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Preface

Osteoarthritis of the knee (OAK) is the most common cause of disability in the worldwide

population and is an intractable degenerative disease of the joint that progresses slowly and is

globally prevalent. It has heterogeneous phenotypes, including cartilage breakdown, synovitis,

osteophyte formation, and bone marrow lesions. Histological studies show that OAK patients have

variable degrees of synovitis, with higher levels of pro-inflammatory cytokines and infiltration of

immune cells, predominantly macrophages. A fundamental treatment for OAK does not exist, and its

development is imperative. Currently, a conservative approach using intra-articular injections, such

as stem cell therapy and platelet-rich plasma, has become widely available. Mesenchymal stem cells

express a variety of growth factors and cytokines that aid in the repair of degraded tissue, restoration

of normal tissue metabolism, and, most importantly, counteracting inflammation. However, the

mode of action of these point-of-care treatments remains unclear. This Special Issue contains original

research papers, full reviews, and perspectives that address the progress and current knowledge of

the molecular mechanisms of these point-of-care treatments for OAK.

I would like to thank Professor Ichiro Sekiya of Tokyo Medical and Dental University, a leading

stem cell researcher and orthopedic surgeon, and Dr. Jennifer Woodell-May of Zimmer Biomet, a

leading developer of autologous protein solutions, for taking time out of their very busy schedules to

write review articles. I would also like to thank my colleagues who have always participated in our

research activities in an upbeat and positive manner.

Masato Sato

Editor

vii





 International Journal of 

Molecular Sciences

Review

Candidates for Intra-Articular Administration Therapeutics and
Therapies of Osteoarthritis

Eriko Toyoda 1,2, Miki Maehara 1,2, Masahiko Watanabe 1,2 and Masato Sato 1,2,*

����������
�������

Citation: Toyoda, E.; Maehara, M.;

Watanabe, M.; Sato, M. Candidates

for Intra-Articular Administration

Therapeutics and Therapies of

Osteoarthritis. Int. J. Mol. Sci. 2021,

22, 3594. https://doi.org/10.3390/

ijms22073594

Academic Editor: Maurizio Battino

Received: 1 March 2021

Accepted: 26 March 2021

Published: 30 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Orthopaedic Surgery, Surgical Science, Tokai University School of Medicine, 143 Shimokasuya,
Isehara 259-1193, Japan; etoyoda@tokai-u.jp (E.T.); m-maehara@tsc.u-tokai.ac.jp (M.M.);
masahiko@is.icc.u-tokai.ac.jp (M.W.)

2 Center for Musculoskeletal Innovative Research and Advancement (C-MiRA),
Tokai University Graduate School of Medicine, 143 Shimokasuya, Isehara 259-1193, Japan

* Correspondence: sato-m@is.icc.u-tokai.ac.jp; Tel.: +81-463-93-1121; Fax: +81-463-96-4404

Abstract: Osteoarthritis (OA) of the knee is a disease that significantly decreases the quality of
life due to joint deformation and pain caused by degeneration of articular cartilage. Since the
degeneration of cartilage is irreversible, intervention from an early stage and control throughout
life is important for OA treatment. For the treatment of early OA, the development of a disease-
modifying osteoarthritis drug (DMOAD) for intra-articular (IA) injection, which is attracting attention
as a point-of-care therapy, is desired. In recent years, the molecular mechanisms involved in OA
progression have been clarified while new types of drug development methods based on gene
sequences have been established. In addition to conventional chemical compounds and protein
therapeutics, the development of DMOAD from the new modalities such as gene therapy and
oligonucleotide therapeutics is accelerating. In this review, we have summarized the current status
and challenges of DMOAD for IA injection, especially for protein therapeutics, gene therapy, and
oligonucleotide therapeutics.

Keywords: disease-modifying osteoarthritis drug; gene therapy; oligonucleotide therapeutics

1. Introduction

Osteoarthritis (OA) of the knee is a disease in which degeneration of articular cartilage
gradually progresses, and the cartilage is eventually worn to expose the subchondral
bone. OA significantly decreases the quality of life due to joint deformation and pain.
While most patients with OA are elderly, it has been reported that nearly 40% of people
over the age of 60 years have signs of early OA [1,2]. In addition to aging, OA is a
disease involving multiple etiologies such as a history of joint injury, gender, genetic
background, and obesity [3,4]. Since degenerated cartilage does not repair spontaneously,
it is important to prevent the degeneration of cartilage from an early stage. However,
current drug treatment for early OA is limited to the administration of analgesics for pain,
viscosupplement such as hyaluronic acid that enhances joint lubricity, and intra-articular
(IA) injection of corticosteroids [5]. None of these therapies are considered to have the effect
of suppressing the progression of cartilage degeneration and destruction and ultimately,
replacement arthroplasty is the only radical treatment for late-stage OA. Since OA is not a
life-threatening disease, minimally invasive treatment at an outpatient level is preferred;
IA injection is most commonly employed for OA. Since OA progresses over a long period
of time, early intervention is important so that symptoms can be controlled throughout
life. The development of a disease-modifying osteoarthritis drug (DMOAD) that can be
administered by IA injection, which is attracting attention as a point-of-care therapeutic,
is desired.
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Currently, corticosteroids and hyaluronic acid are the drugs most commonly adminis-
tered by IA injection, with the main action being pain control. So far, no DMOADs have
been developed [6]. Novel treatment options are being developed with the expectation of
controlling inflammation and promoting cartilage regeneration in OA. Options include
recombinant protein, gene therapy, platelet-rich plasma, and cell therapy [7]. This review
outlines the current status and challenges that the new biologics bring to treating OA,
especially protein therapeutics, gene therapy, and nucleic-acid therapeutics.

2. Target Biological Pathways for DMOADs

OA is a disease mainly characterized by cartilage degeneration, pathological changes
in entire joint, such as joint capsule thickening, osteophyte formation, subchondral scle-
rosis, and synovitis. Although the molecular mechanism underlying these pathological
conditions remains not fully understood, many excellent reviews that discuss the molecular
pathology of OA have been published [6,8–12]. As a consensus, prolonged low-grade in-
flammation is thought to play a pivotal role in OA initiation and progression. In summary,
activation of innate immunity by the decomposition products of the joint matrix gener-
ated by trauma or mechanical overload causes synovitis. Synovitis induces production of
proinflammatory mediators from synovial cells, immune cells, chondrocytes, or cells in
subchondral bone. Risk factors for OA, such as aging, injury history, obesity, and some
genetic backgrounds are thought to trigger or prolong inflammation.

Increased proinflammatory cytokines such as interleukin (IL)1β, tumor necrosis factor
α (TNF-α), IL-6, IL-15, IL-17, and IL-18, and the imbalance of anti-inflammatory cytokines
such as transforming growth factor-β (TGFβ), IL-4, IL-10, and IL-13 suggested contribute
to OA pathogenesis [13–15].

Further, inflammatory joint condition induces alteration of the chondrocyte phenotype,
such as cell proliferation, cluster formation, production of both matrix proteins and matrix-
degrading enzymes, and chondrocyte hypertrophy and apoptosis [16]. Matrix-degrading
enzymes such as matrix metalloproteinases (MMPs) and a disintegrin and metallopro-
teinase with thrombospondin motifs (ADAMTS) family degrade cartilage component type
II collagen and proteoglycan. Alteration of chondrocyte phenotype considered as regenera-
tive response caused by inflammation. The chondrocytes follow the process of chondrocyte
maturation and resulting matrix remodeling, improper hypertrophy-like maturation and
cartilage calcification. Cartilage homeostasis disruption is considered to be involved in
cartilage degeneration and osteophyte formation.

The importance of each factor in OA progression remains unclear. A blockage of the
inflammatory signal induced by proinflammatory mediators, a supplementation of anti-
inflammatory factors, or an alteration of chondrocyte phenotype is considered a promising
target for DMOADs.

3. The Advantage of IA Delivery in OA Treatment

For the control of inflammation, protein therapeutics blocking TNFα, IL-1, and IL-6
have been already developed for treatment of rheumatoid arthritis (RA). RA is a systemic
inflammatory disease and also causes joint destruction. Inflammation of RA is generally
more severe than that of OA. Thus, the control of inflammation by these protein thera-
peutics is of benefit to the RA patients and increases in the occurrence of infections is
tolerated [17,18].

In contrast to RA, the daily symptoms in OA such as morning stiffness, heat, pain,
and joint effusions are initially comparatively mild [8]. The systemic administration of
immunosuppressive protein therapeutics poses an unacceptable risk for OA patients.
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In OA, usually only one or two large joints are affected, and inflammation is limited
to the affected joints. Furthermore, articular cartilage, which is the target tissue for OA
treatment, is an avascular tissue, which makes it difficult for a drug to be distributed
by systemic administration. IA drug delivery is relatively easy for the diarthrodial joint,
thereby ensuring that the drug is delivered to the affected area. The merit of IA injection
is that sufficient drug concentration can be achieved at the target site while avoiding the
disadvantages of potential side effects. Thus, IA delivery of DMOADs, including already
developed immunosuppressive protein therapeutics, has been considered as an option to
address the issues, adverse effect, and drug distribution.

4. OA Treatment by IA Injection of Protein Therapeutics

As mentioned above, various inflammatory cytokines and cartilage matrix-degrading
enzymes in joint fluid increase. The expression of genes encoding these proteins in synovial
cells and chondrocytes also increases to the extent that suppression of TNFα and IL-1β
actions is considered to be a promising target for the treatment of OA. In addition, IA
injection of humoral factors that have cartilage repair and cartilage protection properties is
also of great interest because they may be a DMOAD for OA of the knee (Table 1).

IL-1Ra, which is a natural antagonist of IL-1β, and anti-IL-1β antibody, which neu-
tralizes IL-1β, have already been shown to be effective in RA. Clinical trials targeting
OA have also been conducted. Considering the potent induction of matrix-degrading
enzymes by IL-1β, IL-1Ra may suppress the degradation of articular cartilage. However,
in a clinical trial (NCT00110916) of IA injection of IL-1Ra (anakinra) [19], the drug failed to
achieve the primary endpoint, a change in the Western Ontario and McMaster Universities
osteoarthritis index (WOMAC) score from baseline to week 4 [20]. It has been pointed out
that there is the possibility the cartilage protective effect had not been exhibited because of
the short half-life of IL-1Ra (4 h) and because patient-relevant pain assessment data were
used as the primary endpoint [21]. In future studies, it is considered necessary to maintain
the IA concentration of IL-1Ra at an effective concentration by improving the dwell time,
such as with a controlled release of the recombinant protein. Currently, a clinical trial of
anakinra aimed at preventing OA by administration within 7 days after anterior cruciate
ligament (ACL) injury is scheduled (NCT03968913 [22]). Since it is estimated that 50% of
patients with ACL injury develop OA, the trial plan is to track the progression to OA by
measuring marker proteins in joint fluid for early inflammation and cartilage damage. The
effect of IL-1Ra could be observed even with a temporary effect.

Table 1. Clinical trials of intra-articular (IA) injection of recombinant protein for osteoarthritis (OA) patients.

Study Name
(ClinicalTrials.gov 1)

Mode of Action
Biologicals

Study Phase
Outcome Measures

Study Identifier
Current Status 1

(Completion Year)

Biologic Therapy to Prevent
Osteoarthritis After ACL Injury

Inhibit IL-1β
IL-1 Receptor antagonist

r-metHuIL-1ra
(Anakinra)

Early Phase 1
cytokine level/Knee pain and

function/marker level

NCT03968913 [22]
Not yet recruiting

Study of Safety, Tolerability,
Preliminary Efficacy of

Intra-articular LNA043 Injections
in Patients with Articular

Cartilage Lesions and Knee
Osteoarthritis

Assist cartilage repair.
A modified human angiopoietin-like

3 protein

Phase 2
MRI/AEs/protein

level/antibodies/Others

NCT03275064 [23]
2017~Recruiting

A Study to Investigate the Safety
and Effectiveness of Different

Doses of Sprifermin in
Participants with Osteoarthritis of

the Knee (FORWARD)

Assist cartilage repair
Fibroblast growth

factor 18
(Sprifermin)

Phase 2
MRI/WOMAC/PGA/mJSW/

Protein level

NCT01919164 [24]
Completed (2019)

has results
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Table 1. Cont.

Study Name
(ClinicalTrials.gov 1)

Mode of Action
Biologicals

Study Phase
Outcome Measures

Study Identifier
Current Status 1

(Completion Year)

Dose Finding Study of Bone
Morphogenetic Protein 7 (BMP-7)

in Subjects with Osteoarthritis
(OA) of the Knee

Assist cartilage repair
Bone Morphogenetic Protein 7

(BMP-7/OP-1)

Phase 2
WOMAC

NCT01111045 [25]
Completed (2011)

To Determine the Safety,
Tolerability, Pharmacokinetics and

Effect on Pain of a Single
Intra-articular Administration of
Canakinumab in Patients with

Osteoarthritis in the Knee

Inhibit IL-1β
humanized monoclonal antibody to

interleukin-1β
(Canakinumab)

Phase 2
AEs/VAS/WOMAC/Others

NCT01160822 [26]
Completed (2010)

has results

Treatment of Knee Osteoarthritis
with Intra-Articular Infliximab

Inhibit TNFα
chimeric monoclonal antibody to

TNF-α
(Infliximab)

Phase 4
Cellular infil-

trates/Effusion/WOMAC/Others

NCT01144143 [27]
Completed (2011)

has results

Study of Intra-articular DLX105
Applied to Patients with Severely
Painful Osteoarthritis of the Knee

Inhibit TNFα
a single-chain (scFv) antibody

fragment against TNF-α (DLX105)

Phase 1/2
AEs/VAS/WOMAC

NCT00819572 [28]
Completed (2010)

1 https://clinicaltrials.gov (accessed on January 2021), the most recent phase and status study of the same drug candidate. ACL, anterior
cruciate ligament; WOMAC, Western Ontario and McMaster osteoarthritis index (WOMAC) pain subscale; MRI, quantification or
assessment of cartilage by MRI; AEs, incidence of adverse events; PGA, Patient’s Global Assessment; mJSW, Minimal Joint Space Width in
the Medial and Lateral Compartments as Evaluated by X-ray; VAS, Visual Analogue Scale to assess the intensity of knee pain.

The IL-1β neutralizing antibody, canakinumab, is effective against juvenile idiopathic
arthritis [29]. A clinical trial of IA injection of canakinumab in OA patients was conducted
in 2012 (NCT01160822 [26]). Further study of this drug for the treatment of OA has not been
conducted. Interestingly, in the Canakinumab Anti-inflammatory Thrombosis Outcomes
Study, a clinical trial in atherosclerosis patients involving 10,061 participants, patients
received drug subcutaneously once every 3 months. Study results report that inhibition of
IL-1β with canakinumab may substantially reduce rates of total hip arthroplasty/total knee
replacement and ameliorate osteoarthritis-related symptoms [30]. Although verification is
necessary, these results suggested that persistent inhibition of IL-1β might suppress OA
progression. If subcutaneous administration of canakinumab is safe and tolerated, it may
be an option for DMOAD.

Clinical trials have been conducted to determine the efficacy of a TNFα neutralizing
antibody (infliximab) and a single-chain (scFv) antibody fragment against TNF-α, both of
which inhibit the action of TNFα. For infliximab, the suppression of synovial inflammation
had not been observed. For antibody fragment, no results have been posted and subsequent
studies have not been performed.

An alternative to suppression of inflammation as an approach to DMOADs, IA in-
jection of protein factors that promote chondrocyte differentiation and inhibit cartilage
hypertrophy, has been carried out in anticipation of cartilage protection and promotion
of regeneration. Human recombinant bone morphogenetic protein/osteogenic protein-1
(BMP-7/OP-1) is a factor that has been reported to suppress chondrocyte hypertrophy and
protect cartilage. It had been used to promote bone regeneration [31]. Clinical trials of
BMP-7 in OA showed that in participants who received BMP-7, there was a trend toward
greater symptomatic improvement than with a placebo [25,32]; however, rhBMP-7 have
been withdrawn from the market because of lingering safety concerns; vertebral osteolysis,
ectopic bone formation, radiculitis, or cervical soft tissue swelling [33], and further study
for OA treatment have not been conducted.

FGF18 has been confirmed as both inducing cartilage differentiation and having
a protective action [34,35]. A clinical trial of IA injection of rhFGF18 (Sprifermin) was
conducted, but no clear improvement was observed in the pain evaluation [24,36,37].
However, a dose-dependent increase in cartilage thickness has been observed, and there
are high expectations for its potential as a DMOAD [38–40].
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Angiopoietin-like 3 (ANGPTL3) has been identified as an inducer of chondrogenesis
and cartilage repair. Clinical trials of IA injection of a modified form of ANGPTL3 are
under way [41].

Provided that articular cartilage repair is expected, chondrocytes that respond to these
factors or progenitor cells capable of cartilage differentiation need to be present or supplied
to the degenerated cartilage. Chondroprogenitor cells have been reported to be present in
synovial cells, cartilage surface cells, and periosteal cells, and are expected to contribute to
joint protection [42,43]. Encouraging results with rhFGF18 [38–40] imply that the ability to
respond to regenerative stimuli may remain in the joints of OA patients.

The development of protein therapeutics has been accelerated and many other pro-
teins have been shown to be effective in animal OA models (Table 2). Protein engineer-
ing is increasingly used aiming at enhancing the efficacy and improving biodistribution
and bioavailability.

Table 2. Protein therapeutics candidates in OA animal models with reported efficacy.

Protein OA Animal Models References

GH Growth hormone
Rat TMJ-MIA model [44]

Rabbit collagenase injection model [45]

HB-IGF-1
Humanized insulin like growth factor-1
fusion protein with a heparin-binding
domain for targeting to cartilage

Rat MMx model [46]

FzD7 CRD
Recombinant-Frizzled 7-cysteine-rich
domain designed to inhibit
Wnt3a/β-catenin signaling

Mouse DMM model [47]

rhMidkine rhMidkine Mouse DMM model [48]

IL4-10 FP A fusion protein, the biological activity of
IL-4 and IL-10 are preserved Canine groove model [49,50]

Sclerostin Mouse tibial compression OA injury model [51]

Atsttrin

An engineered protein composed of three
tumor necrosis factor receptor
(TNFR)-binding fragments of
progranulin (PGRN)

Rat noninvasive ACL rupture model
mouse ACLT model [52]

rhGDF5 rh growth differentiation factor-5 Rat MMx model [53]

rhPRG4 rh lubricin
Yucatan minipigs DMM model [54]

Rat ACLT model [55]

CRB0017 recombinant monoclonal antibodies directed
against ADAMTS5 STR/ort [56]

Efficacy reported in an experimental animal model by IA injection in last 10 years in PubMed. TMJ-MIA, monosodium iodoacetate injection
to temporomandibular joint; rh, recombinant human; MMx, the medial meniscus was resected; DMM, destabilizing the medial meniscus
surgery; ACLT, anterior cruciate ligament transection; STR/ort, spontaneous osteoarthritis mouse.

5. Gene Therapy for OA Treatment by IA

In recent years, gene therapy with viral vectors containing plasmid deoxy ribonucleic
acid (DNA) or messenger ribonucleic acid (mRNA) that incorporates genes with therapeutic
effects has been put into practical use. Gene therapy exerts its effects through intracellular
nucleic-acid transfection and translation into protein. In the case of gene therapy with
mRNA, it does not need to be transcribed intracellularly, protein can be produced directly
from the mRNA. When aiming for continuous expression, mRNA transfection is considered
to be inferior to gene transfer by vectors. Since mRNA is of very low stability, drug delivery
system (DDS) techniques that incorporate mRNA into cells while avoiding degradation
are necessary. Lipid nanoparticles (LNPs) are currently the mainstream DDS for mRNA
transfection but they are difficult to target to particular cell types, other than hepatocytes,
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because most LNPs are trapped by the liver when administered systemically. IA injection of
the LNP-encapsulated mRNA may maintain protein bioavailability and action on synovial
cells or chondrocytes in the target joint before the LNPs circulate to the whole body. Gene
therapy with mRNA administration could be suitable for transient gene expression aimed
at controlling inflammation after trauma and suppressing chondrocyte apoptosis.

Currently, research is being conducted on therapeutic methods in which vectors and
plasmids are administered to cells in joints to produce factors with anti-inflammatory and
cartilage repair effects instead of IA administration of recombinant proteins. Since OA
is not a life-threatening disease, a vector with a higher safety profile than those used for
cancer treatment is required. Table 3 shows the clinical studies of IA gene therapy for OA
conducted to date. The viral vectors currently in clinical trials were adeno-associated virus
(AAV) vectors, helper-dependent adenovirus (HDAd) vectors, and plasmids.

AAV is a nonpathogenic virus that can be transfected into cells in a tissue-specific
manner, depending on their serotype, and can transfer genes into nondividing cells. Their
use is expanding due to those characteristics. The introduction of AAV vectors into joints
has been investigated in rat [57], rabbit [58], and equine [59] species, and is introduced
into chondrocytes. Since adult chondrocytes usually do not proliferate and are rarely
replaced, it is expected that long-term transgene expression will be possible, if genes can
be introduced into chondrocytes [60]. If anti-inflammatory proteins can be continuously
supplied through gene therapy, it may be possible to modify OA progression. In this
context, gene therapy utilizing an IL-1Ra gene-containing vector has major implications for
OA treatment based on the results obtained with protein administration. Viral transfection
of the potent anti-inflammatory cytokines, IL-10, and IFNβ is also being investigated.

Table 3. Clinical trials of intra-articular delivery of gene therapy for OA patients.

Study Name
(ClinicalTrials.gov 1)

Mode of Action
Biologicals

Study Phase
Outcome Measures

Study Identifier
Current Status 1

(Completion Year)

Safety of Intra-Articular
Sc-rAAV2.5IL-1Ra in Subjects

with Moderate Knee OA
(AAVIL-1Ra)

Inhibit IL-1β
sc-rAAV2.5IL-1Ra

Phase 1
AEs

NCT02790723 [61]
2019~Recruiting

Study to Evaluate the Safety
and Tolerability of FX201 in

Patients with Osteoarthritis of
the Knee

Inhibit IL-1β
humantakinogene hadenovec

IL-1Ra (FX201)

Phase 1
AEs/biodistribution

NCT04119687 [62]
2020~Recruiting

Efficacy and Safety of XT-150
in Osteoarthritis of the Knee

Supply IL-10
plasmid DNA with a variant of
human IL-10 transgene (XT-150)

Phase 2
KOOS/WOMAC

/Others

NCT04124042 [63]
2020~Recruiting

A Single Dose Clinical Trial to
Study the Safety of ART-I02 in

Patients with Arthritis

Supply IFN-β
Recombinant AAV type 2/5

containing a hIFN-b gene
(ART-I02)

Phase 1
AEs/clinical scores

distribution/immune
response
/Others

NCT02727764 [64]
Active (2022)

1 https://clinicaltrials.gov (accessed on January 2021), the most recent phase and status study of the investigational drug. AEs, incidence of
adverse events; KOOS, Osteoarthritis Outcome Score; WOMAC, Western Ontario and McMaster Osteoarthritis Index pain subscale.

A clinical trial of protein therapeutics of IL-1Ra showed that IL-1Ra rapidly disap-
peared from the joint. However, clinical trials of FX201 (humantakinogene hadenovec)
aiming to express IL-1Ra in the joint are under way (NCT04119687 [62]). FX201 is an
HDAd vector based on human serotype 5 (Ad5) that is designed to express IL-1Ra under
the control of an inflammation-sensitive promoter. HDAd is a vector that lacks all viral
genes except the regions required for viral genome replication and packaging to increase
the safety of adenovirus vectors. It is a nonintegrating, nonreplicating vector that can
incorporate relatively long genes. IA expression of IL-1Ra using HDAd in mice and rats
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has been reported [65]. It has also been reported that cotransfection with the HDAd vector
containing the gene coding for lubricin exhibited improved protection against OA than
single IL-1Ra coding HDAd vector transfection [66].

Similarly, aiming for IA expression of IL-1Ra, sc-rAAV2.5rIL-1Ra (a self-complementing,
recombinant adeno-associated viral vector carrying IL-1Ra complementary DNA) has been
investigated in a clinical trial (NCT02790723 [61]). The conventional AAV vector is single-
stranded, and gene expression occurs after the complementary strand is synthesized in the
cell to become double-stranded. In the process of self-complementing, the positive and
negative strands are connected and packaged into a viral capsid to quickly become double-
stranded, and hence gene expression occurs rapidly [67]. It is inferior to conventional AAV
in that large-sized genes cannot be introduced. Preclinical studies have confirmed that
more than 90% of the post-IA vector in rats remains in the joint and that IL-1Ra levels
are also elevated [68]. Furthermore, improvement in total joint pathology following gene
therapy has been reported in an equine OA model [69].

IL-10 is a potent anti-inflammatory cytokine and is thought to affect OA. IL-10 sup-
presses the production of IL-1β, IL-6, and TNF-α and induces the expression of IL-1Ra [70].
In addition, it suppresses matrix metallopeptidases (MMPs) expression. IL-10 is expected
to be able to broadly suppress the inflammatory response and cartilage destruction seen
in OA [71]. A plasmid DNA-based therapy (XT-50) that expresses a long-acting human
IL-10 variant has been developed. The variant (hIL-10var) is inserted under the control of a
C-X-C motif chemokine ligand 10 promoter and the promoter is expected to regulate IL-10
expression according to the onset of inflammation in the joint [72]. Administration of XT-
150 to canine joints has reportedly increased IA IL-10 levels and reduced pain [73]. Clinical
studies of a plasmid vector (XT-150) on OA have been conducted (NCT04124042 [59]).

IFNβ also regulates and suppresses the production of TNFα, IL-1β, and IL-6, and an
AAV vector (ART-I02) that expresses IFNβ is being studied in rheumatoid arthritis and
OA. ART-I02 is designed to express IFNβ under the control of a nuclear factor κB (NF-κB)
promoter, which acts as a transcription factor during the induction of many inflammatory
cytokines. More than 90% of the virus stayed in the joint after IA administration of ART-I02
and protein expression was confirmed even after 7 weeks [74]. In the administration of ART-
I02 for collagen-induced arthritis in rhesus monkeys, a beneficial effect on joint swelling,
histological inflammation, and bone erosion scores has been reported [75]. ART-I02 is also
undergoing clinical research targeting OA (NCT02727764 [60]).

Introduction of PRG4/lubricin, which plays an important role in cartilage integrity,
was investigated. Using 10mabHDV-PRG4, HDAd vector conjugated to an α-10 integrin
monoclonal antibody, the increase of transduction into chondrocytes and production
of lubricin have been reported [76]. Introduction of IGF-I by AAV vector has been also
investigated [77]. Since the protein can be continuously expressed, gene therapy considered
one of the options for improving the biodistribution and bioavailability. Using gene therapy,
it is possible in principle to express a range of receptors and transcription factors, and
thus, it may be possible to use gene therapy to change cellular properties such as the
differentiation potential of chondrocytes. The safety and usefulness of gene therapy in
OA treatment is yet unknown. It is expected that the knowledge of the production of
neutralizing antibodies and the efficiency of introduction into target cells by IA in human
bodies will be clarified from the ongoing clinical trials in the future.
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6. Oligonucleotide Therapeutics as a Candidate for OA Treatment by IA Injection

In recent years, the development of oligonucleotide therapeutics that introduce oligo
nucleic acids such as antisense and small interfering RNA (siRNA) into cells has progressed.
The major oligonucleotide therapeutics are double-stranded RNA, siRNA [78], micro RNA
(miRNA) [79], and single-strand RNA antisense [80]. Antisense is classified into splicing-
controlled antisense that interferes with pre-mRNA splicing [81], RNA-degrading antisense
that collaborates with RNaseH to degrade mRNA, and miRNA-inhibiting antisense that
inhibits miRNA function [80]. In the past, in vivo administration of nucleic acid has had
problems of intracellular delivery and in vivo stability. Over the past decade, modified
nucleic acids have been developed that have improved nuclease resistance and increased
stability in the body. By chemically modifying the nucleic acid, the binding property to the
target sequence and the efficiency of uptake into cells have also been improved [82–85]. So
far, antisense and siRNA have been put into clinical use [86–95].

For OA treatment, attempts are being made to suppress cartilage destruction by
controlling the production of protein molecules involved in pathological conditions such
as cytokines and signal transduction molecules using oligonucleotide therapeutics. In
recent years, many comprehensive analyses of miRNAs and mRNAs in OA joints have
been carried out, and the networks of mRNAs and miRNAs involved in the progression
of OA have been clarified [96–98]. Many miRNAs involved in OA and chondrogenesis
have been reported [99–101]. For genes involved in promoting OA, there is the possibility
that OA progression could be suppressed by degrading specific mRNAs with siRNA or
antisense RNA and suppressing protein production. In the case where miRNAs that
target proteins associated with cartilage destruction in OA are reduced, administration
of oligonucleotide therapeutics may be able to supplement the anabolic miRNAs and
suppress OA progression. Conversely, using an antisense RNA to inhibit miRNAs that
are increased in OA, it may be possible to restore cartilage protective protein production,
which is suppressed by these miRNAs and control OA progression.

Table 4 shows oligonucleotides that exhibited in vivo efficacy in experimental OA
models, those are limited in rodent models. Application of oligonucleotide therapeutics for
IA injection is still underway. So far, no oligonucleotide therapeutics for DMOADs is in
clinical trials yet.
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7. Discussion

The molecular mechanism of cartilage degeneration in OA and an understanding
of target molecules that are the key to OA control are rapidly increasing. Once a target
molecule is identified, it is possible to obtain DMOAD candidates by various drug dis-
covery methods such as protein therapeutics, gene therapy, and nucleic-acid therapeutics
(Figure 1). Each approach has pros and cons and appropriate modality for DMOADs
differs depending on the expected mechanism of action and the target cells (Table 5).
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 Figure 1. Current and potential targets of DMOADs for IA injection. (A) Current drug targets
of protein therapeutics candidates for OA aim to block the interaction between proinflammatory
cytokines and their receptors (I) or to supply cartilage protective proteins to the joint (II). The attempts
of gene therapy candidates aim to supply proteins, which have anti-inflammatory (III) or cartilage
repair effects (IV) instead of IA administration of recombinant protein. (B) OA progression may be
controlled by reducing the protein production involved in pathological conditions through expression
translation suppression by miRNA (V), gene silencing by siRNA (VI), or mRNA cleavage by antisense
(VII). MicroRNA inhibitors inhibit OA promoting miRNAs (VIII) and may restore the expression of
OA protecting proteins and may contribute to suppress OA progression.
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Table 5. Summary of new approaches for disease-modifying osteoarthritis drugs (DMOADs).

Protein Therapeutics Gene Therapy Oligonucleotide
Therapeutics

Mechanism of action Supply the required protein
Transduce target gene in cells

Gene expression and
translation is needed

Transfer to target cells
Modulate the function or the

fate of target mRNA

Application range of targets For proteins that act
extracellularly Limitation in size of gene

Oligonucleotide sequence
can be designed without off

target effect

Delivery and distribution Distribute to whole joint by IA AAV vector provide cell type
specific gene transfer

Drug delivery system for
target need to be established

Retention time
Short

Rapidly excreted from
the joint

Vector: Continuous
expression can be expected
when transfected cells and

vector retained
mRNA: transient

protein production

Effect will continue as long as
oligonucleotide remain

in cytosol

Control dosage and time Possible

Amount of protein depend on
transfection efficiency, host

cell activity and etc.
Promotor design provide

regulated induction of protein

Possible

Relative manufacturing cost High
Biological manufacturing

High
Biological manufacturing

Low
Chemical synthesis”

Technical establishment and
Safety concerns

Established
Predictable

Approved mainly on life
threatening disease

Remain unknown risks?

Approved mainly in specific
genetical disorder

Remain unknown risks?

Since protein therapeutics do not penetrate the cell membrane, this approach is ap-
plicable to target molecules such as cell surface receptors and secretory factors. Protein
therapeutics can be expected to have high specificity for target molecules. Many drugs
have been put into practical use and drug discovery procedures have been established.
Although IA injection can deliver the protein therapeutics directly, even macromolecules
such as proteins and hyaluronic acid are excreted from the joints in few hours or a day [120].
Technological advances such as modification of amino acid sequence [121], chemical modifi-
cation [122], and development of sustained-release carrier [7,120,123] will contribute to the
development of DMOADs. For oligonucleotide therapeutics, once the gene sequence of the
target molecule is known, a method for quickly designing drug candidates has almost been
established. Once the method of transfection into cells is established, the existing method
can be used for oligonucleotide therapeutics for other targets [124]. Since oligonucleotide
therapeutics are based on gene sequences, they are expected to act specifically on the target.
They can be manufactured by chemical synthesis making it easy to set standards and
control quality. Oligonucleotide therapeutics act as siRNA and can hybridize only to the
target mRNA to reduce specific proteins’ synthesis. Oligonucleotide therapeutics aimed
at supplementing or inhibiting miRNAs may act on multiple proteins. After being taken
up into cells, their effect lasts for a certain period of time [110,125]. Oligonucleotide thera-
peutics can be inexpensively produced by chemical synthesis as distinct from biologically
produced recombinant proteins and viral vectors. This is important for a candidate for the
treatment of OA, which may be used for long periods in large numbers of patients. Using
gene therapy, both intracellular and extracellular molecules can be expressed, either tran-
siently or in response to a specific signal depending on the design of the vector [126]. There
is also the possibility of the practical application of vectors that express siRNA [127–129],
miRNA [130,131], and antisense RNA [132]. The ability to localize and supplement proteins
through oligonucleotide therapeutics for long-term is considered to be one of the great
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advantages of gene therapy. However, so far, gene therapy has rarely been put to practical
use in areas other than cancer and serious congenital diseases [133]. In those who have
antibodies to viral vectors, there are concerns about reduced introduction efficiency and
adverse events. In addition, because viral vectors or plasmid is biologically manufactured,
it is difficult to control the quality standard, and the manufacturing cost is considered
to be higher than that of oligonucleotide therapeutics. Gene therapy for OA may make
significant progress if the use of gene therapy in high-severity diseases accumulates and
safety concerns diminish.

There are several obstacles for development of DMOADs. Generally, surgically in-
duced OA models have been used to evaluate in vivo efficacy. These models reflect some
aspect of post traumatic OA in human, however heterogeneous nature of human OA should
be considered. It has been reported that 12% of the overall prevalence of symptomatic OA
is attributable to post-traumatic OA [134]. The pathophysiology of disease models used
in preclinical research may be distinct from that of the majority of patients with OA. It
should be considered to select appropriate experimental model, such as naturally occurring
or genetically modified spontaneous models, surgically or chemically induced model or
non-invasive models, which can replicate the targeted etiology in human OA [135]. For
heterogeneity of human OA, the new classification for distinguishing different phenotype
of OA is proposed [136]. It is expected that more precise OA classification will enable
the selection of appropriate target patients for clinical trials according to the mechanism
of action of the test drug [137]. Meanwhile establishment of reliable outcome measures,
which can follow the course of disease and effect of intervention, are desired. The great
potential of functional or compositional MRI for noninvasive assessment of tissue-structure
changes in OA has been reported [138]. The selection of suitable experimental models,
target patients, and appropriate outcome measure would be crucial for the successful
development of new therapies.

8. Conclusions

OA progresses gradually over a long period of time and degeneration and damage to
articular cartilage are irreversible. It is important to intervene in cartilage degeneration
from an early stage and control its progression. Thus, IA injection of DMOAD at point-of-
care may be one of the treatment options. In addition to conventional chemical compounds
and protein therapeutics, DMOAD may be created from state-of-the-art gene therapy and
oligonucleotide therapeutics.
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Abstract: In the knee joint, articular cartilage injury can often lead to osteoarthritis of the knee (OAK).
Currently, no point-of-care treatment can completely address OAK symptoms and regenerate articular
cartilage to restore original functions. While various cell-based therapies are being developed to
address OAK, exosomes containing various components derived from their cells of origin have
attracted attention as a cell-free alternative. The potential for exosomes as a novel point-of-care
treatment for OAK has been studied extensively, especially in the context of intra-articular treatments.
Specific exosomal microRNAs have been identified as possibly effective in treating cartilage defects.
Additionally, exosomes have been studied as biomarkers through their differences in body fluid
composition between joint disease patients and healthy subjects. Exosomes themselves can be utilized
as a drug delivery system through their manipulation and encapsulation of specific contents to be
delivered to specific cells. Through the combination of exosomes with tissue engineering, novel
sustained release drug delivery systems are being developed. On the other hand, many of the
functions and activities of exosomes are unknown and challenges remain for clinical applications. In
this review, the possibilities of intra-articular treatments utilizing exosomes and the challenges in
using exosomes in therapy are discussed.

Keywords: exosome; point-of-care therapy; osteoarthritis of the knee; cartilage regeneration

1. Introduction

Cartilage has poor self-repair and regeneration ability once injured, as first reported
in 1743 by William Hunter [1]. Thus, the regeneration of articular cartilage has been a
long-standing challenge for physicians and researchers in the field of orthopedics. Articular
cartilage consists of highly elastic hyaline cartilage, which is mainly composed of water
and extracellular matrix (ECM), such as proteoglycans and collagen fibers. The cellular
component of articular cartilage makes up only about 5% of its wet weight and <10% of its
tissue volume. Articular cartilage has poor self-renewal ability due to the extremely low
infiltration of oxygen, nutrients, and progenitor cells, as it is avascular [2,3].

Osteoarthritis of the knee (OAK) is one of the most common joint diseases. It is a
chronic, progressive disease in which the articular cartilage gradually degenerates due
to complex interactions between various factors including trauma due to accidents and
sports, obesity, skeletal structure, heredity, and age-related overload on the joints. The
global prevalence of OAK is estimated to be approximately 3.8%, and it is observed
more in women (mean, 4.8%) than in men (mean, 2.8%) [4]. Initially, partial-thickness
articular cartilage defects with wear and tear on the cartilage surface are observed. As
the pathological condition progresses, the subchondral bone becomes exposed, leading to
full-thickness articular cartilage defects. One of the most serious symptoms is pain during
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daily activities such as walking and climbing the stairs, leading to decreased physical
activity and quality of life.

Non-surgical treatments for articular cartilage injury include non-pharmacological
treatments such as exercise therapy, weight loss therapy, and orthotic therapy. Pharma-
cological treatments include utilization of analgesics or non-steroidal anti-inflammatory
drugs (NSAID) and intra-articular injection of corticosteroids or hyaluronic acid. Currently,
these are the limited options that are widely available for point-of-care treatment for OAK,
and they fail to reverse the progress of cartilage degeneration. For patients who show
no improvements with non-pharmacological and pharmacological treatments, surgical
treatment options are considered.

Surgical options for injuries with small defects include subchondral drilling [5], mi-
crofracture [6,7], and mosaicplasty [8,9]. However, the cartilage regenerated through these
methods is often fibrocartilage, which is mechanically inferior to the hyaline cartilage that
constitutes the original articular cartilage. For larger cartilage defects, autologous chondro-
cyte implantation (ACI) [10] has been utilized. Currently, products such as JACC® [11,12],
CaRes® [13,14], Hyalograft®C [15], and BioSeed®C [16] are on the market and used world-
wide. However, the regenerated cartilage is reported to be either fibrocartilage or a com-
posite of fibrocartilage and hyaline cartilage, and these methods are not yet applicable to
OAK [17,18]. In Japan, cell sheet transplantation with high tibial osteotomy [19–21] is a cell
therapy that has been approved for the treatment of OAK as an advanced medical care.
However, the treatment is costly and time consuming. After other options are exhausted,
total knee arthroplasty (TKA) is applied. Although the treatment outcomes of TKA are
remarkable [22], artificial joints may need revision after 15 to 20 years. Thus TKA is often
applied to people over the age of 65.

To bridge the gap between traditional pharmacological and surgical treatments,
cell therapies such as mesenchymal stem cells (MSCs) [23,24] and platelet rich plasmas
(PRPs) [25–27] have been in use as a point-of-care treatment for OAK. Patients can receive
these treatments through intra-articular injections at relatively low costs in select places.
However, therapeutic effects attributed to various modes of action including cytokines and
growth factors can be variable [28–31]. In addition, risks of inappropriate transformation
of the transplanted cells and inflammatory reactions exist [32–36]. Thus, a cell-free therapy
that maximizes the therapeutic effect through the selected administration of identified
factors is ideal.

