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The synovial environment steers cartilage deterioration
and regeneration
Johanna Bolander1,2*, Maria Teresita Moviglia Brandolina3, Gary Poehling1,4, Olivia Jochl1,
Emma Parsons1, William Vaughan1, Gustavo Moviglia1,3†, Anthony Atala1†

Osteoarthritis (OA) was recently defined as an epidemic, and the lack of effective treatment is highly correlated
to the limited knowledge regarding the underlying pathophysiology. Failure to regenerate upon trauma is
thought to be one of the underlying causes for degenerative diseases, including OA. To investigate why
lesions within an OA environment fail to heal, a heterogeneous cell population was isolated from the synovial
fluid (SF) of OA patients. The cells’ ability to undergo processes required for functional tissue regeneration was
evaluated in the presence or absence of autologous SF. The obtained mechanistic findings were then used for
the development of an immunomodulatory cell treatment, aimed to restore the pro-regenerative environment.
Intra-articular injection in a clinical compassionate use study showed that the treatment restored the articular
cartilage and joint homeostasis of OA patients. These findings confirm the role of pro-regenerative immune cells
and their targeted influence on progenitor cells for degenerative joint disease therapies.
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INTRODUCTION
Fibrosis is initiated by failed regeneration and, when excessive, may
lead to organ malfunction. This detrimental effect makes fibrosis
the main cause of more than 45% of deaths in the industrialized
world today (1). One of the most common diseases caused by fibro-
sis is osteoarthritis (OA), affecting more than 520 million people
worldwide (2). Because of its degenerative nature, OA causes
severe pain, functional loss, and disability. With no cure available,
treatments of OA mainly focus on managing pain and limiting
disease progression. When this can no longer be controlled, joint
replacement is the final option. Traumatic joint injury is a major
cause of OA. The onset of the disease can be further initiated by
the complexity and size of the injury, repeated injury, age, genetic
prevalence, and/or lifestyle. Commonly, initial trauma fails to heal
because of a prolonged pro-inflammatory response, leading to the
initiation of fibrosis and the accumulation of excessive connective
tissue as a result of the failed regeneration (3).

In a healthy regenerative environment, the general tissue re-
sponse to trauma includes an immediate activation of pro-inflam-
matory neutrophils, leading to decontamination and clearing of
debris at the injury site and recruitment of infiltrating monocytes.
Next, neutrophil-secreted cytokines steer differentiation of activat-
ed monocytes into macrophages, which remove apoptotic cells and
function as antigen-presenting cells for the anti-inflammatory and
pro-regenerative helper T cells (T cells) specifically activated for the
injured tissue (4). This step prevents further leukocyte influx and
steers the injured environment toward a pro-regenerative process.
The successful initiation of the pro-regenerative phase leads to the
recruitment of progenitor cells that, under guidance by the pro-re-
generative immune cells, contribute to tissue regeneration (5).

Consequently, the signaling cascades that steer the balance, polari-
zation, and subsequent action of the immune cells, including T
helper 1 (TH1), TH2, and TH17 and T regulatory cells, macrophages,
and mast cells, are crucial for functional transition to the pro-regen-
erative phase (6, 7). During the initiation of OA, the pro-inflamma-
tory response persists as evidenced by (i) pro-inflammatory cells in
the synovial fluid (SF), (ii) pro-inflammatory cytokines in the SF,
and (iii) articular cartilage deterioration (8).

Full-thickness osteochondral microdefects in juvenile mice have
shown the potential to heal. Healing is preceded by a thickening of
the synovial membrane 7 days after injury, in combination with pro-
liferating CD44+ and Proteoglycan 4 (PRG4+) progenitor cells that
later fill the defect environment (9). On the basis of these findings, it
can be hypothesized that functional regeneration of osteochondral
defects may occur through the activation of appropriate progenitor
cells recruited from the surrounding tissues, such as the synovial
membrane, upon the onset of the pro-regenerative phase from the
local immune cells. Once these progenitors are activated by trauma,
they migrate to the defect site where they attach, proliferate, and
undergo chondrogenic differentiation to contribute to tissue regen-
eration. Subsequently, it can be hypothesized that elements in the
synovial OA environment may interfere with any of these crucial
steps, impairing the regenerative potential. These elements would
then be a cause, and as a result, a target to treat and potentially
cure OA in a clinically effective way. The SF from OA patients
was herein identified to be a major inhibitor of the regenerative
process in an OA environment. Specifically, the heterogeneous
cell population isolated from the SF showed a clear ability to
migrate, attach, proliferate, and undergo chondrogenic differentia-
tion, all steps crucial for functional regeneration to occur, under
standard assay conditions. However, the presence of autologous
SF (aSF) during any of these events drastically impaired these pro-
cesses. Characterization of the SF cytokine composition linked these
results to a specific pro-inflammatory profile, suggesting an imbal-
ance between pro- and anti-inflammatory immune cells in the SF.
On the basis of these findings, an immunomodulatory cell treat-
ment was developed with the goal of restoring joint homeostasis
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by mimicking crucial events seen during tissue regeneration. The
treatment was based on anti-inflammatory cartilage-activated T
cells (CATs), which upon coculture with adipose-derived mesen-
chymal stromal cells (aMSCs), induced chondrogenic priming of
the progenitor cells. Intra-articular injection of the final coculture
steered articular cartilage regeneration and restored joint homeosta-
sis in a rat OA model. Clinical evaluation showed improved quality
of life, reduced pain, and articular cartilage regeneration in a com-
passionate use study.

RESULTS
SF-derived cells of OA patients can undergo processes
required for functional regeneration
To evaluate SF-derived cells’ ability to contribute to the regenerative
process upon trauma, SF was collected from OA patients during ap-
pointments for joint pain and swelling. The cellular and fluid por-
tions were separated, and in vitro expanded cells were labeled,
resuspended in growth medium (GM), and seeded in a migration
chamber. To evaluate the cells’ ability to migrate in response to
injury, chondrocyte lysate (CL) was used as an attractant, with or
without the presence of 10% aSF (CL/SF). It was found that the
cells migrated to a similar extent with CL alone or with the addition
of SF as an attractant (Fig. 1A). However, when SF was added to the
GM, without impairing the viscosity of the media, cell migration
was drastically impaired, independent of attractant (Fig. 1A).
Next, the SF-derived cells’ ability to attach to the tissue culture
surface was investigated by morphological observation through
bright-field microscopy 72 hours after seeding. In the presence of
100 or 50% of aSF, no cells were able to attach (Fig. 1, B and C).
Cell attachment was substantially improved at the SF level at 10%
and further enhanced at 0%. To evaluate the effect of aSF on cell
proliferation, acridine orange–labeled cells were seeded at 3000
cells/cm2 in GM supplemented with or without 10% aSF, and cell
proliferation was monitored for 14 days. Significantly less prolifer-
ation was seen in the aSF group after 3 days, and this lack of prolif-
eration remained consistent for the whole culture period (Fig. 1, D
and E). Cells cultured in GM alone continued proliferating until day
4 when they began to reach confluency and proliferation plateaued.
Evaluation of senescence-associated β-galactosidase (SA-βgal) ac-
tivity, detectable at pH 6.0, permits the identification of senescent
cells. More than 40% of cells cultured in the presence of 10% aSF
stained positive for SA-βgal activity in comparison to less than
10% of cells cultured in GM alone showed positivity for SA-βgal ac-
tivity (Fig. 1, F and G).

