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The lack of effective treatment options for osteoarthritis (OA) is mostly due to the very
limited regenerative capacity of articular cartilage. Mesenchymal stem cells (MSCs) have
been most extensively explored for cell-based therapy to induce cartilage regeneration
for OA. However, current in vitro expanded MSC-based approaches have significant
drawbacks. On the other hand, osteoarthritic joints contain chondrocyte progenitors
and MSCs in several niches which have the potential yet fail to differentiate into
chondrocytes for cartilage regeneration. One of the underlying mechanisms of the
failure is that these chondrocyte progenitors and MSCs in OA joints are deficient in the
activity of chondrogenic transcription factor SOX9 (SRY-type high-mobility group box-9).
Thereby, replenishing with exogenous SOX9 would reactivate the potential of these
stem cells to differentiate into chondrocytes. Cell-permeable, super-positively charged
SOX9 (scSOX9) protein is able to promote hyaline-like cartilage regeneration by inducing
chondrogenic differentiation of bone marrow derived MSCs in vivo. This scSOX9 protein
can be administered into osteoarthritic joints by intra-articular injection. This one-step,
cell-free supplement of exogenous SOX9 may harness the regenerative potential of the
intrinsic MSCs within the joint cavity to stimulate cartilage regeneration in OA.
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INTRODUCTION

Osteoarthritis (OA) is the most prevalent type of arthritis affecting about 20-30% of the US adult
population (1). The loss of workforce secondary to physical disability and the cost of management
of OA impose a substantial socioeconomic impact (2). No drugs have shown to alter the natural
course of the disease or slow down the progression of OA. While the etiology of OA remains
poorly understood, it is well recognized that OA is a complex and multifaceted disease with a
hallmark of articular cartilage degradation (3) that is resulted from chondrocyte degeneration
and destruction of cartilage matrix (4). It has been generally believed that cartilage lacks intrinsic
capacity of self-regeneration once it is damaged. However, recent studies revealed that joint tissue
contains chondrocyte progenitors and mesenchymal stem cells (MSCs) which can differentiate
into chondrocytes for cartilage repair under appropriate conditions. Cartilage is a unique tissue
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comprising matrix proteins and only one cell type, chondrocytes,
which are responsible for production of cartilage matrix and
maintenance of cartilage integrity. Therefore, restoration of
chondrocyte population is critical in cartilage regeneration.

Chondrocytes originate from mesenchymal stromal cells.
Naturally, MSCs have been employed for cartilage repair or
regeneration for prevention and treatment of OA in animal
models and in human clinical trials (5-8). The common
approach to MSC-based therapy for OA is that autologous
MSCs are expanded in vitro then injected intra-articularly
into osteoarthritic joints. It has been demonstrated in animal
models that cartilage degradation can be reduced by a single
intra-articular injection of these in vitro expanded MSCs (7).
Furthermore, positive effects of autologous MSCs derived from
bone marrow or adipose tissue on cartilage regeneration and joint
function improvement have been observed in human clinical
trials (8, 9).