To address such issues, extracellular vesicles (EVs), especially exosomes, are attracting
attention as a novel tool that can be applied to treat cartilage and bone disease [37,38].
The therapeutic effects of MSCs have also been partially attributed to exosomes carrying
specific cargos [39–43]. With recent advancements, exosomes are used as efficient drug
delivery systems that can be manipulated to carry specific cargo such as micro ribonucleic
acids (miRNAs). As such, exosomes may be used as a point-of-care treatment for joint
disease, especially through intra-articular injection. In addition, exosomes may be useful as
biomarkers to detect joint disease such as OAK at early onset. More recently, a combination
of exosomes with tissue engineering methods has been investigated to prolong and improve
the efficacy of exosomes. In this review, we present the recent concepts of exosomes that
can be applied to the development of point-of-care treatment for joint disease such as OAK.

2. Extracellular Vesicles

Historically, membrane vesicles released by cells have been thought of as non-functional,
inactive “debris” resulting from cell damage or turnover of the cellular membrane. How-
ever, in 1983, the existence of a 100-nm functional endoplasmic reticulum comprised of lipid
bilayer membranes secreted from cells was confirmed [44]. Subsequent research identified
membrane vesicles secreted by various cells, which were named according to their features,
such as ectosomes, microvesicles, oncosomes, exosomes, and apoptotic bodies [45–52]. To
resolve confusion, the International Society for Extracellular Vesicles (ISEV) suggested
using the term “extracellular vesicles” (EVs) as “the generic term for particles naturally
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released from the cell that are delimited by a lipid bilayer membrane and cannot replicate,
i.e., do not contain a functional nucleus” [53]. Various subtypes of EVs share similar char-
acteristics, and a method to accurately classify EVs and their fundamental biological roles
is unclear [54]. Therefore, the ISEV has suggested a classification of the subtypes of EVs
according to the following characteristics: (a) physical characteristics, such as size (“small
EVs” (sEVs, <100–200 nm) and “medium/large EVs” (m/lEVs, >200 nm)) or density (low,
middle, high); (b) biochemical composition (cluster of differentiation (CD)63+/CD81+ EVs,
Annexin A5-stained EVs, etc.); or (c) descriptions of conditions or cell of origin (podocyte
EVs, hypoxic EVs, large oncosomes, apoptotic bodies) [53].

3. Biogenesis, Composition, and Isolation of Exosomes

The nomenclature of exosomes was suggested in 1987 [46]. Exosomes are a subtype of
EVs that have a small diameter of 50–150 nm. They are secreted from most of the cells in
the body and are observed in body fluids and cell culture media [47,52].

Exosomes are known to be formed by endocytosis (Figure 1). Early endosomes
transition to late endosomes. Then a large number of intraluminal membrane vesicles
(ILVs) are formed by internal budding of the endosome membrane. Late endosomes
are called multivesicular bodies (MVBs). When the MVBs fuse with the cell membrane,
the internal ILVs are released into the extracellular space as exosomes [55] (Figure 1).
Endosomal sorting complexes required for transport (ESCRT) and tetraspanins are thought
to be involved in the formation of endosomes [47,56,57]. The mechanisms for uptake
of the exosomes into target cells and the delivery of the exosome contents are unclear.
Many studies have suggested that endosomes are the putative location of EV-content
delivery, and contents are released into the cytoplasm of the target cells by fusing with
endosome membranes [47,55]. Other mechanisms of content delivery to target cells, such
as interaction with the receptors present on the cell membrane and direct fusion with the
cell membrane, have also been proposed [47,55].
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Figure 1. Formation of exosomes and uptake into target cells. Early endosomes are formed by endocytosis and they
transition to late endosomes. These are called multivesicular bodies (MVBs), with intraluminal membrane vesicles (ILVs).
ILVs that are released from MVBs into the extracellular space are called exosomes. Released exosomes are taken up by the
target cells through endocytosis, interactions with receptors on the cell membrane, or direct fusion with the cell membrane.

Exosomes are comprised of a lipid bilayer membrane containing lipid raft constituents,
such as cholesterol, sphingomyelin, and ceramide, and contain messenger RNAs (mRNAs),
miRNAs, deoxyribonucleic acid (DNA), and various proteins (Figure 2) [58–61]. As of
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January 2021, 9769 proteins, 1116 lipids, 3408 mRNAs, and 2838 miRNAs have been
registered in the ExoCarta database (http://www.exocarta.org/, accessed on 2 January
2021), which catalogues exosome contents. Although various proteins are associated with
the lipid membrane of exosomes, no clear biomarker has been identified. Proteins, such
as major histocompatibility complex (MHC) class I and class II, heat shock proteins (e.g.,
heat shock protein (Hsp) 70, Hsp90), flottilin-1, and actin, have been used as “exosome
markers” in the past and have been shown to be present in all types of EVs [62]. In addition,
the co-expression of tetraspanins (e.g., CD9, CD63, CD81) and proteins associated with
MVB formation (e.g., ALG-2-interacting protein X (ALIX), tumor susceptibility gene 101
(TSG101)) have been suggested (Figure 2) [62]. It is not yet clear whether exosomes have
specific functions not found in other EVs or whether they can be reliably distinguished and
separated from other EVs.
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Figure 2. Structure of exosomes. Exosomes have a lipid bilayer membrane composed of lipid raft constituents, tetraspanins
(such as CD9, 63 and 81), and proteins (such as integrin, cell specific receptors, MHC class I and class II, and flottilin-1).
Exosomes contain cellular components such as proteins, DNA, mRNAs, miRNAs, proteins associated with MVB formation
(ALIX, TSG101), and heat shock proteins (Hsp70, Hsp90).

EVs are a heterogeneous population with a mixture of cell vesicles of various frac-
tions. In order to use exosomes for research and treatment, a technique for isolating only
“exosome fractions” in large quantities and with high purity is required. Various exosome
isolation methods have been developed to this day [63–65]. The most classic method is
ultracentrifugation. This method is still the most widely used [66] and has become the gold
standard for exosome isolation. In addition, there are various methods such as ultrafiltra-
tion, polymer precipitation, size exclusion chromatography, immunoaffinity purification,
and microfluidics-based techniques. Furthermore, various exosome isolation kits such
as exoEasy Maxi kit (QIAGEN, Venlo, Nederland), ExoQuick (System Biosciences, Palo
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Alto, CA, USA), qEV size exclusion columns (Izon Science, Oxford, United Kingdom), and
MagCapture™ Exosome Isolation Kit PS (Wako Pure Chemical corporation, Osaka, Japan)
are on the market. Each isolation method has advantages and disadvantages, and the
quality and amount of exosomes obtained vary greatly depending on the isolation method
selected [63–65]. In order to isolate the exosome fraction with the desired activity, it is
important to select the optimal exosome isolation method for each objective.

4. Potential of Exosomes for Diagnosis and Treatment of Joint Diseases

The potential for exosomes and their derivatives to be delivered through intra-articular
injection opens up new possibilities for the treatment of joint diseases such as OAK.
Exosomes contain specific information about the cells from which they are released, and
may have the ability to deliver molecules to specific organs or tissues at a distance [61,67,68].
Studies have shown that exosomal miRNAs play an important role in joint homeostasis.
Furthermore, the imbalances in exosomes created during joint disease can be utilized as
diagnostic biomarkers. Studies have also shown the potential for exosomes to be utilized
as a drug delivery system (DDS) to deliver specific cargo to localized areas. In combination
with tissue engineering, studies have utilized exosomes in a sustained release drug delivery
system (SRDDS) to further improve the efficacy. Here, we discuss such topics in regards to
their applications to the diagnosis and treatment of joint diseases.

4.1. Exosomal miRNAs

MiRNAs are small non-coding RNAs that have approximately 22 nucleotides. These
induce gene silencing by sequence-complementary binding to target sites located within
the three prime untranslated regions (3’UTR) of the target mRNA and regulate multiple
biochemical pathways [69]. Many miRNAs associated with chondrocyte function and
homeostasis have been reported to contribute to cartilage repair [70,71]. For example, miR-
140, a promising miRNA for OAK treatment, is expressed specifically in articular cartilage
and plays an important role in cartilage development and metabolic balance of the cartilage
matrix by inhibiting a disintegrin and metalloproteinase with thrombospondin motifs
5 (ADAMTS5) and matrix metalloproteinase 13 (MMP13) [72,73]. Ukai et al. examined
cartilage tissues from pediatric patients with polydactylism, young patients with anterior
cruciate ligament injury, and elderly patients with OAK and identified miRNA-199a-3p,
193b, and 320c as markers that suppress age-related cartilage metabolism [74]. The dis-
covery that mRNAs and miRNAs are packaged in exosomes that are transported between
cells and function in target cells was a breakthrough [59,75–77]. Exosomal miRNAs are
protected from endogenous RNase activity by the exosome membrane and can exist stably
in body fluids and cell culture media. Therefore, exosomal miRNAs can be collected and
administered through intra-articular injections. This section introduces the current research
on intra-articular treatments with miRNAs (i.e., exosomal miRNAs) secreted extracellularly
via exosomes (Table 1).

Studies have shown that exosomal miRNAs may influence cartilage differentiation
and homeostasis. Sun et al. performed a microarray analysis of exosomes secreted from
both human bone marrow-derived MSCs (hBMSCs) undifferentiated and hBMSCs differ-
entiated into cartilage [78]. Through the comparative analysis, they identified 35 miRNAs,
including miR-1246, miR-1290, miR-193a-5p, miR-320c, and miR-92a, that were upregu-
lated in exosomes derived from hBMSCs differentiated into cartilage. In addition, they
demonstrated that exosomes derived from miR-320c-overexpressing hBMSCs upregulate
SRY-box transcription factor 9 (SOX9) and downregulate MMP13 in OA chondrocytes, and
enhance chondrogenesis of hBMSCs [78]. Mao et al. demonstrated that exosomes secreted
by OA cartilage express significantly less miR-95-5p compared to normal cartilage [79].
In addition, they showed that exosomes derived from miR-95-5p-overexpressing primary
chondrocytes promote cartilage development and cartilage matrix expression by hBMSCs
and chondrocytes, and that miR-95-5p may be effective in the treatment of OA by directly
targeting histone deacetylase (HDAC) 2/8. Li et al. showed that chondrocyte-derived
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exosomal miR-8485 promotes the chondrocyte differentiation of BMSCs [80]. The study
suggested that miR-8485 may suppress the production of glycogen synthase kinase 3 beta
(GSK-3β) by regulating the expression and activity of GSK-3β, activate the Wnt/β-catenin
pathway through phosphorylation of GSK-3β by targeting disheveled binding antagonist
of beta catenin 1 (DACT1), and promote chondrocyte differentiation.

Table 1. Studies on exosomal miRNAs regulating chondrocyte function and homeostasis for the purpose of intra-
articular treatments.

Exosome
Origin Cell

Source
Study Design Animal

Models miRNA Result(s) Target(s) Reference

Human BMSCs in vitro - miR-320c Upregulates SOX9 and downregulates
MMP13 expression in OA chondrocyte.

Not men-
tioned [78]

Human BMSCs in vitro - miR-95-
5p

Enhances histone H3 acetylation and
maintains the function of articular

chondrocytes. Promotes SOX9, COL2A1
and Aggrecan expression and enhances

cartilage development.

HDAC2/8 [79]

Human
chondrocytes in vitro - miR-8485

Activates Wnt/β-catenin pathways.
Promotes chondrogenic differentiation

of hBMSCs.

GSK3B,
DACT1 [80]

Human BMSCs in vitro
and in vivo Mice miR-92a-

3p

Promotes cartilage proliferation. In both
MSCs and PHCs, promotes matrix genes

expression and inhibits WNT5A
expression.

WNT5A [81]

Human BMSCs in vitro
and in vivo Rats miR-26a-

5p

It was shown that the damage of
synovial fibroblasts is suppressed

in vitro, and the OA damage is
alleviated in vivo.

PTGS2 [82]

Human IPFP
MSCs

in vitro
and in vivo Mice miR-100-

5p

Protects cartilage from damage and
ameliorate gait patterns of
DMM-induced OA mice.

mTOR [83]

Human SMSCs in vitro
and in vivo Rats miR-140-

5p

Enhances the proliferation and
migration of ACs, and the progression

of early OA and prevents severe damage
to knee articular cartilage in the OA rats.

RalA [84]

hBMSC: human bone marrow-derived MSC, IPFP: infrapatellar fat pad, SMSC: synovium-derived MSC, MSC: mesenchymal stem cell,
PHC: primary human chondrocytes, WNT5A: Wnt family member 5A, OA: osteoarthritis, SOX9: SRY-box transcription factor 9, MMP13:
matrix metalloproteinase 13, COL2A1: Collagen type II alpha 1, DMM: destabilization of the medial meniscus, AC: articular cartilage,
PTGS2: Prostaglandin-endoperoxide synthase 2, HDAC: histone deacetylase, mTOR: mammalian target of rapamycin, RalA: Ras-related
protein, GSK-3β: glycogen synthase kinase 3 beta, DACT1: dishevelled binding antagonist of beta catenin 1.

Other studies have shown the potential of exosomal miRNAs in various animal mod-
els. Mao et al. showed that miR-92a-3p directly targets Wnt family member 5A (WNT5A)
and promotes proliferation and migration of chondrocytes and the differentiation of MSCs
into chondrocytes [81]. In addition, they showed that exosomes derived from miR-92a-3p-
overexpressing hBMSCs inhibit the progression of early osteoarthritis (OA) and prevent the
severe damage of cartilage in an OA model mouse induced with collagenase VII. Jin et al.
found that the expression of miR-26a-5p decreases and the expression of prostaglandin-
endoperoxide synthase 2 (PTGS2) increases in OA patients and in synovial fibroblasts
treated with interleukin-1 beta (IL-1β) [82]. In addition, they showed that hBMSC-derived
exosomes provide miR-26a-5p to synovial fibroblasts and alleviate the damage of OA
synovial fibroblasts by controlling PTGS2 expression. Moreover, articular injection of
exosomes derived from miR-26a-5p-overexpressing hBMSC into an OA rat model prevents
OA damage by alleviating the inflammation of synovial tissues and decreasing apop-
tosis. Wu et al. demonstrated that infrapatellar fat pad (IPFP) MSC-derived exosomes
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(MSCIPFP-Exos) can deliver miR-100-5p to chondrocytes [83]. The miR-100-5p specifically
targets the 3′UTR region of mammalian target of rapamycin (mTOR) and significantly
enhances autophagy levels in chondrocytes, inhibits cell apoptosis, enhances anabolism,
and represses catabolism in IL-1β-treated OA chondrocytes. In addition, MSCIPFP-Exos
improved the pathological degree of severity and foot gait patterns in a destabilization of
the medial meniscus (DMM)-induced OA mouse model. Tao et al. showed that exosomes
derived from synovium-derived MSCs (SMSCs) activate Yes-associated protein (YAP) and
promote the proliferation and migration of chondrocytes, but decrease ECM secretion [84].
Therefore, exosomes derived from miR-140-5p-overexpressing SMSCs (SMSC-140-Exos)
affected proliferation and migration of chondrocytes without ECM secretion being influ-
enced. Moreover, the administration of SMSC-140-Exos to an anterior cruciate ligament
transection (ACLT) OA rat model demonstrated the inhibition of severe damage of the
articular cartilage and the progression of OA.

In addition, exosomes are thought to be deeply involved in the development of
various physiological phenomena and pathological conditions, and further research on
exosomal miRNAs may lead to the elucidation of the mechanism of onset and progression
of joint diseases such as OAK. Ni et al. showed that exosome-like vesicles from OA
chondrocytes inhibit the expression of autophagy related 4B cysteine peptidase (ATG4B)
via miR-449a-5p [85]. This result suggests that inflammation of the synovial membrane
may be promoted by the inhibition of autophagy of macrophages and the increase in
production of mature IL-1β, leading to progression of OA diseases.

4.2. Exosomes as Biomarkers

As OAK patients experience few symptoms during early onset and because of the
difficulty in providing treatment as the disease progresses, early diagnostic methods using
tools such as biomarkers are desired. Exosomes are anticipated to be useful as novel
biomarkers as they contain specific information from the released cells and can stably carry
encapsulated substances. In the diagnosis of lung cancer, Exo Dx™ Lung (ALK) (Exo-
some Diagnostics, Inc., Waltham, MA, USA) is the first Clinical Laboratory Improvement
Amendments-validated exosome-based clinical liquid biopsy test that isolates exosomal
mRNAs in blood to diagnose cancer [86,87]. For the diagnosis of OAK, exosomes isolated
from blood or joint fluid have been identified as useful to date.

For instance, several studies have shown that the expression of specific exosomal
miRNAs is altered in patients with joint disease. Kolhe et al. showed that synovial fluid
exosomal miRNAs may be altered in OAK patients [88]. In particular, exosomal miRNAs
expressed specifically in female OAK patients are responsive to estrogen and target the
Toll-like receptor (TLR) signal pathway. Meng et al. confirmed that the expression of
exosomal miRNA-193b-3p was decreased in the plasma of OAK patients compared to that
of healthy subjects [89].

In addition, Zhao et al. mentioned the possibility that long noncoding RNAs (lncR-
NAs) can be used as biomarkers for OAK. They conducted an analysis of plasma-derived
and synovial fluid-derived exosomal lncRNAs to assess the progression of OAK [90]. As
a result, the expression of plasma-derived exosomal lncRNAs showed no significant dif-
ference; however, the expression of synovial fluid-derived exosomal lncRNAs was higher
in early OA and late-stage OA than in healthy subjects. Specifically, exosomal lncRNA
prostate-specific transcript 1 (PCGEM1) was much higher in late OA than in early OA and
much higher in early OA than in healthy subjects.

Other studies have examined the use of exosomes as biomarkers to differentiate
joint diseases. Chen et al. reported that specific plasma-derived exosomal miRNAs were
connected to the common pathogenesis of psoriatic arthritis, psoriasis vulgaris, rheumatoid
arthritis (RA), and gouty arthritis. An analysis of the potential target genes revealed
that these miRNAs are related to immune disorders and bone injury [91]. In addition,
Tsuno et al. demonstrated that serum exosomes of patients with active RA possess different
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protein profiles compared to patients with inactive RA, patients with OA, and healthy
donors [92].

Together, these results indicate that differences in exosome profiles in patients with
joint diseases and healthy subjects can be investigated using body fluids such as synovial
fluid and plasma, which may lead to the development of various tests and diagnostic
methods for OAK and other joint diseases in the future.

4.3. Exosomes as a Drug Delivery System (DDS)

If specific miRNAs and other molecules are identified as having a therapeutic effect
for the treatment of OAK, they can be packaged in exosomes that can act as a DDS to
transport specific contents to target tissues or organs [68,93]. There are two types of
methods to enclose the target substances in exosomes: pre-loading and post-loading
methods [94] (Figure 3).
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Pre-loading methods collect exosomes released by the modified cells after cell modifi-
cation is performed by miRNA or small interfering RNA (siRNA) transfection or by the
uptake of target substances from the culture media during cell culture (Figure 3). Many
studies have confirmed the ability of cartilage repair by exosomes collected from cells over-
expressing specific miRNAs [71,74,76]. In addition, Wang et al. showed that the expression
of miR-135b within the released exosomes can be upregulated by stimulating MSCs using
transforming growth factor beta 1 (TGF-β1) [95]. The pre-loading method is a relatively
simple procedure that relies on cells to package exosomes. However, it can be difficult to
control the loading of specific target molecules in exosomes. A further understanding of
the mechanisms by which intracellular miRNAs, mRNAs, and proteins load exosomes
efficiently with specific target molecules is necessary.

In contrast, post-loading methods extract exosomes from cells and body fluids, and
the target molecules are encapsulated in the exosomes through disruption of the exosome
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membrane (Figure 3). Post-loading methods include physical induction by electropora-
tion, freeze/thaw method, sonication, etc. and chemical induction by saponin treatment,
transfection reagents, etc. In the post-loading method, the target molecules can be directly
loaded into the exosomes, so the loading efficiency is expected to be higher than that of
pre-loading methods. However, physical disruption may affect the size and shape of exo-
somes. Chemical induction has been shown to be more efficient in loading target molecules
compared to physical induction methods [96]. However, chemicals used for the loading of
molecules may be toxic, so removing them in the process is essential.

In terms of applications to joint therapy, post-loading methods may allow the targeting
of specific tissues, such as cartilage, subchondral bone, or synovium, to treat the various
symptoms. Liang et al. reported on the loading of specific miRNAs through electropora-
tion into engineered exosomes [97]. They engineered chondrocyte-affinity peptide (CAP)
exosomes by fusing CAP with lysosome-associated membrane glycoprotein 2b (Lamp2b)
on the surface of exosomes. Furthermore, they loaded miR-140 into the CAP exosomes
using electroporation (CAP exosome/miR-140). The CAP exosomes/miR-140 allowed
for the specific delivery of chondrocytes. Moreover, in a DMM-induced OA rat model,
they demonstrated that the progression of OA can be reduced by CAP-exosome/miR-140.
Through modification of exosomes and post-loading methods, they were able to simulta-
neously achieve tissue-specific delivery and inclusion of target molecules into exosomes.
These improvements in exosome modification technology could enhance the effectiveness
of exosome-based intra-articular treatments.

4.4. Potential of Exosomes in a Sustained Release Drug Delivery System (SRDDS)

Exosomes are relatively stable in vivo, but multiple administrations may be required
to overcome the natural elimination of exosomes in the joint. As such, to prolong and
enhance the effect of joint treatment methods, studies have combined exosomes with
various biomaterials to be used in a SRDDS [98–101]. Chen et al. produced a 3D-printed
cartilage ECM/gelatin methacrylate (GelMA)/exosome scaffold with radially oriented
channels through a desktop-stereolithography technology [102]. This 3D printed scaffold
was shown to continuously release exosomes for 14 days in vitro. When the 3D printed
scaffold was transplanted through an invasive procedure in a rabbit osteochondral model,
the scaffold retained exosomes for at least 7 days in vivo and significantly promoted
cartilage repair.

Other studies have combined exosomes with injectable materials that can be admin-
istered through intra-articular injection. Liu et al. utilized stem cell-derived exosomes in
combination with photoinduced imine crosslinking hydrogel glue to produce a cell-free
exosome tissue patch [103]. The tissue patch continuously released exosomes for 14 days.
In vivo studies showed that the new cartilage tissue regenerated by the tissue patch was
hyaline cartilage-like in a rabbit articular cartilage defect model. Alternatively, Hu et al.
produced a Gelma/nanoclay hydrogel (Gel-nano-sEVs) with embedded human umbilical
cord MSC-derived small extracellular vesicles (hUC-MSCs-sEVs) [104]. In this study, they
showed that miR-23a-3p, which is highly expressed in hUC-MSCs-sEVs, activates the phos-
phatase and tensin homolog deleted from chromosome 10 (PTEN)/AKT serine/threonine
kinase (AKT) signaling pathway and promotes cartilage regeneration. The Gel-nano-
sEVs were demonstrated to release exosomes continuously for approximately 30 days and
contribute to cartilage regeneration. Further studies are expected in this field.

5. Advantages and Challenges of Developing Treatments Utilizing Exosomes

Treatments utilizing exosomes have remarkable potential to target and affect specific
tissues. With proper control, specific cargos such as miRNAs can be packaged to be de-
livered to various tissues affected by OAK, such as cartilage, synovium, and subchondral
bone. Unlike cell-based therapies, exosomes have a lower immunogenicity and an inabil-
ity to directly form tumors [105,106]. Cell-based therapies rely on a more complicated
mode of action such as the production of humoral factors that may be influenced by lo-
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cal conditions [34,107]. While exosomes may also be influenced by local conditions as
well, with proper manufacturing they can carry and deliver a consistent set of cargos at
desired concentrations.

On the other hand, many challenges remain, such as the large number of cells required
for the manufacturing of exosomes, the multiple steps and time required for collection, and
the unclear risks in ensuring safety and efficacy [39,41,43,55]. In addition, when exosomes
are used clinically, the possible transmission of infectious diseases, due to contamination
with viruses, bacteria, and fungi, harmful effects of components other than exosomes that
are simultaneously administered, and potential risks of inconsistent efficacy and quality
must be considered.

Exosomes possess complicated characteristics such as their size, the cargos they hold,
and their destinations, which must be properly characterized in addition to the origins
of the exosomes. As such, setting quality standards in the manufacturing process will be
a challenge. When manufacturing exosomes for treatments, the quality of cells used as
raw materials and their constituents and the management of the manufacturing process
will be important additions to the quality control of the exosomes themselves. The ISEV
proposed Minimal Information for Studies of Extracellular Vesicles (MISEV) guidelines
in 2014, which was updated in 2018, suggesting a comprehensive yet evolving guideline
for studies using extracellular vehicles, including exosomes [53,108]. To secure the quality,
efficacy, and safety of exosomes, strict quality control and manufacturing control must
be implemented.

6. Conclusions

EVs, including exosomes, present new possibilities for treatment, diagnosis, and drug
development for patients with joint diseases including OAK. Exosomes from body fluids
such as joint fluid and plasma can provide important prognoses of disease to administer
appropriate treatments and other preventive measures. The use of exosomes for treating
OAK through intra-articular injection provides a novel treatment method to bridge the gap
between pharmacological and surgical procedures. However, many unclear aspects of the
functions and mechanisms of EVs, including exosomes, and their roles in treatments of
joint diseases such as OAK, remain to be elucidated. For the realization of exosome therapy,
it is essential to clarify the risks of the treatment methods, implement strict manufacturing
controls, and prepare appropriate guidelines and laws.

Further research in this field and scientific evidence of safety and efficacy may greatly
contribute to the point-of-care treatment and cell-free therapy of joint disease.
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Abbreviations

3′UTR three prime untranslated region
ACI autologous chondrocyte implantation
ACLT anterior cruciate ligament transection
ADAMTS5 a disintegrin and metalloproteinase with thrombospondin motifs 5
AKT AKT serine/threonine kinase 1
ALIX ALG-2-interacting protein X
ATG4B autophagy related 4B cysteine peptidase
CAP chondrocyte-affinity peptide
CD cluster of differentiation
DACT1 dishevelled binding antagonist of beta catenin 1
DDS drug delivery system
DMM destabilization of the medial meniscus
DMOAD disease-modifying OA drugs
DNA deoxyribonucleic acid
ECM extracellular matrix
ESCRT endosomal sorting complexes required for transport
EV extracellular vesicle
GelMA gelatin methacrylate
GSK-3β glycogen synthase kinase 3 beta
hBMSC human bone marrow-derived MSC
HDAC histone deacetylase
Hsp heat shock protein
hUC human umbilical cord
IL-1β interleukin-1 beta
ILV intraluminal membrane vesicle
IPFP infrapatellar fat pad
ISEV International Society for Extracellular Vesicles
Lamp2b lysosome-associated membrane glycoprotein 2b
lncRNA long noncoding RNA
MCH major histocompatibility complex
MCS mesenchymal stem cell
miRNA microRNA
MISEV Minimal Information for Studies of Extracellular Vesicles
MMP13 matrix metalloproteinase 13
mTOR mammalian target of rapamycin
MVB multivesicular body
NSAID non-steroidal anti-inflammatory drugs
OAK osteoarthritis of knee
PCGEM1 prostate-specific transcript 1
PHC primary human chondrocytes
PTEN phosphatase and tensin homolog deleted from chromosome 10
PTGS2 prostaglandin-endoperoxide synthase 2
RA rheumatoid arthritis
RNA ribonucleic acid
siRNA small interfering RNA
SMSC synovium-derived MSC
SOX9 SRY-box transcription factor 9
SRDDS sustained release drug delivery system
TGF-β1 transforming growth factor beta 1
TKA total knee arthroplasty
TLR Toll-like receptor
TSG101 tumor susceptibility gene 101
WNT5A Wnt family member 5A
YAP Yes-associated protein
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Abstract: Osteoarthritis (OA) is a progressive degenerative disease that manifests as pain and
inflammation and often results in total joint replacement. There is significant interest in understanding
how intra-articular injections made from autologous blood or bone marrow could alleviate symptoms
and potentially intervene in the progression of the disease. There is in vitro an in vivo evidence that
suggests that these therapies, including platelet-rich plasma (PRP), autologous anti-inflammatories
(AAIs), and concentrated bone marrow aspirate (cBMA), can interrupt cartilage matrix degradation
driven by pro-inflammatory cytokines. This review analyzes the evidence for and against inclusion
of white blood cells, the potential role of platelets, and the less studied potential role of blood plasma
when combining these components to create an autologous point-of-care therapy to treat OA. There
has been significant focus on the differences between the various autologous therapies. However,
evidence suggests that there may be more in common between groups and perhaps we should be
thinking of these therapies on a spectrum of the same technology, each providing significant levels
of anti-inflammatory cytokines that can be antagonists against the inflammatory cytokines driving
OA symptoms and progression. While clinical data have demonstrated symptom alleviation, more
studies will need to be conducted to determine whether these preclinical disease-modifying findings
translate into clinical practice.

Keywords: platelet-rich plasma; autologous anti-inflammatory; concentrated bone marrow aspirate;
osteoarthritis; intra-articular injection; mechanism of action

1. Introduction

Osteoarthritis (OA) is a degenerative and disabling articulating joint disease that af-
fects both younger, more active patients (e.g., patients with trauma or who have prolonged
participation in highly demanding sports) and the elderly [1,2]. The disease is progressive
and debilitating, eventually resulting in pain that may be so severe that restive sleep is
impossible, along with life-altering loss of function.

Surgical intervention is clinically successful, and widely used, in treating severe
degenerative OA; however, treatment modalities for less advanced OA are associated with
varying rates of success. Current treatment options include non-steroidal anti-inflammatory
drugs (NSAIDs), corticosteroid injections, and hyaluronic acid (HA) injections. Although
these treatments can relieve pain temporarily for some OA patients, they may not address
the biological mechanisms causing the disease [3].

Although OA is classified as a non-inflammatory disease, inflammation is implicated
in many symptoms and in OA progression. Pro-inflammatory cytokines involved in OA
development include interleukin-1 (IL-1), tumor necrosis factor alpha (TNFα), interleukin-6
(IL-6), and interleukin-8 (IL-8) [4]. The cytokines associated with inflammation in OA,
primarily interleukin-1 beta (IL-1β) and TNFα, are also implicated in cartilage matrix
breakdown [5]. These cytokines induce chondrocytes to produce matrix metalloproteinases
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(MMPs) that in turn are responsible for cartilage matrix degradation [6]. These cartilage
matrix breakdown products in synovial fluid are thought to increase synovial inflamma-
tion [7], creating a positive feed-forward loop that increases inflammation and cartilage
breakdown (Figure 1).

Figure 1. Model of feed-forward loop of pro-inflammatory cytokine-driven OA progression. IL-1β
and TNFα bind to chondrocytes and induce expression of MMP-13. MMP-13 causes cartilage matrix
breakdown. Cartilage breakdown products inflame cells in the synovium, inducing more production
of IL-1β and TNFα.

As IL-1β and TNFα play important roles in inflammation and cartilage breakdown, in-
hibition of these cytokines may limit inflammation and matrix degradation. Consequently,
inhibition of these proteins may constitute an effective OA therapy. The anti-inflammatory
cytokine interleukin-1 receptor antagonist (IL-1ra), a competitive IL-1 receptor antagonist,
blocks the signaling activity of IL-1 while exhibiting no signal-inducing activity itself [8].
Soluble forms of the IL-1 receptor (sIL-1R) can also bind with IL-1, reducing IL-1 biologic
activity by preventing it from binding to surface receptors on the cells [9]. Moreover,
soluble forms of the cell receptors for TNFα, known as sTNF-RI and sTNF-RII, can bind to
TNFα, preventing TNFα surface receptor binding and thus inhibiting cell signaling [10].

Over the past two decades, preparations from autologous blood or bone marrow to
create platelet-rich plasma (PRP), autologous anti-inflammatories (AAIs), and concentrated
bone marrow (cBMA or BMAC) have been studied in order to treat osteoarthritis. Each
of these formulations are created from similar starting materials by combining plasma,
platelets, white blood cells (including early lineages) in various combinations. Each formu-
lation is in on a spectrum of similar mechanistic approaches to treating OA. Regulatory
approval to treat OA vary for these formulations depending on the region in the world.
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The purpose of this review is to summarize the data that exist for each of these classes of
autologous therapies and how each may intervene in the OA disease process.

2. Methods

Search terms in both PubMed database and Google Scholar included “platelet-rich
plasma”, PRP, osteoarthritis, “cell culture”, preclinical, and “mechanism of action” in vari-
ous combinations. The same combinations were repeated for “concentrated bone marrow
aspirate”, “cBMA”, “BMAC”, “autologous anti-inflammatory”, and “AAI”. Additionally,
the authors’ own knowledge and work in the field was included when relevant. A focus
was made on the specific role that these therapies play in the treatment of OA, and therefore
cartilage-specific studies were only included to expand on the potential role that cartilage
repair has during treatment of OA.

3. Results
3.1. Platelet-Rich Plasma

Platelet-rich plasma (PRP), or platelet concentrate, is defined as an autologous therapy
prepared point of care that contains a concentration of platelets higher than whole blood.
This review will focus on PRP prepared by centrifugation that takes advantage of the
density differences between the elements in peripheral blood allowing for separation of
components. In general, PRP can be divided broadly into two classifications. The first
preparation class is created with “slow” centrifugation speeds (e.g., 1500 rpm for 5 min) and
have platelet concentrations 2–3 times above baseline collected in blood plasma (platelet-
poor plasma; PPP), and with very few red blood cells or white blood cells. These PRPs
are yellow in color. The second classification is prepared from “hard” spin cycles (e.g.,
3200 rpm for 15 min) resulting in PRPs with platelet concentrations 5–9 above whole blood
and typically with white blood cells also above baseline levels. This method typically
contains some RBC and are red in color. One popular classification method to discern these
two PRPs has focused on the differences in white blood cell concentrations, calling the
products with low white blood cell concentrations leukocyte-poor platelet-rich plasma
(LP-PRP) and those with higher WBC concentrations as leucocyte-rich platelet-rich plasma
(LR-PRP). An evaluation of blood components can be compared by complete blood counts
(CBC) (Table 1). Platelet concentrates can also be activated to form a fibrin clot, often
referred to as platelet-rich fibrin (PRF). These gel products are often utilized in direct
application to a surgical or wound site [11], but are not included in this OA review.

Table 1. Complete blood counts (CBC) of common autologous therapies. (PPP: platelet-poor plasma; LP-PRP:leucocyte-poor
platelet-rich plasma; LR-PRP: leucocyte-rich platelet-rich plasma; APS: autologous protein solution; ACS: autologous
conditioned serum; BMA: bone marrow aspirate; cBMA: concentrated bone marrow aspirate; BL: below lower limit; NC:
not calculated, NM: not measured).

WBC (k/ul) PLT (k/ul) RBC (M/ul) IL-1ra (pg/mL) sIL-1RII
(pg/mL)

sTNF-RII
(pg/mL)

IL-1β
(pg/mL)

IL-1ra:IL-1
ratio

Whole blood
[12] 5.4 ± 1.8 175 ± 70 5.5 ± 1.1 5665 ± 2318 7135 ± 1766 1125 ± 253 3.4 ± 2.0 4842 ± 2756

PPP [13] 0.1 ±0.0 28 ± 9.3 0.00 ± 0.00 296 ± 141 19,922 ± 2938 3080 ± 635 BL NC

LP-PRP [13] 1.5 ± 2.0 399 ± 108 0.04 ± 0.06 673 ± 741 15,596 ± 2159 2894 ± 689 BL NC

LR-PRP [12] 28.1 ± 6.9 1745 ± 439 0.9 ± 0.3 22,395 ± 12,900 NM NM 3.5 ± 1.0 6369 ± 2321

APS [12] 46.5 ± 14.0 707 ± 444 1.5 ± 1.1 30,853 ± 16,734 20,483 ± 5819 9492 ± 1387 3.8 ± 0.8 8535 ± 3999

ACS [12] 0.0 ± 0.0 14 ± 6 0.0 ± 0.0 1618 ± 675 15,678 ± 2356 2696 ± 679 14.7 ± 14.8 291 ± 256

BMA [14] 22 ± 10 116 ± 30 4.1 ± 0.3 18,110 ± 6681 6768 ± 1995 1292 ± 153 3.0 ± 1.1 6154 ± 1357

cBMA [14] 133 ± 91 885 ± 201 1.3 ± 0.2 73,978 ± 39,464 9814 ± 3199 3932 ± 1301 14.5 ± 11.4 5856 ± 2745

As PRP first became popular in orthopedics, clinical use was focused on both hard
(bone) and soft tissues (tendon, muscle, etc.) because the platelets concentrated contain
growth factors (PDGF, VEGF, TGF-β1, EGF) that are chemoattractive, proliferative, and
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angiogenic, therefore, playing a key role in signaling the wound healing cascade. When
these mechanisms were translated into treating OA, the initial belief was that the growth
factors in platelets would stimulate chondrocyte cell growth in the cartilage, thereby
healing cartilage defects. There is ample evidence that PRPs can induce chondrocyte
proliferation [15,16] in cell culture. However, chondrocyte proliferation effects have not
yet translated into a clinical benefit when treating OA. PRP OA mechanism has evolved to
include intervening in the inflammatory process. Interestingly, the factors that most likely
contribute anti-inflammatory cytokines in PRP are found in the blood plasma and white
blood cells and not in the platelets (Figure 2).

Figure 2. Cytokine contribution from components of blood used to make autologous therapies.

PRP in vitro mechanistic data in OA have focused on the differences between LP-PRP
and LR-PRP. The cytokines found in a LP-PRP and LR-PRP reflect their platelet and white
blood cell concentration (Figure 1). LP-PRP has lower concentrations of platelet-derived
growth factors (PDGF, TGF- β1) than LR-PRP due to lower platelet concentrations (Table 1).
LR-PRP has more white blood cell-derived cytokines over LP-PRP that include both pro-
inflammatory cytokines (IL-1β, MMP-9) [17] and anti-inflammatory cytokines (IL-1ra) [12].
IL-1ra is produced from monocytes [18] and neutrophils [19]. Therefore, in order for a PRP
to have high concentrations of IL-1ra, WBCs need to be included. In order to ensure that
the PRP is not pro-inflammatory, the ratio of IL-1β and IL-1ra is important. In a common
LR-PRP, the amount of IL-1β is 3.5 ± 1.0 pg/mL while the IL-1ra is 22,395 ± 12,900 pg/mL,
giving a ratio between the two of 6369 ± 2321 [12]. In order to evaluate how much IL-1ra is
required to block the activity of IL-1β, investigators intravenously injected IL-1β to induce
fever in rabbits and then increasing concentrations of the antagonist IL-1ra to determine
how much in excess was required. Symptoms were blocked 50% when IL-1ra was injected
at 100-fold increase over IL-1β (100 IL-1ra:IL-1β) and were completely blocked by 1000-fold
excess of IL-1ra (1000 IL-1ra:IL-1β) [20].

In addition to production of pro-inflammatory cytokines, in cell culture LR-PRP
has demonstrated higher levels of synoviocyte cell death and pro-inflammatory cytokine
production compared to LP-PRP or PPP [21]. As LR-PRP has higher concentrations of
RBC, it has been observed that layers of RBC deposit on the top of a monolayer cell
culture, inhibiting nutrient transfer, and could lead to increased cell death and stimulation
of pro-inflammatory cytokines. Cell culture techniques with autologous therapies that
contain higher red blood cell content can be improved by either suspending the treatment
above the monolayer culture with a cell culture insert (Nunc™ Polycarbonate Membrane
Inserts, Thermo Scientific™) or by creating a thrombin-activated releasate. Using these
techniques, both LP-PRP and LR-PRP can stimulate chondrocyte cell proliferation [15,16].
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Additionally, human intra-articular injections of LR-PRP to treat OA has not resulted in
increased pro-inflammatory cytokines in synovial fluid or blood plasma [22].

A less lauded component of PRP that contributes anti-inflammatory cytokines is the
platelet-poor plasma. All autologous therapies are collected in some volume of blood
plasma (Figure 2). Blood plasma contains sIL-1R1, sTNF-RI, sTNF-RII, and A2M [12,23,24].
Interestingly, no matter what autologous therapy, these factors contributed from blood
plasma will be present at least in concentrations similar to whole blood, and in some
formulations increased levels over whole blood. When examining the anti-inflammatory
mechanism of action in OA, the PPP contributes more anti-inflammatory cytokines than
platelets. This is a novel approach to understanding the activity of a LP-PRP product in the
treatment of OA.

The in vitro positive effects on chondrocytes has translated into demonstrated benefit
in animal models of chondral defects [25,26]. PRP has also demonstrated improved his-
tology scores compared to saline in collagenase-induced OA rabbit model [27] and ACL
transection rabbit model [28]. As treatment of OA is often focused on the alleviation of
pain, in a randomized control trial in dogs with naturally occurring OA, PRP treated dogs
had significant decrease in lameness grades compared to saline control subjects [29].

