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ARTICLE INFO ABSTRACT

Keywords: Cartilage repair has been studied extensively in the context of injury and disease, but the joint’s management of
Cartilage regular sub-injurious damage to cartilage, or ‘wear and tear,” which occurs due to normal activity, is poorly
Synovium understood. We hypothesize that this cartilage maintenance is mediated in part by cells derived from the
Stem cell . synovium that migrate to the worn articular surface. Here, we demonstrate in vitro that the early steps required
Mechanobiology

for such a process can occur. First, we show that under physiologic mechanical loads, chondrocyte death occurs
in the cartilage superficial zone along with changes to the cartilage surface topography. Second, we show that
synoviocytes are released from the synovial lining under physiologic loads and attach to worn cartilage. Third,
we show that synoviocytes parachuted onto a simulated or native cartilage surface will modify their behavior.
Specifically, we show that synoviocyte interactions with chondrocytes lead to changes in synoviocyte mecha-
nosensitivity, and we demonstrate that cartilage-attached synoviocytes can express COL2A1, a hallmark of the
chondrogenic phenotype. Our findings suggest that synoviocyte-mediated repair of cartilage ‘wear and tear’ as a

component of joint homeostasis is feasible and is deserving of future study.

1. Introduction

Articular cartilage is the specialized connective tissue that covers the
bony ends of diarthrodial joints and serves load-bearing and lubrication
functions. In most individuals, articular cartilage functions normally for
many decades before beginning to break down when joint degeneration
and osteoarthritis (OA) develop. In moderately active populations, ac-
tivities of daily living typically involve 5000 steps of walking per day, or
approximately-two hours of cyclical loading of lower extremity joints,
adding up to 1.8 million cycles of loading per year and more than 108
million cycles over a 60-year lifespan. Normal ‘wear and tear’ of carti-
lage (i.e., mechanical tissue degradation without injurious loading) is
anticipated (Oungoulian et al., 2015) and is accompanied by loss of
chondrocytes, as reported in rabbits (Horisberger et al., 2012; Roembhildt
et al., 2012). However, cartilage load-bearing is unaffected by this
process, presumably due to a balance between local tissue damage and
repair mechanisms which are not well understood.
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Much attention is paid to dysregulation of cartilage in disease and
injury rather than on mechanisms underlying its normal maintenance.
As cartilage can survive for decades and perform its load-bearing and
lubrication functions without issue, primary OA could then be explained
by a breakdown of this homeostatic process. Recent studies have
demonstrated that normal wear and tear initiates in the cartilage su-
perficial zone (SZ) (Neu et al.,, 2010; Oungoulian et al., 2015). SZ
chondrocytes are more vulnerable to sustained mechanical loading than
other zonal chondrocytes due to the compressive (Schinagl et al., 1997)
and shear (Buckley et al., 2008) properties of the SZ and heightened SZ
chondrocyte susceptibility to mechanical injury (Chahine et al., 2007;
Clements et al., 2001). Based on these findings, we propose that the
cartilage SZ is the main target of the normal, day-to-day cartilage repair
process and that this maintenance is performed by cells from the syno-
vium (Hunziker and Rosenberg, 1996; Kurth et al., 2011; Roelofs et al.,
2017). These synovial cells may bind to the slightly-degraded articular
surface, differentiate into a chondrogenic lineage to replace necrotic and
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apoptotic SZ chondrocytes, and repair the disrupted tissue.

The synovium is a semi-permeable, size-selective membrane that is
the main barrier to the transport of molecules in synovial fluid and
plasma into and out of the synovial joint. It is comprised of primarily
fibroblast-like synoviocytes (FLS) within an extracellular matrix (ECM)
composed of primarily hyaluronic acid (HA), collagen, and pro-
teoglycans (Hui et al., 2012). FLS help to define the articular cartilage
niche, contributing molecules important for lubrication, ECM turnover,
and inflammation (Kiener et al., 2010). They secrete lubricin, a key
component of joint lubrication that also has chondroprotective (Jay,
1992; Jay et al., 2000; Jay et al., 2007) and cell anti-adhesive properties
(Rhee et al., 2005). FLS also synthesize HA (Jay et al., 2007) which has
been suggested to interact with synovial fluid lipids in hydration lubri-
cation (Lin et al., 2020). Additionally, FLS both respond to and
contribute to the secretion of inflammatory cytokines (Kiener et al.,
2010) and respond to shear loading (Sun et al., 2003).