While MSC-based therapy for OA is promising, several
challenges surrounding the quantity and quality of MSCs must
be addressed (10). At least three critical conditions for MSCs
must be met for a successful MSC-based therapy: sufficient cell
number, survival in the joint and capacity of differentiating into
chondrocytes. The in vitro expansion of MSCs usually takes
several weeks and the MSCs in culture may lose “stemness” (9).
After a sufficient number of in vitro expanded MSCs is achieved,
they are transferred into the arthritic joint. MSCs are commonly
delivered by intra-articular injection in culture medium without
any carrier. It has been reported that fewer than 5% of injected
MSCs actually survived in the joint within days after injection
(10, 11). Such poor retention may be attributable to several
reasons. Carrier-free injection could lead to a leakage of cell
suspension during injection and some MSCs might migrate out
of the joint cavity. The switch from culture medium to intra-
articular environment reduced the viability of the injected MSCs.
Most importantly, arthritic joint cavity is not accommodating
to the exogenous MSCs (11). To address this problem, many
studies used biomaterial carriers, scaffold or hydrogel to embed
the MSCs for protection and retention in the joint (10, 12).
However, the re-differentiation of dedifferentiated chondrocytes
within hydrogels has been a problem (10). Another important
challenge is the source of quality MSCs with chondrogenic
potential. A majority of the studies employ MSCs from extra-
articular sources such as bone marrow and adipose tissue,
but these MSCs are known to be poorly chondrogenic in
comparison to joint-resident MSCs (13, 14). Recently, intra-
articular injection of allogenic MSCs have been explored based on
the thought that MSCs were immune-privileged. However, recent
studies have demonstrated that MSCs constitutively express
major histocompatibility complex (MHC) class I antigens and
are capable of expressing MHC class II upon stimulation by
inflammatory cytokines (15). This is particularly relevant since
that several inflammatory cytokines such as tumor necrosis
factor, interleukin (IL)-1p and IL-6 are present in OA joint and
create a hostile environment for MSCs, by stimulating their MHC
expression, leading to their rejection by the host, and preventing
their differentiation into chondrocytes (16). One argument in
favor of the use of allogenic MSCs is their immune suppressive

property besides their chondrogenesis capability. Indeed, MSCs
can express potent inhibitory molecules but these signals may
not be sufficient to fend off host alloimmunity. It has been
demonstrated in animal models that transfer of bone marrow-
derived, MHC-mismatched MSCs were subsequently rejected by
the host before they can differentiate into chondrocytes (17). All
these factors will limit the usage of this approach with in vitro
expanded MSCs for the treatment of OA.

NATIVE MSCS OF THE JOINT

Alternative to implantation of in vitro expanded MSCs is
motivation and mobilization of native joint-resident MSCs
or chondrogenic progenitors for cartilage repair (18).
Several anatomical compartments within the joint harbor
MSCs which can be potentially directed to differentiate into
chondrocytes (Figure 1).

For a considerable long time, articular cartilage is considered
a peculiar type of tissue lacking in intrinsic capacity of
self-regeneration. Recent studies, on the contrary, revealed
evidence that joint tissues including articular cartilage do have
mechanisms which can be potentially activated for cartilage
regeneration. For instance, Koshino et al. (19) observed biopsy-
proven hyaline cartilage regeneration in some patients with knee
OA after osteotomy to offload the cartilage defective area of
the joint surface. Similarly, by total joint distraction to oftfload
the joint, significant clinical improvement has been achieved in
knee OA. The long lasting benefit and the magnetic resonance
imaging (MRI) evidence of increased thickness of cartilage
suggest articular cartilage regeneration resulted from stimulating
the joint endogenous mechanism for cartilage repair (20-23).
First, MSC-like resident cell population resides at the cartilage
superficial zone (Figure 1) which is important for cartilage tissue
homeostasis (24-27). In OA, these MSC-like progenitor cells
have been identified (28). It has also long been observed that
in the deep zone of cartilage there are MSC-like cells that may
be able to migrate and contribute to the chondrocyte clustering
in OA cartilage (29, 30) and these cells likely originated from
the subchondral bone (Figure 1). Second, MSCs reside in the
synovium of the joint. The synovium contains chondrogenic
MSCs (Figure 1) accounting for as high as 1% of the cellular
components (13, 14, 31). In rabbit models of partial cartilage
defect, the MSCs in synovium mobilized to contribute to cartilage
repair (32). Third, MSCs reside in joint adipose tissues (Figure 1)
(33). Interestingly, MSCs in the synovium and the fat pad can be
released spontaneously in a suspended synovium culture model
(34). Fourth, synovial fluid contains MSCs (Figure 1). Synovial
fluid contains up to 40 MSCs per million mononucleated cells
in patients with OA and this number is substantially higher than
that in patients with rheumatoid arthritis (35). It is intriguing to
note that the number of MSCs in osteoarthritic joint is actually
increased in several anatomic regions including the superficial
zone of cartilage (28) and subchondral bone (36). In patients
with injury of ligaments or meniscus, the number of synovial
fluid-resident MSCs increases presumably for initiation of repair
(37, 38). Furthermore, endogenous MSCs in synovial fluid are
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FIGURE 1 | Harnessing joint native mesenchymal stem cells (MSC) by exogenous SOX9 for cartilage regeneration to treat osteoarthritis (OA). This graph highlights
cartilage degradation in a joint with OA. In OA joint, there is an increased number of native resident MSCs in synovium, adipose tissue and synovial fluid. These MSCs
and chondrocyte precursors are potentially able yet fail to repair the degraded cartilage because of deficiency of chondrogenic transcription factor, SRY-type
high-mobility group box-9 (SOX9). Intra-articular injection of cell permeable supercharged SOX9 (scSOX9) fusion protein may drive these stem cells to differentiate into