The synovial environment in OA patients induces fibrosis of
SF-derived cells
One of the most crucial aspects of a progenitor cell’s contribution to
tissue repair includes its ability to differentiate and produce func-
tional de novo extracellular matrix (ECM). Therefore, the SF-
derived cells’ ability to undergo chondrogenic differentiation and
produce cartilaginous ECM was next evaluated. For this, cells
were seeded as microspheroids of 150 cells per spheroid for sponta-
neous aggregation in chondrogenic medium (CM) alone or supple-
mented with 10% aSF. Cells cultured in CM showed spontaneous
aggregation after 24 hours (fig. S1A), with a general trend in spher-
oid diameter decrease after 7, 14, and 21 days, reflecting spheroid
contraction as a sign of tissue maturation (fig. S1B). The

supplementation of aSF markedly delayed the cells’ ability to
undergo spontaneous aggregation and induced floating of the
spheroids after 24 hours, leading to the formation of floating macro-
spheroids with the majority of microtissues fused (fig. S1, A and B).
Histology for hematoxylin and eosin (H&E) on CM spheroids dis-
played a rounded cellular morphology similar to articular chondro-
cytes, embedded within a dense ECM (Fig. 1H). However, the
supplementation of aSF induced a morphology resembling fibro-
blasts embedded in a loose and faint eosin-stained ECM indicative
of fibrosis, further supported by the presence of a fibrotic connec-
tive tissue compartment including fibrous cords. These findings
were further supported upon morphological macroanalysis by Pic-
rosirius red staining and scanning electron microscopy (SEM)
imaging, which confirmed impaired collagen organization and
the formation of fibrotic structures upon stimulation with SF
from OA patients (fig. S2). Evaluation of Alcian blue (AB), a
basic cationic dye that stains proteoglycans and type II collagen
blue with the stain intensity proportional to the glycosaminoglycan
(GAG) content in the cartilage tissue, confirmed cartilaginous ECM
production in the CM group, while a lack of proteoglycans was
evident in the SF group (Fig. 1I). Quantification of AB+ area con-
firmed a significant reduction in aSF samples compared to controls
(Fig. 1J). Next, immunohistochemistry (IHC) for collagen type
2(COLL2)/COLL1, and lubricin confirmed a structure resembling
the articular cartilage unit in CM samples with COLL2+ area in
the center of the spheroid, surrounded by a lubricin+ core and a
complete absence of COLL1+ tissue (Fig. 1K). However, in spher-
oids cultured in aSF, the center of the spheroid showed positive
for lubricin, the mid-zone limited COLL2+, while the outer core
showed COLL1+. Upon quantification of the ratio COLL2/
COLL1, over a 10-fold reduction was seen in aSF samples, while a
twofold decrease in lubricin+ was confirmed in aSF samples
(Fig. 1L). To investigate how the aSF stimulation affected collagen
morphology and distribution, spheroids were stained for Picrosirius
red, followed by visualization under polarized light. This confirmed
an impaired collagen production and distribution, where aSF stim-
ulation induced a fibrotic structure typical of collagen type 1 fibers
(fig. S2A). The underlying mechanism of the impaired cartilaginous
ECM production could be linked to mRNA transcriptional events.
Analysis of target genes confirmed over a 10-fold reduction in the
expression of the master chondrogenic transcription factor sex-de-
termining region of the Y (SRY)–box transcription factor 9 (SOX9)
and the gene proteoglycan 4 (PRG4) encoding lubricin, upon aSF
stimulation (Fig. 1M). Combined, these findings suggest that the
impaired ability by SF-derived cells to contribute to tissue repair
is due to a transcriptional dysregulation induced by factors
present in the SF of OA patients.

Healthy articular chondrocytes dedifferentiate in SF from
OA patients
To evaluate whether the impaired differentiation induced by aSF
supplementation was strictly seen in SF-exposed cells, the effect
on healthy articular chondrocytes (hACs) was next investigated.
For this, hACs were seeded for three-dimensional (3D) culture in
CM with or without 10% SF. Spontaneous aggregation was moni-
tored by bright-field imaging, and differentiation was evaluated by
histology, IHC, and mRNA transcript analysis. All groups formed
spheroids after 24 hours of culture (Fig. 2A and fig. S2). After
72 hours, SF-cultured spheroids started floating with some fusing
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Fig. 1. SF from OA patients inhibits SF-derived cells’ ability to participate in tissue regeneration. SF-derived cells were investigated in vitro for their ability to
contribute to processes crucial for tissue regeneration in the presence or absence of aSF. Cells were seeded in GM with or without SF as migration medium, with CL
or CL with SF as an attractor (A). For cell attachment, cells were seeded in GM with 10 to 100% SF, and attachment was investigated after 72 hours (B), followed by
quantification (C). Cell proliferation in GM or GM supplemented with 10% SF was investigated by imaging (D) and quantification (E), followed by staining for SA-βgal
(F) and calculation of percentage of SA-βgal+ cells (G). Histology was performed after 21 days of three-dimensional (3D) culture in chondrogenic medium (CM) alone or
supplementedwith 10% aSF to evaluate general tissuemorphology by hematoxylin and eosin (H&E) (H) and cartilaginous extracellular matrix (ECM) by Alcian blue (AB) (I)
and subsequent quantification of AB+ area (J). Immunohistochemistry (IHC) for COLL2, COLL1, lubricin, and 4′,6-diamidino-2-phenylindole (DAPI) as nuclear dye
confirmed impaired ECM formation upon aSF stimulation (K). Quantification confirmed impaired COLL2/COLL1 ratio and lubricin+ area in aSF stimulated samples (L).
mRNA transcript analysis confirmed impaired SOX9 and PRG4 expression in aSF stimulated cells (M). Data are represented as individual data points: *P < 0.05, **P < 0.01,
and ***P < 0.001. Significance in (A) and (E) from 24 hours and 3 days, respectively. Scale bars, 20 μm (B), 100 μm (D), 20 μm (F), and 50 μm (H, I, and K). TP0, time point
0 hours.
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and formation of larger macrostructures. This phenomenon wors-
ened with time (fig. S2, A and B). A few of the spheroids from the
CM group fused because of movement of the plate during medium
change but remained on the bottom of the well by ECM density.
Histology for AB confirmed a GAG rich matrix in CM-stimulated
hACs. In contrast, an impaired 80-fold reduction in GAG produc-
tion was seen in SF samples (Fig. 2, B and C, and fig. S2). The in-
duction of fibrotic ECM by SF stimulation of the hACs was further
confirmed by SEM analysis (white arrows) and altered Picrosirius
red staining under polarized light (white arrows; fig. S2, C and
D). mRNA transcript analysis confirmed a chondrogenic lineage
in the CM-cultured hACs depicted by COLL2A and Aggrecan
(ACAN) expression, which was completely impaired in SF-cultured
cells (Fig. 2D and fig. S2, E and F). Over a four- and threefold ele-
vated expression of the proliferative marker Ki67 and the canonical
bone morphogenetic protein (BMP)–signaling marker inhibitor of
differentiation 1 (ID1), respectively, was seen in SF-stimulated
samples (Fig. 2, E to G). Furthermore, SF-stimulated samples dis-
played increased expression of dedifferentiation markers. This was
reflected by a 20-fold elevated expression of the ECM marker
COLL10A, expressed by hypertrophic chondrocytes. In addition,

