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Abstract

Purpose of Review—NMeniscus injury often leads to joint degeneration and post-traumatic
osteoarthritis (PTOA) development. Therefore, the purpose of this review is to outline the current
understanding of biomechanical and biological repercussions following meniscus injury and how
these changes impact meniscus repair and PTOA development. Moreover, we identify key gaps in
knowledge that must be further investigated to improve meniscus healing and prevent PTOA.

Recent Findings—Following meniscus injury, both biomechanical and biological alterations
frequently occur in multiple tissues in the joint. Biomechanically, meniscus tears compromise

the ability of the meniscus to transfer load in the joint, making the cartilage more vulnerable to
increased strain. Biologically, the post-injury environment is often characterized by an increase in
pro-inflammatory cytokines, catabolic enzymes, and immune cells. These multi-faceted changes
have a significant interplay and result in an environment that opposes tissue repair and contributes
to PTOA development. Additionally, degenerative changes associated with OA may cause a
feedback cycle, negatively impacting the healing capacity of the meniscus.

Summary—Strides have been made towards understanding post-injury biological and
biomechanical changes in the joint, their interplay, and how they affect healing and PTOA
development. However, in order to improve clinical treatments to promote meniscus healing and
prevent PTOA development, there is an urgent need to understand the physiologic changes in the
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joint following injury. In particular, work is needed on the /n vivo characterization of the temporal
biomechanical and biological changes that occur in patients following meniscus injury and how
these changes contribute to PTOA development.
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Introduction

The menisci are a pair of crescent-shaped, concave, fibrocartilaginous tissues that sit
between the femoral condyles and tibial plateaus. Once considered vestigial structures, the
menisci are now known to be important for maintaining joint health and stability [1, 2].
Meniscus injuries are extremely common, with over 850,000 meniscus surgeries performed
each year in the United States and approximately 2 million worldwide [3, 4]. Patients

with minor meniscus tears are 3-times more likely to develop post-traumatic osteoarthritis
(PTOA) than patients with healthy menisci, and the number increases nearly 8-fold in
cases of severe meniscal damage among individuals 50-79 years old [5]. However, the
factors that contribute to PTOA development still remain unclear. Therefore, the purpose
of this review is to outline the current understanding of biomechanical and biological
repercussions following meniscus injury and how these changes impact meniscus repair and
PTOA development. Moreover, we identify key gaps in knowledge that must be further
investigated to improve meniscus healing and prevent PTOA.

Role of the Menisci in the Joint and Post-Traumatic Osteoarthritis (PTOA)

Development

Functionally, the menisci provide joint congruity, promote stability, and serve to transmit
and distribute loads between the femoral and tibial cartilage surfaces [2, 6]. During joint
loading, the menisci are compressed, and due to the concave shape of the tissue, a horizontal
component of this force is exerted radially on each meniscus [2, 7]. This outward radial
stress is countered by inward pull from the posterior and anterior horns that anchor the
menisci to the tibial plateau via the meniscal roots (Figure 1A). The menisci are primarily
comprised of circumferentially-oriented collagen fibers with interwoven radial fibers. This
ECM structure provides resistance to compressive, shear, and tensile forces, allowing the
menisci to stabilize the knee under various loading conditions [2].

Combined, the medial and lateral menisci increase the tibiofemoral contact area by over
50%, as compared to a joint without meniscal tissue [8]. Expanding contact area allows
for greater congruency between the femoral and tibial joint surfaces, distributing load, and
ultimately decreasing contact stress on the articular cartilage [9]. One study utilizing a
cadaveric model with thin film pressure sensors found that the medial meniscus transmits
between 40 and 80% of the load across the knee [10]. Furthermore, an /in vivo study using
magnetic resonance (MR) imaging found that in healthy knees, cartilage covered by the
medial meniscus experiences significantly less strain in response to dynamic activity than
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the adjacent uncovered cartilage [11]. This highlights the importance of the menisci in
maintaining normal cartilage loading and cartilage health [5].