While there has been evidence of intra-articular injections of both LR-PRP and LP-
PRP [30,31] providing clinical benefits for patients with knee OA pain, to date, there have
been no correlation between any component of the PRP to clinical outcomes. The question
still remains whether platelets, white blood cells, or, in fact, the blood plasma, contains the
necessary ingredients to treat knee OA pain or to have any disease-modifying effect.

3.2. Autologous Anti-Inflammatory

Autologous anti-inflammatories (AAIs) are autologous blood-derived technologies
that focus on concentrating high levels of anti-inflammatory cytokines [32,33]. As the focus
on platelet-rich plasma is to concentrate platelets, the AAI designation was created to
differentiate from products focused on platelets to those focused on the concentration of
anti-inflammatory cytokines. As mentioned earlier, IL-1ra is produced from monocytes
and [18] and neutrophils [19]. IL-1ra correlates to the number of WBCs contained in the
output [34]. Therefore, AAIs typically utilize strategies to maximize WBC or to collect
cytokines produced from WBCs.

Two examples of AAIs are autologous protein solution (APS) and autologous con-
ditioned serum (ACS) [12]. APS is processed through a two-step centrifugation method
where anticoagulated peripheral blood is centrifuged to isolate a leukocyte-rich buffy coat
suspended in plasma. The buffy coat is mixed with polyacrylamide beads to absorb water;
the output is then centrifuged a second time creating a WBC concentrate output suspended
in a concentrated PPP [33,35]. APS is designed as a point-of-care single injection OA ther-
apy [36,37]. ACS is produced by incubating venous blood at 37 ◦C in borosilicate glass-bead
containing tubes for 6–24 h. The blood clots and the WBCs expel IL-1ra and other cytokines.
Following incubation, tubes are centrifuged and serum is removed, aliquoted into syringes,
and stored frozen −20 ◦C for future multiple injections [32]. The major difference between
APS and ACS is that APS output contains WBCs and ACS is cell-free serum collected from
incubated WBCs.

The composition of AAIs is designed to inhibit the synergistic feed-forward progres-
sion of IL-1β and TNF-α by concentrating their respective antagonists (IL-1ra, sIL-1RII,
sTNF-RI, and sTNF-RII) as well as multiple other cytokines and growth factors [32,38] with
the goal of intervening in the pro-inflammatory cytokines (IL-1β and TNFα) that cause the
degradation of OA [39] (Table 1).

Since AAIs have been specifically created with OA treatment in mind, there is an
extensive amount of preclinical data supporting their mechanism of action of intervening in
the IL-β and TNFα catabolic pathways described earlier. For example, APS has been shown
to reduce MMP-13 production from IL-1β and TNFα-stimulated chondrocytes [35] and
decreased IL-8 production from IL-1β-stimulated activated macrophages [40]. AAIs have
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also demonstrated ability to reduce matrix degradation. In a stimulated equine cartilage
and synovium explant co-culture, AAIs significantly downregulated IL-1β expression in
cartilage, reduced catabolic cartilage production of PGE2, and downregulated MMP-1 in
the synovium [41]. AAIs also upregulated type II collagen and aggrecan expression [41].
AAIs provided chondroprotective effects and decreased matrix degradation in cartilage
explants treated with IL-1 and TNFα [38,41].

When translating cell culture experiments into animal models, an intra-articular
injection of APS demonstrated cartilage matrix protection by improved cartilage histology
scoring compared to animals treated with saline in both a meniscal-tear OA model [42]
and IL-1β-induced OA model [43] in athymic rats. Single injections of APS have also
demonstrated significant improvement in lameness compared to a single injection of saline
in both equine [44] and canine [45] studies.

AAIs have demonstrated early clinical evidence linking cytokine and cellular content
and clinical response in patients with OA. Wasai et al. found that the IL-1ra concentration
in APS positively correlated with changes in the clinical outcome scores in subjects with
knee OA [46]. In a clinical study of OA subjects treated with a single injection of APS,
characterization analysis showed 85.7 % of subject’s APS had an IL-1ra:IL-1 ratio greater
than 1000 or a WBC count greater than 30 k/µL. These subjects were also high OMERACT-
OARSI clinical responders six months post-injection (Figure 3) [34,47]. Interestingly, this is
the same ratio (1000 IL-1ra:IL-1β) that demonstrated complete blockage of an IL-1β fever-
induction model in rabbits [20]. These early results suggest that WBC, and consequently
IL-1ra concentrations, can improve outcomes in OA subjects.
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Multiple clinical trials in the management of knee OA have been completed using
AAIs as they have proven capable of producing high concentrations of anti-inflammatory
cytokines from healthy subjects as well as subjects diagnosed with OA [32,33,46] Angadi
et al. has recently reviewed and compared the current landscape of AAI clinical evidence
and concluded their safety profiles satisfactory for clinical use and presented similar risk
profiles of general intra-articular injections [48]. Two knee OA randomized controlled trials
of ACS intra-articular injections, Yang et al. and Baltzer et al., demonstrated OA symptom
improvements of ACS patients over placebo injections [49,50]. Several studies of a single
injection of APS in knee OA have also demonstrated clinical benefits [36,37,51–53].

3.3. Concentrated Bone Marrow Aspirate

Devices that concentrate bone marrow aspirate have been explored to address os-
teoarthritis in preclinical models [54–58] and clinical trials [59–62]. Understanding what
is in cBMA could inform how it might address osteoarthritis. The first proposed MOA
for cBMA in treating OA was attributed to “stem cells [63].” However, cBMA contains a
low number of stem cells in comparison to culture-expanded stem cell approaches [64].
An emerging understanding of cBMA is that it is a WBC, progenitor cell, and platelet-rich
product which enables it to contain a high concentration of anti-inflammatory cytokines
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and anabolic growth factors [65]. Understanding that cBMA is in the same spectrum
of options with PRPs and AAIs will help scientists and clinicians better understand the
potential of this option.

The output of cBMA devices is determined by the components of bone marrow, the
surgeon’s aspiration technique, and the devices used to concentrate the cells and platelets.
Bone marrow is a complex tissue made of hematopoietic stem cells (HSCs) which form
blood [66], mesenchymal stem cells (MSCs) which form connective tissues [67], endothelial
progenitor cells (EPCs) which form blood vessels [68], WBCs of mixed phenotypes, and
platelets. Ultimately, the function of bone marrow is to create new blood cells. Stem
cells are rare in bone marrow: Caplan has estimated that 1:10,000 cells in bone marrow
is an MSC in newborns and that percentage declines with age [69]. It is important to
note that the same white blood cells and platelets that are in bone marrow migrate to the
blood stream. They are connected and part of the same system [70]. A surgeon’s bone
marrow aspiration technique impacts what cells are obtained for processing. It is not
possible to obtain pure bone marrow without some peripheral blood dilution. Hernigou
and colleagues have shown that smaller volume bone marrow draws, smaller volume
syringes, and changing aspirate locations can minimize the dilution of bone marrow cells
with peripheral blood [71]. Furthermore, different locations from aspiration could vary the
cellular content of bone marrow aspirate [72]. While these techniques have been shown to
be “best practices”, these approaches are considered by some surgeons to be not pragmatic.
Therefore, it is likely that many surgeons may be delivering a product that is closer to a
blood-derived PRP than cBMA.

Providing bone marrow stem cells (BMSCs) have been one of the rationales proposed
as for the intra-articular injection of cBMA for OA. Cultured BMSCs have had beneficial
effects in cell-culture models of osteoarthritis including their differentiation into chon-
drocytes [73] and inhibiting inflammation [74]. BMSCs have had positive effects in a
large animal model of OA that was used in support of a larger human program. Specifi-
cally, culture-expanded BMSCs stimulated the regeneration of meniscal tissue and slowed
the progression of OA in a medial meniscus excision/anterior cruciate resection goat
model [75]. However, these large animal positive results did not translate into regulatory
approvals in humans. In a Phase I/II clinical study, 55 patients who underwent a partial
medial meniscectomy received two doses of allogeneic mesenchymal stem cells and a
vehicle control. While the cells showed safety and there was some new meniscal tissue
evident in a portion of subjects twelve months post-meniscectomy [76], the study sponsor
did not proceed to a confirmatory trial. Currently, there are no approved cultured stem cell
therapies for treatment of osteoarthritis in the United States. Potential gaps in translation
of these stem cells include a lack of clear phenotypic parameters for the cells, no set mech-
anism of action to optimize, and a complex manufacturing process [77]. Together, these
data and history suggest that if cBMA has a role in addressing OA, then other non-stem
cell components must play a significant role.

There has been significant characterization work performed on cBMA. cBMA contains
a high concentration of WBC and therefore has a high concentration of IL-1ra [78]. Indeed,
there is a strong and significant correlation between the WBC concentration in cBMA with
IL-1ra (R2 = 0.92) [14]. In addition to IL-1ra, cBMA contains high concentrations of other
anti-inflammatory cytokines like sIL-1RII, sTNF-RI, and sTNF-RII and low concentrations
of inflammatory cytokines like IL-1β and TNFα (Table 1). Interestingly, cBMA is the only
autologous therapy where the ratio of IL-1ra:IL-1β decreases in the concentrated version
over the starting material (Table 1). While still very low, this is due to an increase in IL-1β
by almost 4-fold (3.0 ± 1.1 pg/mL in BMA and 14.5 ± 11.4 pg/mL in cBMA). However,
cBMA has by far the most IL-1ra concentration of any autologous blood product with an
average of 73,978± 39,464 pg/mL.

Just as with PRP, cBMA has significant concentrations of anabolic and angiogenic
growth factors such as TGF-β1, PDGF-AB, PDGF-BB, and EGF [14]. These trophic factors
are also secreted from cultured mesenchymal stem cells in culture through extracellular
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vesicles (EVs). EVs could be a method to utilize the signal factors from allogenic cell
sources such as umbilical cord or Wharton’s jelly. EVs from MSCs have been shown to
be chondroprotective and anti-inflammatory in cell culture, improve histology scores in
both RA and OA animal models, and demonstrates early promise in Phase I/II clinical
studies [79].

In addition to IL-1ra, the WBC concentration in cBMA is also significantly correlated
with colony forming units–fibroblasts (CFU-F) [80], which is a surrogate marker for BM-
SCs [81]. cBMA has other progenitor cells including concentrated HSCs and EPCs [82],
whose intra-articular role in osteoarthritis has not been extensively characterized. These
separate anti-inflammatory and pro-angiogenic properties of cBMA could have differential
effects when its injected in different locations.

cBMA is delivered to an OA joint via intra-articular injection. However, cBMA has
been used in cartilage repair techniques in combination with varying biomaterials and
drug delivery systems including hydrogels and microspheres, and in combination with mi-
crofracture surgery. These delivery techniques are intended to increase their residence time
and bioavailability of the bioactive factors released from the cells [83]. These approaches
have produced durable pain relief in several single-arm studies [84–86]. The intra-articular
injection of cBMA for treatment of OA has produced mixed results in randomized and
controlled trials. For example, in one study 25 patients with bilateral knee pain received
injections of saline in one knee and cBMA in the contralateral knee. Clinical improve-
ments were seen in both knees, but there wasn’t a statistical difference between saline
and cBMA [59]. In another study, 90 patients with symptomatic knee OA received intra-
articular injection of either PRP or cBMA. Both groups had clinically improved symptoms
12 months post-injection, but there were not significant differences between groups. To
date, clinical evidence has demonstrated relief of OA symptoms but has not demonstrated
reliably that they regrow lost cartilage tissue in OA.

A recent model of OA has been put forward which conceptualizes the “joint as an
organ.” Subchondral bone plays an important role in OA. Indeed, changes in subchondral
bone can alter the function and pain of the whole joint [87–89]. Bone marrow lesions are
hypothesized to originate from a traumatic event and have been shown to correlate with
pain [90–92]. The proposed mechanism of action for cBMA in these lesions could be its
angiogenic molecules and cells recruiting new blood vessels and bone turnover in the lesion,
restoring bone health [93]. In a canine subchondral bone lesion model, cBMA and calcium
phosphate-injected lesions enhanced knee range of motion and limb loading through
improved trabecular bone remodeling [94]. Direct injection of cBMA into an avascular
necrosis defect along with decompression has also demonstrated some promise [95]. This
general approach of delivering cBMA with or without a carrier has been explored in clinical
case series [96–98]. However, further clinical evidence would likely be required.

4. Conclusions

There is significant interest in autologous therapies to treat OA patients, both to
alleviate symptoms and to potentially delay progression of the disease. While there has
been a focus on the differences between these therapies, particularly the presence or
absences of white blood cells, the cell culture and animal studies suggest more in common
than not. As we examine the mechanistic evidence of each of the therapies, they all have
in common the production of anti-inflammatory cytokines at varying concentrations that
can be shown both in cell culture and in animal models to delay disease progression.
If autologous therapies’ mechanism of action is via modifying the local inflammatory
environment in the joint, and PRP, AAIs, and cBMA have significant concentrations of
anti-inflammatory cytokines, this could explain why all three therapies have demonstrated
some level of clinical efficacy. It may be true that the proliferative cytokines derived from
platelets, and found in all three therapies, may also play a role in OA, though beneficial
effects have been demonstrated in preclinical models but not yet in a clinical setting.
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To date, clinical evidence suggests that they can all alleviate symptoms from patients
with OA, but have not yet definitively demonstrated disease modification. Correlations
between autologous therapy content and clinical outcomes have been the holy grail in
autologous therapies. There is early evidence that potentially the IL-1ra:IL-1b ratio in
the output of the therapy may play a role. This fact challenges the dogma that white
blood cells, whether sourced from peripheral blood or from bone marrow, should be
eliminated from autologous therapies altogether in the treatment of OA. Further studies
will be needed to confirm these hypotheses explored in this review. Ultimately, convincing
clinical evidence of disease modification will require long-term studies that utilize imaging
or other surrogate markers including biomarkers or delay of total joint replacement.
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Abstract: Osteoarthritis of the knee (OAK) is a chronic degenerative disease and progresses with an
imbalance of cytokines and macrophages in the joint. Studies regarding the use of platelet-rich plasma
(PRP) as a point-of-care treatment for OAK have reported on its effect on tissue repair and suppression
of inflammation but few have reported on its effect on macrophages and macrophage polarization.
Based on our clinical experience with two types of PRP kits Cellaid Serum Collection Set P type kit
(leukocyte-poor-PRP) and an Autologous Protein Solution kit (APS leukocyte-rich-PRP), we investigated
the concentrations of humoral factors in PRPs prepared from the two kits and the effect of humoral
factors on macrophage phenotypes. We found that the concentrations of cell components and humoral
factors differed between PRPs purified using the two kits; APS had a higher concentration of M1 and
M2 macrophage related factors. The addition of PRP supernatants to the culture media of monocyte-
derived macrophages and M1 polarized macrophages revealed that PRPs suppressed M1 macrophage
polarization and promoted M2 macrophage polarization. This research is the first to report the effect of
PRPs purified using commercial kits on macrophage polarization.

Keywords: platelet rich plasma; autologous protein solution; macrophage

1. Introduction

Osteoarthritis of the knee (OAK) is a chronic degenerative disease that damages articular
cartilage. OAK is characterized by aberrant cartilage metabolism, osteophyte formation, syn-
ovial tissue thickening, and macrophage infiltration. These changes contribute to the progress
of OAK, resulting in joint pain and dysfunction [1,2]. There are about 25 million patients with
OAK in Japan, and the number is expected to increase in tandem with Japan’s hyper-aging
population [3]. No treatment currently exists that lead to a complete recovery from OAK.
Conservative treatments (i.e., exercise, oral treatment, intra-articular injection of hyaluronic
acids) are performed for mild cases, and surgical treatments (i.e., arthroscopic debridement of
the knee joint, high tibial osteotomy, and total knee arthroplasty) for severe cases [4,5]. Joint
treatment with platelet-rich plasma (PRP) has recently attracted attention as a point-of-care
treatment option to bridge the gap between conservative and surgical treatments.

PRP is an autologous blood product generated by centrifuging whole blood and
concentrating platelets, containing diverse growth factors and cytokines [6]. The high
concentration of anti-inflammatory factors in PRPs may suppress inflammation, growth
factors may promote tissue repair, and in total these factors may improve symptoms [7,8].
Efficacy of platelet concentrates in promoting wound healing and tissue regeneration has
been at the center of scientific debate over the past few decades [9]. Various purification
kits have recently been marketed as this treatment has become more widespread. However,
the blood cell components and humoral factors in PRPs depend on the purification method.
Leukocyte-poor PRP (LP-PRP) lacks leukocytes whereas leukocyte-rich PRP (LR-PRP) do
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contain leukocytes. We have clinical experience with both types of kits: Cellaid Serum
Collection Set P type kit (LP-PRP) and an Autologous Protein Solution kit (APS, LR-PRP).
APS, with an added dehydration step using polyacrylamide beads during purification, has
been reported to achieve a high concentration of not only platelets and leukocytes but also
humoral factors such as IGF-1 [6]. However, there is no consensus on how differences in
the components of PRP products affect their therapeutic efficacies.

One possibility is the effect of PRPs on macrophages. Macrophages are immune
cells that play a crucial role in innate immunity and also participate in tissue repair and
remodeling [10]. Macrophages can be polarized into two phenotypes in response to stimuli
from their microenvironment. Classically activated macrophages (M1 macrophages) are
induced by, for example, interferon-gamma (IFN-γ), tumor necrosis factor-alpha (TNF-α),
and bacterial-derived lipopolysaccharides (LPS), and are known to release inflammatory
cytokines that promote tissue damage and inflammation [11–13]. Alternatively activated
macrophages (M2 macrophages) are induced by, for example, interleukin-4 (IL-4) and IL-13,
and are known to release anti-inflammatory cytokines that promote tissue remodeling and
suppress inflammation [14,15].

Recent studies have shown that M1 macrophages are present in the synovium and
synovial fluid in OAK patients and involved in disease progression, suggesting they may be
targeted for treatment [16–19]. Many studies have reported PRPs suppressing inflammation
and inducing articular cartilage repair, but few studies have reported the effect of PRPs on
macrophage phenotypes [20–22].

In this study, LP-PRP and APS were purified from peripheral blood of healthy subjects
using two PRP preparation kits in which we have clinical experience. We then compared the
concentrations of humoral factors related to M1/M2 macrophage polarization in the respective
PRPs, and then added the respective PRP supernatants to the culture media of monocyte-
derived macrophages (MDMs) to investigate their effect on macrophage phenotypes.

2. Results
2.1. Hematological Analysis of PRPs

From each healthy donor, 120 mL of peripheral blood was collected and 60 mL per kit
was used to prepare both LP-PRP and APS. Immediately after preparation, hematological
analysis was performed for whole blood, LP-PRP, and APS (Figure 1A). Erythrocyte
concentration was negligible for LP-PRP while it was lower for APS compared to whole
blood. Leukocyte concentration was negligible for LP-PRP while it was higher for APS
compared to whole blood. Platelet concentrations were higher for both LP-PRP and
APS compared to whole blood and did not significantly differ between LP-PRP and APS
(Figure 1B). A comparison of the ratio of leukocyte types contained in whole blood and
APS revealed that in APS, the ratios of neutrophils and eosinophils were higher while the
ratios of monocytes and lymphocytes were lower (Figure 1C). According to the coding
system presented by Kon et. al., the PRP codes for LP-PRP and APS are 210-00-00 and
214-15-10, respectively [23].
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Figure 1. Purification and analyses of platelet-rich plasmas (PRPs) from two kits. (A) Flow of PRP purification and anal-
yses. From each of the 12 healthy subjects, 120 mL of peripheral blood was collected and was added to 12 mL of antico-
agulant citrate-dextrose solution. Leukocyte-poor PRP (LP-PRP) and Autologous Protein Solution (APS) were purified 
using their respective kits, and hematological analysis was performed immediately following purification. Humoral 
factor analysis was performed with frozen stored samples for various macrophage related factors. (B) Comparison of 
leukocyte, erythrocyte, and platelet concentrations in LP-PRP and APS. (C) Comparison of the ratios of leukocyte types 
in whole blood and APS. n = 12 PRP donors for each kit. * p < 0.05, ** p < 0.01. 

2.2. Analysis of Humoral Factors 
We investigated the effect of PRPs on macrophage polarization by analyzing the 

humoral factors in the respective PRPs. Macrophages respond to factors such as C-X-C 
motif chemokine ligand 9 (CXCL9), interferon gamma-induced protein 10 (IP-10), 
C-XXX-C motif chemokine ligand 1 (CX3CL1), and macrophage chemoattractant protein 
1 (MCP-1), and are thereby recruited to areas of inflammation. M1 macrophages respond 
to and are polarized by granulocyte macrophage colony-stimulating factor (GM-CSF), 
TNF-α, IFN-γ, while M2 macrophages respond to and are polarized by macrophage 

Figure 1. Purification and analyses of platelet-rich plasmas (PRPs) from two kits. (A) Flow of PRP purification and analyses.
From each of the 12 healthy subjects, 120 mL of peripheral blood was collected and was added to 12 mL of anticoagulant
citrate-dextrose solution. Leukocyte-poor PRP (LP-PRP) and Autologous Protein Solution (APS) were purified using their
respective kits, and hematological analysis was performed immediately following purification. Humoral factor analysis was
performed with frozen stored samples for various macrophage related factors. (B) Comparison of leukocyte, erythrocyte,
and platelet concentrations in LP-PRP and APS. (C) Comparison of the ratios of leukocyte types in whole blood and APS.
n = 12 PRP donors for each kit. * p < 0.05, ** p < 0.01.

2.2. Analysis of Humoral Factors

We investigated the effect of PRPs on macrophage polarization by analyzing the
humoral factors in the respective PRPs. Macrophages respond to factors such as C-X-C
motif chemokine ligand 9 (CXCL9), interferon gamma-induced protein 10 (IP-10), C-XXX-C
motif chemokine ligand 1 (CX3CL1), and macrophage chemoattractant protein 1 (MCP-1),
and are thereby recruited to areas of inflammation. M1 macrophages respond to and are
polarized by granulocyte macrophage colony-stimulating factor (GM-CSF), TNF-α, IFN-γ,
while M2 macrophages respond to and are polarized by macrophage colony-stimulating
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factor (M-CSF), IL-4, IL-10, IL-13, IL-1 receptor antagonist (IL-1RA), and transforming
growth factor-beta (TGF-β) [14]. As a result of quantitative analysis, both LP-PRP and APS
contained all of these factors. A comparison of the concentrations of these factors in LP-PRP
and APS showed that the concentration of macrophage-recruitment chemokine IP-10 and
CX3CL1 was significantly higher in APS (Figure 2A). Moreover, the concentrations of the
M1 macrophage related factor TNF-α (Figure 2B) and the M2 macrophage related factors
M-CSF, IL-10, IL-1RA, and TGF-β (Figure 2C) were also significantly higher in APS. These
results showed that LP-PRP and APS differ in the concentrations of cytokines involved
in macrophage polarization with higher concentrations of both M1 and M2 macrophage
related factors in APS.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 4 of 17 
 

 

colony-stimulating factor (M-CSF), IL-4, IL-10, IL-13, IL-1 receptor antagonist (IL-1RA), 

and transforming growth factor-beta (TGF-β) [14]. As a result of quantitative analysis, 

both LP-PRP and APS contained all of these factors. A comparison of the concentrations 

of these factors in LP-PRP and APS showed that the concentration of macro-

phage-recruitment chemokine IP-10 and CX3CL1 was significantly higher in APS (Fig-

ure 2A). Moreover, the concentrations of the M1 macrophage related factor TNF-α (Fig-

ure 2B) and the M2 macrophage related factors M-CSF, IL-10, IL-1RA, and TGF-β (Fig-

ure 2C) were also significantly higher in APS. These results showed that LP-PRP and 

APS differ in the concentrations of cytokines involved in macrophage polarization with 

higher concentrations of both M1 and M2 macrophage related factors in APS. 

 

Figure 2. Analysis of humoral factors in PRPs. Comparison of concentrations of each factor in LP-PRP and APS. (A) 

Macrophage-recruitment factors (B) M1 macrophage related factors (C) M2 macrophage related factors. n = 12 PRP do-

nors for each kit. * p < 0.05, ** p < 0.01. 
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for each kit. * p < 0.05, ** p < 0.01.
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2.3. Effect of the Addition of PRP Supernatants on Macrophage Phenotypes

Next, we investigated whether PRPs affect macrophage phenotypes and whether
the effect differs depending on the purification kit. M1 macrophages express IL-1β, IL-6,
and TNF-α, while M2 macrophages express MRC1, IL-10, and TGF-β [14]. Monocytes
were isolated from human peripheral blood and cultured in M-CSF for six days, then
supernatants from each PRP was added to the culture media, and the cells were cultured
for another two days. Then, the effect of PRP supernatants on the expression of the M1/M2
macrophage marker genes was confirmed by quantitative reverse transcription-polymerase
chain reaction (qRT-PCR) (Figure 3A). MDM control group served as negative control, and
M1 and M2 polarized groups served as positive controls. The expression of IL-1β and
TNF-α, which are M1 macrophage markers, was lower in the LP-PRP- and APS-added
groups compared with the MDM control group, and the expression of IL-6 also tended
to be lower. However, there was no significant difference in gene expression between the
addition of PRP supernatants purified using the two kits (Figure 3B). The expression of
MRC1, which is an M2 macrophage marker, was higher in the LP-PRP- and APS-added
groups compared with the MDM control group. The expression of IL-10 was higher in the
APS-added group compared with the MDM control group. The expression of TGF-β was
higher in the LP-PRP-added group compared with the APS-added group, but no difference
was detected between LP-PRP and APS-added groups compared with the MDM control
group (Figure 3C).

Similar verification experiments were performed for cell surface markers using flow
cytometry. M1 macrophages express CD80 and CD86, while M2 macrophages express
CD163 and CD206 on the cell surface [14]. A typical histogram is shown in Figure 4A.
The values were calculated and compared based on difference of the mean fluorescence
intensities between the antibody and isotype control. The expression of CD80 and CD86,
which are M1 macrophage markers, decreased in the LP-PRP- and APS-added groups
compared with the MDM group, but no difference was observed between the purification
kits (Figure 4B). On the other hand, there was no difference in the expression of the M2
macrophage markers CD163 and CD206 between the MDM control group and the LP-PRP-
or APS-added groups (Figure 4C).

These results showed that the addition of PRP supernatants decreased the expression
of M1 macrophage markers, but there was no difference between the purification kits. On
the other hand, the expression of M2 macrophage surface markers tended to be maintained
or increased by the addition of PRP supernatants while the gene expression of IL-10
increased in the APS-added group and TGF-β increased in the LP-PRP-added group.
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Figure 3. Effect of PRP supernatants on gene expression of M1/M2 macrophage markers. (A) Summary of this experiment.
CD14 + monocytes were isolated from peripheral blood using density gradient centrifugation and magnetic beads. Mono-
cytes were cultured in basal medium supplemented with 10% FBS containing M-CSF at 37 ◦C under 5% CO2 for six days,
then the medium was replaced by fresh basal medium supplemented with 10% FBS containing supernatants obtained from
LP-PRP or APS, and the cells were cultured for another two days. (B) Gene expression of M1 macrophage markers (IL-1β,
IL-6, TNF-α) and (C) M2 macrophage markers (MRC1, IL-10, TGF-β). Data were analyzed through qRT-PCR. -∆∆Ct values
were calculated using GAPDH as an internal control. Monocyte-derived macrophages (MDM) control group served as
negative control, and M1 and M2 polarized groups served as positive controls. MDM control group: 6 monocyte donors, 5
experiments, total n = 30; LP-PRP- and APS-added groups: 6 monocyte donors, 12 PRP donors, n = 72 group; M1 and M2
polarized groups: 6 monocyte donors, 2 or 3 experiments, n = 14 per group. * p < 0.05, ** p < 0.01.
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Figure 4. Flow cytometric analysis of M1/M2 macrophage cell surface markers. Cells were cultured
under the same protocol as Figure 3. (A) A histogram representation of typical flow cytometry results.
Gray and dashed lines: isotype control; blue and solid lines: signals for each antibody. Mean fluorescence
intensity (MFI) values of each antibody were used to calculate ∆MFI values: ∆MFI = MFI Sample—MFI
Isotype. (B) M1 macrophage markers. (C) M2 macrophage markers. MDM control group served as
negative control, and M1 and M2 polarized groups served as positive controls. MDM control group: 6
monocyte donors, 5 experiments, n = 30; LP-PRP- and APS-added groups: 6 monocyte donors, 12 PRP
donors, n = 72 per group; M1 and M2 polarized groups: 6 monocyte donors, 2 or 3 experiments, n = 14
per group. * p < 0.05, ** p < 0.01.

2.4. Effect of PRPs on M1 Macrophages

M1/M2 macrophages can change their phenotypes once polarized [24], and, thus,
we investigated whether PRPs can induce the polarization of M1 macrophages to M2
macrophages. Monocytes were isolated from human peripheral blood and cultured in
M-CSF for six days. MDMs were polarized to M1 macrophages and cultured for two days,
then each PRP was added to the culture medium, and the cells were cultured for another
two days (Figure 5A). MDM control and M1 polarized groups served as negative controls;
M1-M2 and M2 polarized groups served as positive controls. The expressions of IL-1β and
IL-6, which are M1 macrophage markers, decreased in the LP-PRP- and APS-added groups,
and suppression was greater in the APS-added group than in the LP-PRP-added group
(Figure 5B). Expression of the M2 macrophage marker MRC1 increased by the addition
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of PRPs and this increase was greater in the APS-added group than in the LP-PRP-added
group. The expression of TGF-β was higher in the LP-PRP-added group than in the APS-
added group (Figure 5C). These results showed that PRPs can repolarize M1 macrophages
to M2 macrophages.
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Figure 5. Effect of PRPs on M1 macrophages. (A) After CD14 + monocytes were isolated by the same method as described
in Figure 3, they were cultured in a basal medium supplemented with 10% FBS containing M-CSF at 37 ◦C under 5% CO2.
After six days, the media was replaced by fresh basal medium supplemented with 10% FBS containing IFN-γ + LPS, and
the cells were cultured for another two days to polarize them to M1 macrophages. The medium was removed, the basal
medium supplemented with 10% FBS containing supernatants obtained from LP-PRP or APS was added, and the cells
were cultured for another two days. (B) Expression of M1 macrophage markers (IL-1β, IL-6, TNF-α). (C) Expression of
M2 macrophage markers (MRC1, IL-10, TGF-β). Data were analyzed through qRT-PCR. -∆∆Ct values were calculated
using GAPDH as an internal control. MDM control and M1 polarized groups served as negative controls; M1-M2 and
M2 polarized groups served as positive controls. MDM control, M1 polarized, M1-M2 polarized, M2 polarized groups:
6 monocyte donors, 1 experiment, n = 6 per group; LP-PRP- and APS-added groups: 6 monocyte donors, 12 PRP donors,
n = 72 per group. * p <0.05, ** p <0.01.
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3. Discussion

Platelets play an important role in the process of hemostasis and tissue repair by
gathering at injury sites and secreting various cytokines and growth factors to initiate
the repair process [25]. The use of PRPs is based on the hypothesis that they eliminate
the imbalance of cytokines in joints following the injection of large amounts of platelets,
which release anti-inflammatory cytokines and growth factors [26]. Many studies have
been published regarding humoral factors in PRPs and their effects [27–29], and we have
also previously reported that the concentrations of humoral factors differ between PRPs
derived from healthy subjects and OAK patients [27]. However, only a few studies have
reported on the effect of PRPs on macrophages and their polarizations.

Macrophages are present in all tissues, play an important role in innate immunity, and
are essential for early tissue repair of damaged or inflamed areas [30,31]. Macrophages
respond to IP-10, MCP-1, CXCL9, and CX3CL1, infiltrate damaged or inflamed areas,
and polarize into two functionally different types (M1 and M2) depending on their mi-
croenvironment. M1 macrophages are stimulated by IFN-γ, TNF-α, and LPS and release
pro-inflammatory factors such as IL-1β and TNF-α. M2 macrophages are stimulated by
IL-4 and IL-13 and release anti-inflammatory factors such as IL-10 and growth factors such
as TGF-β, which are known to suppress inflammation and induce tissue repair [32–34].
Inflammation occurs in most synovium of OAK patients, and pathology progresses with
an imbalance of M1/M2 macrophages in the synovium and synovial fluid caused by an
increase in M1 macrophages and a decrease in M2 macrophages [17,35,36].

Therefore, the purpose of this study was to compare in PRPs derived from two
clinically relevant kits the concentrations of typical cytokines and growth factors associated
with M1/M2 macrophages and verify the effect of PRP supernatants on macrophage
polarization. We first investigated the blood components and humoral factors in LP-PRP
and APS, which we have clinical experience administering to OAK patients [27]. We first
confirmed that compared to whole blood, APS contained higher levels of leukocytes, while
LP-PRP was leukocyte poor as expected.

Analysis of humoral factors in LP-PRP and APS showed that each contained different
concentrations of humoral factors, among which both M1 and M2 macrophage related fac-
tors were found to be at a higher concentration in APS. APS is prepared with a dehydration
process using polyacrylamide beads, which is reported to result in higher concentrations
of humoral factors [37]. In fact, APS contained a higher concentration of M2 macrophage-
related factors such as IL-10, an anti-inflammatory factor, and TGF-β, a growth factor.
At the same time, M1 macrophage-related factors such as TNF-α, a pro-inflammatory
factor, were contained at a higher concentration in APS than in LP-PRP. However, previous
reports have shown that the effects of pro-inflammatory factors are negated by the higher
concentrations of anti-inflammatory factors [38]. Moreover, an explanation for the fact that
the concentrations of TGF-β and IL-1RA were negligible for LP-PRP is that platelets were
not activated by external factors prior to quantitative analysis.

To investigate the effect of PRPs on M1/M2 macrophage polarization, PRP super-
natants were added to the culture media of monocyte-derived macrophages. Specifically,
blood components were removed through centrifugation to prevent addition of mono-
cytes derived from PRPs and to remove the effect of leukocytes contained in PRPs. The
addition of PRP supernatants to macrophages resulted in the reduction of the expression
of M1 macrophage markers. Furthermore, when PRP supernatants were added to the
culture media of macrophages, they suppressed the M1 polarization of monocyte-derived
macrophages (Figure 3B, Figure 4B) and promoted the polarization of monocyte–derived
M1 macrophages to M2 macrophages (Figure 5). The effect of PRP supernatants on the
macrophage phenotype observed in this study (Figure 4B,C) suggest that PRPs have little ef-
fect on M1 macrophage related factors that may polarize macrophages to M1 macrophages.
These results indicate that PRPs may improve symptoms in OAK patients by polarizing
M1 macrophages in joints to M2 macrophages.
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In addition, reports have suggested that M2 macrophages can be categorized into three
subsets: M2a macrophages induced by IL-4 and IL-13, expressing MRC1 and IL-10; M2b in-
duced by signals from the immune complex, expressing IL-10 and major histocompatibility
complex class II; and M2c induced by IL-10 and glucocorticoids, expressing MRC1, IL-10,
and TGF-β [32–34]. Our results suggest that LP-PRP promotes the polarization to M2c
macrophages and that APS specifically promotes the polarization to M2a macrophages.
M2a macrophages are mainly related to anti-inflammatory activity while M2c macrophages
to tissue repair [14,39]. As such, the mechanism of action of LP-PRP and APS may differ in
the elimination of the imbalance of M1/M2 macrophages in the joint.

PRPs have also been shown to enhance macrophage infiltration into tissues in tendon
repair [20]. Furthermore, it is possible that monocytes contained in APS itself may differ-
entiate and polarize to M2 macrophages once administered to the joint. Taken together,
administration of PRPs to the knee joint of OAK patients may help eliminate the imbalance
of M1/M2 macrophages in several ways: polarizing M1 macrophages already present in
the joints to M2 macrophages; populating the joint with macrophages from the surrounding
area and polarizing them to M2 macrophages; and populating the joint with monocytes
contained PRPs and polarizing them to M2 macrophages.

This study has some limitations. First, because of the difficulty in recruitment, PRPs
and monocytes used in this study were derived from peripheral blood of healthy subjects
and not OAK patients. Second, we removed cellular components through centrifugation
in experiments involving the addition of PRP supernatants. In addition to cytokines
and growth factors, APS contains high concentrations of leukocytes, which may affect
macrophage polarization, and their effect when administered to the joint must be further
elucidated. For example, TNF-R released from leukocytes has been reported to inhibit the
polarization to M1 macrophages [37]. Third, 60 mL of peripheral blood provide about 6
mL of LP-PRP or 2.5 mL of APS. Thus, the clinically relevant amount of PRPs used for
intra-articular injection would result in different doses whereas equal amounts of LP-PRP
or APS supernatants were added to the media in the macrophage experiments. Fourth, in
standard treatment, PRPs are used immediately after purification whereas here they were
frozen once.

This study is the first report on the effect of clinically relevant PRPs on macrophages
and macrophage phenotypes. Our findings suggest that PRPs may help improve symptoms
via modulation of macrophages in the joint, and warrant a further investigation of their
effect on macrophages as a possible mechanism of action by which PRPs promote the tissue
repair process.

4. Materials and Methods
4.1. Ethics Statement

This study was reviewed and approved by the Institutional Review Board of the Tokai
University School of Medicine (18R-134) and was conducted in compliance with relevant
guidelines. Written informed consent was obtained from all participants.

4.2. PRP Purification

To purify PRPs, 120 mL of peripheral blood collected from each of the 12 healthy
subjects (M = 5, F = 7, Age = 38.6 ± 11.0 years) was added to 12 mL of anticoagulant
citrate-dextrose solution A (ACD-A; TERUMO, Tokyo, Japan) using two 60 mL syringes.
Excess peripheral blood was centrifuged at 2200× g for 10 min and the top plasma layer
was collected and stored at −80 ◦C until use.

LP-PRP was purified using a Cellaid Serum Collection Set P type kit (JMS, Hiroshima,
Japan). This kit consists of primary and secondary containers connected at the top by mul-
tiple tubes. Blood (20 mL) containing ACD-A was injected into the primary container and
centrifuged at 200× g for 15 min. The plasma layer containing platelets was transferred to
the secondary container via a tube at the top and centrifuged at 1200× g for 15 min. Excess
plasma was returned to the primary container, the pelletized platelets were disrupted by
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tapping, and then 2 mL of LP-PRP was collected. Approximately 6 mL of LP-PRP was
collected from 60 mL of peripheral blood using 3 kits. One hundred micro liters was used
immediately after for hematological analysis.

APS was purified using an Autologous Protein Solution (APS) kit (Zimmer Biomet,
Warsaw, IN, USA). This kit consists of two independent tubes (a GPS3 III system and an
APS Separator). Blood (60 mL) containing ACD-A was injected into the cell separation
tube (GPS III system) and centrifuged at 745× g for 15 min using a dedicated centrifuge
(Zimmer Biomet) and 6 mL of the upper layer (PRP layer) was collected. This 6 mL was
added to the APS Separator and centrifuged at 219× g for 2 min in the same centrifuge
and approximately 2.5 mL of APS was collected. One hundred micro liters was used
immediately after for hematological analysis. The collected PRPs were stored at −80 ◦C
until use.

4.3. Hematological Analysis

The leukocyte, erythrocyte, and platelet concentrations of whole-blood, LP-PRP, and
APS samples and leukocyte compositions of whole-blood and APS samples were deter-
mined using an automated hematology analyzer (XT-1800i; Sysmex, Kobe, Japan) immedi-
ately after preparation.

4.4. Analysis of Humoral Factors

The concentrations of humoral factors in plasma, LP-PRP, and APS were measured
using a flow cytometry bead-based immunoassay (LEGENDplex™ Custom Human 13-
plex panel, BioLegend, San Diego, CA, USA) according to the manufacturer’s protocol.
Plasma, LP-PRP, and APS were centrifuged at 16139× g at 4 ◦C for 5 min to remove cellular
components and the supernatants were analyzed without any external activation. GM-
CSF, M-CSF, IFN-γ, IL-4, IL-10, IL-13, IL-1RA, free active TGF-β1, TNF-α, MCP-1, IP-10,
CXCL9, CXCL10, and CX3CL1 were measured simultaneously. Data were acquired using a
FACS Verse™ Flow Cytometer (BD Bioscience, San Diego, CA, USA) and analyzed using
BioLegend’s cloud-based LEGENDplex™ Data Analysis Software.