The synovium is recognized as a source of cells capable of chon-
drogenesis in vivo (Kurth et al., 2011), and recent lineage tracing studies
in mice have reported that GDF5-lineage cells — which include syno-
viocytes and other cells derived from the joint interzone during devel-
opment — and in particular cells likely derived from the synovium, can
migrate to articular cartilage defects as part of a large-scale injury
response where they produce repair tissue of variable quality (Decker
et al.,, 2017; Roelofs et al., 2017). We contend that the migration of
synoviocytes is not in question at this juncture, though the healing ca-
pacity of migrating synovial cells in response to full-thickness cartilage
defects is currently unknown (Chagin and Medvedeva, 2017). This study
focuses on the capacity of these synovial cells to perform normal ‘wear
and tear’ maintenance. Here, we undertake a series of in vitro studies to
establish the feasibility of this paradigm. Critical underlying experi-
ments confirm a) chondrocytes die in response to physiologic loading, b)
FLS become dislodged from synovium by physiologic joint loading and
attach to abraded cartilage, and c) FLS modulate their behavior upon
direct interaction with chondrocytes and when attached to cartilage.

2. Methods
2.1. Cell and tissue isolation and culture

Human FLS were isolated from the synovium of three male cadavers
(age 28.3 + 8.3 years; MTF Biologics, Edison, NJ) and four males un-
dergoing total knee arthroplasty (age 69.5 + 6.0 years) via digestion
with collagenase type II (Worthington). Unless otherwise noted, FLS
were cultured as previously described (Stefani et al., 2019). Single-
donor cultures were grown for at least two passages to remove non-
FLS subpopulations (Sampat et al., 2011; Silverstein et al., 2017).
Cells were then pooled and grown for at least one additional passage
before testing.

Human articular chondrocytes (AC) were isolated from articular
cartilage shavings of one cadaver (MTF Biologics, Edison, NJ) via
digestion with collagenase type II. Unless otherwise noted, AC were
cultured as previously described (Lee et al., 2021). AC were assayed at
passages 3-4.

Bovine synovium and cartilage explants were harvested from the
tibiofemoral joints of calves (2-4 weeks old) acquired from a local
abattoir (Institutional Animal Care and Use Committee-exempt) and
were maintained in a chemically-defined medium consisting of DMEM
supplemented with 50 pg/mL r-proline, 100 pug/mL sodium pyruvate, 1
% ITS Premix (Corning), and 1 % antibiotic-antimycotic until assayed.
Bovine FLS (jbFLS) were isolated using the same method as human FLS.

2.2. Contact shear and cell transfer assays
2.2.1. Cartilage-on-cartilage friction

Bovine femoral condylar cartilage biopsy punches and tibial carti-
lage strips were harvested and loaded onto a custom-built friction tester
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(Krishnan et al., 2004) where they were loaded for 2 h (1 mm/s, 907 g
load corresponding to an average stress of 409 kPa, 5 mm total path
length) in a bath of 50 % synovial fluid (Animal Technologies) in DMEM
at 37 °C (Fig. 1A). Punches were then used for viability staining and
imaging; mapping of local elastic moduli and topography via atomic
force microscopy (AFM); or histological staining. The applied load was
determined by targeting the low end of loading experienced by knee
joint articular cartilage during normal activity (Ahmed and Burke, 1983;
Ahmed et al., 1983), using the Fuji Film method to determine contact
area (Ateshian et al., 1994).

Viability staining was performed using calcein-AM (green, live cells,
Invitrogen) and ethidium homodimer-1 (red, dead cells) (Invitrogen).
Images were acquired on a Zeiss LSM 700 inverted confocal microscope.
Fluorescence intensities were quantified in a line through the depth of
the tissue using ImageJ (Chahine et al., 2007).

For mapping of elastic moduli and topography, tissues were frozen,
300 um sections were taken from the SZ using a sledge cryotome, and
sections were mounted to glass slides. Tissue sections were tested (n = 3
slides per group) using an Asylum MFP-3D AFM with a spherical poly-
styrene probe tip (1.8 um radius, sQube CP-FM-PS-B). Fast force map-
ping mode sampling at 100 Hz with a 1 pN trigger force across a 120 ym
by 120 um region was used to acquire maps of local elastic moduli and
topography. Single force-indentation curves were obtained and fitted to
a Hertz model of elasticity to determine the elastic modulus (Radmacher
et al., 1996).