an eightfold elevated expression of the osteogenic transcription
factor Runt-related transcription factor 2 (RUNX2) was seen. Fur-
thermore, a threefold increased expression of the gene encoding al-
kaline phosphatase (ALP), essential for mineralization of newly
formed osteoid, in combination with a 10-fold elevation of the
bone ECM marker COLL1A, was depicted in SF-cultured samples
(Fig. 2F). Together, these findings further confirm the fibrotic
nature of SF isolated from OA patients, as indicated by dedifferen-
tiation in healthy hACs upon stimulation.

The SF represents a pro-inflammatory environment
To understand what factors in the SF might be responsible for the
induced dedifferentiation of hACs and impaired functionality of SF-
derived cells, cytokine and protein profiling were performed. While
the specific cytokine secretory profile differed between SF samples
isolated from OA patients, a significantly higher expression of the
pro-inflammatory cytokines, interleukin-17A (IL-17A) and IL-6,
was seen compared to healthy controls (Ctrl) (Fig. 3A). No differ-
ence in the concentration of interferon-γ (IFN-γ) or tumor necrosis
factor–α (TNF-α), cytokines involved in healthy and diseased tissue
homeostasis, respectively, was observed. However, a clear, reduced

Fig. 2. SF from OA patients induces fibrosis in articular aggregates. Bright-field images of hAC 24 and 72 hours after seeding for spontaneous aggregation (A) and
histology by AB after 10 days of stimulation (B) with subsequent quantification (C). mRNA transcript analysis for markers for articular chondrocytes (D), proliferation and
Smad-dependent BMP signaling (E), and marker for endochondral bone formation (F). Data are represented as violin plots showing the probability density of the data:
*P < 0.05, **P < 0.01, and ***P < 0.001. Scale bars, 10 μm (A) and 100 μm (B).
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concentration of the pro-regenerative and anti-inflammatory
markers IL-2 and IL-4 was seen between SF from OA patients
and control SF samples (Fig. 3B). IL-10 is mainly secreted by mac-
rophages and lymphocytes and is a key anti-inflammatory cytokine
that can inhibit pro-inflammatory responses of both innate and
adaptive immune cells (10). Analysis of IL-10 in SF displayed
reduced levels in fluid from OA patients compared to controls
(Fig. 3C). To further evaluate the effect of SF derived from OA pa-
tients, neutrophils and macrophages were isolated from healthy
donors to study the effect of SF in pro-inflammatory events, such
as neutrophil migration, neutrophil elastase activity, and macro-
phage proliferation. IL-8 induced neutrophil migration, as also
seen in SF stimulated samples (Fig. 3D). Meanwhile, there was
over a 2000-fold increased migration in the SF stimulated group
compared to nonstimulated (NS) controls (Fig. 3D). Phorbol myr-
istate acetate (PMA) was used as a control to induce neutrophil elas-
tase activity. Both SF and the PMA induced significant neutrophil
elastase relative to the NS group (Fig. 3E). In a final step,

phytohaemagglutinin (PHA) was used to activate pro-inflammatory
lymphocyte proliferation (11). Significant lymphocyte proliferation
and pro-inflammatory cytokine secretion was seen upon PHA or SF
stimulation, while limited effect was observed in NS cells or on anti-
inflammatory and pro-regenerative cytokines (Fig. 3F and fig. S3).

Functional tissue regeneration inspired the development
of an immunomodulatory cell treatment
The detailed characterization of SF from OA patients indicated a
clear pro-inflammatory response to the SF. Our in vitro findings
suggested that this pro-inflammatory environment was caused by
an imbalance in the activation of pro-inflammatory and pro-regen-
erative immune cells, resulting in fibrosis and the onset and pro-
gression of OA. This is in line with previous literature where an
imbalance in the infiltration and residence of pro-inflammatory
cells are seen in the synovial joint during OA initiation and progres-
sion (12–14). To test this in vivo, an immunomodulatory cell-based
treatment was developed with the goal of mimicking and promoting

Fig. 3. SF from OA patients contains proinflammatory cytokines and stimulates inflammatory cells from healthy donors in a pro-inflammatory manner. Cyto-
kine profiling of SF from OA patients and healthy controls for pro-inflammatory cytokines IL-17A, IL-6, IFN-γ, and TNF-α (A), cytokines secreted by the adaptive immune
system IL-2 and IL-4 (B) and anti-inflammatory cytokine IL-10 (C). Mononuclear cells (MNCs) from healthy donors were isolated to evaluate the effect of SF from OA
patients on neutrophil migration (D), neutrophil elastase activity (E), and lymphocyte proliferation (F). Data are represented as violin plots showing the probability
density of the data: *P < 0.05, **P < 0.01, and ***P < 0.001. AU, absorbance units.
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the crucial events observed during functional tissue regeneration.
Mononuclear cells (MNCs) and adipose tissue were isolated as a
source of T cells and aMSCs, respectively (Fig. 4A). The MNCs
were activated for cartilage tissue by culture in an activation
medium containing CL and inhibitors for pro-inflammatory cells
(Fig. 4B). This activation generated CATs that were then cocultured
with in vitro expanded aMSCs for 24 hours to induce chondrogenic
priming of the aMSCs (Fig. 4C). This cell treatment, upon intra-ar-
ticular injection into an OA knee (Fig. 4D), tests the hypothesis that
the tissue-specific activation of pro-regenerative T cells activates the
chondrogenic program in the aMSCs and further steer these locally
recruited progenitor cells and neighboring chondrocytes to accom-
plish functional tissue repair of deteriorated cartilage and inflam-
mation (Fig. 4E).