4.5. Isolation of Monocytes

Peripheral blood mononuclear cells (PBMCs) were separated from the buffy-coat
of six healthy donors (M = 3, F = 3, Age = 32.0 ± 1.7 years) using a density gradient
(Histopaque 1077, Sigma-Aldrich, St. Louis, MO, USA). PBMCs were washed with wash
buffer consisting of Dulbecco’s phosphate-buffered saline (DPBS; Gibco, Waltham, MA,
USA) and 1% bovine serum albumin (BSA; Sigma-Aldrich) and centrifuged at 538× g at
4 ◦C for 5 min. Contaminating red blood cells were hemolyzed with red blood cell lysing
buffer (Sigma-Aldrich) for 10 min at 37 ◦C. Wash buffer was added and the cell suspension
was centrifuged at 538× g at 4 ◦C for 5 min. The cell pellet was disrupted, FcR blocking
reagent (Miltenyi Biotech, Bergisch, Gladbach, Germany) was added, and the mixture was
kept at room temperature for 15 min to inhibit Fc receptor-mediated nonspecific antibody
binding. Cells were stained with mouse anti-human CD14-allophycocyanin (APC) (BD
Bioscience) at 4 ◦C for 30 min. After washing with wash buffer, the anti-APC microbeads
(Miltenyi Biotech) were bound to cells at 4 ◦C for 20 min. The cells were washed with
wash buffer and the CD14 + monocytes were isolated using an autoMACS Pro Separator
(Miltenyi Biotech). Collected cells were counted with a particle counter (Sysmex).

4.6. Cell Culture

A modified version of a previously reported protocol was used [40–42].
The cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 media con-

taining GlutaMAXTM supplement (Gibco) supplemented with heat-inactivated 10% fetal
bovine serum (AusGeneX, Molendinar, Australia) and 1% penicillin-streptomycin (FujiFilm,
Tokyo, Japan) (hereinafter called basal medium).
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4.6.1. Preparation of Monocyte-Derived Macrophages and Addition of PRP Supernatants

A summary of the process is shown in Figure 3A. Isolated monocytes were seeded at
a density of 1 × 105 cells/cm2 on an Upcell Multi 24 well plate (CellSeed, Tokyo, Japan)
containing basal medium supplemented with 20 ng/mL M-CSF (Peprotech, Rocky Hill,
NJ, USA), and incubated at 37 ◦C, 5% CO2. After six days, the medium was replaced
with medium with each of the following supplements: monocyte-derived macrophages
(MDM control group)—basal medium; M1 polarized group—basal medium + 50 ng/mL
IFN-γ (Peprotech) + 100 ng/mL lipopolysaccharides from Escherichia coli (LPS, Sigma-
Aldrich); M2 polarized group—basal medium + 20 ng/mL IL-4 (Peprotech); LP-PRP-added
group—basal medium + 10% LP-PRP; APS-added group—basal medium + 10% APS. PRPs
were centrifuged at 16,139× g at 4 ◦C for 5 min to remove cellular components and the
supernatants were used. The cells were cultured for another two days and then used for
analysis. MDM control group: 6 monocyte donors, 5 experiments, total n = 30; LP-PRP-
and APS-added groups: 6 monocyte donors, 12 PRP donors, n = 72 group; M1 and M2
polarized groups: 6 monocyte donors, 2 or 3 experiments, n = 14 per group.

4.6.2. Preparation of M1 Macrophages and Addition of PRP Supernatants

A summary of the process is shown in Figure 5A. Isolated monocytes were seeded at
a density of 1 × 105 cells/cm2 on a 96 well plate (Thermo Fisher Scientific, Tokyo, Japan)
with basal medium supplemented with 20 ng/mL M-CSF and incubated at 37 ◦C, 5% CO2.

After six days, the medium was removed. Basal medium was added to MDM control
group, and basal medium + 20 ng/mL IL-4 was added to M2 polarized group. Basal medium
+ 50 ng/mL IFN-γ + 100 ng/mL LPS was added to the other groups. All cells were cultured
for two days, and then the medium was replaced by the following: MDM control, M2
polarized, and M1polarized groups—basal medium; M1-M2 polarized group—basal medium
+ 20 ng/mL IL-4; LP-PRP-added group—basal medium + 10% LP-PRP; and APS-added
group—basal medium + 10% APS. PRPs were centrifuged at 16,139× g at 4 ◦C for 5 min to
remove cellular components and the supernatants were used. After two days, the medium
was removed, the cells were washed with DPBS, and the total RNA was collected using Isogen
II reagent (Nippon Gene, Tokyo, Japan). MDM control, M1 polarized, M1-M2 polarized, M2
polarized groups: 6 monocyte donors, 1 experiment, n = 6 per group; LP-PRP- and APS-added
groups: 6 monocyte donors, 12 PRP donors, n = 72 per group.

4.7. Flow Cytometry

To collect cells, FACS buffer (DPBS + 1% BSA) was added to the Upcell Multi 24 well
plate (method 4.5.1). The plates were kept at room temperature for 30 min to promote
detachment of the cells and the cells were collected by pipetting the contents of each well.
FcR blocking reagent was added to the cell suspension and the cell suspension was kept at
room temperature for 15 min to inhibit Fc receptor-mediated nonspecific antibody binding.
Each cell suspension was divided into two tubes. In one tube, the cells were mixed with
the following six mouse monoclonal anti-human antibodies and the cell suspension was
kept at 4 ◦C for 30 min for multiple staining: CD80-PE (Clone: L307.4), CD86-BUV395
(Clone: 2331), CD163-FITC (Clone: GHI/61), CD206-BV421 (Clone: 19.2), CD14-APC
(Clone: M5E2), CD45-BV605 (Clone: HI30) (BD Bioscience). Cells in the other tube were
mixed with nonspecific fluorescent mouse IgGs as a negative control. The cells were
reacted at 4 ◦C for 30 min and then washed with FACS buffer. Data on the stained cells
were acquired using a BD LSR Fortessa ™ Flow Cytometer (BD Bioscience) and analyzed
using FlowJo (Tree Star, Ashland, OR, USA).

4.8. Gene Expression Analysis

Cells were lysed using Isogen II reagent for RNA extraction and stored at −80 ◦C
until use. The lysate was then thawed at room temperature, and 40% (final volume)
deionized water was added. The sample was vortexed and centrifuged at 16,139× g and
4 ◦C for 15 min, 75% of the supernatant was transferred to a new tube, and an equal
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amount of 70% ethanol was added and then vortexed. Total RNA was extracted using an
RNeasy Micro kit (QIAGEN, Valencia, CA, USA) according to the manufacturer’s protocol.
The total RNA quantity and quality were determined using a NanoDrop Lite (Thermo
Fisher Scientific). cDNA was synthesized from RNA (40 ng) using a QuantiTect reverse
transcription kit (QIAGEN) and a Thermal Cycler GeneAmp PCR System 9700 (Thermo
Fisher Scientific). cDNA (5 ng) was pre-amplified using TaqMan PreAmp Master Mix
(Applied Biosystems, Waltham, MA, USA). For pre-amplification, the reaction volume
was adjusted to 10 µL according to the manufacturer’s instructions. Using the Thermal
Cycler GeneAmp PCR System 9700, the DNA was denatured at 95 ◦C for 10 min, and
then at 95 ◦C for 15 s and 60 ◦C for 4 min for 14 cycles. The amplified product was
diluted 20-fold with TE buffer (1 ×) and used for qRT-PCR. qRT-PCR was performed using
TaqMan fast advanced master mix (Applied Biosystems) with a QuantStudio 3 Real-Time
PCR System (Applied Biosystems) at 50 ◦C for 2 min, 95 ◦C for 2 min, and then 95 ◦C
for 1 s and 60 ◦C for 20 s for 40 cycles. The probes used for pre-amplification and qRT-
PCR were GAPDH (Hs_02758991_g1), IL-1β (Hs_01555410_m1), IL-6 (Hs_00985639_m1),
TNF-α (Hs_00174128_m1), MRC1 (Hs_00267207_m1), IL-10 (Hs_00961622_m1), and TGF-β
(Hs_00998133_m1). The value of each gene expression (-∆∆Ct value) was obtained against
the Ct of the internal control GAPDH and normalized to the control sample.

4.9. Statistical Analysis

Numerical results were statistically analyzed using SPSS® Statistics Software 26 (IBM,
Armonk, NY, USA). The data obtained was tested for normality of distribution through
the Kolomogorov–Smirnov test and was rejected. Thus, the Wilcoxon signed-rank test was
used for two-group comparisons, and Friedman’s test was used to compare three or more
groups. The significance level was set at p < 0.05.

5. Conclusions

PRPs purified using two clinically relevant kits contained different concentrations of
humoral factors, among which both M1 and M2 macrophage-related factors were contained
at a higher concentration in APS. The addition of PRP supernatants to the culture media of
monocytes and M1 macrophages promoted their polarization to M2 macrophages, possibly
in different ways. These results warrant a further investigation of the possibility that PRPs
may act on M1 macrophages in the joint and synovium to improve OAK symptoms.
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Abbreviations

APS Autologous protein solution
CX3CL1 C-XXX-C motif chemokine ligand 1
CXCL9 C-X-C motif chemokine ligand 9
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GM-CSF Granulocyte macrophage colony-stimulating factor
IFN-γ Interferon-gamma
IL-10 Interleukin-10
IL-13 Interleukin-13
IL-1β Interleukin-1 beta
IL-1RA Interleukin-1 receptor antagonist
IL-4 Interleukin-4
IL-6 Interleukin-6
IP-10 Interferon gamma-induced protein-10
LP-PRP Leukocyte-poor platelet rich plasma
LR-PRP Leukocyte-rich platelet rich plasma
MCP-1 Macrophage chemoattractant protein-1
M-CSF Macrophage colony-stimulating factor
MDM Monocyte derived macrophage
MRC1 Mannose receptor 1
OAK Osteoarthritis of the knee
PRP Platelet rich plasma
TGF-β Transforming growth factor beta
TNF-α Tumor necrosis factor-alpha
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Abstract: We have been studying mesenchymal stem cells (MSCs) in synovial fluid and the intra-
articular injection of synovial MSCs in osteoarthritis (OA) knees. Here, mainly based on our own
findings, we overview the characteristics of endogenous MSCs in the synovial fluid of OA knees
and their mode of action when injected exogenously into OA knees. Many MSCs similar to synovial
MSCs were detected in the synovial fluid of human OA knees, and their number correlated with the
radiological OA grade. Our suspended synovium culture model demonstrated the release of MSCs
from the synovium through a medium into a non-contacting culture dish. In OA knees, endogenous
MSCs possibly mobilize in a similar manner from the synovium through the synovial fluid and act
protectively. However, the number of mobilized MSCs is limited; therefore, OA progresses in its
natural course. Synovial MSC injections inhibited the progression of cartilage degeneration in a rat
OA model. Injected synovial MSCs migrated into the synovium, maintained their MSC properties,
and increased the gene expressions of TSG-6, PRG-4, and BMP-2. Exogenous synovial MSCs can
promote anti-inflammation, lubrication, and cartilage matrix synthesis in OA knees. Based on our
findings, we have initiated a human clinical study of synovial MSC injections in OA knees.

Keywords: MSC; synovial fluid; mode of action; injection; synovium; knee; osteoarthritis; TSG-6;
PRG-4; BMP-2

1. Introduction

Mesenchymal stem cells (MSCs) are derived from mesenchymal tissue and have the
functional capacity to self-renew and generate a number of differentiated progeny [1].
These cells participate in tissue homoeostasis, remodeling, and repair by ensuring the
replacement of mature cells that are lost during the course of physiological turnover,
senescence, injury, or disease [2]. MSCs can be isolated from bone marrow as well as from
various adult mesenchymal tissues, including the synovium [3,4]. Reports on the intra-
articular injection of MSCs for the treatment of knee osteoarthritis (OA), the most prevalent
degenerative joint disease, have increased in recent years. The incidence of OA is rising
due to the aging of populations [5], and OA currently has no effective disease-modifying
drugs due to its complicated chronic pathology. However, a systematic review has shown
that MSC injections can improve OA pain in many cases and increase cartilage volume
in some cases [6–8]. We have been actively studying MSCs obtained from synovial fluid,
as well as the intra-articular injection of these MSCs in OA knees. This paper provides
an overview, based largely on our own findings, of the role of endogenous MSCs in the
synovial fluid of OA knees and their mode of action when injected exogenously into the
synovium as a therapy for OA knees.
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2. Main
2.1. MSCs in Synovial Fluid of OA Knees

We aspirated synovial fluid from OA knees, plated the cell components on a 10 cm-
diameter dish, and cultured the cells for 14 days. Staining with crystal violet revealed a
large number of cell colonies (Figure 1a). These colony-forming cells could differentiate into
chondrocytes and adipocytes and undergo calcification, indicating a multi-differentiation
potential [9]. Thus, the colony-forming cells from synovial fluid of OA knees had the
characteristics of MSCs, and the number of colonies reflected the number of MSCs in the
synovial fluid. MSCs in synovial fluid were seldom detected in normal volunteer knees
but were found in much greater numbers in OA knees, and their number correlated with
the radiological OA grade (Figure 1b) [9].
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Figure 1. MSCs in synovial fluid derived from osteoarthritis patients by radiographic grade. (a) Radiographic images of the
knees and representative dishes showing colonies of synovial fluid MSCs. (b) Relationship between the Kellgren–Lawrence
grading and the colony number of synovial fluid MSCs per synovial fluid volume (mL). Average values are shown as bars
(* p < 0.05) (reproduced from [9]).

2.2. MSCs from Synovial Fluid Resemble Synovial MSCs

We collected the synovial fluid, bone marrow, and synovium from the same OA knee
during knee arthroplasty and prepared MSCs from those tissues. Morphologically, the
synovial fluid MSCs appeared to be closer in character to synovial MSCs than to bone
marrow MSCs, as the synovial MSCs and synovial fluid MSCs were narrower than bone
marrow MSCs and their nuclei were more obvious (Figure 2a). We also prepared mRNA
derived from each MSC type from three knees and conducted a comprehensive gene
expression analysis using microarrays. Hierarchical clustering analysis demonstrated that
the gene profiles in the synovial fluid MSCs were more similar to those of synovial MSCs
than those of bone marrow MSCs (Figure 2b) [9]. These results indicate that the MSCs in
synovial fluid are similar to the MSCs of the synovium.
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Figure 2. Comparison of synovium MSCs, synovial fluid MSCs, and bone marrow MSCs from
osteoarthritis patients. (a) Representative morphologies. (b) Comparison of the gene expression
profiles by hierarchical clustering analysis (reproduced from [9]).

2.3. Migration of MSCs from the Synovium via the Synovial Fluid in a Tissue Culture System

Synovial fluid from OA knee contains MSCs. One of the possible reservoirs of the
MSCs found in synovial fluid is the synovium itself, and synovial fluid may induce the
mobilization of MSCs into synovial fluid in OA patients. We investigated whether synovial
fluid could expand synovial MSCs in a tissue culture system. The synovial fluid in OA
knees contains a high concentration of transforming growth factor β (TGFβ), so the effect
of TGFβ was also examined. Autologous synovial fluid promoted a greater expansion
of synovial MSCs than was observed with treatment with α minimum essential medium
(αMEM) + fetal bovine serum (FBS), and the addition of TGFβ to αMEM+FBS increased this
expansion to a similar level in samples from all 11 OA donors (Figure 3). The synovial cells
expanded in synovial fluid retained their multipotentiality and showed surface markers
characteristic of MSCs. The addition of an anti-TGFβ neutralizing antibody to the synovial
fluid partially inhibited synovial cell expansion. These experiments demonstrated that
autologous synovial fluid enhanced the expansion of MSCs in tissue cultures of synovium
from OA patients by promoting cell migration, and this effect was partially induced by
TGFβ [10].

2.4. MSCs Released from Suspended Synovium

Although the origin of the MSCs found in synovial fluid could be the synovium, no
direct evidence had been demonstrated to confirm that MSCs were mobilized from the
synovium into the synovial fluid. We developed a novel in vitro model, the “suspended
synovium culture model”, to provide this evidence. The synovium was harvested during
total knee arthroplasty, cut into approximately 1 g specimens, and washed thoroughly
to remove blood. Each synovium specimen was then sutured with 4-0 nylon thread
and suspended in a 100 mL bottle. A 35 mm-diameter culture dish containing 40 mL
αMEM+FBS had previously been placed at the bottom of the bottle. The specimens were
cultured for 7 days (Figure 4a) and then stained with crystal violet staining. Cell colonies
were confirmed from the specimens from all 28 donors (Figure 4b). The colony-forming cells
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consisted of spindle cells (Figure 4c), and they formed a cartilage pellet that was positively
stained with safranin-o, differentiated into adipocytes, and calcified when cultured in the
appropriate differentiation medium (Figure 4d). This suspended synovium culture model
confirmed the release of MSCs and their passage through the medium in a bottle into a
non-contacting culture dish [11].
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Figure 3. Morphology of an explant culture of synovium. Synovial tissues were cultured for
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Figure 4. MSCs released from suspended synovium. (a) Suspended synovium culture model.
Approximately 1 g of synovium was suspended in a bottle containing a culture dish at the bottom.
(b) Cell morphology. After culturing for 7 days, the dish was observed. (c) Culture dishes stained
with crystal violet. (d) Chondrogenesis, adipogenesis, and calcification (reproduced from [11]).
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2.5. MSCs in Synovial Fluid in Intra-Articular Tissue Injuries

We previously demonstrated that the MSCs in synovial fluid increased in number
after anterior cruciate ligament (ACL) injury in humans [12]. Cluster analysis of gene
profiles demonstrated that the synovial fluid MSCs from patients with ACL injury were
more similar to synovial MSCs than to bone marrow MSCs, as previously observed in
patients with OA [12]. We also attempted injection of synovial MSCs into the knee joint
in a rabbit model of partial ACL. A greater number of injected MSCs was observed in the
injured area than in the uninjured area of the ligament [12]. Kanaya et al. injected MSCs
into the knees of rats with a partially resected ACL and demonstrated adhesion of the cells
to the injured site and a contribution of MSCs to the repair of the resection [13].

We also examined the correlation between the number of MSCs in synovial fluid and
the cartilage degeneration score evaluated arthroscopically in 22 patients with ACL injury.
The MSC number in the synovial fluid was correlated with the cartilage degeneration
score [9]. Use of a rabbit cartilage defect model also confirmed adhesion of injected
synovial MSCs to the cartilage lesion and the promotion of cartilage regeneration [14].

MSCs in synovial fluid were also greater in number in knees with a meniscus injury
than in normal knees. The number of MSCs in synovial fluid was positively correlated with
the duration after meniscus injury [15]. The synovial MSCs injected into the knee joint ad-
hered to the meniscus lesion and promoted meniscal regeneration in partial meniscectomy
models in rats [16,17], rabbits [18], and pigs [19].

These findings suggest that synovium serves as a reservoir of MSCs that are mobilized
following intra-articular tissue injuries and that migrate to the injury site to participate
in the repair response. However, the number of endogenous MSCs in the synovial fluid
is probably too small to contribute to the repair of intra-articular tissue injuries by natu-
ral processes.

2.6. Possible Roles of Endogenous MSCs in the Synovial Fluid of OA Knee

In the adult cartilage, enzymatic activities and the mechanical stress imposed on the joints
inevitably lead to cartilage damage. Under normal circumstances, this damage is overcome
by the turnover of matrix components synthesized by chondrocytes. Thus, in the normal
adult articular cartilage, a balance exists between cartilage anabolism and catabolism. In
OA, the catabolism becomes stronger than the anabolic capacities of chondrocytes; therefore,
the cartilage matrix degenerates and the joint cartilage is damaged [20]. MSCs are rare in
the synovial fluid in normal knees but are much more prevalent in OA knees (Figure 5).
We speculate that the endogenous MSCs mobilize from synovium through synovial fluid
and act protectively. However, the number of MSCs that can be mobilized is limited, so
OA undergoes its natural progression. We therefore investigated whether the intra-articular
injection of exogenous synovial MSCs could inhibit the progression of osteoarthritis.
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2.7. Synovial MSC Injections in a Rat OA Model

We completely transected the ACL of the rats and allowed them to walk freely in
the cage. The rats were given intra-articular injections of PBS alone (control group) or
1 × 106 synovial MSCs once (single group) or weekly (weekly group), beginning one week
after the surgery. In the control group, the cartilage fissured at 8 weeks and extensively
disappeared by 12 weeks (Figure 6). In the single group, the cartilage disappeared over
time but was better preserved than in the control group. In the weekly group, the cartilage
was essentially preserved at 12 weeks [21]. The MSC injections inhibited the progression of
cartilage degeneration in a frequency-dependent manner.
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Figure 6. The effect of intra-articular injections of synovial MSCs in ACL-transected rats. Synovial MSCs were injected
once or weekly. Histological sections of tibial cartilage stained with safranin-o and the Osteoarthritis Research Society
International (OARSI) scores are shown. A, anterior; P, posterior (reproduced from [21]).

2.8. Distribution of Synovial MSCs after Injection

We injected rat synovial MSCs expressing LacZ into the knee to determine the distri-
bution of the cells at 1 day. The MSCs with blue staining for X-gal were widely observed in
the synovium (Figure 7a) but not in the cartilage or meniscus (Figure 7b). We also injected
luciferase-expressing rat synovial MSCs into the knee and analyzed them with an in vivo
imaging system to investigate the activity of the cells and their migration out of the joint.
The fluorescence was more prominent in the ACL-transected knee injected once than in
the intact knee injected once, but the fluorescence was no longer detectable in either knee
after 14 days. By contrast, a sustained fluorescence was observed after 14 days in the
group that received weekly injections. The injected synovial MSCs were engrafted into the
synovium, and weekly injections maintained a high cellular activity. The injected MSCs
did not migrate outside the knee joint [21].

2.9. Surface Epitopes and Differentiation Potential of MSCs after Migration

We injected green fluorescent protein (GFP)-expressing MSCs (GFP+ MSCs) into
the knee, selected GFP+ cells migrating into the synovium using flow cytometry, and
examined the MSC properties of the migrated cells (Figure 7c). The percentage of GFP+
cells relative to the total viable cells decreased gradually over time (Figure 7d), but the
percentage of CD90+ cells relative to the total GFP+ cells remained at approximately
90% after 28 days (Figure 7e). The GFP+ cells that were sorted after migrating into the
synovium retained their multi-differentiation ability for chondrogenesis, adipogenesis, and
calcification (Figure 7f) [21]. Therefore, the synovial MSCs injected into the knee joint and
migrated to the synovium maintained the properties of MSCs.
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Figure 7. Distribution and properties of synovial MSCs injected into the knee. (a) The whole knee
joint one day after injection of synovial MSCs expressing the LacZ gene into a rat knee. The ACL
had been transected 7 days before. (b) Histological sections stained with X-gal. (c) Schema for the
flow-cytometry assay. GFP-expressing MSCs were injected into the knees of rats 7 days after ACL
transection and the synovium was harvested 1 week later. After enzymatic digestion, GFP+ cells
were sorted for further analysis. PI, propidium iodide. (d) Ratio of GFP+ cells relative to total viable
cells. (e) Ratio of CD90+ cells relative to total GFP+ cells. (f) Multi-differentiation potential of the
sorted GFP+ cells 28 days after injection (reproduced from [21]).

2.10. Gene Expression of Synovial MSCs after Migration to Synovium

We used species-specific gene expression to analyze the gene expression changes of
human synovial MSCs that migrated to rat synovium. Approximately 1% of the 1 × 106

human MSC injected into the rat synovium of knees with ACL transection had migrated
one day after the intra-articular injection. The human transcriptomes were then compared
between the MSCs in the synovium one day after injection and a control consisting of
un-injected rat synovium mixed with 1 × 104 human MSCs (Figure 8). An analysis of
human mRNA using microarrays showed that 5 genes had undergone a more than 100-
fold increase, 21 genes had a greater than 50-fold increase, and 255 genes had a greater
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than 10-fold increase in the human MSCs that had migrated to the rat synovium. Human
proteoglycan-4 (PRG-4) and human bone morphogenetic protein-2 (BMP-2) were among
the 10 most highly expressed human transcripts (Table 1). Further expression analysis
of human mRNA by reverse transcription- polymerase chain reaction (RT-PCR) showed
significant increases in the expression of human PRG-4, human BMP-2, human bone
morphogenetic protein-6 (BMP-6), and human TNF-stimulated gene-6 (TSG-6) [21]. PRG-4,
also known as lubricin, is produced by synovial cells or by superficial zone chondrocytes
and has a key role in the homeostasis and maintenance of cartilage [22]. BMP-2 and BMP-6
have important biological effects on chondrocyte differentiation, cartilage matrix synthesis,
and cartilage protection [23]. TSG-6 is secreted by transplanted MSCs and suppresses
inflammation [24].
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Figure 8. Scheme for species-specific gene expression analysis. We injected 1 × 106 human synovial
MSCs into the knees of rats 7 days after ACL transection. One day later, we harvested rat synovium
and prepared total RNA for microarrays and RT-PCR. We also prepared total RNA from a mixture
of harvested, un-injected control rat synovium, and 1 × 104 human synovial MSCs as a control
(reproduced from [21]).

Table 1. The top 10 human transcripts upregulated in the human MSCs that migrated within
the synovium.

Gene Symbol Gene Title Fold Change

TFPI2 Tissue factor pathway inhibitor 2 252.6
PRG4 Proteoglycan 4 162.3
PTHLH Parathyroid hormone-like hormone 130.5
T.L Transcribed locus 107.5

LOC285359///PDCL3 Phosducin-like 3
pseudogene///phosducin-like 3 102.6

PLA2G4A Phospholipase A2, group IVA
(cytosolic, calcium-dependent) 92.5

BMP2 Bone morphogenetic protein 2 87.4
RPS4Y1 Ribosomal protein S4, Y-linked 1 75.5

CACNA1D Calcium channel, voltage-dependent, L
type, alpha 1D subunit 63.6

COL15A1 Collagen, type XV, alpha 1 63.3

2.11. Mode of Action in Synovial MSC Injection Therapy for OA

Synovial MSCs injected into the knee joint mostly migrated to the synovium, and the
cells maintained their MSC properties without differentiating into other lineages. Synovial
MSCs act as anti-inflammatory agents through TSG-6 expression, as lubrication agents
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by PRG-4 expression, and in cartilage matrix synthesis by BMP expression (Figure 9).
Consequently, exogenous MSCs can inhibit the progression of OA.
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Figure 9. Mode of action in synovial MSC injection therapy for OA. Synovial MSCs injected into the
knee joint migrate to the synovium and maintain the properties of MSCs. Synovial MSCs promote
anti-inflammation, lubrication, and cartilage matrix synthesis. Consequently, synovial MSC injections
inhibit the progression of OA.

2.12. Clinical Study of Synovial MSC Injections into OA Knees

We have previously reported that synovial MSC transplantation into cartilage defects
in human patients improved MRI findings and clinical scores [25], and that synovial MSC
transplantation into a repaired meniscus improved clinical outcomes [26]. Based on the
results of these clinical and preclinical studies, we started a novel clinical study, “Intra-
articular injections of synovial stem cells for osteoarthritis of the knee (UMIN 000026732)”.
to follow the effects of synovial MSC injections into osteoarthritic knees in 14 human
patients. We harvested synovial tissue arthroscopically from each individual under local
anesthesia, cultured the synovial MSCs with autologous serum, and injected two million
cells into the knee twice at 15-week intervals (Figure 10a). In this clinical study, the last
patient’s treatment has already been completed and we are currently in the process of
analyzing the MRI and clinical outcomes. The preliminary results from fully automatic 3D
MRI analysis indicate that some participants, who had shown decreased cartilage thickness
in the posteromedial region of the femoral cartilage before injection, now show increased
thickness after injection [27,28] (Figure 10b).
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Figure 10. Clinical study of synovial MSC injections into OA knees. (a) Scheme of a clinical study
of autologous synovial MSC injections into the OA knees of human patients. The synovium was
harvested and enzymatically digested. The resulting synovial MSCs were expanded with autologous
human serum and then injected into the knee twice at a 15-week interval. (b) Cartilage thickness
mappings in a representative patient who underwent synovial MSC injections into a knee at time 0
and 15 weeks. MRI examinations were performed at −30, −1, and +30 weeks. Using the software
we developed, the cartilage area was automatically extracted and visualized in three dimensions.
Femoral cartilage at the posteromedial region at −30 weeks had decreased at −1 week but increased
again at +30 weeks.

3. Concluding Remarks

In OA knees, MSCs may possibly mobilize from the synovium through synovial fluid
and act protectively. However, the number of mobilized MSCs is limited, so OA progresses
in its natural course. By contrast, synovial MSCs injected into the knee joint of a rat OA
model migrate to the synovium, where they act as anti-inflammation, lubrication, and car-
tilage matrix synthesis agents, and inhibit the progression of OA. We have started a clinical
study in which synovial MSCs are injected twice into the OA knees of human patients.
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Abstract: We are conducting a clinical study of the use of allogeneic polydactyly-derived chondrocyte
sheets (PD sheets) for the repair of articular cartilage damage caused by osteoarthritis. However, the
transplantation of PD sheets requires highly invasive surgery. To establish a less invasive treatment,
we are currently developing injectable fragments of PD sheets (PD sheets-mini). Polydactyly-derived
chondrocytes were seeded in RepCell™ or conventional temperature-responsive inserts and cultured.
Cell counts and viability, histology, enzyme-linked immunosorbent assay (ELISA), quantitative
real-time polymerase chain reaction (qPCR), and flow cytometry were used to characterize PD sheets-
mini and PD sheets collected from each culture. To examine the effects of injection on cell viability,
PD sheets-mini were tested in four experimental conditions: non-injection control, 18 gauge (G)
needle, 23G needle, and syringe only. PD sheets-mini produced similar amounts of humoral factors
as PD sheets. No histological differences were observed between PD sheets and PD sheets-mini.
Except for COL2A1, expression of cartilage-related genes did not differ between the two types of PD
sheet. No significant differences were observed between injection conditions. PD sheets-mini have
characteristics that resemble PD sheets. The cell viability of PD sheets-mini was not significantly
affected by needle gauge size. Intra-articular injection may be a feasible, less invasive method to
transplant PD sheets-mini.

Keywords: cartilage regeneration; cell sheet; osteoarthritis; minimally invasive treatment

1. Introduction

Articular cartilage is a unique tissue that comprises mainly extracellular matrix (ECM),
in the form of collagens and proteoglycans, and has a hypocellular and avascular struc-
ture [1]. Given its tissue properties, articular cartilage can tolerate intensive and repetitive
physical stress but, once damaged, is difficult to repair [2]. Diffuse damage to articular
cartilage gradually promotes joint degeneration, which eventually leads to osteoarthritis
(OA), especially in the knee joint.

OA of the knee (OAK) is the most common joint disease, involves cartilage defects of
varied depth and breadth, and is the most frequent cause of knee pain and dysfunction. OA
progresses slowly with age, reduces the quality of life and work productivity, and ultimately
imposes socioeconomic costs worldwide [3]. The Framingham osteoarthritis study found
that the age-standardized prevalence of OAK reached 19.2% (18.6% for men and 19.3% for
women) in people older than 45 years. In Japan, where the aging population is increasing,
the number of OAK patients is expected to continue increasing in the future [4–6].
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Current methods of treatment for OAK include patient education, exercise, oral
treatments, conservative therapy by intra-articular injection of hyaluronic acid or steroids,
and surgical treatments, including arthroscopic debridement of the knee joint, osteotomy
around the knee such as a high tibial osteotomy, unicompartmental knee arthroplasty, and
total knee arthroplasty [7,8].

Autologous chondrocyte implantation (ACI) is performed as a regenerative treatment
for cartilage defects. However, most of the indications for ACI are cartilage defects caused
by trauma and osteochondritis dissecans, and ACI does not have a sufficient therapeutic
effect on OAK. Moreover, because OAK is characterized by heterogeneous cartilage defects,
no fully effective regenerative treatment has been developed to stop the progression of
OAK or to induce cartilage regeneration [9–11].

Cell sheet engineering is a technique that enables the collection of cells in sheet form
simply by lowering the temperature from 37 ◦C to below 32 ◦C without using enzymes
such as trypsin and growing the cells in a temperature-responsive culture dish with the
temperature-responsive polymer poly (N-isopropyl acrylamide) [12]. Cell sheets have
been applied as a regenerative treatment of various tissues including the cornea [13],
esophagus [14], myocardium [15], and periodontium [16]. We have been engaged in
research on cartilage regenerative medicine using this cell sheet engineering since 2004. At
present, autologous chondrocyte sheet transplantation is available as an advanced medical
care B for the treatment of OAK in Japan. However, two surgical procedures are required
to fabricate and transplant an autologous chondrocyte sheet. In addition, the proliferative
capacity of adult chondrocytes varies greatly among individuals. To overcome these issues,
we explored the possibility of using allogeneic cell sources [17].

By focusing on the immunotolerant properties of cartilage that has already been
reported [18], particulated juvenile cartilage implants (De Novo ® NT Graft; Zimmer,
Warsaw, IN, USA) are used clinically in the United States [19]. However, the use of
this product in Japan is difficult, due to the difficulty in ensuring traceability. Therefore,
we focused on surgical remains obtained from patients with polydactyly as a source of
allogeneic chondrocytes.

We are currently conducting a clinical study of the use of allogeneic polydactyly-
derived chondrocyte sheets (PD sheets) for articular cartilage repair [20]. However, the
transplantation of PD sheets requires open-knee surgery and is currently performed in
conjunction with open-wedge high tibial osteotomy, which is highly invasive.

Injection is a promising approach to deliver substances for less-invasive types of
regenerative medicine. To establish a less-invasive treatment for OAK, we are currently
developing injectable PD sheets fabricated in RepCell™ plates (CellSeed Inc., Tokyo, Japan),
a temperature-responsive culture dish with 3 mm × 3 mm grid walls etched into the culture
surface. Our aim is to develop sheet transplantation treatments that can be delivered
through needle injection into the knee joint (Figure 1).

The purposes of this study were to examine the potential clinical applications of
injectable fragments of PD sheets (PD sheets-mini) by comparing their sheet characteristics
with those of conventional PD sheets and to examine the effects of PD sheets-mini injected
using needles of different gauge size on cell viability.
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Figure 2. Comparison of cell count and cell viability for PD sheets and mini PD sheets. Values are expressed as mean ± 
standard deviation. (a) Cell count of PD sheets and mini PD sheets. (b) Cell viability of PD sheets and mini PD sheets. The 
cell counts and cell viability did not differ between the two types of cell sheets. 

2.1.2. Flow Cytometric Analysis 
mini PD sheets and PD sheets showed similar surface markers (Figure 3). Both sheets 

were negative for CD31, a vascular endothelium marker, and CD45, a blood cell marker: 
mini PD sheets CD31 0.7%; CD45, 0.8%; PD sheets CD31, 0.8%; CD45, 1.4%. Both types of 
sheet were positive for the mesenchymal stem cell (MSC) markers CD29, CD44, CD73, 
CD81, CD90, and CD105: mini PD sheets CD29, 98.4%; CD44, 99.9%; CD73, 99.9%; CD81, 

Figure 1. Fabrication of polydactyly-derived chondrocyte (PD) sheets and PD sheets-mini. PD sheets
and PD sheets-mini were fabricated in temperature-responsive culture inserts called UpCell®and
temperature-responsive culture dishes called RepCell™ (CellSeed Inc.), respectively. RepCell™ is a
unique culture dish with grid walls etched onto the culture surface creating 3 mm × 3 mm grids.

2. Results
2.1. Comparison of Sheet Characteristics of Polydactyly-Derived Chondrocyte (PD) Sheets and PD
Sheets-Mini
2.1.1. Cell Count and Viability

After culturing for 2 weeks, both PD sheets-mini and PD sheets were collected, and
the cell count corrected by the area of the culture surface was calculated. The cell count and
viability did not differ significantly between PD sheets-mini and PD sheets (Figure 2a,b).
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Figure 2. Comparison of cell count and cell viability for PD sheets and PD sheets-mini. Values are
expressed as mean ± standard deviation. (a) Cell count of PD sheets and PD sheets-mini. (b) Cell
viability of PD sheets and PD sheets-mini. The cell counts and cell viability did not differ between
the two types of cell sheets.

2.1.2. Flow Cytometric Analysis

PD sheets-mini and PD sheets showed similar surface markers (Figure 3). Both sheets
were negative for CD31, a vascular endothelium marker, and CD45, a blood cell marker:
PD sheets-mini CD31 0.7%; CD45, 0.8%; PD sheets CD31, 0.8%; CD45, 1.4%. Both types
of sheet were positive for the mesenchymal stem cell (MSC) markers CD29, CD44, CD73,
CD81, CD90, and CD105: PD sheets-mini CD29, 98.4%; CD44, 99.9%; CD73, 99.9%; CD81,
100%; CD90, 99.9%; CD105, 88.1%; PD sheets CD29, 98.9%; CD44, 99.9%; CD73, 100%;
CD81, 100%; CD90, 99.9%; CD105, 90.0%.
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Figure 3. Flow cytometric analysis comparing PD sheets and PD sheets-mini. Both sheets were
positive for mesenchymal stem cell markers such as CD29, CD44, CD73, CD81, CD90, and CD105,
and negative for vascular endothelium and blood cell markers such as CD31 and CD45.

2.1.3. Measurement of the Amounts of Humoral Factors

The amounts of humoral factors were corrected by the culture surface area (Figure 4).
There was no significant difference between PD sheets-mini and PD sheets in the amounts
of transforming growth factor beta-1 (TGF-β1): PD sheets-mini 0.87 ± 0.09 ng/cm2 and PD
sheets 0.68 ± 0.36 ng/cm2. PD sheets-mini produced similar amounts of melanoma
inhibitory activity (MIA) as PD sheets: PD sheets-mini 5.52 ± 3.69 ng/cm2 and PD
sheets 5.93 ± 5.07 ng/cm2. Similarly, the amounts of humoral factors produced did
not differ between PD sheets and PD sheets-mini for the following markers: endothe-
lial cell-specific marker 1 (ESM-1), PD sheets-mini, 0.31 ± 0.11 ng/cm2 and PD sheets,
0.42 ± 0.24 ng/cm2; Dickkopf-1 protein (DKK-1) PD sheets-mini, 1.19 ± 0.30 ng/cm2

and PD sheets 1.06 ± 0.52 ng/cm2; and monocyte chemoattractant protein 1 (MCP-1), PD
sheets-mini, 0.40 ± 0.09 ng/cm2 and PD sheets 0.34 ± 0.06 ng/cm2. The amounts of en-
zymes that decompose the extracellular matrix, matrix metalloproteinase (MMP)-3 and
MMP-13, also did not differ between PD sheets and PD sheets-mini. The respective val-
ues were PD sheets-mini, 3.79 ± 2.53 ng/cm2 and PD sheets 2.73 ± 1.91 ng/cm2 and PD
sheets-mini, 0.56 ± 0.12 ng/cm2 and PD sheets 0.48 ± 0.16 ng/cm2.
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Figure 4. Amounts of secreted humoral factors. The amounts of transforming growth factor beta-1
(TGF-β1), melanoma inhibitory activity (MIA), endothelial cell-specific marker 1 (ESM-1), Dickkopf-1
protein (DKK-1), monocyte chemoattractant protein 1 (MCP-1), matrix metalloproteinase (MMP)-3,
and MMP-13, humoral factors related to cartilage, did not differ significantly between PD sheets-mini
and PD sheets.
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2.1.4. Gene Expression Analysis

The relative gene expression of PD sheets was set at 1.0. The relative ratios of gene
expression of PD sheets-mini were 0.68 times for COL1A1, 0.19 times for COL2A1, 0.73
times for SOX9, 0.63 times for ACAN, 1.23 times for RUNX2, and 1.30 times for MMP3.
Except for COL2A1, the expression of cartilage-related genes did not differ between PD
sheets and PD sheets-mini. The expression of COL10A1 was not detected (Figure 5).
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Figure 5. Cartilage-related gene expression analysis in PD sheets and PD sheets-mini. The relative
gene expression of PD sheets was set at 1.0. The values are expressed as mean ± standard deviation.
** p < 0.01; ND, not detected. Only the expression of COL2A1 differed between PD sheets and PD
sheets-mini.