Meniscus lesions can be classified as either degenerative or traumatic. Degenerative
meniscal tears involve progressive erosion of the tissue, while traumatic tears are the result
of acute knee injury and are more common in younger, athletic populations [12]. Tears are
classified according to injury morphology (Figure 1B). Meniscal tears that occur parallel to
the tibial plateau are referred to as horizontal tears, while tears that occur perpendicular to
the tibial plateau are referred to as vertical tears [13, 14]. Vertical tears can either be radial,
meaning they occur across the circumferential fibers of the meniscus [15], or longitudinal,
meaning they develop along the circumferential fibers of the meniscus [16]. Flap tears
typically progress from either vertical or horizontal tears when a portion of the meniscus
partially detaches or folds over [13, 14]. Bucket handle tears are longitudinal tears that form
in either the body of the meniscus or at the periphery of the body and posterior horn and
flip or fold over into the central aspect of the knee, resembling a bucket handle attached at
the anterior and posterior aspects [17]. Meniscus root tears occur at or within 1 cm of the
meniscus root attachment and are most commonly radial tears [18]. Finally, complex tears
exhibit two or more tear patterns simultaneously [13, 14]. Complex and horizontal tears tend
to be degenerative, while vertical tears occur more frequently as a result of acute injury

[19, 20, 21]. Furthermore, medial meniscus injuries are approximately three-times more
prevalent than lateral meniscus injuries, possibly due to the fact that the medial meniscus is
more firmly attached to the joint [1, 22, 23].

Treatments for meniscal tears include: non-operative management, meniscal repair, or partial
meniscectomy [24]. Clinicians typically assess patient factors (e.g. age, joint health, and
comorbidities) along with characteristics of the tear (e.g. location and severity) to determine
which approach is best for a given injury. While for many years meniscectomy was standard
practice, research has since highlighted the role of the menisci in load distribution and

joint stability. Furthermore, in the long term, meniscectomy leads to PTOA development [5,
24]. Thus, treatment approaches have shifted to prioritize the preservation of the menisci.
Repair of tears located in the vascularized outer zone yield the highest success rates and
most significant improvements to patient-reported outcomes [25]. In contrast, tears in the
avascular inner zone of the menisci demonstrate limited healing [26, 27]. When meniscal
repair surgery is not feasible or fails, partial meniscectomy is often the next best option

[28]. However, while partial meniscectomy yields short-term improvements in symptoms
and pain, even a small loss of meniscus tissue may lead to long-term increases in cartilage
degradation and PTOA [29, 30, 31]. Of patients who undergo meniscectomy, about 50% will
develop PTOA within 10-20 years, a relative risk ten-times greater than a healthy reference
population [31]. Likewise, a failed meniscus repair is associated with a five-fold increased
risk for PTOA development [32¢].

Biomechanical Changes Following Meniscus Injury

One of the proposed links between meniscus injury and PTOA development is altered
joint biomechanics resulting from meniscus injury. Significant damage to or loss of the
meniscus can greatly impact the ability of the tissue to resist deformation and transmit
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load [33, 34]. For example, cadaveric studies have estimated that removal of the medial
meniscus can increase contact stress between the articulating cartilage surfaces by 100%
and that removal of the lateral meniscus can increase contact stress by 200-300% [35].

The resultant biomechanical changes due to meniscus injury occur through a variety of
avenues, ranging from altered mechanical properties of the meniscus to abnormal joint-

and tissue-level loading [36, 37, 38]. Additionally, the heterogeneity of meniscus injuries
makes it difficult to identify a single set of characteristic biomechanical changes post-injury.
However, several joint changes are commonly reported following meniscus injury, including
increased meniscus extrusion and increased peak contact pressures [38, 39, 40].

Meniscus extrusion, traditionally measured as the distance the meniscus protrudes beyond
the tibial plateau, is often associated with meniscus injuries and progressive joint
degeneration. When a meniscus is torn or injured, stress along the circumferentially-oriented
collagen fibers, referred to as hoop stress, is disrupted, making the meniscus more
susceptible to extrusion [41, 42]. Using MR imaging, investigators have found that meniscal
root tears and severe tears to the body of the meniscus are predictors of abnormally high
extrusion [39, 43, 44¢]. Meniscus extrusion may be problematic because it leaves the
articular cartilage more susceptible to higher contact stresses. Furthermore, several studies
have found that meniscus extrusion is significantly greater in knees with osteoarthritis (OA)
compared to healthy control knees [42, 45, 46].