Cartilage-activated immune cells induce chondrogenic
differentiation in adipose-derived progenitor cells
Flow cytometry was used to characterize the activated CAT cell pop-
ulation compared to the initial MNC population. CD4, expressed by
naïve T cells, displayed a twofold decrease in the CATs (Fig. 5A).
Next, the characterization confirmed a 1.2-fold increased expres-
sion of CD3, a multimeric protein complex and a defining feature
of the T cell lineage, in the activated CAT population combined with
a twofold elevated expression of CD69, expressed by activated T
cells (Fig. 5A). A twofold increased expression of CD25, a marker
for T regulatory cells, was also observed (Fig. 5A). To investigate the
secretory profile of the activated CATs, cytokine profiling was

carried out on the conditioned medium isolated from activated
CATs and nonactivated MNCs. A 40- and 10-fold elevated concen-
tration of the pro-regenerative cytokines IL-10 and IL-2, respective-
ly, was detected in the CATs compared to conditioned medium
from nonactivated MNCs (Ctrl; Fig. 5B and fig. S4A). Meanwhile,
no difference was detected between the concentration of pro-in-
flammatory cytokines IL-6 and IL-17A between CATs and Ctrl
(Fig. 5C). Because the analysis of the cell surface expression and se-
cretory profile of the activated CATs indicated a clear shift in cellu-
lar identity, mRNA transcript analysis was performed. Analysis of
IL17A supported findings from the cytokine profiling with a 10-fold
decrease in gene expression in CATs as compared to nonactivated
MNCs (Fig. 5D and fig. S4A). The cytokine findings were also con-
firmed with the expression for the anti-inflammatory cytokine IL10
and TNFα (Fig. 5E). A 1.4-, 5.5-, and 2.5-fold elevated expression of
the chondrogenic inducers TGFβ1, BMP-2, and COMP was depict-
ed in the activated CATs, indicative of a mechanism for their ability
to induce chondrogenic priming of progenitor cells (Fig. 5F).
mRNA analysis of aMSCs after 0, 24, 48, 72, and 96 hours of cocul-
ture with the CATs further supported the CAT-induced chondro-
genic differentiation. An immediate, elevated expression was
found in the early chondrogenic commitment marker GDF5 and
the master chondrogenic transcription factor SOX9, upon
24 hours of coculture (Fig. 5G). Analysis of TGFβ1 displayed a de-
creased expression after 24 hours of coculture, followed by an in-
creased expression after 72 and 96 hours of coculture. This
gradually increased expression was further supported by Dickkopf

Fig. 4. Development of an immunomodulatory and pro-regenerative cell treatment.MNCs are isolated from blood or spleen, while aMSC are isolated from adipose
tissue and expanded in vitro (A). The MNC are activated toward cartilage tissue and stimulated with inhibitors for anti-inflammatory properties for 72 hours to become
CATs (B). Next, the CATs are added to the in vitro expanded aMSCs for a 24-hour coculture to induce chondrogenic priming of the aMSCs (C) followed by intra-articular
injection (D) for the treatment of OA for potential restoration of joint homeostasis (E).
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Fig. 5. Characterization of an immunomodulatory cell-based regenerative treatment. The expression of cell surface markers upon activation of MNCs to CATs was
investigated by flow cytometry (A). Cytokine profiling for pro-regenerative (B) and pro-inflammatory (C) cytokine markers. mRNA transcript analysis after 72 hours of CAT
activation for pro-inflammatory (D), anti-inflammatory (E), and proteins inducing chondrogenesis (F). mRNA transcript analysis was used to investigate the temporal
mechanism of CAT-induced chondrogenic differentiation of aMSC (G). The conditioned medium from activated CATs (CM CAT) was investigated for the ability to stabilize
the articular chondrocyte phenotype when added to standard CM (H) and to protect against dedifferentiation (I). Data are represented as individual data points or violin
plots showing the probability density of the data: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; #P < 0.05, ##P < 0.01, and ###P < 0.001 to time point 0 hours.
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WNT signaling pathway inhibitor 3 (DKK3) expression, a molecule
with a protective effect on TGFβ-induced cartilage integrity by pre-
venting proteoglycan loss in OA (15). Next, analysis of the glycopro-
tein cartilage oligomeric matrix protein (COMP), crucial for
cartilage ECM structure and load-bearing function, was assessed.
After 48 hours of coculture, a 1.3-fold increased expression was
seen and enhanced at 72 hours to over a 2.7-fold elevated expres-
sion. This progressive, increased elevation in expression was also
observed for PRG4, the gene encoding lubricin. Here, a 1.7-fold el-
evated expression was seen at 72 hours, which increased to a 2.5-fold
at 96 hours (Fig. 5G and fig. S3B). To further investigate how the
secretory profile of the activated CATs may affect chondrocytes in
the defect environment, healthy human articular chondrocytes were
seeded for spheroid formation and cultured in standard CM with or
without 10% of conditioned media from the activated CATs (CM
CAT). mRNA transcript analysis confirmed that over 4- and 15-
fold elevated expression was seen in SOX9 and GDF5, respectively
(Fig. 5H). While no difference in ACAN expression was observed
between CM- and CM CAT–stimulated hACs, over a fivefold in-
crease in COLL2 was confirmed in CM CAT–stimulated hACs.
Combined, these findings confirm that cartilage activation of
CATs induces an ability to initiate and steer stable chondrogenic
differentiation of progenitor cells upon coculture. Furthermore,
CATs produce cytokines and proteins that further stabilize the
chondrogenic phenotype of articular chondrocytes in vitro.