For histological analyses, tissues were fixed in 4 % para-
formaldehyde, embedded in paraffin, sectioned (6 um thickness), and
stained. General tissue staining was performed using hematoxylin and
eosin. Lubricin (PRG4) was probed with a primary mouse anti-lubricin
antibody (1:500 dilution; Millipore Sigma, MABT400) for 1 h at room
temperature. Slides were developed using a mouse-specific HRP/DAB
staining kit (Abcam ab64259), with hematoxylin used as a counterstain.

2.2.2. Synovium-on-glass cell detachment

Bovine synovial explants were mounted onto 8-mm platens with
rubber backing and loaded with friction against glass for five hours with
a compressive stress of 100 kPa (1 mm/s, 5 mm path length) in a bath
containing 50 % synovial fluid in media (Estell et al., 2021). Baths were
removed after every hour and centrifuged to retrieve cells. Cell pellets
were resuspended and stained with the vital stain trypan blue. Live and
dead cells were counted to determine cell release and viability over time.

2.2.3. FLS attachment to cartilage

Cells were isolated via collagenase digestion of bovine synovium and
immediately loaded with the lipid-membrane dye DiO, while tibial
cartilage strips were loaded with Hoescht 33342. 500 k jbFLS were then
parachuted onto the tibial strips in serum-free, chemically-defined me-
dium. Cultures were incubated for 24 h. 2 mm punches were taken from
the friction-abraded region or matched control locations and imaged on
a confocal microscope.

2.3. Intracellular calcium signaling assay

Human FLS were loaded in suspension with the intracellular Ca®*
dye Fura Red-AM (ThermoFisher Scientific) at 5 uM for 40 min before
being parachuted onto collagen-coated glass slides with or without a
confluent monolayer of human AC (n = 5 slides per group) (Fig. 3A).
Cultures were incubated for 4 h at 37 °C to allow for cell attachment
before testing.

Calcium signaling assays were performed as previously described
(Estell et al., 2017). Briefly, slides were loaded into a parallel plate flow
chamber and left to equilibrate on the microscope stage for 10 min. A 6-
minute time-lapse consisting of 2 min each of pre-flow baseline, flow,
and post-flow observation was then acquired. Experiments were per-
formed in Hank’s balanced salt solution supplemented with 0.5 % FBS,
and flow was applied at 0.05 Pa to induce calcium signaling without
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Fig. 1. A) Reciprocal friction shear loading of articular cartilage. B) Representative viability staining of B) unloaded and C) loaded cartilage with corresponding red
and green fluorescence channel intensity, SZ on right. Bar: 50 pm. D) AFM Imaging of Cartilage Surface. Topography, Roughness (RQ, scale + 2 pm), and Hertz elastic
modulus plot of cartilage surface (scale: 0-400 kPa) of control and after 2 h of physiologic friction loading. E) H&E and PRG4 staining (brown) of juvenile bovine
cartilage, control (2 images at left) and after friction loading (2 images at right) at 409 kPa for 2 h, showing decreased superficial lubricin after shear and possible loss
of surface lining chondrocytes. Scale bar: 100 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 2. A) Reciprocal shear loading of synovium on glass. B) Quantification of release of synovial cells, living (calcein) and dead (ethidium homodimer), into a bath
of media:synovial fluid (1:1). FLS (green) attachment to C) control and D) friction shear-loaded articular cartilage plugs (chondrocyte nuclei labeled blue). N = 4
cartilage plugs for each condition. Scale bar: 200 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

causing cell detachment.

Fluorescence tracings were acquired for 100 cells per slide and were
processed using a custom MATLAB script. Responders were defined as
cells for which calcium transients increased by at least 30 % over
baseline. Peak latency was defined as the time delay between onset of
flow and the calcium transient peak. The fraction of responding cells per
slide and peak latencies were analyzed using two-way analysis of vari-
ance with Tukey’s HSD post-hoc test (o« = 0.05).

2.4. Dye-transfer assay, flow cytometry, and AFM

Human AC were plated in a 12-well plate and grown until highly
confluent. On the day of the assay, FLS were loaded with 2 mM calcein-
AM, and the AC monolayer was stained with the lipid-membrane stain
Dil (Invitrogen). 50 k FLS were parachuted onto the AC monolayer, and
co-cultures were incubated for 4 h. Cells were then harvested and kept
on ice until analyzed by flow cytometry.

Cells were passed through a 70 pm strainer and loaded into a flow
cytometer (FACScalibur, BD Biosciences), where they were excited by a
488 nm laser and read on the forward scatter, side scatter, FL1 (calcein,
530/30), and FL2 (Dil, 585/42) channels.

