecan, sox9, MMP-1, |Co-culture increases GAG, collagen,
forming pellet (IL-1B) collagens I and II and other positive gene expression
Optimal dosage BM-MSC 10° cells per cm
e sesloystaal ermelbat el No indicators of turporlgemclty
T W— through anchorage-independent colony
4 M and 1 F with low | Autologous BM-MSC Tumorigenici formation method
Whitehouse | energy, acute, isolated + scaffold with 6 hours Collagen meniscus & v Three patients required no further treatment.
4 . . . . None assessment .
etal. [237]  medial meniscal tears |incubation after seeding, scaffold Teener and Lysholm Two patients developed recurrent
in avascular zone le6 cells s Y . symptoms at 15 months posimplantation
peoa e soo Ry causing partial meniscectom
(ROM), IKDC EP Y

Failure groups had slightly lower Tegner-
Lysholm, ROM and same IKDC scores.
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31 F with grade 11T Intraarticularly injected PRP derived from Significant pain relief, improved range
Mahajan et tear of medial and autologous BM-MSCs None peripheral blood Follow-up 1 mo of motion, return to normal activity,
al. [228] lateral menisci, high- | (5¢8 — 5¢9) and AD- concomitantly P improved grade of injury for meniscal
grade ACL tear MSCs (1.6e9-4¢8) injected tear
Polyurethane . . . .
17 patients with past Polyurethane scaffold Acflelllxlrli?;ane meniscal scaffolds | MRI evaluation 3,6,9,12 gllz;gl?églc Zr;tg;r;cr::z\s:ﬂlln ;;?iﬁfr’
Olivos et al meEiscectomies ’ group seeded with Is)caéold LSS Ll Lo T S cartilage reservgation z,md knee scores
[230] ’ P —— peripheral blood MSCs s 6 weeks removed | Clinical evaluation be tweegn groups ’
concomitant ACL .(267) Wlﬂ.l E R arthroscopic 3-4x per day .for LSO, LLBC, Iyt id MSC treatment more successful in
implantation . - range of motion  scores T
implantation exercise short-term, negligible in long-term
aBSlso:hseglrc]z;IN A Histology indicates growth and
yS 10 i differentiation
3D aqueous- e T Significant increase collagen and sGAG
Mandal et al. Silk scaffold in vitro 8¢5 BM-MSCs added to Non-seeded 3 Loy Sllk. cqllagen uniformly in scaffold
. scaffolds with Histology . .
[203] testing 3 scaffold layers scaffold layers — RT-PCR Presence of mature meniscus transcripts
TGF-B3 Conofocal and SEM S USI e .
imagin Greater compressive modulus for
Me fhar%ical st seeded scaffolds due to deposited ECM
Future Perspectives 6. Brindle T, Nyland J, Johnson D. R, et al. The meniscus:

Stem cells are a promising therapy for meniscal repair. In animal
studies, stem cell application can improve morphology [18,2
04,241,246,247,254,267,268,280,304], mechanical properties
[196,254,304], histology [18,192,197,202,241,246,254,267,30
4], and limit OA progression [197,202,254,268,280]. However,
drawing conclusions based on these findings is difficult, as the
experiments vary widely with the type of animals, meniscal tears,
stem cells, and supplements used. Furthermore, procedure variance
and differences between animal and human knees can cause issues
when projecting stem cell meniscal repair success for humans.
In human studies, stem cells have also been correlated with
improved morphology [226-229], mechanics [227,228], histology
[202,293,257-259], and reduced pain and adverse symptoms [226-
228]. However, these human studies are often limited in sample
sizes and follow-up time with patients. Ultimately, more studies
are required to find the optimal type of stem cell and procedure for
meniscal tear repair and to prove statistically significant, long-term
healing of the meniscus because of stem cell administration.
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