Changes to the local mechanical environment of the menisci and articulating cartilage
surfaces are also commonly reported following meniscal injury. These changes may be

due in part to meniscus extrusion leading to decreased joint congruity and increased
cartilage-to-cartilage contact [39, 42, 45]. However, even in the absence of extrusion, the
local mechanical environment is altered due to a decreased ability of the meniscus to resist
deformation and transmit load when injured [33, 34]. Cadaveric studies using thin film
pressure sensors show that partial tears of either the medial or lateral meniscus can result

in significant increases in peak contact pressures [38, 47]. Similarly, in an ex vivo large
animal model, destabilization of the medial meniscus results in significant increases in peak
contact pressures and decreases in contact areas 1 month after injury [48<]. While these
studies provide valuable information, it is difficult to translate ex vivo models of loading to
in vivo conditions; therefore, studies characterizing /7 vivo changes in the biomechanics

of the joint following meniscus injury are needed. One such /n vivo study utilized a
combination of biplanar radiography and MR imaging to compare cartilage contact strains
between healthy and injured knees in patients with a unilateral medial meniscus tear

[49]. Specifically, this study found increased contact strains in both the medial and lateral
compartments of the injured knee compared to the healthy knee [49]. Additionally, a recent
in vivo study used pressure sensors to measure the intraoperative peak contact pressure
differences between meniscectomized and allograft-implanted knees [50]. After the allograft
was implanted, the mean peak contact pressure decreased by 19% [50]. These results
indicate that meniscal injuries are likely to produce a mechanical environment characterized
by decreased tibiofemoral contact areas, increased peak cartilage and meniscus stresses, and
increased cartilage strain and meniscus deformation.

Curr Rheumatol Rep. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bradley et al.

Page 5

Current rehabilitation strategies after meniscal surgery vary widely depending on the type

of meniscus tear and the strategy recommended by the surgeon and physical therapist.
Important considerations of post-operative care are the extent to which knee flexion and
weight-bearing should be allowed and the timing of these activities [51]. These decisions are
hindered by the lack of data describing how the meniscus is loaded /7 vivo, thus making it
difficult to know what activities are beneficial or detrimental. These factors play a critical
role in the success of rehabilitation programs due to the role that mechanical loading plays
in meniscus healing [52]. Understanding how the meniscus is loaded /7 vivo and finding
loading regimes that maximize healing potential is crucial to the success of meniscus repair
and prevention of further joint degradation.

Loading of meniscus tissue may be beneficial for repair [52, 53<]. However, the meniscus

is subjected to a variety of mechanical loads [52]. During activities of daily living, the
magnitudes of these loads vary both temporally and spatially throughout the meniscus.
Furthermore, the meniscus is heterogeneous, with cell types, ECM structure, and vascularity
varying substantially throughout the tissue. Thus, it is difficult to identify a precise

loading regime that optimally promotes healing. There have been significant strides made
towards accomplishing this goal through understanding how mechanical loading influences
inflammation-related tissue degradation [53¢]. There is evidence to suggest that static
loading and high levels of strain promote breakdown of the ECM ex vivo and in vitro

[54, 55]. In contrast, numerous studies show that certain levels of cyclic loading may
actually stimulate meniscal repair through reduction of pro-inflammatory mediators and
increased anabolism [53¢, 56, 57, 58, 59, 60, 61, 62, 63, 64]. Therefore, it is thought that
dynamic loading within an appropriate range of magnitudes, frequencies, and durations
may enhance repair, while loading outside this range may inhibit repair and promote
meniscus degradation. However, it is difficult to translate ex vivoand in vitro mechanical
and biological conditions to the /n vivo joint environment. Thus, there is a significant

need for more /n vivowork to clarify the relationship between loading and inflammation
and determine optimal bounds for loading conditions to promote healing. This work is
particularly important in an injured population where disruption to normal loading of the
knee potentially leads to hyperphysiologic strain and presents inherent challenges to the
repair of the meniscus. To this point, in a meniscus-injured population, Carter et a/. found

a correlation between cartilage strain and total matrix metalloproteinase (MMP) activity,

a biomarker related to ECM catabolism. This indicates a significant link between in vivo
cartilage and meniscus mechanical function and the catabolic response within the joint [49].
However, much work still remains to determine optimal loading regimes to promote healing.