Intra-articular
injection of
scSOX9 protein

capable of adhering to cartilage in OA distracted joints, probably
due to reduced inhibition by synovial fluid hyaluronic acid (39).
Importantly, in in vitro culture, MSCs isolated from synovial fluid
or joint tissue displayed superior chondrogenic potential than
those derived from bone marrow or subcutaneous fat (13, 14, 40).

OA JOINT MSCS ARE DEFECTIVE IN
CHONDROGENESIS AND DEFICIENT IN
SOX9 FUNCTION

The question remains to be answered is why these native joint-
resident MSCs in OA joint yet fail to repair the damaged
cartilage. It is obvious that multiple factors are involved and result
in the poor differentiation of these MSCs into chondrocytes.
The inflammatory microenvironment or the diseased state of
osteoarthritic joints may impair the function of endogenous
MSCs, reducing their proliferative and chondrogenic capacity
(41). It has been observed that MSC-like progenitor cells in
the cartilage superficial zone in OA patients express an early
senescent phenotype (28). As a result, the quantity and quality
of OA MSC-derived chondrocytes may be less than satisfactory.
Previous studies have demonstrated an intrinsic factor which

may contribute to the failure of cartilage regeneration in OA, that
is, the expression of SRY-type high-mobility group box-9 (SOX9)
was lower in OA chondrocytes (42-44). Thus, OA chondrocytes
expressed a decreased level of SOX9 and the percentage of
chondrocytes expressing SOX9 in OA cartilage was significantly
lower than that in normal cartilage (42-44). SOX9 belongs
to the super gene family of SOX. Many studies have proven
that SOX9 is the master transcription factor for chondrogenesis
(45). Action of SOX9 is pivotal in chondrogenesis. SOX9
orchestrates transcriptional activation and suppression of many
genes involved in cartilage development. In particular, SOX9 co-
operates with SOX5 and SOX6 and also upregulates expression
of SOX5 and SOX6 genes (46) in induction of chondrogenesis
but concomitantly represses RUNX2 to prevent hypertrophy of
cartilage (47, 48). Thus, defective SOX9 gene in humans results
in campomelic dysplasia (49) with defective development of
cartilage. In SOX9 gene knockout mice, embryonic stem cells
fail to develop into cartilage (49). Conversely, overexpression
of SOX9 gene in MSCs indeed enhanced their chondrogenesis
ability (47, 48, 50, 51).

The deficiency of OA chondrocytes may be amended, at
least partially, by re-introduction of active SOX9. It has been
demonstrated that in vitro viral transduction of SOX9 gene
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in human OA chondrocytes enhances chondrocyte phenotype
(52, 53). In isolated and cultured human OA chondrocytes,
recombinant adeno-associated virus mediated SOX9 gene
overexpression stimulates proteoglycan and collagen type II
production (52). Furthermore, in explant cultures of OA articular
cartilage, both proteoglycan and collagen type II expression in
situ was restored to a level comparable to that of the normal
cartilage (43).