2.1.5. Histological Analysis

Sections of both PD sheets and PD sheets-mini showed similar multiple stratification
of chondrocytes derived from polydactyly tissues. Both PD sheets-mini and PD sheets
were stained weakly or not at all with Safranin O and toluidine blue. Histological analysis
revealed no differences between PD sheets and PD sheets-mini (Figure 6).
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Figure 6. Histological analysis of PD sheets and PD sheets-mini. Sections of both PD sheets and PD sheets-mini were
stained with hematoxylin–eosin, safranin O, and toluidine blue (×10, scale bar = 100 µm).
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2.2. Effects of Injection of PD Sheets-Mini on Cell Viability

Cell viability decreased with time after injection but did not differ significantly be-
tween the four injection conditions immediately after (p = 0.748), 4 h (p = 0.987), and 24 h
(p = 0.994) after injection. Cell viability of the conventional PD sheets after detachment did
not differ between the four conditions (Figure 7a,b).
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Figure 7. Evaluation of the effect of injection on cell viability of PD sheets-mini. (a) To examine the effect of injection on cell
viability, the PD sheets-mini suspension was examined under four conditions: non-injection control, 18 gauge (G) needle
injection, 23G needle injection, and syringe injection, and cell viability was measured at 0, 4, and 24 h after injection. At
0 and 4 h after injection, cell viability of conventional PD sheets was compared. (b) Comparison of cell viability of PD
sheets-mini between the four conditions immediately after, 4 h, and 24 h after injection. Cell viability decreased with time
but did not differ significantly between the four conditions at any time.

3. Discussion

Cartilage regeneration is difficult when induced only with concentrated humoral
factors without cells, and the presence of cells producing cartilage-related humoral factors
is considered to be important. Cell transplantation therapy by injection is a promising
approach for less-invasive regenerative medicine, but the retention of transplanted cells at
the injected sites is an important issue [21].

In cell sheet engineering, cells can be collected in sheets without the need for enzymes
such as trypsin. Cell sheets of most types of cells can be transplanted while retaining the
extracellular matrix and cell adhesion factors.

Wang et al. reported that the ability for cell attachment and proliferation was main-
tained even after MSC sheets were fragmented and injected through a needle, and this
method may be superior to that using dissociated MSCs [21]. We believe that transplanted
cells engraft at the cartilage defect sites or in the vicinity, even temporarily, and that hu-
moral factors secreted from the cells are important for cartilage regeneration. The results of
gene expression and histological evaluation suggest that dedifferentiation of chondrocytes
occurs in both PD sheet and PD sheet-mini. We consider that cartilage repair is promoted
by the recipient’s chondrocytes, which are influenced by the humoral factors secreted by
both sheets, rather than replacing both of the transplanted sheets with cartilage tissue.

In conducting clinical studies on the transplantation of autologous chondrocyte
sheets [20] and polydactyly-derived chondrocyte sheets for articular cartilage regener-
ation, we have reported the characteristics and therapeutic effects of both types of sheet in
animal experiments using mini-pigs, rabbits, and rats [22–25]. Our previous flow cytomet-
ric analysis studies have shown that PD sheets express MSC markers and our histological
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analyses have shown that PD sheets are multiply stratified without stacking, as in autolo-
gous chondrocyte sheets [17]. Similar results to these studies were obtained for both PD
sheets and PD sheets-mini in this study.

MIA and TGF-β1 secreted from autologous chondrocyte sheets and PD sheets play an
important role in cartilage differentiation and repair. MIA, which is a cartilage differentia-
tion marker and anabolic factor, modulates chondrogenic differentiation via MIA-regulated
extracellular signal-regulated kinase (ERK)-signaling [26]. TGF-b is known to be very
beneficial for cartilage as it stimulates chondrocytes to induce elevation of proteoglycan
and collagen type II production and also counteracts the main catabolic factors in OA [27].
Importantly, more TGF-β1 is secreted from PD sheets than from autologous chondrocyte
sheets [17,28]. We also measured the production of ESM-1 and DKK-1, which we previously
reported as humoral factors whose production correlates positively with the effectiveness
of PD sheets for articular cartilage repair. ESM-1 is a proteoglycan involved in angiogenesis
and is expressed in the vascular endothelium and adipocytes. DKK-1 is a protein that has
an inhibitory effect on the Wnt signaling pathway and is involved in bone metabolism
and differentiation [29]. In this study, the secretion of these humoral factors did not differ
significantly between PD sheets and PD sheets-mini and, therefore, we consider that both
sheets would have an equivalent effect of cartilage regeneration.

MCP-1, a chemokine with monocyte/macrophage migration activity, is also called
C–C chemokine ligand 2 (CCL2). CCL2 provokes an inflammatory response through the
C–C chemokine receptor 2 (CCR2), and the CCL2–CCR2 signal plays a role in cartilage
degeneration. However, Jablonski et al. reported that, in the absence of CCR2, CCL2 may
be required for cartilage regeneration [30]. Based on the report by Jablonski et al., we
measured MCP-1 production in this study, but found no significant difference in MCP-1
production between PD sheet and PD sheet-mini.

MMP-3 and MMP-13 are known as catabolic factors that lead to cartilage degeneration
by degrading ECM [31,32]. We have reported that PD sheets produce less MMP-3 than
adult autologous chondrocytes, suggesting that polydactyly-derived chondrocytes have
an advantage as a cell source [17]. In this study, there was no significant difference in the
production of MMP-3 and MMP-13 by PD sheets-mini compared with the conventional PD
sheets.

For all humoral factors measured in this study, we found no significant differences
in the amounts secreted between both types of cell sheet. The new injection form of the
chondrocyte sheets used in this study (PD sheets-mini) had similar characteristics as the
PD sheets. However, the expression of COL2A1 was lower in the PD sheets-mini, and
this may reflect the culture of sheets in a flat culture dish instead of an insert, unlike in
conventional PD sheets. From the results of clinical studies and accompanying animal
experiments that we have conducted so far, we consider that the humoral factors secreted
by the transplanted chondrocyte sheets play a more important role in the regeneration of
articular cartilage than the genes expressed by the sheets [20,28,29].

Injection of MSCs has been reported to have no effects on the trilineage differentiation
of osteogenic, adipogenic and chondrogenic cell lines, or on cell viability [33], although it
has been suggested that apoptosis may occur early after injection through a 21 gauge (G)
or 23G needle [34]. However, those studies examined this issue at the cellular level, and no
reports have examined the effects of injection of mini-tissues such as cell sheets.

Our findings that the injection condition had almost no effect on the cell viability of
PD sheets-mini suggest that injection of PD sheets-mini is feasible. Even if cell apoptosis
occurs after injection through a 21G or 23G needle, the size of the needle usually used for
arthrocentesis of knee is 18G, which should have less effect on cells.

PD sheets-mini have sheet characteristics that closely resemble those of PD sheets.
Our results suggest that the cell viability of PD sheets-mini is not significantly affected by
the clinically relevant needle gauge size. Intra-articular injection may be a feasible method
for the administration of PD sheets-mini as a less-invasive method. In the future, it is
necessary to examine the effect of cartilage treatment of PD sheets-mini in vivo.
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4. Materials and Methods
4.1. Collection of Polydactyly-Derived Chondrocytes

Cartilage tissue was obtained from six polydactyly patients (average age, 15.5 months;
range, 12–23 months; three boys and three girls) who underwent surgery at Tokai University
Hospital.

Cartilage tissue was finely minced with scissors and treated with the following pro-
cedure to isolate chondrocytes from cartilage tissue. The minced cartilage tissue was
incubated in Dulbecco’s modified Eagle’s medium/F12 (DMEM/F12; Gibco, Grand Island,
NY, USA) supplemented with 20% fetal bovine serum (FBS; SAFC Biosciences, Lenexa, KS,
USA), 1% antibiotic–antimycotic solution (AB; Gibco), and 5 mg/mL collagenase type 1
(CLS1; Worthington, Mannheim, Germany) for 1.5 h at 37 ◦C in a humidified atmosphere
of 5% CO2 and 95% air. The collected cell suspension was washed and passed through a
100 µm strainer (BD Falcon, Franklin Lakes, NJ, USA).

The isolated chondrocytes were seeded at a density of 1 × 104 cells/cm2 in six-well
culture plates (Corning, Corning, NY, USA) in DMEM/F12 supplemented with 20% FBS
and 1% AB, and incubated at 37 ◦C. After 4 days, 100 µg/mL ascorbic acid (Nissin Pharma-
ceutical, Yamagata, Japan) was added to the medium, and the medium was replaced every
3 or 4 days thereafter. When the chondrocytes reached confluency, they were passaged
once or twice, and passaged chondrocytes were cryopreserved at −180 ◦C.

4.2. Fabrication of PD Sheets and PD Sheets-Mini

PD sheets and PD sheets-mini were fabricated using a temperature-responsive culture
insert and RepCell™ plate (CellSeed Inc.). The latter is a unique temperature-responsive
culture plate with 3 mm × 3 mm grid walls etched into the culture surface. The areas of
the culture dishes were 4.2 cm2 and 8.8 cm2, respectively (Figure 1).

To fabricate PD sheets, cryopreserved chondrocytes isolated from polydactyly patients
were thawed, passaged once, and then seeded in temperature-responsive culture inserts
(CellSeed Inc.) at 1 × 104 cells/cm2. After culturing for 2 weeks with the medium changed
every 3 or 4 days, the culture plates were allowed to stand at 25 ◦C for 30 min to detach PD
sheets from the inserts, and each sheet was collected by hooking it onto a paper ring. PD
sheets were checked visually to confirm the strength and to identify any tearing.

PD sheets-mini were fabricated using a method similar to that for PD sheets. The lysed
chondrocytes were passaged and then seeded at 1 × 104 cells/cm2 in RepCell™ plates.
After culturing for 2 weeks with the medium changed every other day, each RepCell™
plate was kept at 25 ◦C for 30 min, and multiple 3 mm × 3 mm-sized fragments of PD
sheets were collected (Figure 1).

4.3. Comparison of Sheet Characteristics between PD Sheets and PD Sheets-Mini
4.3.1. Cell Count and Viability

PD sheets and PD sheets-mini were washed in Dulbecco’s phosphate-buffered saline
(DPBS; Gibco). Each type of sheet was then incubated in TripLE Express® (Gibco) at
37 ◦C for 15 min and centrifuged at 1500 rpm for 5 min. The sheets were resuspended
in 0.25 mg/mL Collagenase P (Roche, Basel, Switzerland) at 37 ◦C for up to 30 min and
then centrifuged at 1500 rpm for 5 min. Cells isolated from both types of sheets were
resuspended in DMEM/F12, and cell count and viability were determined using trypan
blue exclusion.

4.3.2. Flow Cytometric Analysis

After the cell count and viability were measured, isolated cells were washed with DPBS
containing 0.2% bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO, USA) and
1 mM ethylenediaminetetraacetic acid (EDTA; Gibco). About 1.5 × 105 cells were mixed in
each tube with the following antibodies: hCD31–fluorescein isothiocyanate (FITC) (clone:
5.6E; Beckman Coulter, Brea, CA, USA), hCD44–FITC (clone: G44-26; BD Biosciences,
Franklin, NJ, USA), hCD45–FITC (clone: J33; Beckman Coulter), hCD73–FITC (clone: AD2;
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BD Biosciences), hCD81–FITC (clone: JS-81; BD Biosciences), hCD90–allophycocyanin
(clone: 5E10; BD Biosciences), and CD105–phycoerythrin (clone: 266; BD Biosciences).

The cells were incubated for 90 min at 4 ◦C and then washed with DPBS containing
0.2% BSA and 1 mM EDTA. Fluoroprobe-labeled mouse IgG1 antibody (Beckman Coulter)
and rat IgG2b antibody (BioLegend, San Diego, CA, USA) were used as negative controls.
Stained cells were analyzed using a FACS Verse TM cell sorter (BD Biosciences).

4.3.3. Measurement of Humoral Factors

PD sheets and PD sheets-mini fabricated as described above were used. PD sheets
collected by hooking on paper rings were cultured for 24 h in 3 mL of DMEM/F12 sup-
plemented with 5% FBS and 1% AB in an adherent culture dish. PD sheets-mini were
harvested from RepCell™ plates after the plate was left at room temperature for more than
30 min. PD sheets-mini were suspended in 3 mL of DMEM/F12 supplemented with 5%
FBS and 1% AB, and cultured for 24 h in a culture dish. Each supernatant was collected
and centrifuged at 15,000× g for 10 min to remove cell debris. The concentrations of
TGF-β1, MIA, ESM-1, DKK-1, MCP-1, MMP-3, and MMP-13 were measured using the
enzyme-linked immunosorbent assays (ELISAs) described below.

TGF-β1, MIA, and ESM-1 concentrations were measured using their respective single-
sample ELISA kits: Human TGF-β1 Quantikine ELISA Kit (R&D Systems, Minneapolis,
MN, USA), MIA ELISA (Roche), and Human ESM-1 ELISA Kit (Abcam, Cambridge, UK).
The other humoral factors were measured using Quantibody Multiplex ELISA Array
(RayBiotech Life, Inc., Norcross, GA, USA).

The signal detected for blank medium containing 5% FBS was subtracted to adjust
for proteins contained in FBS. Measurements were repeated at least twice for each donor,
and averages were used. The amount of humoral factor per area of the culture surface was
calculated.

4.3.4. Gene Expression Analysis

Each of the PD sheets and PD sheets-mini fabricated by culturing for 2 weeks was
disrupted in TRIzol Reagent (Life Technologies, Carlsbad, CA, USA) and crushed at
1500 rpm for 3 min using a SHAKE Master Neo instrument (Bio Medical Science, Tokyo,
Japan). Total RNA was extracted using an RNeasy Mini Kit (Qiagen, Hilden, Germany).
Next, first-strand cDNA was reverse transcribed from 1 mg of total RNA and treated with
a QuantiTect Reverse Transcription Kit (Qiagen) in a SimpliAmp Thermal Cycler (Thermo
Fisher Scientific, Waltham, MA, USA) at 42 ◦C for 15 min and 95 ◦C for 3 min. Quantitative
real-time polymerase chain reaction (qPCR) was performed using an Applied Biosystems
7300 Real-Time PCR system (Applied Biosystems, Waltham, MA, USA). The SYBR™ Green
primers used are shown in Table 1. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
primers were used to normalize the samples.

Table 1. Genes and their primers used for quantitative real-time polymerase chain reaction (qPCR).

Genes Forward Primer Sequence Reverse Primer Sequence

ACAN AGGAGACAGAGGGACACGTC TCCACTGGTAGTCTTGGGCAT
COL1A1 GTCGAGGGCCAAGACGAAG CAGATCACGTCATCGCACAAC
COL2A1 GTGGAGCAGCAAGAGCAA TGTTGGGAGCCAGATTGT

COL10A1 ATGCTGCCACAAATACCCTTT GGTAGTGGGCCTTTTATGCCT
GAPDH AGAAGGCTGGGGCTCATTTG AGGGGCCATCCACAGTCTTC
MMP3 ATGATGAACAATGGACAAAGGA GAGTGAAAGAGACCCAGGGA
RUNX2 ACCATGGTGGAGATCATCG CGCCATGACAGTAACCACAG
SOX9 AACGCCGAGCTCAGCAAGA CCGCGGCTGGTACTTGTAATC

4.3.5. Histological Analysis

The harvested PD sheets and PD sheets-mini were fixed with 20% formalin (Wako
Pure Chemical, Osaka, Japan) and embedded in paraffin wax. The embedded tissue was cut
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into 20-µm-thick sections, which were deparaffinized and stained with hematoxylin–eosin,
Safranin O, and toluidine blue according to standard methods.

4.4. Analysis of the Effect of Injection of PD Sheets-Mini on Cell Viability

PD sheets-mini harvested from one RepCell™ plate were suspended in 3 mL of
medium. To analyze the effect of injection on cell viability, suspensions of PD sheets-mini
were tested for the following four injection conditions: non-injection control, 18G needle,
23G needle, and syringe only. For the injection condition, a 3 mL suspension was aspirated
slowly into a 5 mL syringe and then injected through a needle or the syringe itself.

Cell viability was examined using the trypan blue exclusion assay at 0, 4, and 24
h after injection. Cell viability was compared among the four injection conditions, and
also between PD sheets-mini and after detachment of cells from PD sheets at 0 and 24 h
(Figure 7a).

4.5. Statistical Analysis

Significant differences between groups were identified using the Mann–Whitney U
test for non-normally distributed quantitative data. The Kruskal–Wallis test was used to
detect significant differences between three groups or more. All statistical analyses were
performed using IBM SPSS Statistics (v. 25.0; IBM, Armonk, NY, USA). Probability values
of <0.05 were considered to be significant.

5. Conclusions

PD sheets-mini have sheet characteristics that closely resemble those of PD sheets.
Our results suggest that the cell viability of PD sheets-mini is not significantly affected
by injection using a clinically relevant needle gauge size. Intra-articular injection may be
a feasible way to administer PD sheets-mini in a less-invasive method as a point-of-care
treatment for OAK.

6. Patents

The work reported in this study is patent pending; the application number is 2020-
148200 in Japan, and the application date was 3 September 2020.
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Abstract: Osteoarthritis (OA) is a degenerative and chronic joint disease characterized by clinical
symptoms and distortion of joint tissues. It primarily damages joint cartilage, causing pain, swelling,
and stiffness around the joint. It is the major cause of disability and pain. The prevalence of OA is
expected to increase gradually with the aging population and increasing prevalence of obesity. Many
potential therapeutic advances have been made in recent years due to the improved understanding of
the underlying mechanisms, diagnosis, and management of OA. Embryonic stem cells and induced
pluripotent stem cells differentiate into chondrocytes or mesenchymal stem cells (MSCs) and can
be used as a source of injectable treatments in the OA joint cavity. MSCs are known to be the most
studied cell therapy products in cell-based OA therapy owing to their ability to differentiate into
chondrocytes and their immunomodulatory properties. They have the potential to improve cartilage
recovery and ultimately restore healthy joints. However, despite currently available therapies and
advances in research, unfulfilled medical needs persist for OA treatment. In this review, we focused
on the contents of non-cellular and cellular therapies for OA, and briefly summarized the results of
clinical trials for cell-based OA therapy to lay a solid application basis for clinical research.

Keywords: osteoarthritis; diagnosis; management; surgery; cell therapy; embryonic stem cells;
induced pluripotent stem cells; mesenchymal stem cells

1. Introduction

Osteoarthritis (OA) is the most common chronic articular disease and remains one of
the few chronic aging disorders with few effective treatments, none of which have been
proven to delay disease progression. It can affect small, medium, and large joints, although
in terms of a painful disease, the knee is most frequently affected in up to 10% of men and
13% of women aged above 60 years, with evidence of symptomatic OA of the knee in the
United States [1].

OA can be defined pathologically, radiographically, and clinically. The most common
method for radiographic definition is the Kellgren–Lawrence (KL) radiographic grading
system and atlas, which has been used for more than 40 years. This overall joint scoring
system grades OA into five levels from 0 to 4, defining OA by the presence of a definite
osteophyte (Grade ≥ 2), and more severe grades by the presumed successive appearance
of joint space narrowing, sclerosis, cysts, and deformity [1,2]. However, all patients with
radiographic OA do not have a clinical condition, and all patients with joint symptoms do
not demonstrate radiographic OA [1]. Therefore, OA must be diagnosed using a variety of
pathological, clinical, and radiological methods [3].
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2. Osteoarthritis of the Knee

The knee is the largest synovial joint in humans and consists of bone structures (distal
femur, proximal tibia, and patella); cartilage (meniscus and free cartilage); ligaments;
infrapatellar fat pad; and synovium. The synovium is responsible for the production of
synovial fluid that lubricates and nourishes the vascular cartilage. However, considering
the frequent use and high stress on this joint, it is a frequent site of painful conditions,
particularly OA [4,5]. Disease evaluation of OA is generally slow and can take years.
Successively, the disease can also go through stages or show gradual evolution over time,
making the severity and symptoms of the disease worse [6].

3. Mechanisms/Pathophysiology

The diarthrodial joint connects two adjacent bones, covered with a special articular
cartilage layer, and wrapped in a synovial bursa [7]. The articular cartilage is composed
of water (>70%) and organic extracellular matrix components, mainly type II collagen,
aggrecan, or other proteoglycans [6]. Chondrocytes detect mechanical stress and changes in
the pericellular matrix primarily through receptors on the components of the extracellular
matrix. The change in response to mechanical or inflammatory stimulation results in the
upregulation of aggrecanase and collagenase. Moreover, receptors on resting chondrocytes
are protected from interacting with certain matrix components by the unique composition
of the pericellular matrix. Type II collagen-containing networks in the interregional regions
are generally not degraded as they are coated with proteoglycans [8].

The main cartilage matrix-degrading enzymes are zinc-dependent metalloproteinases
(MMPs) belonging to the MMP and A Disintegrin and Metalloproteinase with Throm-
bospondin motifs (ADAMTS) families. MMPs include the collagenases MMP-1 and MMP-
13 (highly efficient against type II collagen as a substrate), MMP-3 (a potent aggrecanase),
and MMP activator [9].

The importance of proteoglycan depletion in cartilage erosion has been demonstrated
in ADAMT5 (the primary aggrecanase) knockout mice protected from progression using
a surgical OA model [10]. However, aggrecan depletion, by itself, does not drive OA
progression, as suggested by studies wherein MMP13 knockout mice exhibited inhibition
of cartilage erosion; however, it does not prevent aggrecan depletion [11]. When the
collagen network begins to break down, irreversible cartilage breakdown proceeds [8].
Partly, overloading and inflammation leading to cartilage degradation can cause OA.
Prostaglandin E2 is one of the major catabolic factors associated with OA, where MMP is
crucial for cartilage degeneration. Thus, the mechanosensitive microsomal prostaglandin E
synthase type 1 enzyme represents a potential therapeutic target in OA [12].

In OA, there is a gradual disappearance of cartilage associated with chondrocyte loss
and phenotypic transformation, including cluster formation and activation of catabolic
phenotypic and hypertrophic differentiation. Remodeling of subchondral bone occurs with
the development of blood vessels located in structures (vascular channels) that contain
osteoblasts and sensory nerves. Vascular channels should facilitate biochemical communi-
cation between the bone and cartilage. In response to multiple stimulations, chondrocytes
modify the phenotype and express a subset of factors (such as cytokines, chemokines,
alarmins, damage-associated molecular pattern, and adipokines). All these mediators
act as paracrine factors, begin a vicious cycle of cartilage breakdown, reach the synovial
fluid, and trigger an inflammatory process with the production of synovial macrophages
and fibroblasts of the factor [8]. Vascular channels have sensory nerve terminations,
and the associated innervation of articular cartilage may contribute to tibiofemoral pain
in OA across a wide range of structural disease severities [13]. Figure 1 illustrates the
associated mechanism [6,8].
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Figure 1. Mechanisms for the osteoarthritis of the knee. Healthy articular cartilage (Left)—Because
of absence of vessels within cartilage, chondrocytes can live in a hypoxic environment. Hypoxia is
important for chondrocyte function and survival. The main function of cartilage is the absorption and
the removal of mechanical load, which is necessary to maintain cartilage homeostasis. Osteoarthritis
articular cartilage (Right)—Development of vessels (called vascular channels) are supposed to facili-
tate biochemical communication between the bone and the cartilage (such as cytokines, chemokines,
alarmins). It initiates a vicious cycle of cartilage degradation.

The infrapatellar fat pad (IFP) is in close contact with the synovial membrane, and
due to the metabolic properties of adipose tissue, IFP may affect the functioning of the
synovial membrane [14]. In a recent study, it was found that IFP in OA patients of the knee
was more inflamed and vascularized compared to the IFP in anterior cruciate ligament
reconstruction patients [15]. It has been recognized that IFP secretes adipocytokines and
has more inflammation and fibrotic changes than control group [15]. All of these studies
could support the new idea that the IFP and the synovial membrane could be considered a
morpho-functional unit [14].

Cartilage is a highly specialized connective tissue, and its damage is the main fea-
ture of OA. The primary determinants of OA are namely, aging, genetic predisposition,
metabolic syndrome, or trauma, and activation of the inflammatory pathways occurs
in cartilage [16]. Chondrocytes form a vicious cycle leading to the progression of OA
by producing inflammatory mediators that can lead to cartilage damage and changes in
adjacent joint tissue. Therefore, the components of inflammatory pathways to discover
disease-modifying OA drugs should be known [8].

4. Diagnosis

Although OA is an extremely common illness, its diagnosis may be difficult. Di-
agnostic criteria were developed for OA of the knee. The primary goal of the diagnos-
tic criteria is to differentiate OA from other arthritis, such as rheumatoid arthritis and
ankylosing spondylitis [6].

The American College of Rheumatology (ACR) classification criteria for OA of the knee
were used widely [17]. One study demonstrated that crepitus is specific for patellofemoral
joint OA rather than tibiofemoral joint OA, as suggested by the magnetic resonance imaging
definition [18]. Another arthroscopy-based study reported an association between crepitus
and cartilage pathology in both compartments of the knee [19].

Cartilage degeneration and other skeletal changes can be examined radiographically
and quantified using the semi-quantitative grading scale known as the KL scale [20],
Ahlbäck classification [21], and knee osteoarthritis grading system (KOGS) [22]. The
original definitions of the KL scale, Ahlbäck classification, and KOGS are shown in Table 1.
A KL grade picture is shown in Figure 2 [21].
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Table 1. Comparison of the original definitions of the Kellgren–Lawrence (KL) scale, Ahlbäck clasScheme 20.

Grade KL Scale Ahlbäck Classification KOGS

Grade 0 No pathological features of
osteoarthritis (OA)

Grade 1
Suspicious narrowing of the
joint space and possible
osseous lip

Joint space narrowing, with or
without subchondral sclerosis.
Joint space narrowing is
defined by this system as a
joint space <3 mm, or less
than half of the space in the
other compartment, or less
than half of the space of the
homologous compartment of
the other knee

An isolated medial, lateral
tibiofemoral, or
patella-femoral joint OA with
ligament stability and two
functionally intact
compartments

Grade 2 Clear bone tissue and possible
stenosis of the joint space Obliteration of the joint space

Deteriorating isolated lesion
with ligament stability and a
correctible coronal
subluxation

Grade 3

Moderate multiple bone
tissue, clear narrowing of the
joint space, slight sclerosis,
and possible deformity of the
ends of the bones

Bone defect/loss < 5 mm

Includes an isolated medial or
lateral tibiofemoral OA and
concomitant pathologies such
as anterior cruciate ligament
deficiency (3A) or grooving of
patella-femoral joint or
patellectomy (3B)

Grade 4

Large bone tissue, marked
narrowing of the joint space,
severe sclerosis, and clear
deformities of the ends of the
bones

Bone defect/loss between 5
mm and 10 mm

Includes cases of
bi-compartmental
tibiofemoral OA without
concomitant ligament
instability (4A) and with
ligament instability (4B)

Grade 5

Bone defect/loss >10 mm,
often with subluxation and
arthritis of the other
compartment

Figure 2. The example of the Kellgren–Lawrence (KL) scale. KL classification is the most widely used
radiographic scale. The radiograph was recorded at St. Mary’s Hospital in Seoul.
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5. Risk Factor

Previous knee trauma increases the risk of osteoarthritis of the knee by 3.86 times [23].
Old age, female, overweight and obesity, repetitive use of joints, bone density, muscle
weakness, and joint relaxation all play an important role in the development of knee
OA [23]. Also, frequent squatting is a risk factor for knee OA [23].

6. Current Point-of-Care Treatment
Conventional Management

Currently, various guidelines have been developed to standardize and recommend
available treatments by academic and professional societies. Table 2 shows the available
treatment options from the Osteoarthritis Research Society International (OARSI), ACR,
and the American Academy of Orthopedic Surgeons (AAOS) publications [24–26].

Table 2. Osteoarthritis of the knee management recommendations from the three societies.

Treatment OARSI ACR AAOS

Exercise (Land-based) Appropriate Strong recommendation Strong recommendation

Exercise (Water-based) Appropriate Strong recommendation Strong recommendation

Transcutaneous electrical
nerve stimulation Uncertain Strong recommendation

against use Inconclusive

Cane (Walking stick) Appropriate Strong recommendation

Weight control Appropriate Strong recommendation Moderate recommendation

Chondroitin or Glucosamine
Not appropriate for disease
modification, Uncertain (Sx
relief)

Strong recommendation
against use Recommendation against use

Acetaminophen Without comorbidities:
appropriate Conditional recommendation Inconclusive

Duloxetine Appropriate Conditional recommendation No recommendation

Oral NSAIDs
Without comorbidities:
appropriate;
With comorbidities: Uncertain

Strong recommendation Strong recommendation

Topical NSAIDs Appropriate Conditional recommendation
against use Strong recommendation

Opioids Uncertain No recommendation Recommended (only
tramadol)

Intra-articular corticosteroids Appropriate Strong recommendation Inconclusive

Intra-articular
viscosupplementation Uncertain Conditional recommendation

against use Recommendation against use

OARSI: Osteoarthritis Research Society International; ACR: American College of Rheumatology; AAOS: American Academy of Orthopedic
Surgeons; NSAIDs: non-steroidal anti-inflammatory drugs.

7. Interventional Management

Multiple substances that are delivered through intra-articular (IA) injections have
been explored. The idea is that local treatments (IA injection) will have less systemic side
effects and placing the drug inside the joint will have a more direct effect. Studies have
shown that IA therapy is more effective than oral non-steroidal anti-inflammatory drugs
and other systemic pharmacological treatments; however, it has also revealed that some of
its benefits may be secondary to the IA placebo effect [27,28].

Also, injectable drug delivery alone, including new treatments, may not provide
significant benefits for OA treatment. Because IA injections cannot target the complexity of
the pathological mechanisms [29]. It means that relatively new concept is the multimodal
approach to the IA injections, which is needed to significant effect on the entire knee.
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7.1. Intra-Articular Corticosteroid Injection

In the knee joint of OA, IA corticosteroid injections are usually conditionally recom-
mended over other forms of IA injection. There are few one-to-one comparisons; however,
the evidence for the efficacy of glucocorticoid injections is significantly higher than that of
other drugs [25]. Corticoids act directly on nuclear receptors, disrupting the inflammatory
cascade at several levels, causing immunosuppressive and anti-inflammatory effects. They
are part of the pain relief mechanism and reduce the action and production of interleukin-1,
prostaglandins, leukotriene, MMP9, and MMP-11, which are believed to increase joint
mobility in the knee OA [4]. The clinical anti-inflammatory effects of these actions in-
clude decrease in erythema, heat, swelling, and tenderness of the inflammatory joints,
and increases in relative viscosity with an increase in hyaluronic acid (HA) concentra-
tion [28]. Therefore, IA corticosteroid injections reduce acute pain episodes and increase
joint mobility, particularly when there is evidence of inflammation and joint effusion during
OA redness [30].

The current Food and Drug Administration approved immediate release corticos-
teroids for IA usages namely, methylprednisolone acetate, triamcinolone acetate, triam-
cinolone hexacetonide, betamethasone acetate, betamethasone sodium phosphate, and
dexamethasone [28].

In summary, research evidence shows that IA corticosteroid injections provide a short-
term reduction in OA pain and act as an adjunct to key therapy for moderate to severe pain
relief in patients with OA [31].

7.2. Intra-Articular Hyaluronic Acid Injection (Viscosupplementation)

HA, a viscoelastic mucopolysaccharide component of synovial fluid, is produced
from harvested rooster combs or through in vitro bacterial fermentation [32]. HA is a high-
molecular-weight glycosaminoglycan that consists of a repeating sequence of disaccharide
units composed of N-acetyl glucosamine and glucuronic acid [33]. Viscous supplementa-
tion through an IA injection of HA is aimed at restoring the beneficial environment present
in non-arthritic joints. Additionally, the safety profile of such injections for painful knee
OA is well established [32].

Previous studies demonstrated obvious benefits of intra-articular HA injection; how-
ever, according to the 2019 ACR/European League Against Rheumatism study, the benefit
was restricted to studies with a higher risk of bias compared to saline injection. There-
fore, in recent years, HA injection has been conditionally recommended to control joint
symptoms when glucocorticoid injection or other interventions fail [25].

7.3. Intra-Articular Platelet-Rich Plasma Injection

The IA platelet-rich plasma (PRP) injection has emerged as a good treatment for knee
OA. Several randomized controlled trials have been shown that PRP is a safe and effective
treatment. At this time, IA PRP is not a standard treatment of the knee OA, but it is similar
in efficacy to HA, and appears to be more effective than HA in young, active patients with
low-grade OA [34].

8. Surgery

The goals of surgery for patients with OA are to reduce pain, minimize disability, and
improve quality of life. Treatment should be individualized according to the functional
condition of the patients, severity of the disease, and nature of the underlying disease.
Surgical intervention for patients with OA is generally performed when a less invasive
treatment is unsuccessful.

8.1. Total Knee Replacement Surgery (Total Knee Arthroplasty)

Total knee replacement (TKR) surgery involves excising the damaged ends of the tibia
and femur and capping both using a prosthesis. Both prostheses comprise durable plastic.
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These new surfaces move smoothly with each other. Partial recovery takes 6 weeks and
complete recovery takes up to 1 year [35].

A randomized, controlled trial of TKR demonstrated that non-surgical treatment after
TKR is superior to non-surgical treatment alone in providing pain relief in patients with
moderate to severe OA of the knee and improving function and quality of life after 1 year.
However, clinically relevant improvements were seen in both groups, and patients who
received TKR had more severe side effects [36].

In addition, IFP resection during TKR is the subject of an ongoing debate without
clear consensus [37].

8.2. Partial Knee Replacement Surgery (Unicompartmental Knee Arthroplasty)

Unicompartmental knee arthroplasty is an alternative to TKR for patients whose
disease is limited to a single area of the knee, particularly the isolated tibiofemoral compart-
ment (medial or lateral). As partial knee replacement is performed using smaller incisions,
patients can generally be discharged earlier than those who undergo TKR and can return
sooner to normal activities, including work and sports [38].

8.3. Knee Osteotomy (High Tibial Osteotomy or Femoral Osteotomy)

High tibial osteotomy is a surgery to realign the knee joint. It is more important for
the treatment of cartilage damage or OA of the medial compartment with varus deformity.
High tibial osteotomy creates a postoperative valgus limb alignment by lateral movement
of the load-bearing axis of the lower limb [39].

8.4. Knee Arthroscopy

Knee arthroscopy is most commonly performed to treat OA or meniscus problems.
An arthroscopy requires a small incision in the skin with the insertion of a camera on a
stick. Another incision is needed to insert other instruments and treat the disease [40].

8.5. Knee Cartilage Repair and Cartilage Restoration

Many surgical techniques have been developed to address focal cartilage defects.
Cartilage surgery strategies include palliative (chondroplasty and debris removal); repair
(perforation and microfracture); or restoration (auto chondral cell transplant, osteochondral
autograft, and bone cartilage allograft) [41].

9. Cellular & Experimental Therapy
9.1. Cellular Therapy

Several cell therapeutic attempts have been made to regenerate damaged joint cartilage.
Autologous chondrocyte implantation (ACI) has been proposed as a surgical technique
for partial cartilage lesions [42]. ACI is known as the most traditional cell-based therapy
that has evolved with a high success rate. However, since it is limited to the damaged
cartilage area, it is difficult to use in general OA treatment [43–45]. Mechanical, biological,
and chemical scaffold-based approaches have also been developed to allow autologous
chondrocytes to fill the cartilage lesions. With the scaffold, chondrocytes are less prone
to dedifferentiation, and more favorable cartilage can be produced [46]. However, the
limited number of primary chondrocytes has shown therapeutic limitations. Consequently,
stem cell-based therapies have been developed to compensate for these shortcomings
(Figure 3). Stem cells are undifferentiated cells capable of differentiating into various
specialized cells such as bone cells, chondrocytes, and adipocytes [47]. Additionally, stem
cells are characterized by the ability to release cytokine secretions that can downregulate
several important inflammations [48]. Three other types of stem cells, embryonic stem cells
(ESCs), induced pluripotent stem cells (iPSCs), and mesenchymal stem cells (MSCs) are also
potential candidates for cartilage regeneration for the OA treatment. Both ESCs and iPSCs
have intrinsically pluripotent features and can differentiate into other cell types, including
chondrocytes. Several studies have shown that chondrocytes can be differentiated using
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ESCs and iPSCs [49,50]. However, there is a risk that both stem cells can form teratoma
and immunogenicity [51].

Figure 3. Schematic diagram of various cell-based therapy for osteoarthritis. Embryonic stem
cells (ESC), induced pluripotent stem cells (iPSC), and mesenchymal stem cells (MSC) are potential
candidates for cartilage regeneration for the OA treatment. MSC can be isolated from bone marrow,
adipose tissue, umbilical cord, synovium. Pluripotent stem cells (PSC), including ESC and iPSC, are
considered sources for the derivation of chondrocytes and MSC.

Mesenchymal stem cells (MSCs) are not as pluripotent as ESCs and iPSCs; however,
may be considered the most ideal among the various types of stem cells for OA treat-
ment [52]. MSCs have advantages that can be obtained in various ways such as bone
marrow [53], adipose tissue [54], and umbilical cord [55]. As MSCs express and secrete
various growth factors and cytokines and have anti-inflammatory activity, numerous stud-
ies have been conducted for the treatment of OA [56–58]. In addition to these sources of
stem cells, infrapatellar fat pad (IFP) have been recently considered as a source of stem
cells for cartilage regeneration in OA due to their increased chondrogenic capacity [59,60].
However, IFP-derived stem cells seem to be primed by the pathological environment and
exert a protective role in the inflammatory environment [60]. Thus, further research is
needed to clarify this point.

Human ESCs can be used as a raw material for cell therapy for the treatment of OA. It
has been demonstrated that MSCs differentiated from ESCs have similar efficacy to those
extracted from somatic tissues, such as bone marrow, and can treat various autoimmune
and inflammatory diseases [61–63]. ESC-derived MSCs are more advantageous for use as a
cell therapy than natural MSCs extracted from bone marrow tissues (Table 3). ESCs can be
produced on a large scale from human ESC raw materials that can be supplied endlessly.
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Table 3. Summary of advantages and disadvantages of ESCs, iPSCs, and MSCs.

Advantages Disadvantages

Embryonic stem cells (ESCs)

Unlimited self-renewal Ethical concerns
Unlimited proliferation Tumorigenic potential
Pluripotent Difficulty in vitro work
Potentially unlimited supply Difficulty in controlling differentiation

Induced pluripotent stem cells (iPSCs)

Autologous origin Security
Extensive sources Tumorigenic potential
Unlimited self-renewal Inefficiency
Unlimited proliferation Instability
Pluripotent Unclear mechanism
No ethical issues Difficulty in controlling differentiation

Mesenchymal stem cells (MSCs)
High chondrogenic potential A limited number of cells
Good expansion ability More affected by donor age
Easily accessible, reliable for isolation Donor site pain

Additionally, human ESCs may be a potential treatment option as a source of con-
sistently homogeneous cells with high chondrogenic ability [49]. Sources of expandable
cartilage precursors may have broad potential to advance articular cartilage therapy and
disease modeling and act as therapeutics that can promote cartilage regeneration or pre-
vent degeneration [64,65]. Although several studies have attempted to treat OA using
specialized cells derived from human ESCs [66–68], clinical studies on effective human
ESC-derived cell therapeutics in patients with OA are still needed.

9.2. Induced Pluripotent Stem Cells for Osteoarthritis

The general differences in ESCs and iPSCs and the use of human PSCs for disease
modeling have been extensively discussed in the literature [69–71]. The development of
iPSCs opens up new horizons for the development of new research tools for OA that do
not yet have a clear treatment [72]. The iPSCs, reprogrammed from somatic cells [73,74],
provided a new opportunity to create a virtually unlimited number of patient-specific stem
cells for OA for drug discovery. Thus, chondrogenic differentiation of iPSCs from patients
with symptoms of OA may enable many studies of cartilage tissue [42,50,75]. Clinical
studies using iPSCs in cell therapy for OA are still in the basic stage with an understanding
of the cartilage regeneration mechanisms. iPSCs have proliferative and differentiation
capabilities similar to those of other stem cells; however, do not have immune rejection
reactions and ethical problems [76]. Additionally, studies on a new method of producing
iPSCs without the use of viral vectors have been actively conducted in recent years to
reduce the risk of tumorigenicity [77,78]. Nevertheless, there is still limited data on the
effects of iPSCs on cartilage formation and OA, and further studies are needed (Table 4).

9.3. Mesenchymal Stem Cells for Osteoarthritis

MSCs are pluripotent progenitor cells derived from a population of adult stem cells
that can be isolated from numerous tissues, including bone marrow, peripheral blood,
adipose tissue, synovium, placenta, and umbilical cord [79,80]. Human MSCs are defined
as cells that adhere to plastics; are positive for CD105, CD73 cell surface markers; negative
for CD45, CD34 cell surface markers; and differentiate into osteoblasts, chondrocytes, and
adipocytes [81]. Additionally, MSCs have unique immunomodulatory properties and
can reduce inflammation and support other cells, enhancing angiogenesis, cell survival,
and differentiation [82,83].