Immunomodulation of OA in a preclinical model leads to
restored joint homeostasis
To evaluate the regenerative effect of the immunomodulatory cell
treatment in cartilage-specific fibrosis, a chemically induced OA
model in rat was used. Monosodium iodoacetate (MIA) is a glyco-
lytic inhibitor that causes behavioral, histological, and biochemical
changes that resemble human OA and its associated joint pain upon
local injection (16, 17). MIAwas injected in the right hind knee of 9-
week-old female Lewis rats (Fig. 6A). One week after injection, ini-
tiation of cartilage deterioration depicted by reduced AB stain and
impaired collagen structure in the articular surface demonstrated by
Picrosirius red was observed in MIA-injected knees but not in
vehicle controls (Fig. 6B and fig. S5A). Next, CATs, aMSC, a 24-
hour coculture (CoC) between aMSCs and CATs, or nontreated
vehicle control (Ctrl) was injected intra-articularly 1 week after
MIA injection. Evaluation by AB and Picrosirius red staining for
cartilage deterioration 3 weeks after cell injection confirmed
severe cartilage degradation in nontreated MIA-injected knees
(Fig. 6C and fig. S5B). Limited articular cartilage regeneration was
seen upon injection of aMSCs alone, while a fourfold elevated AB-
positive ECM was detected in the CAT-treated group (Fig. 6, C and
F, and fig. S5B). The cocultured group induced regeneration of the
articular unit similarly to the vehicle control group (Fig. 6, C to F,
and fig. S5B). To assess the quality of the degenerated or regenerated
cartilage, IHC for COLL2, COLL1, and lubricin was performed
(Fig. 6D and fig. S6). Further confirming findings from the AB
staining, aMSC treatment alone did not improve COLL2+ matrix
formation. Instead, the presence of COLL1+ ECM could be con-
firmed in the articular cartilage unit. While limited COLL2+ ECM
was detected in CAT-treated animals, the presence of COLL2+ ECM
was similar in the CoC-treated group and vehicle control, confirm-
ing articular cartilage regeneration. Quantification of the lubricin+

layer displayed limited positive staining in the nontreated and

aMSC groups, while a twofold elevated level lubricin+ area was
seen in the CAT and CoC groups (Fig. 6, D and H, and fig. S6).
The Osteoarthritis Research Society International (OARSI)
scoring system was developed as a histologic scoring system that
can be applied universally to various OA models (13, 14). The
highest score for cartilage degeneration was detected in nontreated
joints with a score of 4.17 ± 0.75. Limited improvement was seen in
aMSC- and CAT-treated animals, which scored 3 ± 1.08 and
2.33 ± 0.82, respectively, while the CoC group scored 0.67 ± 0.82,
reflecting near full regeneration of the deteriorated cartilage
(Fig. 6E). In addition, IHC for SRY confirmed contribution of the
injected male cells to the restored joint homeostasis in the female
animals (fig. S7). As the synovial membrane structure and compo-
sition reflect joint health and function as an immunomodulatory
hub for the synovial joint, treatment group effects on the synovial
membrane after MIA injections were investigated. For this, a syno-
vial membrane fibrosis score was used on the basis of the cell layer
thickness of the synovial membrane (black arrows), the presence of
vascularized connective tissue (blue arrows), edematous subintimal
layer (green arrows), and inflamed intimal layer (gray arrows), as
indicative markers of synovial inflammation. Similarly to the eval-
uation of articular ECM regeneration, the CoC group displayed the
strongest ability to reverse fibrosis in the synovial membrane. This
suggested that the combined cell treatment did not only function to
directly regenerate the deteriorated cartilage but also affected the
inflamed membrane by steering its pro-inflammatory status
toward a more pro-regenerative environment (Fig. 6, I and J).

Intra-articular injection of an autologous
immunomodulatory cell treatment improves pain, quality
of life, and joint status in a clinical compassionate use study
To evaluate clinical efficacy, a compassionate use study was con-
ducted in nine patients with confirmed knee OA graded to 3-4 by
symptoms including (i) pain, reduced function in daily life, reduced
function in sports, recreational activities, and reduced quality of life
according to the Knee Injury and Osteoarthritis Outcome Score
(KOOS) scale (18); (ii) conformational x-ray; and (iii) magnetic res-
onance imaging (MRI). All patients received one or two intra-artic-
ular injection(s) of autologous CoC treatment (Fig. 7A). Efficacy
was monitored through KOOS evaluation and MRI before and
after treatment, and a biopsy from one patient could be harvested
(Fig. 7 and fig. S8). Upon treatment, an increase in quality of life was
confirmed (P = 0.078; Fig. 7B). This could be linked to an elevation
in functional daily living (P = 0.007) (Fig. 7C), improvement in
function during sports and recreational activities (P = 0.0153;
Fig. 7D), an increase in symptom improvement (P = 0.0031;
Fig. 7E), and increase in pain improvement (P = 0.0039; Fig. 7F).
MRI analysis before treatment in a 30-year-old athlete who had
failed conservative therapy of rest, physical therapy, nonsteroidal
anti-inflammatory drugs (NSAIDs), and steroid injections indicat-
ed OA based on depicted focal osteochondral lesions in the weight-
bearing regions of the lateral femorotibial and posterior lateral com-
partment (Fig. 7G). MRI approximately 1 year after treatment indi-
cated restoration of the articular cartilage unit and distinct decrease
in subchondral edema (Fig. 7H). One patient suffered from knee
OA due to anterior cruciate ligament (ACL) rupture, as depicted
by degenerated cartilage in obtained MRI before treatment.
Diffuse cartilage substance loss and focal superficial cartilage
damage were confirmed in weight-bearing regions of the medial
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Fig. 6. Functional articular and synovial membrane regeneration upon chemically induced OA in rat. MIA was injected intra-articularly in female rat followed by
injection of aMSCs, CATs, or CoC 1 week later and final histology at week 4 (A). Histology by AB confirmed the onset of cartilage deterioration 1 week after MIA injection,
but not in vehicle control (B). ECM characterization 3 weeks after cell injection for AB confirmed a treatment-specific response in GAG regeneration (C and E) and COLL2,
COLL1, and lubricin production (D, F, and G). Combined, these findings gave treatment group–specific OARSI scoring for articular cartilage degeneration with statistical
difference to nontreated control (H). Characterization of fibrosis in the synovial membrane by H&E staining based on cell layer thickness of the synovial membrane (black
arrows), vascularized loose connective tissue (blue arrows), edematous subintima layer (green arrow), and inflamed intima layer (gray arrow) (I) and synovial fibrosis score
between the different treatment (J). Data are represented as individual data points or violin plots showing the probability density of the data: *P < 0.05, **P < 0.01, and
***P < 0.001. Scale bars, 50 μm.
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and lateral compartments (fig. S8A). When this patient received
intra-articular injection of autologous CoC (without ACL recon-
struction), restoration of the articular cartilage unit and distinct sep-
aration from the subchondral bone were obtained (fig. S8, A and B).
Together, these findings suggest that an imbalance between the ac-
tivated pro- and anti-inflammatory immune cell populations steers
the initiation, progression, and resolution of OA.