In addition to the interplay between biological and biomechanical factors following injury,
there is also a feedback cycle between OA and meniscus health (Figure 2). In individuals
with knee OA, changes to gait patterns are common and may include reduced range of
motion, increased ground reaction forces, and increased knee adduction moments, which
are likely to place abnormal stresses on the menisci [65, 66, 67]. In addition to joint level
changes, tissue mechanical properties are likely to deteriorate with OA as well. In particular,
articular cartilage with OA is less resistant to compressive loading and takes longer to
recover from mechanical loading compared to healthy cartilage [68, 69]. Furthermore, a
recent study using finite element analysis modeled alterations in cartilage geometry and
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mechanical properties consistent with medial compartment knee OA and found that hoop
stresses increase significantly in the posterior region of the medial meniscus [70]. Other
studies have shown that meniscus mechanical properties are also altered by OA status [71,
72]. These findings are consistent with prior studies reporting that degenerative meniscal
tears are associated with previous OA diagnoses and that OA-driven mechanical changes
may contribute to degenerative meniscus tears [73, 74]. These changes may further inhibit
meniscus healing, thereby causing a feedback cycle between meniscus injuries, healing, and
PTOA.

Biological Changes Following Meniscus Injury

In addition to biomechanical changes, there are also biological changes in the joint
following meniscus injury. An elevated and prolonged inflammatory response is commonly
associated with a meniscus injury. Within the first 24 h following an acute knee injury,
concentrations of interleukin (IL) -1, IL-6, and tumor necrosis factor-a (TNF-a) are
increased in the synovial fluid [75]. In patients 3 or more months post-injury, concentrations
of IL-6, IL-8, TNF-a, and IL-10 are higher in injured knees compared to normal

knees, while IL-1 receptor antagonist (IL-1Ra) and IL-1p are significantly lower [76].
Interestingly, concentrations of IL-6 continue to be elevated 12.5-fold at 18 months post-
injury [77¢]. By comparison, in a surgically-induced longitudinal tear model in rabbits,
IL-1a immunostaining of the femoral surface of the meniscus peaks within 24 h of surgery
and decreases rapidly between 14 and 28 days [78]. Consistent with this finding, prior work
shows that the IL-1a isoform is more prominent in early inflammation compared to IL-1p
[79, 80]. Despite not displaying the same longevity in the injured joint compared to other
inflammatory cytokines, IL-1 inhibits /n vitro integrative meniscus repair more potently
than TNF-a at equivalent concentrations [80]. Furthermore, an acute 3-day exposure

to physiologic concentrations of IL-1a has long-lasting effects, causing catabolism of
meniscus tissue and preventing meniscus tissue repair for at least 28 days [81].

These inflammatory cytokines are prominent regulators of numerous catabolic enzymes,
including MMPs. The collagenases MMP-1, MMP-8, MMP-13, and membrane type 1 MMP
can cleave the intact triple helical collagen fibrils into one-quarter and three-quarter length
fragments [82], which are subsequently degraded by other MMPs, such as MMP-2 and
MMP-9 [83]. MMPs are upregulated following meniscus injury [84, 85]. In addition, they
are also mechanically-regulated [86] and dose-dependently increased by IL-1 [87, 88]. Total
MMP activity is increased approximately 25-fold in the synovial fluid of knees with a
meniscus tear compared to control knees [89]. Additionally, in patients with a meniscus
injury, there is a positive correlation between cartilage strain during weight-bearing knee
flexion in the injured knee and total MMP activity in the synovial fluid [49]. Total