For AFM measurements, FLS were grown to confluence in a collagen-
coated 60 mm dish prior to analysis. Fast force mapping was performed
as for cartilage sections but using a colloidal probe tip (6.1 um diameter,
NanoAndMore) and sampling at 50 Hz.

2.5. COL2A1 reporter cell line

Pooled human FLS and jbFLS were transduced with a lentiviral

expression vector encoding tdTomato (red) driven by the COL2A1 pro-
moter and GFP (green) driven by the constitutive EF-la promoter
(kindly provided by Dr. Glyn D. Palmer, University of Florida). Trans-
duced human FLS were parachuted onto mature tissue-engineered
cartilage constructs (Lima et al., 2007) and were cultured in chondro-
genic media consisting of DMEM supplemented with 50 ug/mL Lr-pro-
line, 100 pug/mL sodium pyruvate, 1 % ITS Premix (Corning), and 1 %
antibiotic-antimycotic for 10 days before imaging on a confocal mi-
croscope. Image processing and quantification was performed in MAT-
LAB. Bovine cells were treated similarly but were parachuted on bovine
tibial explant cartilage and cultured for 3 days.

3. Results
3.1. Cartilage-on-cartilage friction loading caused SZ damage

The effects of cartilage-on-cartilage friction loading (Fig. 1A) were
evaluated by imaging to assess cell viability and ECM loss and by AFM to
assess changes in mechanical properties and topography of the SZ.
Relative to control, friction loading caused an increase in cell death in
the SZ (Fig. 1B-C). Notably, cell death was confined to the SZ, with no
loss of viability in deeper zones. Loading also caused a loss of PRG4 and
ECM at the SZ as evidenced by a decrease in staining intensity (Fig. 1E).
Friction led to a decrease in elastic modulus (control: 272 + 14 kPa vs
friction: 95 + 16 kPa, p = 0.0002, n = 3) at the tissue surface and
increased roughness (control: 217 + 82 nm vs friction: 667 + 476 nm, p
= 0.18, n = 3) as compared to unloaded controls (Fig. 1D).
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Fig. 3. A) FLS parachuted (Fura-red dye- red) on articular chondrocyte (AC) monolayer. B) Fraction of responding cells. FLS parachuted on an AC monolayer showed
a significant decrease in response rate for young pool cells (n = 5 slides each, p = 0.026). C) Peak latencies of responding cells. All comparisons not marked “ns” are
significant, with p < 0.001. D) Dye transfer from FLS to articular chondrocyte monolayer quantified with flow cytometry. Cells in the upper-left quadrant were Dil+/
Calcein-, indicating no dye transfer has occurred, and cells in the upper-right quadrant were Dil+/Calcein+, indicating that dye transfer has occurred. E) AFM
imaging of articular cartilage monolayer revealed a non-uniform substrate both in terms of topography and elastic modulus F) COL2A1 reporter human cells
parachuted on engineered cartilage. Cellular morphology was non-uniform, and COL2A1 expression levels (red fluorescence) varied. Below image, pixel intensity for
GFP (green, successfully transduced cells), tdTomato (red, cells expressing COL2A1), and the red:green ratio. Scale bar: 100 um. G) COL2A1 reporter bovine cells on
cartilage explant. Cells localized to a suspected defect site where they expressed COL2A1. Scale bar: 100 um. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

3.2. Synovial cells detached from the synovium under friction loading and
attached to cartilage

The release of synovial cells from explant tissue under shear stress
was evaluated using a custom friction bioreactor under physiologic
loading conditions (Fig. 2A). Cell release into the media was elevated
under friction when compared to static controls (Fig. 2B). While cells
released from synovium by friction were capable of attachment to
cartilage (data not shown), the quantity of cells retrieved was subopti-
mal to perform quantitative parachute studies. As such, fluorescently-
labeled cells freshly digested from tissue were parachuted onto intact
and friction shear-loaded cartilage. FLS could attach under both condi-
tions, but attachment increased slightly for loaded cartilage (per 2 mm
punch, control: 72 + 16 cells vs friction: 99 + 22 cells, p = 0.099, n = 4;
Fig. 2C-D).