DISCUSSION
OA was recently identified by the U.S. Food and Drug Administra-
tion as an epidemic, a public health crisis affecting more than 520
million people worldwide, with no effective treatments available.
The lack of reliable therapies is largely due to our limited under-
standing regarding the cause and underlying mechanism of OA
pathophysiology. We herein report on the development of an im-
munomodulatory cell treatment, with the ability to restore joint ho-
meostasis upon OA deterioration in human and rat. OA is a disease

of the joint system, and the synovial membrane is a highly special-
ized connective tissue that lines the inner surface of the joint
capsule. The membrane functions to (i) protect the joint, (ii)
control the composition of the ECM and SF, (iii) provide progenitor
and immune cells to maintain joint homeostasis, and (iv) supply
mechanical support. In diseases such as OA, a clear change in the
structure and composition of the synovial membrane is detected.
The synovium may show substantial changes even before visible
cartilage degeneration has occurred, including infiltration of
MNCs, alteration in T cell subsets, thickening of the synovial
lining layer, and altered production of inflammatory cytokines
(16, 19). Upon injury and during OA progression, the number of
mesenchymal progenitor cells in the SF increases (17, 20). This sug-
gests that articular cartilage deterioration may induce a similar ac-
tivation of progenitor cells from the local environment, as seen
upon acute injuries (9). However, activated progenitor cells in the
OA environment fail to heal the damage (21). In line with previous
research, SF-derived cells in this investigation showed the potential

Fig. 7. Improved articular cartilage regeneration upon autologous treatment of trauma induced OA in a clinical compassionate study. Recruited patients for a
compassionate use study included mainly trauma or degenerative OA, followed by one or two intra-articular injections of autologous CoC treatment (A). Follow-up
studies 1 year after the last injection led to improved total KOOS score based on quality of life (B), function in daily living (C), improved participation in sports and
recreational activities (D), symptom (E), and pain (F) improvement. MRI analysis before treatment in this young athlete who had failed conservative therapy of rest,
physical therapy, NSAIDs, and steroid injections indicated OA based on depicted focal osteochondral lesions in the weight-bearing regions of the lateral femorotibial
and posterior lateral compartment (G). MRI approximately 1 year after treatment indicated restoration of the articular cartilage unit and distinct decrease in subchondral
edema (H).
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to proliferate in monolayer and to undergo chondrogenic differen-
tiation in 3D culture conditions (21, 22). However, when aSF was
added to the assay medium, proliferation was impaired and cells
became senescent, while cells under chondrogenic differentiation
conditions dedifferentiated and became fibrotic with the addition
of aSF. This phenomenon was not specific to SF-derived cells.
When hAC isolated from healthy donors were cultured in SF
from OA patients, dedifferentiation toward a fibrotic/osteogenic
phenotype was observed. Furthermore, the SF-derived cells’
ability to migrate and attach to tissue culture surfaces was con-
firmed. These processes were additionally impaired in the presence
of aSF. While steric hindrance could be a potential cause for this
(22), supplementation of hyaluronic acid at identical concentrations
did not interfere with cell migration or attachment. On the basis of
these initial findings, the transition to a pro-regenerative environ-
ment fails in the synovial OA joint because of the SF composi-
tion (8).

These discoveries confirmed the SF as a central site of inflamma-
tion during OA progression, and this is supported by previous find-
ings (22, 23). The initial stages of immune-mediated joint diseases
such as OA are characterized by the influx of immune cells into the
synovial compartment (24–26). Local activation of these cells in the
synovial vasculature enables their transendothelial migration into
the inflamed tissues, with leukocyte accumulation further potenti-
ated by the up-regulation of pro-inflammatory cytokines (22). OA is
thought to be initiated by stress or trauma that fails to be resolved,
leading to a prolonged pro-inflammatory response resulting in fi-
brosis (27, 28). As the disease progresses, it can be hypothesized
that a local trauma signal is sent out by the affected tissue,
leading to a constant secretion of signals to recruit neighboring pro-
genitor cells to aid in tissue restoration and regeneration (17, 20).
However, the pro-inflammatory environment in SF impairs the pro-
genitor cells’ ability to regenerate healthy tissue.

Unfortunately, the majority of treatment alternatives for OA
only focus on one aspect of the disease, e.g., to treat the pro-inflam-
matory environment, reduce the pain, or induce regeneration. The
discoveries of this current investigation support the hypothesis that
the pro-inflammatory environment in SF of OA patients is caused
by an imbalance in the activation of pro-inflammatory and pro-re-
generative T cells due to the initial tissue trauma. To test this, an
immunomodulatory cell-based treatment was developed with the
goal to mimic and promote crucial events seen during functional
tissue regeneration. Specifically, a pro-regenerative tissue-specific
T cell population was generated to override the negative impact of
the OA-initiated pro-inflammatory cells and to promote homeosta-
sis in the joint system. Furthermore, through tissue-specific activa-
tion, the activated cells would be able to steer chondrogenic
differentiation of progenitor cells to aid in local regeneration
upon intra-articular injection. A protocol was established for the ac-
tivation of cartilage-targeted pro-regenerative T cells combined
with adipose-derived progenitor cells for an autologous treatment.
Upon coculture of the two populations, the progenitor cells would
be primed (29), but not fully differentiated, since it may impair in-
tegration (30). These progenitor cells together with recruited cells
from the local environment would be able to regenerate the
damaged tissue with instructions from the activated T cells (31).
It is currently understood that T cells are critical for orchestrating
appropriate adaptive immune and tissue responses and for main-
taining homeostasis in regulation to nonpathogenic antigens. T

cell function is controlled in part by environmental signals, such
as antigens. This targets the T cells toward the specific tissue that
the antigen derived from (32). Recent reports argue that additional
tissue-specific signals affect T cell differentiation and function (33).
This suggests that the existing OA environment further steers local
and recruited immune cells toward a pro-inflammatory status,
leading to worsening conditions. At the same time, trauma
signals recruit progenitor cells, resulting in impaired tissue regener-
ation and subchondral bone sclerosis. To overcome this, MNCs
were activated in vitro to obtain a cartilage-targeted anti-inflamma-
tory and pro-regenerative T cell population that can initiate chon-
drogenic differentiation of aMSCs in vitro and further steer tissue
restoration in vivo. Once injected intra-articularly in a rat OA
model, articular cartilage and synovial restoration was confirmed.
A limited effect of injection of aMSCs or CATs alone was seen.
These findings were in line with previous reports where aMSCs
were injected at different time points following chemically
induced OA in rats (34). In these studies, aMSC cell injection
mainly led to short-term pain-suppressing effects, associated with
the down-regulation of TNF-α in the synovium of OA knee
joints. These results are further supported by others, suggesting
that aMSC injection mainly attenuates articular cartilage degrada-
tion through a short-term immune-suppressing effect (35–37). This
suggests that when aMSCs are injected alone, they first function to
modulate the immune response. Hence, they have a limited effect
on tissue regeneration. By injecting the cocultured product, the
aMSCs are targeted to regenerate the articular cartilage, while the
CATs steer the local environment and suppress the pro-inflamma-
tory factors.