The primary isolated stromal cell represents the best option for OA treatment [84].
Bone marrow-derived stromal cells are the most common clinical source of MSC [85,86].
Although the main source has been on the use of bone marrow-derived stromal cells, some
researchers have chosen to use adipose tissue-derived stromal cells as an alternative cell
line [87,88]. These are harvested from bone marrow concentrate containing hematopoietic
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stem cells, endothelial progenitor cells, and related cytokines and growth factors [89].
Currently, translational medical research targeting MSCs for OA in the clinical trial database
is promising. Clinical trials using MSCs in knee OA are actively underway. However,
careful evaluation of clinical outcome data is necessary. The results appear to focus
primarily on safety and efficacy [90]. Several studies have reported clinical trials for IA
injection of MSCs in patients with OAs (Table 4) [91–101].

Table 4. Detailed clinical studies of ESCs, iPSCs, and MSCs in OA.

Cell Source No. of
Participants

Mean
Follow-Up
(Months)

Delivery Methods Clinical Outcome Reference/NCT

ESCs N/A N/A N/A N/A N/A

iPSCs N/A N/A N/A N/A N/A

BMSCs 45 75 Two-stage surgical
approaches

No risk of serious
complications

[91]
N/A

BMSCs 4 12 IA injection Improved pain, walking,
and stairs climbing

[92]
00550524

BMSCs 56 24 IA injection Better clinical outcomes
and MRI in MSCs group

[93]
N/A

BMSCs 12 12 IA injection Improvement of cartilage
quality on MRI

[94,95]
03956719

BMSCs 3 60 IA injection Better than the
baseline level

[96]
00550524

AMSCs (ASF) 18 6 IA injection Better clinical outcomes [97]
01300598

AMSCs (ASF) 100 26 IA injection Improved pain VAS scores [98]
N/A

AMSCs (GSF) 40 29
IA injection and

surgical
implantation

Improved clinical
outcomes

[99]
N/A

AMSCs (ASF) 18 6 IA injection Improved clinical
outcomes

[100]
01585857

AMSCs (ASF) 24 6 IA injection Improved clinical
outcomes

[101]
02658344

ESCs; embryonic stem cells, iPSCs; induced pluripotent stem cells, BMSCs; bone-marrow-derived mesenchymal stem cells, AMSCs;
adipose-derived mesenchymal stem cells, ASF; abdominal subcutaneous fat, GSF; gluteal subcutaneous fat, IA injection; intra-articular
injection, MRI; magnetic resonance imaging, VAS; visual analog scale, NCT; The national clinical trial number, N/A; Not Assigned.

It has been suggested that the secretion of trophic factors, where exosomes play an
important role, contributes to the MSC-based therapeutic mechanism of OA [102,103]. The
paracrine secretion of MSC-derived exosomes may play a role in the repair of joint tissue
as well as MSC-based treatments for other disorders. Recent studies have shown that
MSC-derived exosomes may inhibit OA development and have summarized findings on
exosomes derived from various MSCs and their effectiveness in OA therapy [104,105].

10. Noncellular Therapy
Gene Therapy

Gene therapy with genes encoding cartilage growth factor and anti-inflammatory
cytokines is of interest in treating OA. Gene transfer was conducted in two ways: (1) In vivo
injection/intravenous administration into the joint; (2) Ex vivo exposition/cell harvesting
from the patient to the vector, and returning the modified cells to the joint [106].
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In 2017, in vitro TGF-β1 gene therapy using retrovirus was approved for allogeneic
chondrocytes [107]. In 2018, Kim et al. reported the clinical efficacy of TissueGene-C (TG-C),
a cell and gene therapy for human knee OA consisting of non-transfected and transduced
chondrocytes transduced using retrovirus to overexpress TGF-β1. They concluded that
TG-C was associated with a statistically significant improvement in function and pain in
patients with knee OA [108].

11. Conclusions

OA is the most common chronic joint disease, associated with obesity, aging, and
socioeconomic impact. The mechanism works complex, local and systemic factors modulate
clinical and structural representation, sometimes resulting in a common end-course of
joint destruction. Treatment goals are to relieve symptoms and improve quality of life.
Conventional management, surgery, and experimental therapy are summarized above.
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Abstract: Osteoarthritis (OA) is currently the most widespread musculoskeletal condition and
primarily affects weight-bearing joints such as the knees and hips. Importantly, knee OA remains a
multifactorial whole-joint disease, the appearance and progression of which involves the alteration
of articular cartilage as well as the synovium, subchondral bone, ligaments, and muscles through
intricate pathomechanisms. Whereas it was initially depicted as a predominantly aging-related and
mechanically driven condition given its clear association with old age, high body mass index (BMI),
and joint malalignment, more recent research identified and described a plethora of further factors
contributing to knee OA pathogenesis. However, the pathogenic intricacies between the molecular
pathways involved in OA prompted the study of certain drugs for more than one therapeutic target
(amelioration of cartilage and bone changes, and synovial inflammation). Most clinical studies
regarding knee OA focus mainly on improvement in pain and joint function and thus do not provide
sufficient evidence on the possible disease-modifying properties of the tested drugs. Currently, there
is an unmet need for further research regarding OA pathogenesis as well as the introduction and
exhaustive testing of potential disease-modifying pharmacotherapies in order to structure an effective
treatment plan for these patients.

Keywords: osteoarthritis; knee joint; disease modifying drugs; cartilage; bone remodeling; inflamma-
tion; platelet-rich plasma; mesenchymal stem cells; ozone; hyaluronic acid

1. Introduction

Osteoarthritis (OA) is a chronic musculoskeletal condition that primarily affects
weight-bearing joints (such as the knees, hips, and spine) yet may involve the hands
as well as other non-weight-bearing articular sites [1–5]. Genetic predisposition has been
deemed relevant, however, more so in the hands and hips rather than in knee OA [1–6].
Moreover, certain racial and gender-related differences were also reported [6,7]. Neverthe-
less, OA remains a multifactorial whole-joint disease, the appearance and progression of
which involves the alteration of articular cartilage as well as the synovium, subchondral
bone, ligaments, and muscles through intricate pathogenic mechanisms [1–3].

Whereas it was initially depicted as a predominantly aging-related and mechanically
driven condition given its clear association with old age, high body mass index (BMI), and
joint malalignment, more recent research identified and described a plethora of further
factors contributing to knee OA pathogenesis [6–10].

Expert opinion in OA proposes case stratification, describing four phenotypes of the
disease largely based on pathogenesis: mechanical, metabolic, osteoporotic, and inflam-
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matory. Nonetheless, patient stratification could lead to more precise identification of the
potential therapeutic targets yet demands a comprehensive evaluation pretreatment [5].
Novel findings on the mechanisms underlying the development of knee OA prompted
the search for potential disease-modifying OA drugs (DMOADs) able to counteract the
molecular pathways involved in cartilage degradation, inflammation, and bone remodeling
(Figure 1). However, most therapeutic agents with potential disease-modifying proper-
ties have not yet proven their efficacy in slowing the progression of knee OA in clinical
trials [6–8].
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The present review aims to discuss the potentially disease-modifying therapeutic
options targeting cartilage destruction, subchondral bone remodeling, and synovial inflam-
mation in knee OA according to recent findings.

2. Therapeutic Approach to Cartilage Damage in Knee Osteoarthritis

The approval of DMOADs, according to regulatory guidelines from the United States
Food and Drug Administration (FDA) and the European Medicines Agency (EMA) would
need to meet the following conditions: slower loss in knee or hip joint space width (JSW) on
x-ray and an appropriate symptomatic improvement [11]. Presently, there is no approved
DMOAD despite the large amount of research conducted on the subject [12]. The currently
available literature describes two subsets of potential DMOADs regarding cartilage damage
in knee OA with respect to their specific actions: therapeutic agents targeting cartilage
degeneration and drugs that support cartilage regeneration (Figure 2).
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2.1. Matrix Metalloproteinase Inhibition

Matrix metalloproteinases (MMPs) and aggrecanases are known as the main pro-
teinases responsible for matrix degradation in OA [13,14]. MMPs, a family of zinc-
dependent enzymes, are recognized for their involvement in the degeneration of the
extracellular matrix (ECM) [15]. They can be classified into the following groups: collage-
nases (MMP-1 and MMP-13), gelatinases (MMP-2 and MMP-9), stromelysins (MMP-3), met-
alloelastase (MMP-12), matrilysin (MMP-7), and membrane-type MMPs (MT-MMPs) [16].

In 2007, Krzeski et al. published a study of PG-116,800 (PG-530,742), an MMP-inhibitor,
but no significant changes were observed in joint space width (JSW) of the knee or Western
Ontario and McMaster Universities Osteoarthritis Index (WOMAC) scores at 1 year [17],
yet important musculoskeletal side effects (named the “musculoskeletal syndrome” (MSS))
such as pain, loss of range of motion in large joints, joint swelling, stiffness, soft tissue
pain, and Dupuytren’s contracture were observed in the treatment group. The exact cause
of these reactions is not yet fully understood, but it is thought that chelation of zinc is
involved in the process, seeing as the medication contains zinc-binding groups [18].

Given its notable pathogenic role in both OA as well as cartilage homeostasis, MMP-13
has been studied as a potential therapeutic target. ALS 1-0635 is a molecule that is free
from zinc-chelating functional groups. Baragi et al. found a 67% deceleration in cartilage
decline compared to the placebo in experimental animals in vivo [19].

Doxycycline is a broad-spectrum tetracycline antibiotic that also inhibits MMP activity,
especially collagenase and gelatinase [20]. Nevertheless, a Cochrane review from 2012
stipulated that ”the small benefit in terms of joint space narrowing is of questionable
clinical relevance and outweighed by safety problems” [21].

2.2. ADAMTS Inhibition

In addition to MMPs, aggrecanases are also implicated in cartilage metabolism, acting
as blockers of the aggrecan, the main proteoglycan of articular cartilage [22]. Aggrecan is a
proteoglycan that incorporates chondroitin sulphate and keratan sulphate and is connected
to a protein core. It links to another molecule, hyaluronan, thus creating stable large-
molecular-weight molecules binding with a separate globular link [23]. In OA, the loss
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of aggrecan is an early event in the degradation of articular cartilage and results in the
decrement of functional and structural ECM integrity followed by an irreversible loss of
collagen [24].

Based on the fact that ADAMTS-4 (aggrecanase 1) and ADAMTS-5 (aggrecanase 2) are
able to cleave proteoglycans (such as aggrecan—the main component of articular cartilage),
both of these molecules have been studied as potentially disease-modifying targets in OA. A
humanized anti-ADAMTS-5 antibody (GSK2394002) was assessed in a study conducted by
Larkin et al. The authors demonstrated the efficacy of this drug in preventing constitutional
destruction as well as in decreasing mechanical pain. Nevertheless, systemic administration
resulted in significant side effects (increased mean arterial pressure and cardiac ischemia)
and therefore was not approved as a DMOAD [25]. CRB007, a chimeric murine/human
IgG4 anti-ADAMTS-5 monoclonal antibody, displayed disease-modifying properties in
animal models of OA in the study published by Chiusaroli et al. However, further extensive
research is needed [26].

Huang et al. described several small molecular aggrecanase inhibitors that demon-
strated chondroprotective activity in patients with OA. One of these compounds is AGG-
523, a per os ADAMTS-4 and -5 inhibitor [27]. Animal models of OA demonstrated a
reduced level of aggrecan fragments in joints [28]. AGG-523 was part of two Phase I
studies, but these trials were discontinued due to unknown reasons [27].

A derivative of 5-(1H-pyrazol-4-yl) methylene)-2-thioxothiazolidin-4-one has been
suggested to exhibit important activity against ADAMTS-5. Together with a hyaluronic
acid hydrogel (HAX), this molecule was injected into the knees of rats. The results of the
study indicate that ADAMTS-5 could be a promising target for disease-modifying OA
treatment [29]. A 2017 study reported the effects of per os GLPG1972/S201086, a potent
inhibitor of ADAMTS-5. GLPG1972/S201086 confirmed the important protective effect on
cartilage and subchondral bone in posttraumatic OA by remarkably diminishing cartilage
proteoglycan loss, cartilage impairment, and subchondral bone sclerosis. Furthermore, the
safety parameters evaluated indicated that the drug was well tolerated [30]. A Phase II
trial assessing the efficacy and safety of 3 doses of per os GLPG1972/ S201086 once daily
in patients with knee OA was completed in July 2020, yet the final results have yet to be
reported [31].

2.3. Wnt Inhibition

Wang et al. described Wnt as a glycoprotein with extracellular position, for which
signaling engages 19 Wnt genes and receptors that are capable of managing canonical
β-catenin-dependent and noncanonical β-catenin-independent signaling pathways [32].
The abovementioned pathways are responsible for various biological aspects involving the
cartilage, thus confirming their pathological role in OA [33,34].

Small molecules such as XAV-939 and SM04690 were discovered and studied as
potential inhibitors of Wnt signaling in patients with knee OA. Certain Phase I, II, and IIb
studies highlighted the positive effects of SM04690 in terms of pain reduction, functional
impairment, and JSW in addition to a seemingly good safety profile. These data suggest
that SM04690 could be considered for use as a disease-modifying agent in patients with
moderate to severe symptomatic knee OA [35–37].

Takada et al. and Grossmann et al., in their respective studies of StAx-35R (a staple
β-catenin-binding domain of Axin) and SAH-Bcl9 (a staple peptide derived from the Bcl9
homology domain-2), described the involvement and role in β-catenin transcriptional
activity [38].

Another molecule involved in Wnt/β-catenin signaling is LRP5 (lipoprotein receptor-
associated protein 5), which stimulates catabolic factors responsible for OA cartilage
destruction and inhibits the anabolic factor type II collagen. A study on LRP5-knockdown
mice confirmed the benefits on cartilage [39,40].

Lorecivivint inhibits the Wnt signaling pathway while also suppressing CLK2 (CDC-
like kinase 2) and DYRK1A-mediated (dual-specificity tyrosine phosphorylation-regulated
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kinase 1A) phosphorylation of SIRT1 and FOXO1, both involved in Wnt/β-catenin activity.
The drug has been shown to be relatively safe and well-tolerated, with important outcomes
regarding cartilage destruction and inflammation, by decreasing catabolic enzymes and
blocking the inflammatory process [41]. Studies on patients with knee OA have demon-
strated the favorable effects of lorecivivint on reducing symptoms (notably pain), and
improving physical function and patient global assessment [42].

2.4. Cathepsin K Inhibition

Cathepsin K is a lysosomal cysteine protease found in activated osteoclasts and
chondrocytes (as well as other cell types) and has been shown to be involved in cartilage
degradation (by destroying types I and II collagen and aggrecan found in the cartilage)
and bone resorption [43,44].

Balicatib (AAE581), a cathepsin K inhibitor, was investigated in the treatment of pa-
tients with knee OA. The important side effects (skin rashes and dermal fibrosis) surpassed
the beneficial outcome on both cartilage and bone, therefore leading to suspension of the
study [45].

MIV-711 is described as being a selective and reversible agent that inhibits cathepsin
K activity. MIV-711 holds an important role in decreasing serum CTX-I (a marker of
bone turnover) and CTX-II levels (a marker of cartilage turnover), thus being implicated
in both bone resorption and cartilage impairment [46]. MIV-711 was investigated in
a multicenter, randomized, placebo-controlled, double-blind, three-arm parallel, Phase
IIa study in patients with knee OA. The results showed that the reduction in medial
femoral cartilage thickness was considerably reduced at 26 weeks. However, the medial
tibia cartilage loss was not significantly changed. There was no substantial difference
in pain reduction and quality of life scores or biomarker CTX-I and CTX-II values. The
most important adverse events described were musculoskeletal symptoms, rashes, and
infections. During the 6-month follow-up period, Conaghan et al. reported not finding
significant benefits regarding OA-related symptoms. However, there is a need for further
confirmation of MIV-711 as a DMOAD in OA through long-term trials [47].

2.5. Osteogenic Protein-1

BMP-7 (bone morphogenetic protein-7 or osteogenic protein-7), a member of the (TGF)-
β superfamily, is a growth factor and is considered a possible therapeutic target in the
process of restoration of damaged cartilage. Research analyzed BMP-7 (eptotermin-alpha)
in the treatment of knee OA. A Phase I trial reported the amelioration of clinical symptoms
and no dose-limiting toxicity. A Phase II trial and a Phase I trial also investigated BMP-7,
but results have not yet been published [48].

2.6. Sprifermin

Sprifermin (AS902330) is a recombinant human fibroblast growth factor-18 (rhFGF18).
According to published data, sprifermin has positive effects on cartilage by stimulating cell
multiplication and ECM constituent production [49,50]. On intraarticular administration,
it binds FGFR3 receptors from the cartilage [51,52].

The study of Dahlberg et al. (first in-human trial, randomized, double-blind, placebo-
controlled study) investigated patients who proposed joint arthroplasty due to severe OA
of the knee. However, no significant differences in terms of symptom improvement were
described between the treatment group and the placebo cohort [53].

Preliminary results at 3 years of an important study of sprifermin were presented by
Hochberg et al. in 2019. The FORWARD study, a 5-year Phase II, dose-ranging, randomized
trial investigated the effect of intraarticular injections of sprifermin administered every
6 or 12 months versus the placebo. The consequence of drug injection was a lower mean
cartilage thickness loss compared to natural evolution (total femorotibial joint as well as in
the medial, lateral, central medial, and central-lateral regions). Importantly, the FORWARD
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study followed specifically structural progression, not other clinical issues associated with
knee OA development and progression [54].

2.7. Platelet-Rich Plasma

Platelet-rich plasma (PRP) incorporates granules containing growth factors (transform-
ing growth factor-β (TGF-b), platelet-derived growth factor (PDGF), insulin-like growth
factor (IGF_, vascular endothelial growth factor (VEGF), and fibroblast growth factor
(FGF)), cytokines, chemokines, and other mediators implicated in mesenchymal stem cell
(MSC) proliferation and production of ECM and collagen, thus playing an important part
in cartilage restoration [55,56].

Several randomized clinical trials have been completed in patients with knee OA, with
intraarticular PRP being compared with hyaluronic acid. In terms of efficacy, the results of
these studies revealed a favorable outcome in reducing symptoms and increasing mobility
in these patients (with a mean duration of 12 months). Furthermore, no serious adverse
effects were reported, suggesting a good safety profile for PRP [57–59]. However, there
were a lot of discrepancies between these studies specifically in the protocols, methods,
and patient characteristics; thus, it is challenging to compare all the data obtained [57].

2.8. Mesenchymal Stem Cells

Another promising treatment for cartilage repair seems to be MSCs derived from bone
marrow, adipose tissue, or the umbilical cord. Studies have demonstrated that, compared
with MSC injection, cell implantation has better results in patients with knee OA. Further-
more, there is a similar safety profile between autologous and allogenic MSCs [60,61].

A systematic review published by Jevotovsky et al. in 2018 evaluating 61 studies with
MSCs as OA treatment concluded that MSC therapy has a favorable effect on OA patients
but that there is limited high-quality evidence as well as a lack of long-term follow-up [62].

In 2015, Vega et al. presented a 1-year clinical trial that included patients with knee OA
treated with intraarticular injections of allogeneic bone marrow MSCs. The results of this
study showed considerable improvement in pain and functional indices, with a significant
decrease in poor-quality cartilage areas and sustained augmentation of cartilage quality in
the affected regions (quantified by magnetic resonance imaging (MRI) T2 mapping) [63].

An interesting aspect was represented by the possibility of treating MSCs before
administration in order to boost the modulatory effect in OA. An example is combining
MSCs with an inhibitor of signal transducer and activator of transcription 3. Under these
conditions, the pro-inflammatory state was shown to be improved and the results of the
treatment were more encouraging [64].

2.9. Gene Therapy

Gene therapy could be a promising alternative to OA treatment, mainly because of
its long-term results on OA cartilage. Studies underline that intraarticular gene transfer
treatment is a feasible option for patients suffering from OA compared to systemic ad-
ministration with respect to safety, bioavailability, and direct targeting of the pathological
site [65,66].

2.10. TPX-100

TPX-100, a peptide derived from matrix extracellular phosphoglycoprotein (MEPE),
has expressed positive function when inducing articular cartilage regeneration in animal
models. It is considered that this molecule facilitates cartilage formation only in areas with
defects, without ectopic bone tissue formation [30].

A Phase II clinical study evaluating TPX-100 in patients with patellofemoral OA
indicated significant amelioration and clinically efficient improvement in KOOS (Knee
injury and Osteoarthritis Outcome Score) and WOMAC scores. Furthermore, promising
effects were obtained concerning tibiofemoral cartilage thickness and volume at 6 and
12 months. Importantly, this performance was preserved for 30 months. The use of
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symptomatic treatment (nonsteroidal anti-inflammatory drugs (NSAIDs) and analgesics)
diminished significantly across the study [67].

2.11. Symptomatic Slow-Acting Drugs for Osteoarthritis

A group of drugs known as SYSADOA (symptomatic slow-acting drugs for OA) have
been used in patients with OA in order to improve clinical symptoms (pain and morning
stiffness) as well as to slow progression of the disease. Among SYSADOA, chondroitin
sulphate, glucosamine, and diacerein are the most widely studied. Using quantitative
MRI (qMRI), clinical trials have demonstrated the contribution of chondroitin sulphate
in decreasing cartilage volume loss [7,8]. Chondroitin sulphate influences proteoglycan
metabolism and plays an important role in the balance of anabolic and catabolic processes
at the ECM level. Chondroitin sulphate also decreases a series of proinflammatory factors
with destructive properties in subchondral bone osteoblasts [9,10].

3. Therapeutic Approach to Bone Remodeling in Knee Osteoarthritis

Subchondral bone remodeling plays a very important role in OA, mediating and pre-
ceding cartilage damage [68]. The structural changes in the subchondral bone are different
depending on the stages of OA (Figure 3). Thus, in the early stage, there is an increase in
subchondral bone turnover characterized by thinning of the subchondral bone plate and
by increasing porosity associated with impairment of the trabeculae: thickness decreasing
and separation increasing [69]. The late stage of OA is characterized by thickening of the
plate and trabecular layers, by decreasing bone marrow spacing, and by sclerosis of the
subchondral bone. Even if bone thickening occurs, there is insufficient bone mineralization
due to a decreased calcium and collagen ratio followed by increased bone turnover [70–75].
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Furthermore, the changes in subchondral bone are related to several signaling path-
ways such as the Wnt/β-Catenin, TGF-β/Smad, RANK/RANKL/OPG (Receptor activator
of nuclear factor kappa-B, RANK ligand, and osteoprotegerin), and MAPK (mitogen-
activated protein kinase) signaling pathways [76–84]. Moreover, identification of the
molecular pathways involved in OA-related bone remodeling has led to certain therapeutic
agents targeting the mechanisms considered as possible DMOADs [85–90].

Regarding subchondral bone changes, therapies aim to block bone resorption caused
by osteoclasts as well as other mechanisms such as novel angiogenesis or particular neu-
ronal factors responsible for the onset of pain (Figure 4).
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3.1. Bisphosphonates

Bisphosphonates are antiresorptive drugs that can slow bone remodeling through the
inhibition of osteoclasts. There are many published data that have shown pain relief, re-
duced bone destruction, and an improvement in joint structure following these treatments,
but the clinical results are not very clear [91,92].

Alendronate, by inhibiting subchondral bone loss, caused an improvement in the
structure of articular cartilage [93]. Other data showed an improvement of WOMAC pain
score, an increase in bone mineral density, and a decrease in markers of bone destruction
after alendronate administration for 2 years in patients with OA [91].

Risedronate use has not been shown to be clinically and radiologically effective in a
group of 2483 patients with knee OA after 2 years of follow-up [94]. On the other hand,
Spector et al. showed an improvement in pain and a decrease in subchondral remodeling
following risedronate treatment [95].

The favorable effect of zoledronic acid was highlighted in a study that included
59 patients with knee OA. After 6 months of treatment, a significant reduction in pain
was observed as well as a reduction in bone marrow lesions detected by magnetic reso-
nance imaging [96]. Less favorable results (in relieving pain and loss of cartilage volume)
after 24 months of treatment with zoledronic acid in knee OA cases were published by
Aitken [91,92].

Clodronate, a non-amino bisphosphonate, appears to have a favorable effect in pa-
tients with knee OA, acting by increasing the secretion of SOX9, the transcription factor
responsible for progenitor stem cell chondrogenic commitment. A 12-week, randomized,
placebo-controlled study that included 80 cases of knee OA showed an improvement in
pain and decreases in WOMAC score and in the need for analgesic medication after once
weekly intraarticular injection of 2 mg clodronate [97].

3.2. Strontium Ranelate

Strontium ranelate can restore the abnormal subchondral bone remodeling by de-
creasing the activity of osteoclasts and by favoring the mineralization of new bone. After
3 years of treatment, patients with knee OA had an improvement in joint space narrowing
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compared to placebo [98]. At a dose of 1800 mg/day, there was a decrease in chondrocyte
apoptosis and an improvement in cartilage matrix [99]. At a higher dose—2000 mg/day—
strontium ranelate showed better effects in terms of loss of cartilage volume and regarding
the improvement of bone marrow lesions [100].

3.3. Calcitonin

Calcitonin, a hormone secreted by parafollicular thyroid cells, binds to specific recep-
tors on osteoclasts and inhibits their activity, thus reducing damage to the subchondral
bone in OA [101,102]. In patients with knee OA, the use of oral calcitonin has been
shown to have an effect in relieving pain and in increasing cartilage volume compared to
placebo [103]. Due to the high risk of neoplasms, the use of calcitonin for short periods of
time is recommended [104].

3.4. Cathepsin K Inhibition

Cathepsin K inhibitors are antiresorptive drugs that inhibit osteolytic protease of
osteoclasts. There are several animal studies that have shown the beneficial role of these
molecules in stopping the progression of OA [105,106]. In studies, there are 2 tested
molecules: an oral inhibitor called MIV-711, for which structural changes in the joints were
not considered, and balicatib (AAE581) used in the knee OA, in which narrowing of the
articular space and the cartilage volume followed [107,108].

3.5. Parathyroid Hormone

Teriparatide, a recombinant human parathyroid hormone (PTH), is a bone anabolic
therapy that regulates endochondral ossification and inhibits chondrocyte hypertrophy [109].
Systemic administration of teriparatide can inhibit cartilage degradation and abnormal
chondrocyte differentiation, can stimulate regeneration of the matrix, and can improve
the structure of the subchondral bone [110,111]. There are several ongoing studies that
aim to highlight the beneficial effects of this molecule on both subchondral bone and joint
cartilage, being assimilated as chondroregenerative therapy.

3.6. Trasforming Growth Factor β Inhibition

TGF-β gives positive feedback with the Wnt signaling pathway, favoring the dif-
ferentiation of chondrocytes and osteoblasts [111]. In OA, TGF-β is secreted in excess
by osteoblasts and causes the development of osteophytes [112]. Using a murine model,
studies have highlighted the role of neutralizing TGF-β antibodies in stopping OA pro-
gression [113]. Other data have shown that implantation of an anti-TGF-β antibody (1D11)
in alginic acid microbeads in the subchondral bone or deletion of the TGF-β type II recep-
tor (TβRII) inhibits Smad2/3 phosphorylation in osteoblastic precursors, protecting the
osteochondral unit [114].

3.7. TPX-100

MEPE is a bone protein secreted by osteocytes, with a negative role in regulating bone
mineralization and involved in remodeling the subchondral bone [115]. A 23-aminoacid
derived from MEPE (TPX-100) has been shown to be effective in cases of moderate femuro-
patellar OA, leading to significant improvement in WOMAC scores. However, there was
no evidence of structural improvement after 12 months of treatment [116].

3.8. Subchondral Angiogenesis Inhibition

Subchondral angiogenesis acts as a bridge between the articular cartilage and the
subchondral bone. Blocking neoangiogenesis, the data showed a decrease in subchondral
bone loss and a reduction in cartilage degradation [117]. Numerous factors such as VEGF
(vascular endothelial growth factor), TGF-β1, PDGF-BB (platelet-derived growth factor
BB monomer), and SLIT3 participate in the process of angiogenesis in the subchondral
bone [117]. Halofuginone stops the action of TGF-β1 by inhibiting Smad2/3, thus blocking
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subchondral angiogenesis [118]. Bevacizumab, an antibody against VEGF, has been shown
to be effective in reducing the formation of subchondral blood vessels, thereby inhibiting
chondrocyte hypertrophy [119].

3.9. Nerve Growth Factor (NGF) Inhibition

Abnormal remodeling of the subchondral bone is associated with the presence of par-
ticular neural factors that cause innervation of sensory nerve structures in cases of OA [120].
NGFs are secreted by preosteoclasts, being triggers of subchondral bone innervation in
OA [121]. NGF inhibitors such as tanezumab, fasinumab, or fulranumab have been shown
to be effective in ameliorating joint pain and function in patients with OA [122,123]. For
tanezumab, the data showed a significant improvement in pain [122,123], while fasinumab
is still under investigation [124].

4. Therapeutic Approach to Synovial Inflammation in Knee Osteoarthritis

The appearance of low-grade inflammation remains one of the most prominent fea-
tures in OA pathogenesis. Proinflammatory cytokines such as IL-1, IL-6, and TNFα may
be upregulated and may promote the release of ROS (reactive oxygen species), MMPs,
and ADAMTS [125]. Though numerous emerging drugs were tested in degenerative
joint conditions, a few studies focused specifically on their impact on knee OA-related
inflammation (systemic or synovial fluid levels of inflammatory markers, the presence of
joint effusion, or prolonged morning stiffness) [126–130]. Nevertheless, several drugs and
dietary supplements as well as lifestyle interventions (diet and physical exercise) have
been shown to exhibit disease-modifying properties in knee OA (Figure 5).
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4.1. Biologics Targeting Proinflammatory Cytokines

Whereas they are more commonly used in immune-inflammatory diseases such as
rheumatoid arthritis, psoriasis, ankylosing spondylitis, juvenile idiopathic arthritis, and
inflammatory bowel diseases, certain TNFα inhibitors have also been studied in knee
OA [131]. An open-label study including 56 patients with knee OA compared the efficacy

111



Int. J. Mol. Sci. 2021, 22, 2697

of a single intraarticular injection with 10 mg adalimumab (ADA) versus 25 mg hyaluronic
acid (HA), obtaining better results in terms of pain and functional impairment in the TNF
inhibitor subgroup compared to their counterparts (Table 1) [132]. However, the follow-
up period was short (4 weeks) and all patients were under concomitant treatment with
systemic NSAIDs (celecoxib 200 mg daily) [132].

Another research conducted on 39 patients suggested that intraarticular injections
with etanercept (ETN) could be superior to hyaluronic acid for pain relief in moderate to
severe knee OA. While this was true for WOMAC pain score improvement at 4 weeks,
the differences in mean VAS (Visual Analogue Scale) levels between the two study groups
failed to reach statistical significance at the end of the follow-up period [133].

A multicenter, randomized, double-blind, placebo-controlled study of 50 mg and
150 mg intraarticular anakinra (ANR) versus placebo found no significant benefits for ANR
over 12 weeks [134]. Wang et al. conducted a placebo-controlled, randomized, double-
blind, ascending dose research focused on anti-interleukin-1α/β dual variable domain
immunoglobulin ABT-981 in patients with symptomatic knee OA, identifying lower levels
of high-sensitivity C-reactive protein (hsCRP) as well as IL-1α and IL-1β in the treatment
group [135].

Table 1. Proinflammatory cytokine blockers adalimumab, etanercept, anakinra, and ABT-981 in knee OA.

Reference Compound Intervention Patients Duration Results

Wang [132] Adalimumab (ETA)

10 mg intraarticular
ADA + Celecoxib

200 mg/day
versus

25 mg HA +
Celecoxib

200 mg/day

ADA + Celecoxib
(N = 28)

HA + Celecoxib
(N = 28)

4 weeks

The authors found a
significant improvement in
pain and functionality in

the ADA group.

Ohtori et al. [133] Etanercept
(ETN)

10 mg intraarticular
ETN

versus
25 mg HA

ETN (N = 19)
HA (N = 20) 4 weeks

An initial significant
amelioration was obtained

in the ETN group
compared to HA (weeks 1
and 2), yet the results were
not maintained at week 4.

Chevalier et al.
[134]

Anakinra
(ANR)

150 mg intraarticular
ANR

50 mg intraarticular
ANR

versus
Placebo

ANR 150 mg (N = 67)
ANR 50 mg (N = 34)

Placebo (N = 69)
12 weeks

A significant pain
improvement was observed
in the 150 mg ANR group

compared to 50 mg ANR at
day 4. Overall,

intraarticular ANR did not
demonstrate notable

benefits, irrespective of the
dose.

Wang et al. [135] ABT-981

ABT-981 (various
doses)
versus
Placebo

ABT-981
0.3 mg/kg

fortnightly (N = 7)
1 mg/kg fortnightly

(N = 7)
3 mg/kg fortnightly

(N = 7)
3 mg/kg every 4

weeks
(N = 7)
Placebo
(N = 8)

113 days (cohorts
1, 2, and 3)

127 days (cohort
4)

Mean hsCRP decreased
through week 2 irrespective

of ABT-981
dose/administration

interval. While IL-1α and
IL-1β were lower in the
treatment group, serum

vascular endothelial growth
factor and MMP-9 did not

demonstrate significant
changes.

4.2. Arachidonic Acid Pathway Inhibition

The arachidonic acid pathway employs cyclooxygenase enzymes (COX) and prompts
the release of proinflammatory prostaglandins. The latter are also involved in pain media-
tion, which is why NSAIDs are widely prescribed as symptomatic treatment in OA [136].
However, certain NSAIDs have additionally been considered for use as disease-modifying
agents [137,138]. A study performed on knee OA patients examined the impact of cele-
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coxib, ibuprofen, and diclofenac on synovial fluid proinflammatory cytokine (TNFα, IL-6,
and IL-8) and VEGF expression [139]. Aside from significant pain relief, NSAID therapy
(particularly higher doses) showed notable beneficial effects in reducing inflammatory
markers in patients’ synovial fluid, thus suggesting that these drugs could be regarded as
having disease-modifying properties [139]. Nevertheless, the numerous adverse events
associated with prolonged administration of systemic NSAIDs limit their use primarily in
older individuals and persons with comorbid conditions [140].

The dual hindrance of COX2 and 5-lipooxygenase (LOX) diminished the release
of prostaglandin E2, leukotriene B4, collagenase-1, cathepsin, MMP-13, and IL-1β [141].
Moreover, COX/LOX blockade diminished OA-related cartilage degradation and syn-
ovial hypertrophy in preclinical studies [138,141]. Licofelone is a COX/LOX inhibitor
that displayed a protective effect on knee cartilage volume loss in a multicenter clinical
trial [142].

4.3. Glucocorticoids

Glucocorticoids exhibit potent anti-inflammatory effects and have been shown to
reduce pain and pain-related functional impairment in patients with OA. However, in-
traarticular or systemic corticosteroid administration has seldom been investigated with
respect to its effect on clinical or paraclinical indicators of inflammation in knee OA (joint
effusion and stiffness, synovial fluid inflammatory markers, and imaging tests) [143–145].
Furthermore, the risk–benefit ratio for using intraarticular glucocorticoids in knee OA
remains a matter of discussion among researchers, clinicians, and medical organizations
alike [146].

Nevertheless, a study evaluating a combination of triamcinolone acetonide and
sodium hyaluronate was superior to intraarticular saline in improving joint stiffness,
pain, and function in patients with knee OA with no or minimal to moderate joint space
narrowing (Kellgren–Lawrence grades 1–3) [147]. A recent study investigating the effect of
intraarticular injections with triamcinolone found that the latter reduced joint effusion in
patients with knee OA [148].

4.4. Symptomatic Slow-Acting Drugs for Osteoarthritis

The DISSCO study examined the efficacy of diacerein (diacetylrhein, an anthraquinone
derivative, and SYSADOA) compared to celecoxib on knee osteoarthritis. The multicenter
randomized trial concluded that diacerein was non-inferior to celecoxib. The percentage
of patients experiencing joint effusion diminished by half over time, however, without
notable discrepancies between the two treatment groups [149]. In rat synovial cells, diac-
erein reduced the mRNA levels of inflammatory cytokines (TNFα, IL-1, and IL-6), COX2,
cartilage-degrading enzymes (MMP-3 and MMP-13), and ADAMTS-5 in a dose-dependent
manner while also raising those of certain anti-inflammatory factors (IL-4 and IL-10). More-
over, the analysis of biopsy samples taken from rats with monosodium iodoacetate-induced
OA as well as imaging tests (computed tomography) showed that the administration of
diacerein-loaded nanoparticles may protect against joint destruction [150].

Other SYSADOAs such as glucosamine and chondroitin sulphate have also been
thought to display anti-inflammatory properties together with benefits regarding cartilage
degradation in patients with knee OA, yet results remain discrepant across studies [7–10].

4.5. Nitric Oxide Inhibition

Nitric oxide (NO) together with inducible NO synthase (iNOS, an enzyme that par-
ticipates in NO synthesis) are involved in OA-related inflammation, cartilage damage,
and cellular injury. The release of proinflammatory cytokines such as TNFα, IL-1β, IL-
17, and interferon γ (IFNγ) has been shown to upregulate the expression of iNOS, thus
emphasizing the link between inflammation and oxidative stress [151,152].

Scientific evidence highlighting the involvement of iNOS in OA pathogenesis prompted
testing of iNOS inhibitors in human subjects. A randomized double-blind placebo-
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controlled trial of the iNOS inhibitor cindunistat (50 or 200 mg daily) was conducted
on patients with symptomatic knee OA. In the Kellgren–Lawrence grade 2 subgroup,
cindunistat 50 mg daily was associated with a delay in joint space narrowing at 48 weeks
compared to the placebo. Nevertheless, these results were not maintained at 96 weeks [153].
Furthermore, the Kellgren-Lawrence grade 3 cohort did not show a significant improve-
ment with respect to slowing knee OA progression with iNOS inhibition, irrespective of
cindunistat dose [153].

4.6. Platelet-Rich Plasma

PRP is an autologous formulation containing concentrated blood-derived platelets and
growth factors that promotes synoviocyte differentiation and proliferation, with studies
reporting significant benefits in OA of the knee [154,155]. Moreover, PRP is thought to
be rich in bioactive molecules involved in tissue repair and regeneration and to wield
anti-inflammatory properties by lowering synovial fluid proinflammatory marker lev-
els [156–159]. Notably, some authors support the use of leukocyte-poor PRP (LP-PRP),
arguing that the presence of white blood cells in intraarticular formulation may generate
pro-inflammatory effects [160]. PRP has been deemed safe for use and has demonstrated
promising results in different chronic rheumatic conditions and injury-related joint dam-
age [161]. In knee OA, PRP displayed positive effects in improving pain, joint function,
and quality of life according to recently published meta-analyses [157,162].

In young adults (18–30 years of age) diagnosed with knee OA, intraarticular PRP
therapy led to a statistically significant decrease in IL-1β, IL-6, TNFα, IL-17A, RANKL, and
IFNγ levels (Table 2) [163]. A study performed on eutrophic individuals (BMI between
22–25 kg/m2) aged between 42 and 79 years comparing intraarticular PRP, HA, and the
combination between PRP and HA found that IL-1β, TNFα, TIMP1, and MMP-3 values
were diminished in the PRP group at 6 months posttreatment [164]. Nevertheless, the
association of PRP and HA held the best results in reducing proinflammatory markers [164].

Table 2. Platelet-rich plasma (PRP) treatment in knee OA: anti-inflammatory properties.

Reference Intervention Patients Duration Results

Huang et al. [163]

2–14 mL intraarticular
PRP weekly

versus
Placebo (10 mL saline

solution) weekly

PRP (N = 310)
Placebo (N = 56) 8 weeks

Significant
improvements in

plasma IL-1β, IL-6,
TNFα, IL-17A, RANKL,

and IFNγ were
observed in the

treatment group.