3.3. Direct interaction with an AC monolayer modulated FLS
mechanosensitivity to fluid shear

The effects of parachute co-culture and age on FLS mechanosensi-
tivity in response to fluid shear were assessed by measurement of
intracellular calcium signaling (Fig. 3A). The parachute substrate (glass
vs AC) was a significant factor (p = 0.0032) while cell age (p = 0.10) and
the interaction (p = 0.32) were not significant. FLS parachuted onto
chondrocyte monolayers responded to fluid shear at a decreased rate,
significantly so for young cells (30.8 + 15.4 % vs 69.8 &+ 20.5 %, p =
0.026) (Fig. 3B). For peak latency - the time between flow onset and
calcium peak — substrate (p < 0.0001) and the interaction (p < 0.0001)
were significant, while age was not (p = 0.12) (Fig. 3C). For cells plated
on glass, response times were largely unimodal, with 90 % of young cells
responding within 69 s of flow onset. Cells plated on the AC monolayer

responded bimodally, with approximately half of responders reaching
peak signal with latency similar to those plated on glass, while the other
half reached peak much later.

To better understand the mechanical microenvironment the para-
chuted FLS experience, AFM was used to map AC monolayer topography
and elastic modulus (Fig. 3E). Relative to glass — which is smooth and
stiff, with a Young’s modulus of 70 GPa — AC monolayers were uneven
and had elastic moduli of < 5 kPa.

3.4. Parachute FLS participated in direct cell-cell communication with AC
monolayer

The potential for direct intercellular communication between para-
chuted FLS and ACs in monolayer culture was assessed via a dye transfer
assay (Fig. 3D). Dye-loaded FLS were able to transfer dye to 90.7 + 0.3
% of ACs.

3.5. Expression of COL2A1 in cartilage-attached FLS was variable

In order to assess chondrogenic differentiation in cartilage-attached
FLS, COL2A1 reporter-labeled cells were parachuted onto engineered or
explant cartilage and allowed to differentiate in culture before assess-
ment. COL2A1 expression, as measured by tdTomato signal relative to
GFP signal, was variable in human cells (Fig. 3F). Interestingly, on one
explant, jbFLS were observed to concentrate at a location on the edge of
the tissue where they exhibited high expression of COL2A1 (Fig. 3G). We
suspect the cells migrated to a site of tissue damage caused by punching,
but further study is needed to assess the implications of such activity.
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4. Discussion

In the studies presented, we provide support for our ‘wear and tear’
paradigm, which shifts the focus from cartilage’s poor healing capacity
in response to significant injury to the joint’s response to regular sub-
injurious cartilage damage. This shift is motivated by the tissue’s abil-
ity to bear load for the majority of an individual’s life despite consistent
mechanical wear. A prevailing school of thought is that this ‘wear and
tear’ in normal adult cartilage is compensated by the turnover of the
matrix components synthesized by chondrocytes (Goldring and Marcu,
2009). In cartilage degeneration or OA, catabolism exceeds the anabolic
capacities of chondrocytes, the cartilage matrix degenerates, and the
joint cartilage gets damaged (Aigner et al., 2006). We contend that
chondrocytes are lost in the process of ‘wear and tear’, as suggested by
Clements et al. (2001), and are therefore unable to maintain tissue ho-
meostasis in the vicinity of SZ microdamage (Bonnevie et al., 2018;
Horisberger et al., 2013; Waller et al., 2012).

Normal situations of excessive loading may lead to elevated cell
death, while activities of daily living produce much less cell death. The
repair mechanism we propose could replace dead cells when loading is
excessive (but non-injurious), but it would not be immediate. While this
repair takes place and dead SZ cells are replaced by cells of synovial
origin, we argue that the tissue can fulfill its main load-bearing and
lubrication functions.

Tissue explant and cell culture studies provide invaluable tools for
musculoskeletal research that are complementary to in vivo animal
models. Various loading configurations have been used to study friction
shear loading of cartilage (Waller et al., 2012). Sliding of glass-on-
cartilage has yielded elegant studies of depth-dependent shear proper-
ties of cartilage which have shown preferential cell necrosis at the top
surface of the SZ and apoptosis in lower regions of the SZ (Bonnevie
etal., 2011; Bonnevie et al., 2018), (Fig. 1B-C). The current studies were
undertaken as no groups have rigorously investigated the mechanism(s)
by which cartilage can maintain its function before degenerating despite
this cell loss.

The in vitro studies performed herein suggest that cartilage subjected
to physiologic loading sustains local SZ chondrocyte death (Fig. 1B-C)
and tissue microdamage (Fig. 1D-E), similar to results reported in vivo in
rabbits (Horisberger et al., 2013). Though cell death is more pronounced
in our in vitro studies, this is unlikely due to changes in friction prop-
erties, as the study was performed under migrating contact conditions
which maintain a very low friction coefficient for the duration of the test
(Caligaris and Ateshian, 2008).