In the clinical setting, the cocultured immunomodulatory cell
treatment was injected intra-articularly for compassionate use. In
the nine included patients who received the treatment, improved
quality of life, ability to participate in recreational activities, and
reduced pain were seen. In parallel, articular cartilage regeneration
was confirmed by MRI and histology. Limitations with our study
include that the main findings were obtained in a rat OA model.
Rat joint biology and mechanical properties differ from humans;
these are crucial factors that play a role in OA biology, and in the
future, models with natural OA development would be of benefit.
Clinical improvements were obtained; however, this was only ob-
tained in a small group of patients for compassionate use. Addition-
al clinical studies are required to evaluate the outcome in a larger
patient population and to evaluate dosage, timing, and potency of
cells derived from donors with different health statuses. However,
the reported findings herein demonstrated the crucial impact of a
well-balanced immune environment for tissue homeostasis and
functional repair. The presented findings can provide inspiration
and directions for the treatment of effective and patient-specific im-
munomodulatory treatments with the ability to restore or regener-
ate damaged tissues and organs.

MATERIALS AND METHODS
Study design
This study was performed to evaluate whether the heterogeneous
cell population present in the synovial environment lacks the capa-
bility to contribute to functional tissue repair or whether there is
something in the environment that impairs their ability to do so.
This objective was addressed by isolating SF from OA patients in
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the early phase of disease initiation. Cells and the fluid portion were
separated, and the cells were evaluated for their potential to undergo
migration, attachment, proliferation, and chondrogenic differentia-
tion in the absence or presence of aSF. Next, the obtained findings
were used in the development of an immunomodulatory cell treat-
ment. Sample size was determined by the investigators according to
previous experimental procedures. The n numbers used in each ex-
periment are indicated in the details for each experiment. For in
vivo experiments, data from animals that died for non-experimental
causes were excluded. Samples were assigned randomly to the ex-
perimental and control groups. Animal or sample allocation and
data acquisition in vivo or ex vivo and scoring were performed in
a blinded manner. Further experimental procedures are detailed in
Supplementary Materials and Methods.

SF collection and processing
All work with SF collected from human patients was approved by
the Wake Forest Baptist Medical Center Institutional Review Board
(IRB; study ID: IRB00007586). Patients seeking medical care for
joint discomfort or pain without any previous treatments were iden-
tified. All patients provided written informed consent before SF was
collected. Approximately 3 to 20 ml of SF was obtained via arthro-
centesis from the affected knees of 23 patients (11 males and 12
females; mean age, 55.6 ± 9.22 years). Upon collection, SF was cen-
trifuged at 2000g for 30 min. Supernatant was aliquoted and stored
at −80°C for further analysis. SF from five donors with no history of
joint disease or arthritis and that tested negative for HIV 1 and 2,
hepatitis C antibody, and hepatitis B surface Antigen was obtained
from a commercial vendor (Articular Engineering, Northbrook, IL,
USA). The 1-ml fluid samples were harvested postmortem from
donors with no clinical history of joint disease or arthritis. Each
sample was frozen immediately after collection, stored frozen at
−80°C, and shipped on dry ice. Upon arrival, samples were imme-
diately transferred to −80°C until further analysis.

Cell culture
SF-derived cells were isolated from the SF after centrifugation. Next,
cells were washed in phosphate-buffered saline (PBS), followed by
cell expansion in GM consisting of Dulbecco’s modified Eagle’s
medium (DMEM)/F12 supplemented with 10% fetal bovine
serum and 1% penicillin/streptavidin for three passages when
they were used for the specific assays. Primary healthy human artic-
ular chondrocytes (PromoCell, Heidelberg, Germany) were cul-
tured in chondrocyte media (PromoCell) to passage three when
they were processed for assays.

Rat model of chemically induced OA
Twenty-five 8- to 9-week-old female Lewis rats were randomly as-
signed to one of three experimental groups. All animal procedures
were performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and
with a protocol approved by the Institutional Animal Care and
Use Committee at Wake Forest University Health Sciences (proto-
col number: A20-046). Table 1 describes the demographics of the
groups, including the average start and end weights, along with
the length of time of each animal within the study. Each animal’s
entry into the study was initiated by a 50-μl intra-articular injection
of 0.2 mg of MIA into the right stifle joint to produce a rapid, deg-
radative effect on the articular cartilage equilibrate to grade II to IV

lesion (38–40). Four control animals were euthanized 7 days after
MIA injection to document the degree of damage at the time of ad-
ministration of the cell therapy. Three different cell treatments were
provided: (i) CATs only, (ii) aMSCs only, and (iii) a 24-hour CoC of
CATs and aMSC in a 4:1 ratio; control animals received PlasmaLyte
without cells. For each experimental group, n = 6 was planned, but
two animals failed recovery from anesthesia after MIA injection.
The MNCs used for the CATs and adipose tissue used to isolate
the aMSCs were obtained from donor male Lewis rats harvested
before the beginning of the experiment. Because this strain is
inbred, these cells were treated as an autologous graft. The experi-
mental animals receiving cells were euthanized 21 days after cell
therapy injections. At tissue harvest, joint samples were fixated
using 4% paraformaldehyde for 72 hours at 4°C under rotation, fol-
lowed by paraffin embedding and processing for histological and
IHC analysis by cutting tissues into 5-μm-thick tissue sections.