MMP activity is also positively correlated with levels of the pro-inflammatory mediator
prostaglandin E2 (PGEZ2) in the synovial fluid of meniscus-injured knees an average of

10.8 weeks from injury [81]. Likewise, synovial fluid PGE2 concentrations are elevated
290-fold in meniscus-injured knees compared to control knees [89]. PGE2 plays a role in
inflammation, apoptosis, and OA structural changes [90, 91]. Therefore, the upregulation

in MMP activity and PGE2 in response to meniscal injury leads to an enhanced pro-
inflammatory and catabolic environment that may contribute to PTOA development [89].
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Further nuance is added by the fact that biological changes in response to meniscus injury
are influenced by the tear type, location of the tear, and proximity to the tear. Bucket handle
tears result in significantly higher synovial fluid TNF-a levels compared to tears in the
posterior horn [92¢]. On the other hand, posterior horn tears result in significantly higher
levels of IL-1B compared to bucket handle tears [92¢]. Similarly, complex medial meniscus
tears are associated with significantly more MMP-10 in the synovial fluid compared to other
tear types (horizontal, complex lateral, and bucket handle tears) [89]. In contrast, serum from
patients with complex medial tears contains significantly less IL-8 and TNF-a compared

to serum from patients with other tear types [89]. At the gene expression level, MMP-1 is
higher in traumatic tears than in degenerative tears [93]. Likewise, the expression of TNF-a
and IL-6 is elevated in meniscus tissue adjacent to the tear site, as compared to tissue

that is further from the site of injury [94]. This variability in the cytokine response may

be a result of heterogeneity within the meniscus, with differences in cell phenotype, ECM
composition, vascularity, and mechanical loading in different regions of the meniscus [53¢].
Furthermore, interpretation of /n vivo biomarker data can also be challenging due to the fact
that meniscus tears are frequently associated with damage to other joint tissues, including
the anterior cruciate ligament (ACL) [95]. Therefore, it may be important to study the
biological responses between patients with different patterns of injuries in order to identify
injury-specific biomarkers.

Cytokines upregulated in the joint following meniscus injury may influence meniscus

repair and PTOA development. In the synovial fluid of meniscus-injured patients, there

is a significant positive correlation between TNF-a concentration and joint degeneration,

as assessed by the MRI OA Knee Score (MOAKS) [96]. Similarly, in porcine synovial
fluid, both IL-1a and IL-1p concentrations are positively correlated with the degree of
meniscal degeneration assessed using a macroscopic grading scale [88]. This relationship
between inflammatory cytokines and degeneration also extends to meniscus repair, which is
stifled by increased concentrations of both IL-1 and TNF-a [97]. Both of these cytokines
independently suppress /n vitro healing by inhibiting cellular proliferation, decreasing the
shear strength of repair, and preventing tissue healing at the site of injury [97]. This reported
inhibition of proliferation aligns with /in vivo research showing that hepatocyte growth factor
(HGF), an inhibitor of mitogenesis, is significantly higher in the synovial fluid of patients
with a failed meniscus repair compared to those with a successful outcome [98]. In addition
to the effects on cellular proliferation, IL-1 upregulates MMP activity, increases nitric

oxide (NO) production, and promotes sulfated glycosaminoglycan (SGAG) release from
meniscus tissue, all of which contribute to the suppression of meniscus tissue repair [60,
81]. In contrast, inhibition of IL-1 using IL-1Ra or inhibition of TNF-a using monoclonal
antibodies restores both cellular accumulation at the defect site and interfacial shear strength
in a porcine meniscus repair model [80]. While, clinical applications of IL-1Ra have been
unsuccessful at ameliorating OA progression [99], the efficacy of IL-1Ra on meniscus
healing in patients is currently unknown. Therefore, further work is needed to paint a
comprehensive picture of how biological changes following meniscus injury impact tissue
healing and disease progression in patients.