INTRA-ARTICULAR INJECTION OF
SCSOX9 PROTEIN FOR THERAPY OF OA

As depicted in Figure 1, since chondrocyte progenitors and
MSCs in OA are defective or inadequate in the chondrogenic
master transcription factor, SOX9, supplementing exogenous
SOX9 will motivate these native joint-resident MSCs or
chondrocyte progenitors to differentiate into chondrocytes for
cartilage repair or regeneration in OA. Exogenous SOX9
can be supplied by vial transduction (52, 53). However, the
vial mediated supplement of SOX9 is not practical for OA
treatment. Alternatively, exogenous SOX9 can be supplied as
a fusion protein which consists of a super-positively charged
green fluorescent protein (GFP) and recombinant human
SOX9 with an 11 arginine (11R) tag. This super-positively
charged SOX9 (scSOX9) is cell permeable and enters cells
to induce MSC differentiation into chondrocytes in vitro and
in vivo (54). Applied at the site of microfracture, scSOX9
was able to promote hyaline-like cartilage regeneration in situ
by inducing chondrogenesis of bone marrow derived MSCs
and the repaired cartilage was durable (54, 55). This scSOX9
protein can be delivered by intra-articular injection into the
OA joint. In the joint, scSOX9 will enter MSCs residing in
various anatomic compartments of the joint and chondrocyte
progenitors at the cartilage surface, and motivate these cells
to mobilize to sites of cartilage defects and to differentiate
into chondrocytes for cartilage regeneration for therapy of
OA (Figure 1).

Theoretically, intra-articularly injected cationic scSOX9 will
be naturally attracted to and enriched in the cartilage matrix
due to the electrostatic interactions according to the Gibbs-
Donnan effect (56). Articular cartilage matrix is highly negatively
charged owing to its dense network of collagen fibrils and
aggrecan proteoglycans which contain glycosaminoglycan (56).
The electrostatic interactions between the cationic scSOX9 and
the cartilage matrix will cause a steep concentration gradient
at the synovial fluid and cartilage interface. This interaction
will also allow retention of scSOX9 within the joint before
it exits the synovial fluid. The binding of positively charged
scSOX9 and negatively charged articular matrix is weak and
reversible, enabling scSOX9 to rapidly penetrate through the full
thickness of cartilage. The weak binding is also advantageous
for scSOX9 to be released and enter the progenitor cells.
It has been shown that a positively charged avidin has a

400-fold higher uptake by cartilage than the neutrally charged
avidin (57, 58). In an explant model, positively charged GFP
was shown to be accumulated to human and bovine articular
cartilage (59). All these findings support the notion that highly
positively charged scSOX9 is likely to be concentrated to the
cartilage surface.

Several concerns remain with our approach to cartilage repair
using scSOX9 for OA treatment and can be investigated in
OA models. First, it remains possible but yet to be investigated
whether MSCs in the synovium and adipose tissue of the joint
will be driven by scSOX9 to differentiate into chondrocytes in
situ. It is certainly undesirable if chondrogenesis of these MSCs
takes place ectopically. However, the chondrogenic potential of
synovial and adipose MSCs may not be activated until they are
recruited to the cartilage (32). Thus, ectopic chondrogenesis is
a concern but may not be present in vivo. Secondly, it is not
surprising that overexpression of SOX9 in tumor tissue has been
observed (60) given the fact that SOX9 is a master transcription
factor which is able to maintain cells in undifferentiated status
and tends to be elevated during tumor genesis (61, 62). Raising
the risk of malignancy by intra-articular injection of excessive
exogenous scSOX9 is a legitimate concern, but such concern
is lessened by the fact that the articular tissues are exposed to
scSOX9 only for a short time in our approach. Lastly, immunity
of the host against scSOX9 or the GFP moiety of scSOX9 is
another concern since immune response to scSOX9 may lead
to its destruction and loss of function and may prevent its re-
application in the joint. To reduce the risk of immune rejection,
the supercharged GFP moiety can be replaced with a naturally
supercharged human protein (63).

In summary, native joint-resident MSCs in several niches
are potential cell sources to be differentiated into chondrocytes
for cartilage repair or regeneration. These MSCs include those
residing in the cartilage surface, synovium, synovial fluid and
adipose tissue. Interestingly, the number of these progenitor
cells is increased in OA joints (37, 38, 64) but are deficient
in the master chondrogenic factor, SOX9. Thus, intra-articular
administration of cell-free chondrogenic transcription factor
scSOX9 will allow a one-stage and minimal invasive procedure to
induce cartilage regeneration by harnessing these intrinsic MSCs
within the joint. This represents an innovative and promising
approach for treatment of OA.