Immunomodulatory cell treatment
aMSC isolation
Subcutaneous abdominal adipose tissue was collected from 15- to
20-week-old male Lewis rats used for other procedures. The
adipose tissue was mechanically and enzymatically dissociated [col-
lagenase type IV (100 μg/ml)] to obtain a single aMSC suspension.
Cells were seeded in aMSC GM (aGM) consisting of DMEM high-
glucose and GlutaMAX-I (Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with Humulin R (0.1 U/ml; Lilly USA, India-
napolis, IN), 5% PLTGold Human Platelet Lysate (Biological Indus-
tries, Kibbutz Beit HaEmek, Israel), and gentamycin (2.5 μg/ml;
Fresenius Kabi, Lake Zurich, IL, USA) for 24 hours. Next, the
adhered cells were washed in PBS and cultured at 37°C with 95%
O2 and 5% CO2 to passage three when they were used for treatment.
MNC isolation
Rat MNCs were obtained from the spleen of 15- to 20-week-old
male Lewis rats used for other procedures. Fresh whole rat spleen
was obtained under sterile conditions and placed into a petri dish
with 5 ml of HBSS (Hank’s balanced salt solution) buffer. The
spleen was minced into small pieces (~0.2 cm2) with a scalpel
blade. The pieces were then transferred to a 70-μm cell strainer
over a 50-ml conical tube. After covering the pieces with HBSS, a
plunger was used to wash out the cells from the tissue with repeated
addition of HBSS until the tissue turned white. The cells were then
centrifuged at 400g for 5 min at 4°C, and the supernatant was dis-
carded. Cell pellet was resuspended in red blood cell lysis buffer and
incubated for 10 min at room temperature, followed by PBS wash.
MNCs were stored in liquid nitrogen until processed for activation.
CAT activation
Isolated MNCs were thawed, washed, and suspended in suspension
culture in activation medium consisting of DMEM high glucose and
GlutaMAX-I (Thermo Fisher Scientific, Waltham, MA, USA), with
the addition of 10% cartilage hydrolysate (Laboratorios Villar,
Rosario, Santa Fe, Argentina), famotidine (10 μg/ml; Mylan Institu-
tional LLC, Rockford, IL), indomethacin (4.5 μg/ml; Hospira Inc.,
Lake Forest, IL, USA), and gentamicin (2.5 μg/ml; Fresenius Kabi,
Lake Zurich, IL) at 37°C with 95% O2 and 5% CO2.
Coculture
aMSC were cultured in aGM to 70 to 80% confluence and then
washed in PBS, and CATs were added in a 4:1 ratio suspended in
DMEM high glucose and GlutaMAX-I (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with gentamicin (2.5 μg/ml;
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Fresenius Kabi, Lake Zurich, IL, USA). For intra-articular injection,
the coculture was maintained for 24 hours at 37°C with 95% O2 and
5% CO2. For mechanistic studies, the coculture was maintained for
up to 96 hours, followed by mRNA transcript data analysis.

Clinical data
Patients older than 18 years old that consulted the clinic for knee
OA (KOA) with a body weight greater than 45 kg and the following
blood parameters (hematocrit, ≥35%; mean corpuscular volume
≥ 70%; mean corpuscular hemoglobin ≥ 31%; leukocytes ≥4000/
mm3; and platelets, 150,000 to 400,000/mm3) with normal
cardiac, liver, respiratory, and renal functions were offered the treat-
ment. The inclusion criteria were as follows: Positive KOA diagnosis
supported by clinical symptoms and knee abnormalities confirmed
by x-ray and or MRI [effusion and synovial thickening/synovitis,
subchondral bone marrow edema and/or cysts, cartilaginous
defects (partial or full-thickness), bursitis, iliotibial band syn-
drome]. The pain associated with the MRI characteristics, according
to the KOOS scale (41), was higher than 80%, and all patients signed
the consent form. The exclusion criteria were as follows: Active neo-
plasm, viral, bacterial, or fungal (internal) active systemic infection
at the time of starting the treatment; HIV, hepatitis B, or hepatitis C
positive; patients with jaundice or liver failure; pregnant patients; or
individuals with alcohol or drug addiction. Ethical considerations
were as follows: Documented results are from patients treated
with a new investigational drug under compassionate use regula-
tions. All included patients suffered from severe KOA. Their indi-
cation was prosthetic replacement of the knee, as OA progression
caused a lack of treatment response to standard palliative therapies.
The treatment was done under Compassionate Use Conditions. The
therapy used is an adaptation of a clinical trial protocol already ac-
cepted for evaluation and is registered with the National Adminis-
tration of Medicines, Food and Technology of Argentina with the
file number 1-0047-0002-000209-17-6 presented to treat patients
with severe muscular atrophy. The clinical protocol and the text
of the Informed Consent Form were approved by the respective
IRB of the intervening institutions. Forty eight hours before the
start of treatment, patients signed the informed consent form.
Patient safety and clinical follow-up were monitored at least once
a week to observe treatment safety, efficacy, and effectiveness.
Follow-up controls were done approximately 60, 90, 180, and 365
days after treatment, and the latter was mainly used to assess ther-
apeutic effect following the KOOS score and MRI if nothing else
stated. This scoring system includes five categories that are self-ad-
ministered and assessed in a standard questionnaire based on level
of (i) pain (9 items assessed), (ii) symptoms (7 items assessed), (iii)

activities of daily life (17 items assessed), (iv) sports and recreational
activities (5 items assessed), and (v) knee-related quality of life (4
items assessed). Then, a Likert scale is used where all items have
five possible answer options scored from zero (no problem) to
four (extreme problems). Next, each of the five scores is calculated
as the sum of the items included. An aggregate score is not calcu-
lated because it is regarded desirable to analyze and interpret the
five dimensions separately. The test has previously been evaluated
for its test-retest reliability where the intraclass correlation coeffi-
cients was regarded as high as previously reported (41). The score
calculation was then performed and transformed to a 0 to 100 scale
where 0 is extreme knee problems and 100 is no knee problem:
Transformed scale = 100 − (actual raw score × 100)/(possible raw
score range). Statistical evaluation was performed by Wilcoxon
nonparametric test to analyze differences before and after treat-
ment. Safety was evaluated according to the National Cancer Insti-
tute, USA. The protocol for common terminology criteria for
adverse events (version 5.0) was used. MRI of the treated areas
was performed approximately 12 months after the end of the treat-
ment test.

Statistical analysis
Descriptive data were expressed as individual data points graphical-
ly with or without violin plots representing the data distributions
for each outcome. Comparisons between groups were performed
using either parametric or nonparametric approaches depending
on the outcome being examined. For outcomes measured on
either a continuous or an ordinal scale taken on two or more
groups, two-way analysis of variance (ANOVA) models with
Tukey’s post hoc adjustments or Kruskal-Wallis tests were used to
compare groups. For analyses where two paired groups were being
examined, Wilcoxon signed-rank tests were used. All analyses were
performed using Prism (version 9.3; GraphPad Software). Statistical
significance was indicated on all graphs as follows between condi-
tions *P < 0.05, **P < 0.01, or ***P < 0.001 unless otherwise stated.
Results were conducted from at least three independent experi-
ments (n = 3 for in vitro data and n = 4 to 6 for in vivo experiments).

Supplementary Materials
This PDF file includes:
Supplementary Materials and Methods
Figs. S1 to S8
Table S1

Table 1. Experimental groups.

Experimental condition Starting age (weeks) n Days from MIA injection until euthanasia Start weight (g) End weight (g)

Controls 8–9 4 7 days 165 (±8.6) 182 (±10.1)

Controls 8–9 6 28 days 178 (±13.9) 218 (±32.3)

Rat ECs 8–9 5 (6) 28 days 165 (±12.2) 206 (±12.8)

Rat aMSCs 8–9 5 (6) 28 days 174 (±5.4) 202 (±1.8)

Rat coculture 8–9 6 28 days 174 (±13.6) 208 (±15.5)
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