IL-1 and TNF-a are also associated with increased apoptosis in meniscus and OA models.
In the case of TNF-a, apoptosis can occur via direct stimulation of death receptors [100]. On
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the other hand, I1L-1 dose-dependently increases NO production [87, 88, 101], which results
in diminished phosphorylation of Jun-N-terminal-Kinase (JNK), suppressed autophagy, and
increased apoptosis [102]. Inhibition of nitric oxide synthase (NOS) in meniscal cells
increases autophagy and curtails apoptosis. Additionally, NOS inhibition reduces MMP and
aggrecanase expression, which are key mediators of ECM degradation [102]. Therefore,
inhibition of the NO pathway may be another means for therapeutic intervention to enhance
meniscus repair.

IL-1 also promotes ECM degradation by upregulating MMP activity [81]. For /in vitro
meniscus repair model systems, IL-1 exposure dose-dependently suppresses the shear
strength of repair in explant models [80, 81, 103]. Furthermore, MMP activity is
significantly elevated following chronic IL-1 exposure compared to acutely exposed or
unexposed tissue explants. This indicates that MMP-induced ECM degradation may be
suppressing repair [81]. To this point, there is an increase in synovial fluid MMP-2

in patients with failed meniscus repair relative to those with successful repair [98].
Furthermore, treatment of porcine meniscus repair model explants with a broad spectrum
MMP inhibitor partially blocks IL-1-induced suppression of meniscus repair [104]. Given
that total MMP activity is elevated in meniscus-injured knees [89], these enzymes provide
another potential therapeutic target to enhance meniscus healing and prevent PTOA
development.

While numerous studies have investigated changes in cytokine and catabolic biomarkers,
immune cell profiles in the joint following meniscus injury are less well-characterized.
Synovial fluid from knees with ACL, meniscus, or combined ACL and meniscus injuries
contain more total viable cells and CD3+ T cells than the synovial fluid of matched
contralateral healthy knees [105¢]. This study reveals that meniscus injury leads to an
immune cell-rich joint environment that consists largely of T cells, with multiple T-helper
phenotypes [105¢]. These immune cell profiles are similar to findings in patients with
advanced stages of OA and rheumatoid arthritis [106, 107, 108]. Therefore, immune cells
may be modulators of joint changes after meniscus injury that contribute to the development
of PTOA. However, much work is still needed to understand the time course of immune cell
changes after meniscus injury and the role of these cells in joint degeneration.

Additionally, synovial fluid aspirated from ACL-, meniscus-, or both ACL- and meniscus-
injured knees reveals that, while not significant, on average there are higher numbers

of pre-monocytes, monocytes, classical monocytes, intermediate monocytes, and activated
monocytes in the synovial fluid of the injured knees compared to contralateral healthy
knees [105¢]. Under inflammatory conditions, circulating monocytes may migrate into the
joint space and differentiate into macrophages and dendritic cells [109]. Therefore, the
presence of monocytes in injured joints may be a sign of early inflammation. In OA
patients, approximately 75% of knees are positive for active macrophages, with a significant
positive correlation between radiographic OA severity and the number of macrophages
[110]. These findings suggest that macrophages may play a role in OA progression.
However, the role of macrophages in inflammation and PTOA development after meniscus
injury remains unclear. Macrophages are commonly characterized as pro-inflammatory (M1)
or anti-inflammatory (M2), with a higher ratio of M1 to M2 macrophages potentially
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contributing to OA development [111]. The elevation of monocytes following meniscus
injury suggests that these cells may be migrating into the joint and differentiating into

M1 macrophages that can release inflammatory cytokines, namely IL-1, IL-6, IL-12, and
TNF-a [112]. These changes may prolong the inflammatory response and contribute to the
development of PTOA. Depletion of CD14+ macrophages from OA synovial cells in culture
not only eliminates the production of IL-1p and TNF-a., but also hampers the production

of IL-6 and IL-8 and downregulates MMP-1 and MMP-3 [113]. However, depletion of

M1 and M2 macrophages has not been shown to mitigate PTOA in murine models of
destabilization of the medial meniscus [114] or articular fracture [115]. Rather, these studies
found an increase in infiltration of CD3+ T cells and neutrophils into the joint and enhanced
synovitis, suggesting a compensatory effect following macrophage depletion. On the other
hand, following meniscectomy, meniscus healing is observed in mice treated with stromal
cell-derived factor-1a (SDF-1a), which enhances the migration of macrophages to the site
of injury and promotes macrophage polarization towards the M2 phenotype [116]. Similarly,
knockout of macrophage migration inhibitory factor (MIF) in mice results in improved joint
health and reduced OA development compared to wild-type controls [117]. These studies
suggest that further characterization of the spectrum of immune cell populations and their
roles following joint injury is needed.