AUTHOR CONTRIBUTIONS

All authors contributed to drafting the manuscript, revising it
critically for important intellectual content, and approved the
final version to be published.

FUNDING

The project was supported by VA Merit Review grant, IBX002858
and partially by a grant from Vivoscript, Inc.

Frontiers in Medicine | www.frontiersin.org

February 2021 | Volume 8 | Article 622609


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Zhang et al.

Cartilage Regeneration for Osteoarthritis

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Lawrence RC, Felson DT, Helmick CG, Arnold LM, Choi H, Deyo

RA, et al. Estimates of the prevalence of arthritis and other rheumatic
conditions in the United States. Part II. Arthritis Rheum. (2008) 58:26-35.
doi: 10.1002/art.23176

. Puig-Junoy J, Ruiz Zamora A. Socio-economic costs of osteoarthritis: a

systematic review of cost-of-illness studies. Semin Arthritis Rheum. (2015)
44:531-41. doi: 10.1016/j.semarthrit.2014.10.012

. Loeser RE Goldring SR, Scanzello CR, Goldring MB. Osteoarthritis: a

disease of the joint as an organ. Arthritis Rheum. (2012) 64:1697-707.
doi: 10.1002/art.34453

. van der Kraan PM, van den Berg WB. Chondrocyte hypertrophy and

osteoarthritis: role in initiation and progression of cartilage degeneration?
Osteoarthr Cartil. (2012) 20:223-32. doi: 10.1016/j.joca.2011.12.003

. Noth U, Steinert AF, Tuan RS. Technology Insight: adult mesenchymal stem

cells for osteoarthritis therapy. Nat Clin Pract Rheumatol. (2008) 4:371-80.
doi: 10.1038/ncprheum0816

. Barry E, Murphy M. Mesenchymal stem cells in joint disease and repair. Nat

Rev Rheumatol. (2013) 9:584-94. doi: 10.1038/nrrheum.2013.109

. Murphy JM, Fink DJ, Hunziker EB, Barry FP. Stem cell therapy in

a caprine model of osteoarthritis. Arthritis Rheum. (2003) 48:3464-74.
doi: 10.1002/art.11365

. Vangsness CT Jr, Farr | 2nd, Boyd ], Dellaecro DT, Mills CR, LeRoux-

Williams M. Adult human mesenchymal stem cells delivered via intra-
articular injection to the knee following partial medial meniscectomy: a
randomized, double-blind, controlled study. J Bone Joint Surg Am. (2014)
96:90-8. doi: 10.2106/JBJS.M.00058

. Harrell CR, Markovic BS, Fellabaum C, Arsenijevic A, Volarevic V.

Mesenchymal stem cell-based therapy of osteoarthritis: Current knowledge
and future perspectives. Biomed Pharmacother. (2019) 109:2318-26.
doi: 10.1016/j.biopha.2018.11.099

Iturriaga L, Hernaez-Moya R, Erezuma I, Dolatshahi-Pirouz A,
Orive G. Advances in stem cell therapy for cartilage regeneration
in  osteoarthritis.  Expert Opin  Biol ~Ther. (2018) 18:883-96.
doi: 10.1080/14712598.2018.1502266

Burdick JA, Mauck RL, Gerecht S. To serve and protect: hydrogels
to improve stem cell-based therapies. Cell Stem Cell. (2016) 18:13-5.
doi: 10.1016/j.stem.2015.12.004

Yokota N, Yamakawa M, Shirata T, Kimura T, Kaneshima H. Clinical
results following intra-articular injection of adipose-derived stromal vascular
fraction cells in patients with osteoarthritis of the knee. Regen Ther. (2017)
6:108-12. doi: 10.1016/j.reth.2017.04.002