Xu et al.
[164]

4 mL intraarticular PRP,
3 injections per knee,
half-month interval

2 mL intraarticular HA,
3 injections per knee,
half-month interval

4 mL PRP + 2 mL HA, 3
injections per knee,
half-month interval

PRP (N = 40 knees)
HA (N = 34 knees)

PRP + HA (48 knees)
N = 78 patients total

(122 knees)
N = 44 patients

received bilateral
injections

24 months

IL-1β, TNFα, TIMP1,
and MMP-3

demonstrated
significant decreases in

the PRP group at 6
months posttreatment.
Nevertheless, the PRP +

HA group showed
better results in this

respect. Additionally,
the PRP + HA cohort

displayed IL-1β, TNFα,
TIMP1, and MMP-3

inhibition at 12 months
post-injection.
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4.7. Hyaluronic Acid

A randomized, double-blind, placebo-controlled study of obese patients with knee OA
examined the outcomes of a per os preparation containing HA (70%) and other glycosamino-
glycans (GAGs) [165]. At 3 months, the treatment group exhibited a significant decrement
in TNFα, IL-1α and IL-1β, IL-6, IL-17α, IFN, and GM-CSF (granulocyte-macrophage
colony-stimulating factor) levels, while the placebo cohort demonstrated notably higher
synovial fluid concentrations of proinflammatory cytokines as well as leptin [165].

A recent research comparing the efficacy of intraarticular HA to ozone (O3) found that
both reduced joint stiffness in patients with knee OA [166]. Other published studies aimed
to investigate the possible differences between intraarticular HA and biologics, PRP, or O3
(Table 3) [132,133,164–166]. Xu et al. reported positive results for a PRP + HA combination
with respect to the reduction in proinflammatory cytokine values and MMP-3 [164].

Table 3. Hyaluronic acid (HA) treatment in knee OA: anti-inflammatory properties.

Reference Intervention Patients Duration Results

Nelson et al. [165]

80 mg oral preparation
of HA (70%) + other

GAGs
versus
Placebo

Oral preparation of HA
+ other GAGs (N = 21)

Placebo (N = 19)
12 weeks

The HA-treated cohort
demonstrated a notable
decrease in TNFα, IL-1α,

IL-1β, IL-6, IL-17α, IFN, and
GM-CSF values.

Furthermore, the placebo
group exhibited significantly

higher synovial fluid
concentrations of

inflammatory cytokines as
well as leptin (a

proinflammatory adipokine).

Wang [132]

25 mg HA + Celecoxib
200 mg/day

versus
10 mg intraarticular

ADA + Celecoxib 200
mg/day

HA + Celecoxib (N =
28)

ADA + Celecoxib (N =
28)

4 weeks

Changes in joint stiffness did
not exhibit statistically
significant differences

between HA + Celecoxib and
ADA + Celecoxib.

Ohtori et al. [133]

25 mg HA
versus

10 mg intraarticular
ETN

HA (N = 20)
ETN (N = 19) 4 weeks

The HA group displayed
significantly weaker results

in terms of joint stiffness
improvement compared to
ETN during the follow-up

period.

Xu et al.
[164]

2 mL intraarticular HA,
3 injections per knee,
half-month interval

4 mL intraarticular PRP,
3 injections per knee,
half-month interval

2 mL HA + 4 mL PRP, 3
injections per knee,
half-month interval

HA (N = 34 knees)
PRP (N = 40 knees)

HA + PRP (48 knees)
24 months

The cohort that received the
HA + PRP combination

demonstrated IL-1β, TNFα,
TIMP1, and MMP-3

inhibition at one-year
posttreatment.

Raeissadat et al.
[166]

3 weekly intraarticular
injections of 20 mg/2

mL HA
versus

3 weekly intraarticular
injections of 30 µg/mL

O3 (10 mL)

HA (N = 74)
O3 (N = 67) 24 weeks

There was a significant
reduction in joint stiffness in
the group treated with HA.

However, these results were
not significantly different

from the O3-treated cohort.
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4.8. Oxygen–Ozone

A study of intraarticular injections of oxygen–ozone (O2–O3) versus triamcinolone in
knee OA determined that joint effusion was notably reduced in both treatment arms [148].
Whereas the decrement in WOMAC and VAS values were in favor of the O2–O3 group, the
differences compared to corticosteroid-treated patients did not reach statistical significance
with respect to the reduction in joint effusion on ultrasound [148]. Other published research
reported finding a reduction in joint stiffness in knee OA patients following treatment with
O3 (Table 4) [148,166,167].

Table 4. O3 and O2–O3 treatment in knee OA: anti-inflammatory properties.

Reference Intervention Patients Duration Results

Babaei-Ghazani et al.
[148]

15 µg/mL intraarticular
O2–O3 (10 mL)

versus
40 mg intraarticular

triamcinolone (1 mL)

O2–O3 (N = 31)
Triamcinolone (N = 31) 12 weeks

The authors found an
important reduction in

joint effusion on
ultrasound in both

treatment arms at 3 months
post-injection.

Lopes de Jesus et al.
[167]

20 µg/mL intraarticular
O3 (10 mL)

versus
Placebo (10 mL air)

O3 (N = 61)
Placebo (N = 35) 8 weeks

There was a significant
improvement in joint

stiffness at 8 weeks in the
treatment arm.

Raeissadat et al. [166]

3 weekly injections of
30 µg/mL intraarticular

O3 (10 mL)
versus

3 weekly injections of
20 mg/2 mL HA

O3 (N = 67)
HA (N = 74) 24 weeks

Both groups demonstrated
a notable amelioration in
joint stiffness yet without
significant discrepancies

between the two treatment
arms.

4.9. Exercise, Diet, and Supplements

Diet and lifestyle changes have also been shown to reduce inflammation in knee OA.
The IDEA (Intensive Diet and Exercise for Arthritis) study enrolled over 400 overweight and
obese individuals (BMI between 27–40.5 kg/m2) with symptomatic knee OA. The research
subjects were randomized to three intervention groups (exercise, diet, or diet and exercise)
and followed the program for 18 months [168]. Both diet as well as the combination of diet
and exercise significantly lowered serum inflammatory marker levels [168].

Another research performed on women with knee OA examining the role of resistance
training and 1000 mg daily nanocurcumin (turmeric) showed that the latter reduced
synovial fluid NO concentrations by over 26% and collagenase II by circa 4.7% [169].
However, the authors commented that the short duration of the study (16 weeks) could
explain the lack of statistically significant differences between the 3 intervention groups
(resistance exercise, curcumin supplementation, and exercise and supplementation) [169].

Vitamin D-deficient individuals were found to be at risk of developing knee OA [160].
The impact of vitamin D supplementation on pain relief, the improvement in functional
parameters, and cartilage loss remain matters of debate [170,171]. However, an MRI study
analyzing the effect of 50,000 IU monthly vitamin D3 supplementation in patients with
knee OA found that the placebo group exhibited a significant increase in effusion-synovitis
volume over two years compared to the treatment cohort [172].

It has been stated that old age may be associated with intestinal dysbiosis and in-
creased gut permeability, which could promote a “leakage” of gut microbes into tissues,
thus leading to a chronic proinflammatory state [173,174]. Tsai et al. aimed to characterize
the immunological signature of the microbiome in osteoarthritic knee synovium, finding
marked discrepancy in microbial abundance in patients compared to healthy controls [175].
Whereas intestinal dysbiosis has been linked to synovial inflammation in knee OA, the
impact of probiotic use on disease progression have not been studied extensively in clinical
trials [176,177]. Certain experimental studies reported promising results with respect to
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the administration of Lactobacillus acidophilus in rats. In this regard, Lactobacillus acidophilus
prompted the diminishment in proinflammatory marker expression together with an in-
crease in anti-inflammatory cytokines in monosodium iodoacetate-induced OA. Moreover,
Lactobacillus acidophilus exhibited anti-nociceptive effects in experimental animals [178].

It has been stated that dietary polyphenols and herbal medicine may also exhibit
anti-inflammatory properties and reduce iNOS expression in OA [151,179]. Scoparone is a
compound extracted from Artemisia capillaris that may exhibit potent anti-inflammatory
effects. A recent study proved that scoparone could repress IL-1β-induced activation of
the PI3K/Akt/NF-κB pathway as well as COX2 and iNOS [180]. In murine models of OA,
acteoside (withdrawn from Ligustrum purpurascens kudingcha tea) reduced the expression
of TNFα, IL-6, and IFNγ and hindered the IL-1β-related activation of the JAK/STAT (janus
kinase/signal transducer and activator of transcription) pathway [181].

Avocado soybean unsaponifiables were studied in knee OA, showing positive results.
Moreover, avocado soybean unsaponifiables diminished the expression of iNOS, MMP-13,
and TNFα in rat monosodium iodoacetate-induced OA [182].

4.10. Other Therapeutic Options Exhibiting Antiinflammatory Properties

The inhibition of TNFα and pan-cytokine small interference RNA (siRNA) led to
a decrease in proinflammatory cytokines (IL-1, IL-6, IL-8, and TNFα), with promising
findings being recorded in collagenase-induced murine models of OA [183–185].

P38 mitogen-activated protein kinase (MAPK), toll-like receptors (TLR2 and TLR4),
and leptin have been considered potential targets for the development of new DMOAD op-
tions based on their experimentally shown involvement in OA-related inflammation [138].
Though in vitro and animal studies reported certain encouraging results, the efficacy of
siRNA, p38 MAPK, TLR, and inflammatory adipokine blockade remains in need of further
testing in clinical trials of knee OA [138].

Carboxymethyl chitosan (a chitosan soluble derivative) displays a significant physic-
ochemical likeness to cartilage proteoglycans. In rat chondrocytes, increasing doses of
carboxymethyl chitosan demonstrated iNOS inhibition and upregulated anti-inflammatory
cytokine expression (IL-10) [186].

5. Conclusions

OA is a chronic and pathogenically multifaceted disease that remains a major cause
of disability worldwide. Cartilage degradation, inflammation, and bone remodeling are
presently regarded as therapeutic targets for the development of DMOADs. However,
the pathogenic intricacies between the molecular pathways involved in OA prompted the
study of certain drugs for more than one therapeutic target (amelioration of cartilage and
bone changes, and inflammation). Most clinical studies regarding knee OA focus mainly
on improvement in pain or joint function and thus do not provide sufficient evidence
on the possible disease-modifying properties of the tested drugs. Currently, there is an
unmet need for further research regarding OA pathogenesis as well as the introduction and
exhaustive testing of potential disease-modifying pharmacotherapies in order to structure
an effective treatment plan for these patients.
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Abstract: Knee arthrofibrosis is a common complication of knee surgery, caused by excessive scar
tissue, which results in functional disability. However, no curative treatment has been established.
E8002 is an anti-adhesion material that contains L-ascorbic acid, an antioxidant. We aimed to evaluate
the efficacy of E8002 for the prevention of knee arthrofibrosis in a rat model, comprising injury to the
surface of the femur and quadriceps muscle 1 cm proximal to the patella. Sixteen male, 8-week-old
Sprague Dawley rats were studied: in the Adhesion group, haemorrhagic injury was induced to the
quadriceps and bone, and in the E8002 group, an adhesion-preventing film was implanted between
the quadriceps and femur after injury. Six weeks following injury, the restriction of knee flexion
owing to fibrotic scarring had not worsened in the E8002 group but had worsened in the Adhesion
group. The area of fibrotic scarring was smaller in the E8002 group than in the Adhesion group
(p < 0.05). In addition, the numbers of fibroblasts (p < 0.05) and myofibroblasts (p < 0.01) in the fibrotic
scar were lower in the E8002 group. Thus, E8002 reduces myofibroblast proliferation and fibrotic scar
formation and improves the range of motion of the joint in a model of knee injury.

Keywords: anti-adhesive membrane; knee adhesion; E8002; arthrofibrosis; myofibroblast

1. Introduction

Arthrofibrosis is a disease characterized by pain, loss of range of motion (ROM),
warmth, exudation, swelling, and the development of fibrous scarring [1]. The postopera-
tive incidence of arthrofibrosis has been reported to be 1–13% after total knee arthroplasty,
0–4% after ligament injury, such as to the anterior cruciate ligament, and 7% after high-
energy knee fracture [2–4]. The formation of excessive scar tissue in the knee joint leads to
a loss of ROM, tissue contracture, greater pain, and impairments in activities of daily living,
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such as standing up, walking, and climbing stairs [5–8]. In consequence, knee joint fibrosis
represents a serious challenge for orthopaedic and rehabilitation departments worldwide.

Although the aetiology remains to be fully elucidated, one possible cause of arthrofi-
brosis is that tissue damage stimulates immune cells, inducing oxidative stress and the
production of pro-inflammatory cytokines, such as platelet-derived growth factor (PDGF),
transforming growth factor-beta (TGF-beta), and interleukin (IL)-1 [9,10]. This causes fibrob-
lasts to differentiate into myofibroblasts, which produce excessive amounts of extracellular
matrix (ECM), including collagen and elastin, which limits joint capsule flexibility and joint
movement [9,10]. Although ECM is required for healing and wound repair, dysregulation
of its production and degradation leads to pathological fibrosis [10,11]. The approaches
to the treatment of knee fibrosis include manipulation under anaesthesia, debridement,
and physical therapy [12], but the ideal measure would be to prevent the development
of arthrofibrosis. Hydrogel microspheres, temperature-sensitive anti-adhesive poloxamer
(TAP) hydrogel, hyaluronic acid, carboxymethylcellulose, decorin, chitosan, lovastatin,
rapamycin, and hydroxycaptotensin have been shown to have anti-adhesive effects [13–20],
and chitosan and TAP hydrogel have been shown to be effective in clinical trials [14,17].
However, these agents have yet to be commercialized, and no surgical means of preventing
adhesions following knee surgery have been established.

E8002 is a three-layered anti-adhesion material that was previously known as nDM-
14R [21]. Its central layer consists of pullulan, which is harmless, easily absorbed, and
used in foods and pharmaceuticals [22], and the surface layers comprise l-lactide, glycolide,
and ε-caprolactone copolymer, which is produced by ring-opening polymerization (Taki
Chemical, Kakogawa, Japan), catalysed by tin octoate [Sn(O2C8H15)2] [22]. The material
comprising the central layer dissolves quickly under moist conditions, while that used for
the surface layers dissolves slowly [22]. In addition, both the central and surface layers
contain L-ascorbic acid [22]. Previously, we reported that E8002 inhibits peripheral nerve
adhesion in a model of sciatic nerve injury and epidural scar formation after vertebroplasty
in rats [22,23]. E8002 has been shown to act as a slowly dissolving temporary physical
barrier that prevents the formation of inter-tissue adhesions, and to inhibit fibrous scar
formation via the tissue plasminogen activator-mediated fibrinolytic action of L-ascorbic
acid [22,23]. However, there have been no studies of the use of E8002 for the prevention of
fibrosis in the knee joint. Therefore, in the present study, we evaluated the effects of E8002
in a rat model of knee joint fibrosis.

2. Results
2.1. E8002 Treatment Reduces the Post-Injury Limitation of Joint Flexion

To determine whether E8002 maintains postoperative knee mobility, we examined
the range of motion of the stifles of rats over time. The rats were randomly allocated to
an E8002 group (n = 8) or Adhesion group (n = 8) and the uninjured hindlimbs of eight
randomly selected rats from the two groups were regarded as No Adhesion controls (n = 4
from each group). The acute angle formed by the femoral greater trochanter, femoral
lateral epicondyle, and fibular external capsule was measured. The flexion restriction
angle of the stifle in the No Adhesion group did not change significantly over the 6 weeks
of the study (pre-injury: 38.33 ± 1.26◦, 6 weeks: 39.10 ± 1.06◦). The Adhesion group
showed an increase in knee flexion restriction angle with time following injury (pre-injury:
37.31 ± 1.87◦, 6 weeks: 45.52 ± 1.14◦), whereas the E8002 group did not show an increase,
despite the injury (pre-injury: 37.04 ± 1.72◦, 6 weeks: 38.16 ± 0.87◦) (Figure 1A,B). The
results of two-way repeated-measures analysis of variance were p = 0.056 for the effect
of group, p = 0.001 for the effect of time, and p < 0.001 for the interaction. Specifically,
the knee flexion restriction angle of the E8002 group was lower than that of the Adhesion
group after 6 weeks, and was comparable to that of the No Adhesion group (Tukey’s range
test: Adhesion group vs. No Adhesion group: p < 0.001, Adhesion group vs. E8002 group:
p < 0.001, No Adhesion group vs. E8002 group: p = 0.643) (Figure 1B). Thus, the insertion
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of E8002 at the site of linear scarring following knee arthroplasty can reduce subsequent
restriction of knee joint motion.
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Figure 1. E8002 preserves joint mobility after stifle injury. (A) Restriction of joint flexion after
stifle injury was compared between the No Adhesion, Adhesion, and E8002 groups over 6 weeks
(n = 8 per group). The acute angle formed by the three points of the femoral greater trochanter,
femoral lateral condyle, and tibial epicondyle was measured. (B) Knee flexion in each group at each
time point. Data are mean ± SE. The results of two-way RM-ANOVA were p = 0.056 for the effect of
group, p = 0.001 for the effect of time, and p < 0.001 for the interaction. Post hoc testing (Tukey’s range
test) indicated a significantly greater restriction of knee flexion at 6 weeks in the Adhesion group
(Adhesion group vs. No Adhesion group: p < 0.001, Adhesion group vs. E8002 group: p < 0.001, No
Adhesion group vs. E8002 group: p = 0.643). ** p < 0.05, *** p < 0.01.

2.2. E8002 Inhibits Myofibroblast Proliferation and Scar Tissue Formation

The cause of the E8002-associated reduction in knee flexion restriction angle was then
investigated morphologically and histologically. Sagittal sections of the normal and injured
limbs obtained 6 weeks after injury are shown in Figure 2A. The stifle joint epiphyses
were normal in the No Adhesion group, whereas connective tissue proliferation was
present in the Adhesion and E88002 groups. However, the area of scar tissue area in the
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E8002 group was significantly smaller than that in the Adhesion group (Adhesion group:
2.73 ± 0.34 mm2, E8002 group: 1.41 ± 0.23 mm2, Student’s t-test: p < 0.01) (Figure 2B).
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Figure 2. E8002 reduces the formation of fibrous scars after stifle injury. (A) Upper row: representative
photographs of fibrous scars stained using aldehyde-fuchsin-Masson-Goldner stain. Lower row:
higher magnification of the areas indicated by solid black boxes on the photomicrographs above.
Black dotted lines outline the areas of fibrotic scarring. (B) E8002 significantly reduced the formation
of fibrotic scars at the 6-week time point. Data are mean ± SE. ** p < 0.01 (Student’s t-test).

Haematoxylin and eosin (HE)-stained images of the fibrous scars are shown in
Figure 3A. Because no scarring developed in the No Adhesion group, we counted the
numbers of haematoxylin-stained nuclei in the fibrous scars of the other two groups, which
were considered to be the nuclei of fibroblasts [20]. There were significantly fewer nuclei
in the E8002 group than in the Adhesion group (Adhesion group: 5495 ± 244 cells, E8002
group: 4540 ± 349 cells, Student’s t-test: p = 0.04) (Figure 3A,B).

Immunostaining for α-smooth muscle actin (α-SMA) was next performed to show the
presence of myofibroblasts in the scar tissue (Figure 3C). Myofibroblasts are a key mediator
of excessive fibrotic scar formation [24,25]. The number of myofibroblasts was significantly
lower in the E8002 group then in the Adhesion group (Adhesion group: 1344 ± 186 cells,
E8002 group: 601 ± 182 cells, Mann–Whitney U test: p = 0.02) (Figure 3C,D). These data
suggest that E8002 reduces excessive scar tissue formation by reducing fibroblast and
myofibroblast proliferation.
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Figure 3. E8002 inhibits the proliferation of myofibroblasts. (A) Left: representative photomicro-
graphs of fibroblasts in fibrotic scars (haematoxylin and eosin staining). Right: magnified images
of the areas within the black dotted frames. (B) Comparison of the mean number of fibroblasts
at three different locations. E8002 reduced the number of fibroblasts in the fibrotic scars 6 weeks
after injury. (C) Left: representative photomicrographs of myofibroblasts in fibrotic scars (α-smooth
muscle actin immunostaining. Right: magnified images of the areas within the black dotted frames.
(D) Comparison of the mean number of myofibroblasts at three different locations. E8002 reduced
the number of fibroblasts in the fibrotic scars 6 weeks after injury. Data are mean ± SE. * p < 0.05
(Figure 3B: Student’s t-test; Figure 3D: Mann–Whitney U test).

3. Discussion

E8002 is a novel multilayer membrane that has been shown to have anti-adhesive
effects in rat models of appendage adhesion, vertebral arch resection, and sciatic nerve
adhesion [21–23]. In the present study, we have confirmed the efficacy of E8002 using a rat
model of arthrofibrosis. Specifically, we have shown that E8002 reduces the limitation to
the ROM of the stifle induced by surgical injury and that this may be mediated through
decreases in the number of myofibroblasts and the amount of scar tissue.

Arthrofibrosis is a fibrotic joint disorder that begins as an inflammatory response
to an insult, such as injury, surgery, or infection [9]. The treatments for arthrofibrosis
include manipulation under anaesthesia and debridement, but these procedures may
be associated with complications such as neurovascular disorders [2–4]. In addition,
excessive physical therapy may trigger an inflammatory response and thereby worsen the
arthrofibrosis [12,26,27]. Therefore, the implantation of E8002 may prevent the development
of postoperative arthrofibrosis and facilitate ‘moderate’ physical therapy after treatment.

Myofibroblasts are important for wound healing but are usually absent in healthy
tissues [28]. They are the primary effector cells of fibrosis, which involves the deposi-
tion of excess ECM and dense fibrous collagen [11,29,30]. Reactive oxygen species (ROS)
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and pro-inflammatory cytokines, such as TGF-β, IL-1β, and IL-6, play important roles
in myofibroblast proliferation [28]. However, E8002 contains ascorbic acid, which is a
potent antioxidant [31] and prevents ROS-induced oxidative damage to biological macro-
molecules, such as DNA, lipids, and proteins [32]. Ascorbic acid has been shown to cause
the proliferation of myofibroblasts in collaboration with TGF-β in vitro [33], but the model
used in this study did not mimic the prevalent microenvironment associated with tissue
injury. However, in a double-blind, placebo-controlled, randomized trial, oral ascorbic
acid was found to significantly reduce the incidence of knee arthrofibrosis 1 year following
injury [34]. Moreover, the consumption of vitamin C has been reported to reduce complex
regional pain syndrome after total knee arthroplasty [35]. Finally, we have previously
shown that E8002 inhibits peripheral nerve adhesion by increasing the fibrinolytic effects
of ascorbic acid [23]. The present findings are consistent with the fibrinolytic effect of
E8002 [23] and suggest that E8002 may inhibit myofibroblast proliferation by reducing
postoperative oxidative stress, rather than directly inhibiting myofibroblast proliferation,
through the maintenance of an effective local concentration of ascorbic acid.

Positive effects of hydrogel microspheres, TAP hydrogel, hyaluronic acid and car-
boxymethylcellulose, decorin, chitosan, lovastatin, rapamycin, and hydroxycaptotensin
have been identified in animals, but most of these have yet to be tested in human pa-
tients [13–20], and to the best of our knowledge, there have no studies of the use of these
agents in clinical practice for the prevention of arthrofibrosis following knee joint surgery
in humans. The reasons for the delay in the trial of these substances in clinical practice is
unknown, but this serves to emphasize the necessity for the development of new methods
for the control of arthrofibrosis. As has been frequently demonstrated previously, imperfect
knee function is often a source of stress and may reduce the quality of life of patients [5–8].
As treatment technologies develop further, the level of joint function required by patients
would be expected to increase, and therefore the control of arthrofibrosis using biological
or synthetic materials and drugs will be of increasing importance. Therefore, long-term
studies of knee joint mobility will be necessary in the future.

There were several limitations to the present study. First, we did not characterize
the changes in the tissues over time or how E8002 affects the surrounding tissues. This
is because the number of animals per group was restricted for ethical reasons. Second,
the importance of oxidative stress in models of knee joint injury requires further study.
However, it is not easy to directly assess oxidative stress caused by ROS or free radicals
because ROS are generated immediately after injury and are likely to be undetectable after
6 weeks. Third, the anatomy and mechanics of the rat stifle differ to those of the human
knee: rats are quadrupedal, and therefore, their forelimbs are also weight-bearing. Fourth,
arthrofibrosis can have a number of different aetiologies, whereas the present model reflects
only one of these. Finally, we have not evaluated the effects of the physical properties of
E8002 on knee mechanics. There was a slight increase in knee flexion restriction in the
E8002 group 2 weeks after the procedure; therefore, it is possible that it may have a small
effect, but its softness and thinness would limit this, and because it gradually disappears
from the joint, any effect is likely to be transient.

In conclusion, the results of the present study suggest that E8002 reduces myofibroblast
proliferation and fibrotic scar formation and maintains the joint ROM in a rat model of
knee injury. These findings suggest that a combination of physical and pharmacological
means of reducing the postoperative formation of adhesions and scarring may be effective.

4. Materials and Methods
4.1. Animals and Experimental Groups

We studied 16 male, 8-week-old Sprague Dawley rats (250–300 g) that were purchased
from Charles River Laboratories (Yokohama, Kanagawa, Japan). The rats were housed
under a 12-h light/dark cycle and controlled temperature (22.0 ± 1.0 ◦C), with free access
to food and water. They were randomly allocated to either an E8002 group (n = 8) or
an Adhesion group (control group: n = 8). The healthy hindlimbs of eight randomly
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selected rats were classified as the No Adhesion group (n = 4, E8002; n = 4, Adhesion).
The experimental protocol was approved by the Kagoshima University Animal Ethics
Committee (approval number MD18025; date: 25 June 2018).

4.2. Knee Arthrofibrosis Model

A knee arthrofibrosis model was created, as described previously [36]. Briefly, rats
were anesthetized with 1.5%–2.0% isoflurane (Pfizer Inc., Shibuya-ku, Tokyo, Japan) using
an MK-A110 Small Animal Anesthetizer (Muromachi Kikai Co., Ltd., Chuo-ku, Tokyo,
Japan). The left stifle of each was shaved using electric clippers, sterilized with 70% ethanol,
and draped under aseptic conditions. After the skin was incised, the stifle was opened using
a medial parapatellar approach and the medial and lateral sides of the femoral condyle
were exposed. Three cuts were then made using a scalpel on the articular surface of the
femur and quadriceps muscle 1 cm above the patella, causing bleeding. In the E8002 group,
a rectangle of E8002 was inserted (width: 5 mm, height: 15 mm) between the femur and
quadriceps (Figure 4), but in the Adhesion group, nothing was inserted. The muscle and
skin of all the rats were then sutured using Monocryl 4-0 (Ethicon, Somerville, NJ, USA).
The left leg was not fixed, so that it could be moved freely. Six weeks after the procedure,
none of the rats showed evidence of wound infection.
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Figure 4. Site of insertion of the E8002 rectangles. The skin was incised to expose the surface of
the stifle joint. The yellow arrows indicate the anti-adhesion E8002 membrane, which was inserted
between the femur and the quadriceps muscle. The illustration on the right shows the site of insertion
of the E8002 in the sagittal plane.

4.3. Joint Angle Measurement

The flexion angle of the stifle of each rat was measured every 2 weeks from prior to
injury to 6 weeks afterwards under anaesthesia using 1.5%–2.0% isoflurane. The trunk and
left leg were fixed, and a force of 0.5 N was applied to the distal tibia using a Wds-180A
Compact Digital Indicator (Kyowa Electronic Instruments Co., Ltd., Chofu City, Tokyo,
Japan). It was thought that the application of too much pressure would elongate the
soft tissues around the joint and affect the ROM of the joint. Preliminary measurements
were made at 1.0 N, 0.5 N, and 0.3 N, and 0.5 N. At 0.3 N, the reaction force was weak,
and it was thought to be from the fatty tissue and muscles on the posterior surface of
the thigh, not from the fibrous scar. 1N applied strong extension stress to the fibrous
scar, and it was thought to be a range-of-motion expansion training. 0.5 N felt moderate
resistance. Therefore, 0.5N was adopted. A similar force was used in a recent study [37].
The acute angle between the long axis of the femur and the tibia was measured, using the
femoral greater trochanter, femoral lateral epicondyle, and external capsule as landmarks.
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Two investigators measured the angles formed by these three points using Scion Image
Software 4.0.3 (Scion Corp, Frederick, MD, USA) and the mean value was calculated.

4.4. Histological and Immunohistochemical Evaluation

After the final measurement of the joint angle, the stifle was dissected from the
mid-point to the distal patella under terminal anaesthesia. The samples were immersed
overnight in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) at 4 ◦C, then
decalcified using Kalchitox (hydrochloric acid 4.8%, disodium EDTA 0.1% aqueous solution;
Fujifilm Wako Pure Chemical Industries, Osaka City, Osaka, Japan) for 72 h, and neutralized
using 5% sodium sulphate solution for 24 h. They were then cut as symmetrically as possible
along the long axis of the femur and paraffin-embedded. Blocks containing the medial
femoral condyles were then cut into 4-µm sections ~100–150 µm medial to the mid-femur,
using the patellar tendon transition as a landmark. Aldehyde-fuchsin-Masson-Goldner
staining and HE staining were performed. The scar tissue on the aldehyde-fuchsin-Masson-
Goldner-stained sections was magnified 4× and photographed using an Olympus DP21
microscope (Shinjuku-ku, Tokyo, Japan).

Sections were also immunostained using rabbit anti-α-SMA antibody to identify my-
ofibroblasts (Cosmo Bio Co., Ltd. Koto-ku, Tokyo, Japan). Following deparaffinization and
rehydration, the endogenous peroxidase activity was blocked by incubation in methanol
containing 3.0% hydrogen peroxide for 10 min. The sections were then rinsed three times
(5 min each) with PBS (pH 7.6) and blocked with 10% skimmed milk in PBS for 20 min.
The sections were individually incubated at 4 ◦C overnight in the α-SMA antibody (1:200),
washed in PBS three further times, and then incubated for 60 min with goat anti-rabbit
IgG conjugated to a peroxidase-labelled dextran polymer (Dako EnVision+ System-HRP
Labelled Polymer Anti-Rabbit; Agilent Technologies, Santa Clara, CA, USA), according
to the manufacturer’s instructions. Finally, the sections were rinsed with PBS and their
immunoreactivity was visualized by diaminobenzidine staining.

4.5. Quantitative Analysis

The area of the scar tissue was analysed using Scion Image Software 4.0.3. The
fibroblasts and myofibroblasts were photographed at three random locations using the
DP21 microscope at 40× magnification. Each type of cell was counted, and the mean
numbers were calculated.

4.6. Statistical Analysis

All data were subjected to the Shapiro–Wilk test, then two-way repeated-measures
analysis of variance was used to determine the effect of E8002 on the change in knee flexion
over time. Tukey’s range test was used for post hoc testing. Student’s t-test was used to
compare the area of scarring and the number of fibroblasts between the E8002 and Adhesion
groups, and the Mann–Whitney U test was used to compare the number of myofibroblasts.
Two-sided p-values < 0.05 were considered to represent statistical significance. Data are
expressed as mean ± standard error. The data were analysed using GraphPad prism 9.1.0
(221) (Graphpad Holdings, LLC, San Diego, CA, USA).
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Abstract: Systemic injection of a nerve growth factor (NGF) antibody has been proven to have a
significant relevance in relieving osteoarthritis (OA) pain, while its adverse effects remain a safety
concern for patients. A local low-dose injection is thought to minimize adverse effects. In this study,
OA was induced in an 8-week-old male Sprague–Dawley (SD) rat joint by monoiodoacetate (MIA)
injection for 2 weeks, and the effect of weekly injections of low-dose (1, 10, and 100 µg) NGF antibody
or saline (control) was evaluated. Behavioral tests were performed, and at the end of week 6, all rats
were sacrificed and their knee joints were collected for macroscopic and histological evaluations.
Results showed that 100 µg NGF antibody injection relieved pain in OA rats, as evidenced from
improved weight-bearing performance but not allodynia. In contrast, no significant differences were
observed in macroscopic and histological scores between rats from different groups, demonstrating
that intra-articular treatment does not worsen OA progression. These results suggest that local
administration yielded a low effective NGF antibody dose that may serve as an alternative approach
to systemic injection for the treatment of patients with OA.

Keywords: osteoarthritis; pain; nerve growth factor (NGF); intra-articular injection

1. Introduction

Osteoarthritis (OA) is the most common type of arthritis that affects more than 300 mil-
lion people globally and contributes to an economic burden on both patients and soci-
ety [1,2]. According to the recent Osteoarthritis Research Society International white paper,
OA has been considered a serious disease because of the lack of any efficient treatment [3].
Clinically, the symptoms of OA include pain, joint stiffness, and disability that lead to a
decline in patients’ quality of life, the loss of social labor, and an economic burden on the
whole society. Pain is particularly important in all clinical problems, as it is not only the
cause of hospital visits for treatment but also the main reason underlying poor quality
of life and social labor loss [4]. Current pharmacological treatment for OA pain using
traditional analgesics, such as non-steroidal anti-inflammatory drugs and acetaminophen,
is partly effective and accompanied with serious side-effects, such as disruption of the
gastrointestinal mucosa ulceration, cardiovascular toxicity, and suppression of platelet
aggregation [5,6]. Therefore, more effective treatments that relieve OA pain are warranted.

A humanized immunoglobulin G2 monoclonal nerve growth factor (NGF) antibody
that has been used as an analgesic agent for OA has recently gained significant relevance in
relieving OA-associated pain in a clinical trial [7]. Intravenous injections could effectively
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improve chronic pain and joint function in patients with OA at a dose of 5 or 10 mg every
8 weeks as compared with a placebo [8]. However, a clinical phase III study of tanezumab
(NGF antibody) was held by the Food and Drug Administration in 2015 because of its
adverse effect, as all patients presented with progressively worsening OA and subsequently
required total joint replacement in one of 13 phase III studies [7]. Moreover, other adverse
effects, such as paresthesia, arthralgia, pain in the extremities, and headaches were also
observed after systemic administration of tanezumab, and these effects remain a safety
concern for patients [9–11].

Considering the high effectiveness of NGF antibody treatment for relieving chronic
pain, such as OA pain, researchers continue to focus on developing NGF antibody treatment.
As OA only affects a limited number of joints, intra-articular injection therapy appears
to be a more attractive alternative for patients than other treatments [12]. Local injection
can largely decrease the risk of systemic exposure and the incidence of adverse effects.
Moreover, local injection is thought to reduce the effective dosage, possibly preventing
the aggravation of adverse effects and decreasing the economic burden on patients [13,14].
Although local administration of the NGF antibody, such as its intra-articular injection,
might be a preferable way to maintain its effectiveness for the treatment of chronic pain
and to reduce the incidence of adverse effects, the analgesic effects of local treatment with a
low-dose NGF antibody on OA pain and related adverse effects on cartilage degeneration
have not yet been investigated. The purpose of this study was to investigate the effect of
low-dose intra-articular injections of the NGF antibody on OA joints using a rat model.

2. Results
2.1. The NGF Antibody Can Relieve the Pain and Improve the Weight-Bearing Performance but
Not Allodynia

To observe the effect of analgesic local treatment on OA, a murine model of monoiodoac-
etate (MIA)-induced OA was employed [15]. To confirm the effect of local treatment
with the NGF antibody, different doses (1, 10, and 100 µg) of the NGF antibody were
intra-articularly injected into the right knees of rats once a week from the end of week 2.
Behavioral tests were performed twice a week to observe the pain behavior in animals.
The results of the behavioral tests showed that MIA injection impaired the weight-bearing
performance (Table S1) and decreased the threshold, termed as allodynia (Table S2), as
a sign of pain from the first week. Rats receiving saline injection did not show any pain
behavioral changes. The intra-articular injection of 100 µg of the NGF antibody effectively
relieved the pain in the OA model rat, as evidenced from improved weight-bearing per-
formance (Figure 1a, saline, 1 µg, 10 µg, vs. 100 µg from week 3, Table S1), whereas 1 and
10 µg doses showed no pain-relieving effects. However, allodynia, which was also induced
by MIA injection, did not improve after NGF antibody injection at any concentrations
tested (Figure 1b, Table S2). These results show that only 100 µg of NGF antibody could
relieve the OA pain induced by MIA injection, as confirmed from the improvement in
weight-bearing asymmetry but not allodynia.

2.2. The NGF Antibody Injection Exerts No Negative Effect on the Cartilage

To observe the effect of the NGF antibody on the joint pathological progress, macro-
scopic and histological scores were evaluated. The results of macroscopic evaluations
showed that MIA injection damaged the cartilage, imitating OA characterized with carti-
lage erosions (Figure 2a). No erosion was reported in sham knee joint cartilage treated with
saline. The injection of the NGF antibody at all doses and saline had no evident adverse
effects on the joints (Figure 2b). Consistent with these results, histological evaluations
were performed based on hematoxylin and eosin (H&E; Figure 3a) and safranin O staining
(Figure 3b). MIA inhibited the function of glyceraldehyde-3-phosphatase-induced cell
death, resulting in disorganized cartilage structure, reduction in safranin-O staining, and
destruction of tidemark integrity [16]. These pathological changes that appeared at the end
of week 6 indicated the damage to the rat knee joint cartilage. H&E (Figure 3a) and safranin
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O staining (Figure 3b) showed no significant difference in each MIA group, indicating that
NGF antibody injection exhibited no negative effects on cartilage pathology (Figure 3c).
However, during the progression of MIA-induced OA, NGF antibody injection did not
obviously interrupt the pathological progression of OA.

Figure 1. Anti-nerve growth factor (NGF) antibody treatment relieved the pain in a rat osteoarthritis (OA) model, as
evidenced by improved weight-bearing performance but not allodynia. (a) Monoiodoacetate (MIA) injection can induce
weight-bearing asymmetry, whereas a saline injection did not show any significant changes in the rat’s weight-bearing
performance. Moreover, 100 µg of anti-NGF antibody treatment reduced pain in the rat OA model, as evident from the
improvement in weight-bearing performance (p < 0.0001). Furthermore, 1 and 10 µg antibody treatment did not improve
the weight-bearing performance after MIA injection. The results represent the 95% confidence intervals for six rats. (b) MIA
injection significantly lowered rat hind paw withdrawal mechanical thresholds compared to saline injection. No significant
improvement in allodynia was observed after the injection of the NGF antibody at any doses. The results represent the 95%
confidence intervals for six rats.

Figure 2. Macroscopic evaluation of rat-affected knee joints indicates no differences among the MIA injection groups.
(a) The macroscopic figures showed that MIA injection can induce cartilage degradation, whereas saline injection had
no effect. Arrows indicate cartilage erosions. (b) Macroscopic score using the Likert scale showed that the nerve growth
factor antibody injection had no evident effect. The results represent 95% confidence intervals for six rats. * indicates
a significant difference, as determined by one-way analysis of variance, followed by the Tukey’s multiple-comparison
procedure (p ≤ 0.05).
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Figure 3. Histological evaluation of rat-affected knee joints consistent with macroscopic evaluation. (a) Hematoxylin and
eosin (H&E) staining showed that the inflammation formed around the cartilage and chondrocytes was disorganized and no
longer observed after MIA injection. The scale bar is 100 µm. (b) Results of safranin O staining showed that MIA injection
induced cartilage degradation, characterized with cartilage irregularities and reduction in staining intensity. The scale bar is
100 µm. (c) The results of the Mankin score showed no significant difference among the MIA groups or between the sham
groups, revealing that the treatment of the anti-NGF antibody did not exacerbate the pathological progression of OA joints.
The results represent the 95% confidence intervals for six rats. * indicates a significant difference, as determined by one-way
analysis of variance, followed by the Tukey’s multiple-comparison procedure (p ≤ 0.05).

Fluorescence staining for the NGF revealed the MIA injection-mediated increase in
the concentration of NGF in the synovial tissue surrounding the affected joints (Figure 4).
Injection of the NGF antibody neutralized the NGF in the tissue and, consequently, reduced
the signal of NGF staining.

Figure 4. Fluorescent staining of knee joints indicates NGF concentration changes before and after treatment. MIA injection
induced a NGF increase, which appears as a high NGF positive area. After the injection of 100 µg NGF, there was a decrease
of NGF positive reaction. Arrows indicate the positive reaction for the NGF. The yellow dotted line indicates the area of the
articular cartilage and subchondral bone tissue. DAPI; 4′,6-diamidino-2-phenylindole. The scale bar is 100 µm.
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3. Discussion

NGF plays an important role in pain and can serve as a signal in inflammatory joint
disease [17,18]. NGF antibody treatment has been proven to be effective to relieve chronic
pain, such as OA pain. However, high-dose administration of the NGF antibody (5 mg/kg)
is accompanied with adverse effects, including progressively worsening cartilage degenera-
tion and potential nerve system side-effects, such as paresthesia, arthralgia, and headaches,
and is considered problematic in OA [10,19]. Hochberg revealed the rapid progression in
OA after systemic treatment with the NGF antibody and concluded that it is imperative to
use low effective doses to control the risk of adverse effects [20]. Moreover, Bélanger et al.
reviewed the evaluation of safety data of systemic treatment with the NGF antibody and
found safety concerns both in clinical and nonclinical cases [21]. Therefore, a low effective
dose should be considered to decrease the risk of side-effects and systemic exposure.