The synovium is a reservoir of FLS and is an attractive candidate cell
source for cartilage repair due to its location near to and physical
overlap with cartilage (Hunziker and Rosenberg, 1996; Kurth et al.,
2011; Roelofs et al., 2017). This physical contact may provide a means
for transfer of FLS to the cartilage surface by providing friction forces
which lead to detachment of cells (Fig. 2B) that adhere readily to the
cartilage surface (Fig. 2C-D). Fragments of synovium and synovial cells
are found in the synovial fluid of both healthy and diseased joints (Jones
etal., 2008), providing a route to the cartilage surface. These conditions
make the synovium an appealing candidate for maintaining homeostasis
of articular cartilage under normal conditions.

FLS are sensitive to mechanical loading (Estell et al., 2017; Ingram
et al., 2008; Sun et al., 2003) and can communicate with each other
(Estell et al., 2017; Gupta et al., 2014) and chondrocytes (Fig. 3D) via
gap junctions (D’Andrea et al., 1998). Chondrocytes may play a role in
the behavior of hFLS, which otherwise behave similarly to other types of
MSCs (Sampat et al., 2011). The dye transfer assay reflects a combina-
tion of direct FLS-AC transfer and subsequent transfer among ACs within
the monolayer. Dye transfer at this scale implies robust formation of
intercellular junctions, which mediate communication via the transfer of
proteins, peptides, and small molecules between these cell types (Car-
pintero-Fernandez et al., 2018; Mayan et al., 2015). Additional modu-
lation of cell behavior could be caused by signaling pathways that
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require cell-cell contact, such as Notch, which has been shown to play
an important role in determining FLS identity (Wei et al., 2020). The
bimodal calcium response of FLS on the AC monolayer (Fig. 3C) suggests
either a mixed population of cells or multiple response modes to the
same stimulus; this behavior is not observed in FLS directly attached to
glass slides. Differences in glass and AC substrate mechanical properties
may also contribute to the disparate calcium response, as substrate
stiffness has been shown to influence cell behavior and differentiation in
MSCs (Engler et al., 2006). Hinting at intrinsic age-related changes of
FLS, under the conditions of the current study, FLS age appears to
modulate substrate-dependent calcium signaling on glass and AC
monolayers, as the changes in calcium response caused by changes in
substrate were diminished for older FLS.

In these studies, we have established the feasibility of early events
that would precede subsequent maintenance/repair of cartilage by FLS,
which remains to be demonstrated. In this context, FLS-derived ECM has
been reported to create a microenvironment that supports FLS expan-
sion with enhanced chondrogenic potential (He et al., 2009; Li and Pei,
2018) which may provide positive feedback during repair. Our reporter
studies of FLS indicate that while the chondrogenic phenotype is
generally associated with a rounded morphology without attachment
(Benya and Shaffer, 1982), FLS here show elevated COL2A1 expression —
a hallmark of chondrogenesis — despite attachment and flattened/spread
morphology. Moreover, studies have suggested that FLS represent the
best MSC candidate for cartilage regeneration as they exhibit the
greatest chondrogenic potential and the least hypertrophic differentia-
tion (Jones and Pei, 2012; Sakaguchi et al., 2005). Intra-articular FLS
injections can enhance repair of partial thickness cartilage defects in the
pig, (Pei et al., 2013) and tissue-engineered cartilage made with FLS
achieved native mechanical properties and GAG composition (Alegre-
Aguaron et al., 2014; Sampat et al., 2013; Sampat et al., 2011).

The joint environment is biochemically and mechanically complex,
and the work presented here is limited in that it captures only a fraction
of the cues cells encounter in vivo. Moreover, while these studies
demonstrate the feasibility of FLS-mediated repair of ‘wear and tear’, we
cannot conclude that it occurs in vivo or the importance of such a
response, should it exist. To address these limitations, biofidelic in vitro
systems permitting long-term monitoring of cartilage-synovium co-cul-
ture with physiologic loading can be employed (Gangi et al., 2022). In
addition, future experiments assessing interactions of cartilage and
synovium from young and adult donors can elucidate if cartilage erosion
from ‘wear and tear’ is more a consequence of the synovium’s dimin-
ished capacity to maintain homeostasis of the cartilage surface rather
than exclusively intrinsic changes to cartilage and chondrocytes.
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