Conclusions

In recent years, increased appreciation has been paid to the menisci for their critical role

in maintaining knee function. Although advancements have been made towards treatment
strategies that preserve meniscus tissue integrity and function, outcomes for the repair

of the inner zone of the meniscus remain poor and the risk for PTOA development
following meniscus injury remains high. Healing of the meniscus is inherently challenged
by injury-driven changes. A multitude of changes at the joint, tissue, and cellular levels act
to inhibit the repair of the meniscus through both biomechanical and biological avenues.
Biomechanically, meniscus tears frequently lead to increased meniscus extrusion and altered
stresses and strains in the joint. These aberrations in mechanical loading result in the
upregulation of pro-inflammatory and catabolic factors, which hinder meniscus healing.
Biologically, meniscus tears often lead to an upregulation of inflammatory cytokines, such
as IL-1, IL-6, and TNF-a, an increase in catabolic enzymes, such as MMPs, an increase in T
cells, and potentially increases in monocytes. These changes broadly promote inflammation
and breakdown of the ECM, which results in decreased mechanical properties of the tissue,
as well as suppression of cellular proliferation and repair. The two-pronged disruption

of both biomechanical and biological homeostasis leads to a positive feedback cycle,
whereby each factor reinforces the degeneration spurred by the other, resulting in a sustained
environment that hinders tissue repair (Figure 2). While increased stress and inflammation
are potentially strong contributors to PTOA development, compromised meniscus function
further amplifies degeneration of the articulating cartilage surfaces. Altered stress and strain
distributions in both the cartilage and meniscus potentially trigger inflammation and a
cascade of catabolic mediators. Additionally, OA-associated changes in the mechanical
properties and morphology of cartilage and meniscus lead to a feedback cycle that

further stifles meniscus healing. While much work has been devoted to understanding
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post-injury biomechanical and biological changes, as well as how loading regulates the
inflammatory response of the joint, this work has largely been performed in ex vivo and

in vitro environments. Thus, more /n vivo data is needed in patients to better understand

the primary mechanisms driving failed meniscus repair and joint degeneration following
meniscus injury. Understanding these degenerative processes is necessary to develop new
treatments and novel avenues for promoting meniscus healing, mitigating joint degeneration,
and preventing PTOA progression.
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A Healthy Meniscus Anatomy B Common Meniscus Tear Types
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Figure 1.

A Depicts the major regions of the healthy meniscus, including the meniscus body, anterior
horn, posterior horn, anterior root, and posterior root. B Depicts six of the major meniscus
tear types. B1 Horizontal tears occur between the superior and inferior surfaces of the
meniscus parallel to the tibial plateau. B2 Radial vertical tears occur perpendicular to

the tibial plateau and progress across the circumferential fibers of the meniscus. B3
Longitudinal vertical tears occur perpendicular to the tibial plateau and develop along

the circumferential fibers of the meniscus. B4 Flap tears occur when either a vertical or
horizontal tear progresses until there is a displaced “flap” of meniscus tissue. B5 Bucket
handle tears are longitudinal tears that form in either the body of the meniscus or at the
periphery of the body and posterior horn and flip or fold over into the central aspect of the
knee, resembling a bucket handle attached at the anterior and posterior aspects. B6 Meniscus
root tears occur at or within 1 cm of the meniscus root attachment and are most commonly
radial tears.
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Figure 2.

A multitude of changes at the joint, tissue, and cellular levels act to inhibit repair of the
meniscus through biomechanical and biological avenues
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