In this study, we found that a low dose of 100 µg NGF antibody could alleviate MIA-
induced pain, suggesting that intra-articular administration of a low dose of NGF antibody
may be an effective treatment for OA, specifically when a limited number of arthritic
joints are effected, such as mono- or oligo-articular OA. Several studies have focused on
the efficacy and safety of the NGF antibody for chronic pain using an animal OA model
through systemic treatment. In general, systemic injection necessitates a 10 mg/kg dose,
corresponding to 5 mg/injection [22,23]. Aso et al. found that the inhibition of tropomyosin
receptor kinase (TrkA), a high-affinity receptor of the NGF, reduced pain in meniscal
transection-operated rats after oral treatment with 30 mg/kg twice daily [24]. Additionally,
systemic administration of the NGF antibody in rat models increased limbs edema [25,26].
In fact, intra-articular injection has been considered a more cost-effective treatment for OA
than systemic injection [10,27]. Direct delivery of drugs necessitates a low yet effective
dose, which can decrease the risk of side-effects and damage to other unimpaired tissues.
Therefore, local treatment with the NGF antibody may be an appropriate strategy to reduce
the dosage and thereby the incidence of side-effects and exposure of the whole body to the
antibody. This is the first study to elaborate on the pain-relieving effect of local treatment
with the NGF antibody and its effects on articular cartilage.

Systemic injection is known to improve both weight-bearing asymmetry and mechani-
cal allodynia [22]. The intra-articular injection of the NGF antibody could only improve
weight-bearing performance. Mechanical allodynia is a painful sensation stimulated by
light touch. Although the mechanism of allodynia is incompletely understood, it is thought
to involve alterations in mechano-transduction and sensory neurons of the central nervous
system (CNS) [28,29]. NGF can bind to two receptors, a high-affinity TrkA receptor and a
low-affinity p75 neurotrophic receptor (p75NTR). Upregulated levels of NGF and TrkA
have been reported in the synovial fluid of some patients with arthritis [18,30]. The binding
of NGF to TrkA results in the retrograde transport of the resulting complex to the cell body
of sensory neurons located in the dorsal root ganglia (DRG) [31]. The increased expression
of NGF under OA conditions contributes to changes in receptor sensitivity or DRG, which
may result in central sensitization [32,33].

The limitation of this study is the insufficient analgesic effect on allodynia-related
pathologies, such as complex regional pain syndrome after intra-articular injection of
the NGF antibody, as suggested from our results. Whether or not the local injection of
the NGF antibody can effectively reverse the CNS changes established during the NGF
rising phase requires further exploration and experiments. Furthermore, although OA
pain was relieved by NGF antibody injection, complications of OA, such as cartilage
degeneration, still require treatment. Patients treated with the NGF antibody may have
better ability for physical activities because of the absence of pain in the OA joint, thereby
aggravating cartilage damage and eventually leading to early joint replacement. Moreover,
the mechanism by which topical administration of the NGF antibody does not suppress
allodynia without exacerbating OA is still unknown. Further studies are warranted to
clarify the association between these two phenomena.
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In conclusion, the intra-articular administration of a low dose of NGF antibody could
reduce pain but not allodynia or, more importantly, cartilage degeneration in rat. Although
doses and intervals need to be considered in humans due to a species mismatch, the local
administration may serve as a safe alternative approach to systemic injection for pain relief
treatment in OA patients.

4. Materials and Methods
4.1. Ethics Statement

All animal experiments were approved on 20 February 2018 by the Institute of Animal
Care and Use Committee of the Hokkaido University Graduate School of Medicine (no.
17–0136).

4.2. MIA-Induced Rat OA Pain Model

Eight-week-old male Sprague–Dawley (SD) rats (CLEA Tokyo, Japan) were housed
on a 12 h light/dark cycle and had free access to food and water. Rats were randomly
divided into six groups, including four MIA injection groups and two sham groups (saline
injection). Each group contained a sample size of six rats. Rats were anesthetized by
intraperitoneal injections of 100 and 10 mg/kg ketamine and xylazine, respectively, before
local injection. Later, 0.5 mg MIA (Nacalai Tesque, Kyoto, Japan) dissolved in 25 µL saline
solution was injected once into the right knee joint capsules of rats from MIA groups
through the infrapatellar ligament to induce OA-like pain [34]. The same volume of saline
solution was injected into the right knee joints of sham rats. To confirm the effect of MIA
and saline local injection, behavioral tests, such as weight-bearing and von Frey filament
tests, were continuously performed before and after local injection for 6 weeks.

4.3. Behavioral Tests

To define the pain behavior performance of rat knee joints, direct pain behavior perfor-
mance (for detecting weight-bearing asymmetry) and indirect pain behavior performance
(for detecting allodynia) were tested in this study. Both behavioral evaluations were per-
formed twice a week for each rat from the week before local injection. All data were
collected and applied for statistical analysis after 6 weeks, and data were combined to show
weekly changes in behavior tests.

Weight-bearing changes in the hind paw represented the weight distribution between
the right (operated) and left (control) limbs as a direct index of joint pain in the osteoarthritic
knee [35]. A static weight-bearing test device (Bioseb, Chaville, France) was used to
determine the hind paw weight distribution. Rats were rested in an angled chamber so that
each hind paw was placed on a separate force testing plate. The force exerted by each hind
limb (measured in grams) was averaged over a 5-s period. Each data point was the mean of
the three tests of 5-s reading. Results were presented as the distribution of weight-bearing
between the left (control) limb and right (operated) limb, as calculated by the following
equation: bearing weight of operated leg/bearing weight of both legs × 100%. Decreasing
the distribution of weight-bearing can be considered a direct index of joint pain.

A von Frey filament (Shin factory, Fukuoka, Japan) was used to measure the mechan-
ical threshold for indicating allodynia, which was induced by mechanical stimulation.
Rats were placed in a chamber with a mesh bottom, which allowed access to the plantar
surface of each hind paw. The animals were allowed to acclimatize in the chamber for
10 min before testing. The mechanical threshold of the ipsilateral hind paw was assessed
using the modified up-down method [36]. A von Frey hair was perpendicularly applied to
the plantar surface of the ipsilateral hind paw until the hair flexed and held in place for
3 s. The von Frey hair (range, 0.4–60.0 g) was applied in ascending order to observe the
withdrawal reaction of rats. If a rapid withdrawal reaction was observed, the von Frey
hair was subsequently applied in descending order until the withdrawal reaction was no
longer observed. This method was repeated thrice at an interval of 10 min. Allodynia
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was confirmed from the decrease in the mechanical threshold as compared to the original
mechanical threshold before injection of MIA or saline.

4.4. Treatment with the NGF Antibody

To observe the effect of the local administration of the NGF antibody on OA pain,
saline and different doses (1, 10, and 100 µg) of the NGF antibody (Mochida Pharmaceutical
Co., Ltd., Tokyo, Japan) were injected into the right knee joint capsules of rats from MIA
groups through the infrapatellar ligament at week 2. The injection was administered
once a week, four times until the end of week 6 (Figure 5). The left knee joints remained
non-operated and were considered control groups.

Figure 5. Timeline of local injection of the NGF antibody in an MIA-induced OA rat model.

4.5. Cartilage Degradation Evaluation

Rats were sacrificed at the end of week 6. The knee joints were collected and fixed in
10% formalin and subjected to cartilage degradation evaluations, including macroscopic
and histological scoring, in a blinded manner.

Macroscopic scores were assessed after joint collection and evaluated using the Likert
scale (Table 1) [37].

Table 1. Likert scale (Guingamp macroscopic lesions).

Grade

0 = normal appearance
1 = slight yellowish discoloration of the chondral surface

2 = little cartilage erosion in load-bearing areas
3 = large erosions extending down to the subchondral bone

4 = large erosions with large areas of subchondral bone exposure.

Regarding the performance of knee joint histological examination, knee joints were
decalcified in decalcifying solution B (Wako, Osaka, Japan) for 3 days before the joints
were embedded in paraffin. Sections of 5 µm were prepared and subjected to H&E and
safranin O staining. The degeneration of the cartilage was microscopically examined using
an all-in-one microscope (Keyence, Osaka, Japan) and scored using the modified Mankin
scoring system (Table 2) [38].

4.6. Immunofluorescence Staining

To observe the inhibition of NGF in the knee joint capsule, 5-µm sections of knee joints
were prepared and blocked with horse serum. The sections were subsequently incubated
for overnight at 4 ◦C with a primary NGF antibody (1:500, Mochida Pharmaceutical Co.
Ltd., Tokyo, Japan). The primary antibody was detected with a treatment with goat anti-
mouse Alexa Fluor Plus 594 (Invitrogen, Waltham, MA, USA) for 60 min at 37 ◦C. The cell
nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI, Invitrogen, Carlsbad, CA,
USA). Finally, the sections were mounted, covered with cover slides, and examined using a
fluorescence microscope (Keyence, Osaka, Japan).
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Table 2. Modified Mankin scoring system.

Cartilage Structure

Normal 0
Surface irregularities 1

Pannus and surface irregularities 2
Clefts to transitional zone 3

Clefts to radial zone 4
Clefts to calcified zone 5

Complete disorganization 6
Cartilage cells

Normal 0
Pyknosis, lipid degeneration hypercellularity 1

Clusters 2
Hypocellularity 3

Safranin-O
Normal 0

Slight reduction 1
Moderate reduction 2

Severe reduction 3
No staining 4

Tidemark integrity
Intact 0

Destroyed 1

4.7. Statistical Analyses

For behavioral evaluation, a two-way analysis of variance (ANOVA), followed by
Tukey’s test, was used for the comparison of each group. For macroscopic and histological
evaluations, one-way ANOVA, followed by Tukey’s multiple-comparison procedure, was
used to compare differences among groups (GraphPad Software, La Jolla, CA, USA).
Results presented as mean± standard error of the mean (SEM) were considered statistically
significant at p < 0.05.

5. Conclusions

Based on the results of this study, the effective dose of the NGF antibody was sig-
nificantly lower with intra-articular injection than that with systemic injection without
acceleration in OA progression. Moreover, intra-articular injection might be an alternative
approach to systemic injection for the treatment of patients with OA. Further experiments
are necessary to improve the intra-articular injection treatment with the NGF antibody to
treat cartilage degeneration and elucidate the mechanism of allodynia in OA, as well as the
relationship between the NGF antibody and allodynia.
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Abstract: Overexpression of silent information regulator 2 ortholog 1 (SIRT1) is associated with bene-
ficial roles in aging-related diseases; however, the effects of SIRT1 overexpression on osteoarthritis
(OA) progression have not yet been studied. The aim of this study was to investigate OA progression
in SIRT1-KI mice using a mouse OA model. OA was induced via destabilization of the medial
meniscus using 12-week-old SIRT1-KI and wild type (control) mice. OA progression was evalu-
ated histologically based on the Osteoarthritis Research Society International (OARSI) score at 4, 8,
12, and 16 weeks after surgery. The production of SIRT1, type II collagen, MMP-13, ADAMTS-5,
cleaved caspase 3, Poly (ADP-ribose) polymerase (PARP) p85, acetylated NF-κB p65, interleukin
1 beta (IL-1β), and IL-6 was examined via immunostaining. The OARSI scores were significantly
lower in SIRT1-KI mice than those in control mice at 8, 12, and 16 weeks after surgery. The propor-
tion of SIRT1 and type II collagen-positive-chondrocytes was significantly higher in SIRT1-KI mice
than that in control mice. Moreover, the proportion of MMP-13-, ADAMTS-5-, cleaved caspase 3-,
PARP p85-, acetylated NF-κB p65-, IL-1β-, and IL-6-positive chondrocytes was significantly lower in
SIRT1-KI mice than that in control mice. The mechanically induced OA progression was delayed in
SIRT1-KI mice compared to that in control mice. Therefore, overexpression of SIRT1 may represent a
mechanism for delaying OA progression.

Keywords: silent information regulator 2 ortholog 1 (SIRT1); osteoarthritis; knock-in mice; knee

1. Introduction

Osteoarthritis (OA) affecting the knee joint is one of the most common joint diseases
and causes joint pain and disability. Although OA has a multifactorial etiology and
eventually affects the entire joint, its central pathological feature involves the progressive
loss of articular cartilage [1,2]. Treatment using disease-modifying OA drugs (DMOADs)
improves the underlying OA pathophysiology, thereby inhibiting structural damage to
prevent or reduce long-term disability and offer potential symptomatic relief [3]. Currently,
there are no effective DMOADs available that are suitable for treatment when the cartilage
has been lost [2].

Sirtuins are members of the class III histone deacetylase family and regulate diverse
cellular activities in aging [4]. Silent information regulator 2 type 1 (SIRT1) is sirtuin
homolog and regulates various vital signaling pathways such as DNA repair and apoptosis,
myogenic and adipogenic differentiation, mitochondrial biogenesis, and glucose and
insulin homeostasis [5]. Studies have shown that regulation of SIRT1 may affect OA
progression. In human chondrocytes, SIRT1 inhibits apoptosis and promotes cartilage-
specific gene expression [6,7], and SIRT1 inhibition regulates the expression of genes related
to OA [8,9]. Additionally, several genetic Sirt1-deficient mouse models exhibit accelerated
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OA progression [10–12]. Therefore, SIRT1 may play a role in protecting chondrocytes and
preventing OA development.

Resveratrol (3,4,5-trihydroxystlben; RSV) is a natural product isolated from most grape
cultivars; it can activate SIRT1 [4]. New molecules were identified that can stimulate sirtuin
activities to a greater extent than that obtained using RSV, such as SRT1720, SRT2104,
SRT2379, and other molecules [13]. We previously found that the intraperitoneal (i.p.)
injection of SRT1720 reduces OA progression in a mouse model [14]. Additionally, both
i.p. and intra-articular injections of SRT2104 reduce OA progression in an OA mouse
model [15]. The findings of these studies using natural compounds and chemical activators
strongly suggest that activation of SIRT1 can inhibit OA progression. However, the direct
effect of overexpression of SIRT1 on OA suppression has not yet been investigated.

SIRT1 transgenic mice have been generated in which the SIRT1 cDNA has been
knocked into the β-actin locus (SIRT1-KI) [16]. SIRT1-KI mice are characterized as lean mice
showing low levels of blood cholesterol, high glucose tolerance, and active metabolism [16].
In previous studies on SIRT1-KI mice, the stiffness of the aorta has been found to be
suppressed [17] and the reproductive capacity is prolonged [18]. These studies suggest
that SIRT1 overexpression plays beneficial roles in aging-related diseases and SIRT1-KI
mice represent useful models to examine the effects of SIRT1 overexpression on aging-
related diseases. Although previous studies using chemical SIRT1 activators and natural
compounds of SIRT1 activators have suggested beneficial roles of SIRT1 on OA progression,
non-direct effects of those activators have been also reported [19]. In addition, effects of
constitutive overexpression of SIRT1, which could have potential adverse effects of OA
progression, have not yet been examined. Therefore, the aim of this study was to investigate
whether OA progression is suppressed in SIRT1-KI mice with OA to examine the effects
of SIRT1 overexpression in vivo and to evaluate the possible mechanisms associated with
delayed progression.

2. Results
2.1. Features of SIRT1-KI Mice

SIRT1-KI mice were maintained by mating heterozygous SIRT1-KI mice with wild
type littermates. SIRT1-KI mice were identified via genotyping. The proportion of SIRT-KI
mice was approximately 40% (one to three out of four to six newborn pups) (Figure 1A).
During postnatal growth, SIRT1-KI mice showed no significant differences in skeletal and
body weight compared to that of the littermate control mice (up to postnatal 12 months),
although there was a tendency that the development of ossification was slightly delayed in
SRIT1-KI mice compared with wild type mice (Figure 1B–D). Sirt1 mRNA expression was
significantly higher in SIRT1-KI mice than in control mice. In articular cartilage samples,
Sirt1 was significantly upregulated compared to that in muscle tissues, and there was no
significant decrease in SIRT1 expression with growth (Figure 1E). Safranin-O fast staining
and hematoxylin-eosin staining of control and SIRT1-KI mouse tissues at 3 weeks of age
are shown in Figure 1F.
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Figure 1. (A) Reverse transcription PCR. Genotyping was performed as follows: 257 bp for SIRT1-KI type; and 547 bp
for wild type. (B) Double-staining with Alizarin red and Alcian blue of the whole skeleton of postnatal day 2 control and
SIRT1-KI mice (scale bars = 5 mm). (C) Length of long bones and vertebra (first to fifth lumbar spines) of control (n = 5) and
SIRT1-KI (n = 5) littermate embryos at postnatal day 2. NS, not significant. (D) Mean Body Weight (g) of Mice in the Control,
SIRT1-KI at the Indicated Time Points (n = 5 mice/group). NS, not significant. M, male. F, female. (E) Sirt1 expression in
control mice and SIRT1-KI mice. Relative expression level of Sirt1 mRNA was examined by real-time PCR setting the expression
level in the muscle of control mice as 1 (F) (a,b) Safranin O-fast green staining of the medial knee joint at 3-week-old. Scale
bars = 100 µm. (c,d) Hematoxylin-eosin staining of the medial knee joint at 3-week-old. Scale bars = 100 µm.

2.2. Reduced Severity of Cartilage Loss in SIRT-KI Mice after Destabilization via Medial
Meniscus Surgery

Destabilization of the medial meniscus surgery was performed in the knee joint of
12-week-old mice. The knees of control mice and SIRT1-KI mice were collected at 4, 8, 12,
and 16 weeks postoperatively. Histological analysis showed that OA developed gradually
in all groups. The OARSI scores of the medial femoral condyle and tibial condyle in
the control group were significantly higher than those in the SIRT-KI group at 8, 12, and
16 weeks, but not at 4 weeks (Figure 2).
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Figure 2. (A) Safranin O-fast green staining of the medial knee joint at 4, 8, 12, and 16 weeks postsurgery. Scale
bars = 100 µm. (B) The Osteoarthritis Research Society International (OARSI) scores of the medial femoral and tibial
condyle (n = 5 mice/group for each time point; * p < 0.05, NS, not significant.).

2.3. SIRT-KI Mice Showed Lower Levels of Cartilage Matrix-Degrading Enzymes, Apoptosis, and
Inflammatory Cytokines than Those in Control Mice after OA Induction via Destabilization of
Medial Meniscus

Immunohistochemical analyses revealed that a considerably higher number of SIRT1-
positive chondrocytes were detected in the SIRT1-KI group than that in the control group
at 8, 12, and 16 weeks after surgery (Figure 3). The proportion of type-II collagen-positive
chondrocytes significantly increased in the SIRT-KI group compared to that in the con-
trol group at 8 weeks after surgery. The proportions of MMP-13-, ADAMTS-5-, cleaved
caspase 3 (apoptotic marker)-, PARP p85 fragment (apoptotic marker)-, NF-κB P65 (inflam-
matory regulator)-, IL-1β-, and IL-6-positive chondrocytes significantly decreased in the
SIRT1-KI group compared to that in the control group at 8 weeks after surgery (Figure 4).

2.4. SIRT1-KI Chondrocytes Showed Higher Expression of Extracellular Matrix Genes than That
in the Control Group, whereas Cartilage Degrading Enzyme Genes Were Downregulated

Real-time PCR analysis showed that the mRNA expression of Sirt1, Col2a1, and Acan
was significantly higher and Col10a1 expression was lower in chondrocytes of SIRT1-KI
mice compared to those in control mouse chondrocytes. Stimulation with IL-1β significantly
reduced Sirt1, Col2a1, and Acan mRNA expression in chondrocytes of both SIT1-KI and
control mice; however, expression of those genes was significantly higher in chondrocytes
of SIT1-KI mice compared to that in control mice.

The stimulation with IL-1β significantly increased Mmp-3, Mmp-13, and Adamts-5
mRNA expression in both chondrocytes of both mouse groups; however, the upregulation
was attenuated in chondrocytes of SIRT1-KI mice compared to that in control mice (Figure 5).
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= 50 μm. (B) The percentage of SIRT1-positive chondrocytes. Three micrographs of the medial tibial plateau were taken 
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×100 magnification (n = 5 mice/group for each time point; † p < 0.01). 
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No. Genes Log Ratio 
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Figure 3. (A) Immunohistochemistry of SIRT1 in the medial tibial plateau at 4, 8, 12, and 16 weeks postsurgery. Scale bars = 50 µm.
(B) The percentage of SIRT1-positive chondrocytes. Three micrographs of the medial tibial plateau were taken under×40 magnification.
The percentage was determined as the positive chondrocytes/total number of chondrocytes at ×100 magnification (n = 5 mice/group
for each time point; † p < 0.01).
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Figure 4. (A) Immunohistochemistry of type-II collagen, MMP-13, ADAMTS-5, cleaved caspase 3, PARP p85, acetylated
NF-κB P65, IL-1β, and IL-6 in the medial tibial plateau at 8 weeks postsurgery. Scale bars = 50 µm. (B) The percentage
of type-II collagen-, MMP-13-, ADAMTS-5-, cleaved caspase 3-, PARP p85 fragment-, acetylated NF-κB P65-, IL-1β-, and
IL-6-positive cells. Three micrographs of the medial tibial plateau were taken at ×40 magnification. The percentage was
determined as the positive cells/total number of cells at ×100 magnification (n = 5 mice/group for each time point; † p < 0.01).
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Figure 5. Real-time polymerase chain reaction (PCR) analysis of Sirt1, Col2a1, Col10a1, Mmp-3, Mmp-13, Aggrecan, and
Adamts-5 mRNA expression in primary mouse chondrocytes. Primary mouse epiphyseal chondrocytes were cultured with
10 ng/mL IL-1β for 24 h (n = 5 independent experiments; * p < 0.05, † p < 0.01).

2.5. Microarray Analysis Identified 21 Genes Associated with SIRT1 Overexpression

Microarray analysis was performed to identify the genes associated with and regulated
by SIRT1 overexpression. In total, 75 genes were found to be upregulated by more than
two-fold whereas 45 genes were downregulated to <50% of their original expression
level, without IL-1β stimulation in SIRT1-KI chondrocytes compared to that in control
mouse chondrocytes (Figure 6A). Moreover, under stimulation with IL-1β, 119 genes
were found to be upregulated by more than two-fold and 104 genes were downregulated
to <50% in SIRT1-KI chondrocytes compared to that in control chondrocytes (Figure 6B).
The expression of 11 genes was consistently two-fold higher and that of 10 genes was lower
in SIRT-KI chondrocytes compared to that in control chondrocytes (Figure 6C) regardless
of IL-1β stimulation (Table 1). Among those genes, XIST was found to be consistently
downregulated in SIRT1-KI chondrocytes compared with wild type mice (Figure 7).

Table 1. Differentially regulated genes (2-fold) in control mice and SIRT1-KI mice.

No. Genes Log Ratio

1 Sirt1 3.484823
2 Acta2 2.169581
3 Aspn 1.389573
4 Postn 1.343505
5 Actg2 1.302517
6 Ccdc3 1.214218
7 Myl9 1.189704
8 Tagln 1.168344
9 Sfrp2 1.061471
10 Pi15 1.019975
11 Cfh 1.001788
12 Gm24405 −1.001405
13 Gm23604 −1.026104
14 Chil1 −1.117696
15 Serpina3c −1.196805
16 Gm11979 −1.22567
17 Mrpl32 −1.343651
18 Xist −1.368057
19 Gm24445 −1.382748
20 Gm23335 −1.61242
21 Snora69 −1.69543
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Figure 6. Scatter plots showing the correlation of signal values between two samples from chondro-
cytes without IL-1β stimulation and chondrocytes with IL-1β stimulation. (A) Upon gene expression 
profiling on SIRT1-KI chondrocytes, 120 genes were found to be upregulated or downregulated, 
with a two-fold change cut-off in chondrocytes without IL-1β stimulation. (B) Upon gene expression 
profiling on SIRT1-KI chondrocytes, 223 genes were found to be upregulated or downregulated, 
with a two-fold change cut-off in chondrocytes with IL-1β stimulation. (C) There were 21 genes 
involved in both of the above. 

Figure 6. Scatter plots showing the correlation of signal values between two samples from chondrocytes without IL-1β
stimulation and chondrocytes with IL-1β stimulation. (A) Upon gene expression profiling on SIRT1-KI chondrocytes,
120 genes were found to be upregulated or downregulated, with a two-fold change cut-off in chondrocytes without IL-1β
stimulation. (B) Upon gene expression profiling on SIRT1-KI chondrocytes, 223 genes were found to be upregulated or
downregulated, with a two-fold change cut-off in chondrocytes with IL-1β stimulation. (C) There were 21 genes involved in
both of the above.
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Figure 7. Real-time polymerase chain reaction (PCR) analysis of Xist mRNA expression in primary
mouse chondrocytes. Primary mouse epiphyseal chondrocytes were cultured with 10 ng/mL IL-1β
for 24 h (n = 5 independent experiments; * p < 0.05, † p < 0.01).

3. Discussion

The effects of SIRT1 overexpression on OA progression have not yet been investigated
in SIRT-KI mice. The main finding of this study was that OA progression was delayed
in SIRT1-KI mice compared to that in control mice in an experimental OA model. The
delayed OA progression in SIRT1-KI mice was associated with an increased number of
type II collagen and SIRT1-positive chondrocytes and decreased number of MMP-13-,
ADAMTS-5-, cleaved caspase 3-, PARP p85 fragment-, acetylated NF-κB P65-, IL-1β-, and
IL-6-positive chondrocytes compared to that in control mice. Additionally, the expression
of extracellular matrix genes was higher in SIRT1-KI chondrocytes than that in control mice
regardless of stimulation with IL-1β. Further, the upregulation of MMP-3, MMP-13, and
ADMTS5 via stimulation with IL-1β was reduced in SIRT1-KI chondrocytes compared to
that in control chondrocytes.

In early studies, the role of SIRT1 in the regulation of apoptosis via deacetylation of
P53 has been highlighted as a main functional role of SIRT1 [20]. Thereafter, protective roles
of SIRT1 against apoptosis in chondrocytes via various pathways were also demonstrated
in previous studies [6,7,21]. Therefore, the reduced number of apoptotic chondrocytes in
SIRT1-KI mice during OA development might have partially contributed to the delayed
OA progression in SIRT-KI mice.

Regarding regulation of cartilage extracellular matrix gene expression changes by
SIRT1, it has been reported that SIRT1 induces Col2a1 and Acan expression via an interac-
tion with SOX9 in human chondrocytes [8,22,23]. Similarly, our previous study showed
that the SIRT1 activator, SRT2104, stimulates Col2a1 expression in mouse chondrocytes [15].
The findings of these studies strongly suggest that SIRT1 functions as a positive regulator
for extracellular matrix genes. In this study, Col2a1 and Acan expression was increased in
SIRT1-KI chondrocytes regardless of IL-1β stimulation. The results of the present study
agree with those of previous studies and suggest that the upregulation of extracellular
matrix genes via overexpression of SIRT1 may represent a mechanism of delayed OA
progression in SIRT1-KI mice. Regarding SIRT1 expression, it was reduced by the treat-
ment with IL-β in SIRT-KI chondrocytes and SIRT1-KI mice during development of OA,
although the expression level was still higher than in control chondrocytes and mice. Since
SIRT1 was overexpressed under the β-actin promoter, it is possible that IL-1β reduced
SIRT1 expression by decreasing promoter activity. Of interest, Yurube et al. reported
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that β-actin expression was reduced during the development of disc degeneration [24]
Therefore, β-actin expression may be susceptible to cellular stresses and the SIRT1 expres-
sion regulated by the β-actin promoter reduced even in SIRT-KI chondrocytes and mice,
although detailed mechanism needs to be examined.

The expression of acetylated NF-κB p65 subunit and cartilage-degrading enzymes,
including MMP-3, MMP-13, and ADAMTS-5, was decreased in the SIRT1-KI group com-
pared to that in the control group. Additionally, the expression of IL-1β and IL-6 was
decreased in the SIRT1-KI group compared to that in the control group. These observations
are consistent with our previous findings: the proportion of MMP-13- and acetylated NF-κB
p65-positive chondrocytes is decreased in mice treated with SIRT1 activators [14,15], and
increased in cartilage-specific Sirt1-knockout mice12 compared to that in control mice. Pre-
vious studies have shown that the NF-κB pathway mediates the inflammatory responses of
chondrocytes [25–27] and expression of inflammation-related genes, including MMP-3 and
MPP-13, IL-6, IL-1, tumor necrosis factor alpha [28]. Yeung et al. have demonstrated that SIRT1
suppresses NF-κB signaling via deacetylation of the NF-κB p65 subunit [29]. Moreover, we
found that the overexpression of SIRT1 in chondrocytes decreases the expression of acetylated
NF-κB p65 and MMPs induced via IL-1β stimulation in vitro [30]. Therefore, OA development
in the SIRT-KI group might have been attenuated via downregulation of cartilage-degrading
enzymes in chondrocytes via modulation of the NF-κB pathway. Moreover, the involvement of
additional pathways in the regulation of MMP expression by SIRT1 has been suggested, such as
LEF1-dependent regulation [31] and p38, JNK, and ERK phosphorylation in chondrocytes [32].
Therefore, it is also possible that the reduction in levels of cartilage-degrading enzymes in
SIRT-KI mice is associated with other mechanisms and pathways.

SIRT1 plays protective roles in chondrocytes; however, SIRT1 also has been reported to
play important roles in the regulation of inflammatory responses in macrophages. Park et al.
reported that SIRT1 activation by resveratrol suppresses the lipopolysaccharide/interferon
γ-induced NF-κB activity in macrophages in rheumatoid arthritis, and inflammatory M1
polarization is reduced in SIRT1 transgenic mice. Further, collagen-induced arthritis is
attenuated in SIRT1-transgenic mice associated with an increase level of M2 macrophage
markers [33]. We have also found that delayed OA progression in mice treated with
SRT2014 is associated with reduced M1 and increased M2 macrophage marker levels in the
synovium [15]. Although the effects of SIRT1 overexpression were not examined in this
study, modulation of macrophage polarization in the synovium may have also contributed
to the delayed OA progression in SIRT1-KI mice.

Microarray analysis showed that 11 genes were consistently upregulated by more than
two-fold while 10 genes were downregulated to less than 50% of their original expression
level in SIRT-KI chondrocytes compared to those in control chondrocytes regardless of
IL-1β stimulation. Among those genes, XIST was found to be consistently downregulated
in SIRT1-KI chondrocytes. Recently, many studies have demonstrated important roles of
lncRNA and miRNAs in the process of OA [34,35]. XIST, a lncRNA regulating X-linked
chromosomal inactivation, has been recently suggested to be involved in pathogenesis
of OA. The expression of XIST was increased in OA cartilage and knockdown of XIST
improved the inflammatory microenvironment in OA via acting on M1 macrophages [36].
Further, XIST knockdown ameliorated IL-1β-induced decreased cell viability and down-
regulation of COL2A1 and aggrecan [37]. Therefore, XIST might play a role in the delayed
OA progression in SIRT1-KI mice. However, further studies are required to elucidate the
role of XIST in the SIRT-KI mice.

This study has a few limitations. First, the mean body weight of mice in the control
group tended to be higher than that in the SIRT1-KI group, and the difference in body
weight might have affected OA progression. However, these differences were not signifi-
cant; therefore, the effect might have been negligible. Second, only female mice were used
in this study and different results may be obtained using male mice. Third, OA progression
was examined in a posttraumatic OA model, and the features of OA progression during
aging were not studied. Finally, since sham control was not included, we cannot rule
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out the possibility that the upregulation of cartilage anabolism and downregulation of
catabolism were stimulated by the OA induction although those responses were generally
opposite to those during OA progression.

4. Materials and Methods
4.1. Mice

Sirt1-overexpressing (Sirt1; C57BL/6-Actbtm3.1 (Sirt1) Npa/J) mice (The Jackson
Laboratory, Bar Harbor, ME, USA) were used in this study. Mice were maintained un-
der pathogen-free conditions and were allowed free access to food, water, and activity.
All animal experiments were performed according to protocols approved by the Institu-
tional Animal Care and Use Committee at Kobe University Graduate School of Medicine
(approval number P150604), Kobe, City.

4.2. Genotyping

SIRT1-KI mice were maintained by mating heterozygous SIRT1-KI mice with wild type littermates.
DNA was extracted from mouse tails using DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA, USA)
according to the manufacturer’s instructions. Polymerase chain reaction (PCR) was performed
using three primers: 10,967 primer, 5′-TATGGAATCCTGTGGCATCCATGA-3′; 10,968 primer, 5′-
CAAAGCCATGCCAATGTTGTCTCT-3′; 10,969 primer, 5′-GGCACATGCCAGAGTCCAAGTTTA-
3′. PCR products were separated on a 2% agarose gel and visualized via ethidium bromide staining.
Genotyping was performed as follows: 257 bp for SIRT1-KI type; and 547 bp for wild type.

4.3. Skeletal Preparation and Body Weight Analysis

Postnatal day 2 SIRT1-KI mice and control littermates were skinned, eviscerated, and
fixed in 95% ethanol. The tissues were placed in a mixture of acetic acid: 95% ethanol (1:4)
for 3 h to lower the pH. Alcian Blue staining was performed and the tissues were placed in
potassium hydroxide to remove the soft tissue. After visualizing the cartilage via staining,
Alizarin Red staining was performed. The length of long bones and vertebra (first to fifth
lumbar spines) of control and SIRT1-KI littermate embryos at postnatal day 2 was measured
using a divider. The weight of the mice was measured every month until one year of age.

4.4. Sirt1 Expression in Control and SIRT1-KI Mice

The expression of Sirt1 in muscle (tibialis anterior and quadriceps muscle) and carti-
lage was examined in 7-day-old and 3-month-old control and SIRT1-KI mice respectively.
RNA was isolated using RNeasy Kit (Qiagen), and cDNA was synthesized using High-
Capacity cDNA Reverse Transcription Kits (Applied Biosystems, Waltham, MA, USA).
Real-time PCR analysis was performed using TaqMan assays (Applied Biosystems) to deter-
mine the expression of Sirt1 in duplicate for each sample, and the relative gene-expression
levels were normalized to glyceraldehyde 3-phosphate dehydrogenase (Gapdh) expression
levels as a reference control, based on the comparative cycle-threshold method.

4.5. OA Model

Based on our previous study [15], female mice were anaesthetized via i.p. injection
containing a combination anesthetic (0.3 mg/kg of medetomidine, 4.0 mg/kg of mida-
zolam, and 5.0 mg/kg of butorphanol), and the knee joint was exposed via the medial
parapatellar approach. Experimental OA was induced in the knee joint of 12-week-old
mice by resecting the medial meniscotibial ligament under a microscope to destabilize the
medial meniscus [38]. The joint capsule and skin were closed using 3-0 nylon sutures.

4.6. Cell Culture and Real-Time PCR Analysis

Articular cartilage samples were collected from each knee joint of postnatal day 7
control and SIRT1-KI mice. The epiphyseal chondrocytes were cultured in monolayers in
6-well plates (2 × 105 cells/well) for 48 h. After reaching 80% confluency, the chondrocytes
were incubated for 24 h with or without 10 ng/mL interleukin 1 beta (IL-1β) (R&D Systems,

156



Int. J. Mol. Sci. 2021, 22, 10685

Minneapolis, MN, USA). The concentration of IL-1β was chosen based on the previous
study [15]. RNA was isolated using RNeasy Kit (Qiagen), and cDNA was synthesized using
High-Capacity cDNA Reverse Transcription Kits (Applied Biosystems). Real-time PCR
analysis was performed using TaqMan assays to analyze the expression of Sirt1, Col2a1,
Col10a1, Mmp-3, Mmp-13, Acan, Adamts-5, and Xist (Applied Biosystems) in duplicate for
each sample, and the relative gene-expression levels were normalized to Gapdh expression
levels as a reference control, based on the comparative cycle-threshold method (Table 2).

Table 2. Primers used for real-time PCR.

Gene Assay ID

Gapdh Mm99999915_g1
Sirt1 Mm01168521_m1

Col2a1 Mm01309565_m1
Col10a1 Mm00487041_m1
Mmp-3 Mm00440295_m1

Mmp-13 Mm00439491_m1
Acan Mm00545807_m1

Adamts-5 Mm00478620_m1
Xist Mm01232884_m1

4.7. Histological Analysis

The control and SIRT1-KI mice were euthanized at 3 weeks of age and at 4, 8, 12,
and 16 weeks after surgery (n = 5 mice/group for each time point). The entire knee
joints were fixed in 4% paraformaldehyde in 0.1 M phosphate-buffered saline overnight at
4 ◦C, decalcified for two weeks using 10% ethylenediaminetetraacetic acid, and embedded
in paraffin wax. Each specimen was cut into 6 µm slices along the sagittal plane and
stained with safranin O-fast green and hematoxylin-eosin. Three slices were selected from
each medial femoral condyle and medial tibial plateau, and photographs were taken at a
magnification of 40×. The histological OA grade for each field was evaluated using the
Osteoarthritis Research Society International (OARSI) cartilage OA histopathology grading
system (score 0 to 6) [39]. OA grading was assessed by a single observer (NM) who was
blinded to the study groups.

4.8. Immunohistochemistry

Deparaffinized sections were digested using proteinase (Dako Denmark AS, Glostrup, Denmark)
for 10 min and treated with 3% hydrogen peroxide (Wako Pure Chemical Industries Ltd.,
Osaka, Japan) to block endogenous peroxidase activity. After epitope retrieval, the sec-
tions were incubated overnight at 4 ◦C with primary antibodies against the following
mouse proteins: SIRT1 (1:50, Millipore, Billerica, MA, USA), type-II collagen (1:100, Abcam,
Cambridge, UK), MMP-13 (1:100, Abcam), ADAMTS-5 (1:100, Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA), cleaved caspase-3 (1: 100, Cell Signaling Technology, Tokyo, Japan),
poly(ADP-ribose) polymerase (PARP) p85 (1:100, Promega, Madison, WI, USA), acetylated
NF-κB p65 (1: 100, Sigma-Aldrich, St. Louis, MO, USA), IL-1β (1:100, Abcam), and IL-6
(1:100, Abcam). The anti-SIRT1 antibody was a mouse monoclonal antibody, and the others
were rabbit polyclonal antibodies. Sections were then incubated with peroxidase-labeled
anti-rabbit or mouse immunoglobulin (Histofine Simple Stain MAX Po; Nichirei Bioscience,
Tokyo, Japan) at room temperature (25–28 ◦C) for 30 min, and the signals were developed
as brown reaction products using the peroxidase substrate, 3,3-diaminobenzidine, with
methyl green or hematoxylin counterstaining. As negative controls, a non-immune mouse
or rabbit IgG (1:50 dilution) was used instead of the primary antibodies. SIRT1 expression
was evaluated at the age of 3 weeks and at 4, 8, 12, and 16 weeks after surgery, and the
expression of other proteins was evaluated at 8 weeks after surgery. All images were
obtained under a microscope (Biozero; Keyence Corp., Itasca, OH, USA).
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4.9. Microarray Analysis

The articular cartilage was collected from each knee joint of postnatal day 7 control
wild-type littermates and SIRT1-KI mice. The epiphyseal chondrocytes were cultured in
monolayers in 6-well plates (2 × 105 cells/well) for 48 h. After reaching 80% confluency,
the chondrocytes were incubated for 24 h with or without 10 ng/mL IL-1β (R&D Systems).
RNA was isolated using RNeasy Kit (Qiagen). After performing total RNA extraction,
the samples were submitted to Kurabo Industries Ltd. (Okayama, Japan). An Affymetrix
GeneChipTM Mouse Gene 2.0 ST Array was used to compare expression data between
control and SIRT1-KI mice.

4.10. Statistical Analysis

An unpaired two-tailed Student’s t-test was performed to compare differences between
groups. One-way analysis of variance was performed to compare multiple groups using the
Bonferroni method as a post-hoc test; p-values < 0.05 were considered significant. Data were
analyzed using BellCurve for Excel (Social Survey Research Information Co., Ltd., Tokyo, Japan).

5. Conclusions

We have demonstrated that OA progression was delayed in the SIRT1-overexpressing
SIRT1-KI mice in an experimental OA model. The delayed OA progression was associated
with reduction in levels of cartilage-degrading enzymes, apoptotic markers, and acetylated
NF-κB p65 in chondrocytes. SIRT1 overexpression may represent a promising strategy for
treatment of OA.
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