Mochizuki T, Muneta T, Sakaguchi Y, Nimura A, Yokoyama A, Koga H, et al.
Higher chondrogenic potential of fibrous synovium- and adipose synovium-
derived cells compared with subcutaneous fat-derived cells: distinguishing
properties of mesenchymal stem cells in humans. Arthritis Rheum. (2006)
54:843-53. doi: 10.1002/art.21651

Sakaguchi Y, Sekiya I, Yagishita K, Muneta T. Comparison of human stem cells
derived from various mesenchymal tissues: superiority of synovium as a cell
source. Arthritis Rheum. (2005) 52:2521-9. doi: 10.1002/art.21212

Galipeau J, Sensebe L. Mesenchymal stromal cells: clinical challenges
and therapeutic opportunities. Cell Stem Cell. (2018) 22:824-33.
doi: 10.1016/j.stem.2018.05.004

Liu X, Xu Y, Chen §, Tan Z, Xiong K, Li Y, et al. Rescue of proinflammatory
cytokine-inhibited chondrogenesis by the antiarthritic effect of melatonin
in synovium mesenchymal stem cells via suppression of reactive oxygen
species and matrix metalloproteinases. Free Radic Biol Med. (2014) 68:234-46.
doi: 10.1016/j.freeradbiomed.2013.12.012

Berglund AK, Fortier LA, Antczak DE, Schnabel LV. Immunoprivileged no
more: measuring the immunogenicity of allogeneic adult mesenchymal stem
cells. Stem Cell Res Ther. (2017) 8:288. doi: 10.1186/s13287-017-0742-8
McGonagle D, Baboolal TG, Jones E. Native joint-resident mesenchymal
stem cells for cartilage repair in osteoarthritis. Nat Rev Rheumatol. (2017)
13:719-30. doi: 10.1038/nrrheum.2017.182

Koshino T, Wada S, Ara Y, Saito T. Regeneration of degenerated
articular cartilage after high tibial valgus osteotomy for medial

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

compartmental osteoarthritis of the knee. Knee. (2003) 10:229-36.
doi: 10.1016/S0968-0160(03)00005-X

Intema F Van Roermund PM, Marijnissen AC, Cotofana S, Eckstein F
Castelein RM, et al. Tissue structure modification in knee osteoarthritis by
use of joint distraction: an open 1-year pilot study. Ann Rheum Dis. (2011)
70:1441-6. doi: 10.1136/ard.2010.142364

Wiegant K, van Roermund PM, Intema E, Cotofana S, Eckstein F, Mastbergen
SC, et al. Sustained clinical and structural benefit after joint distraction in the
treatment of severe knee osteoarthritis. Osteoarthr Cartil. (2013) 21:1660-7.
doi: 10.1016/j.joca.2013.08.006

Goh EL, Lou WCN, Chidambaram S, Ma S. The role of joint distraction in the
treatment of knee osteoarthritis: a systematic review and quantitative analysis.
Orthop Res Rev. (2019) 11:79-92. doi: 10.2147/ORR.S211060

Jansen MP, Mastbergen SC, van Heerwaarden RJ, Spruijt S, van Empelen
MD, Kester EC, et al. Knee joint distraction in regular care for treatment of
knee osteoarthritis: A comparison with clinical trial data. PLoS ONE. (2020)
15:€0227975. doi: 10.1371/journal.pone.0227975

Hayes AJ, MacPherson S, Morrison H, Dowthwaite G, Archer CW. The
development of articular cartilage: evidence for an appositional growth
mechanism. Anat Embryol. (2001) 203:469-79. doi: 10.1007/s004290100178
Dowthwaite GP, Bishop JC, Redman SN, Khan IM, Rooney P, Evans DJ, et al.
The surface of articular cartilage contains a progenitor cell population. J Cell
Sci. (2004) 117(Pt 6):889-97. doi: 10.1242/jcs.00912

Hunziker EB, Kapfinger E, Geiss J. The structural architecture of adult
mammalian articular cartilage evolves by a synchronized process of tissue
resorption and neoformation during postnatal development. Osteoarthr
Cartil. (2007) 15:403-13. doi: 10.1016/j.joca.2006.09.010

Kozhemyakina E, Zhang M, Ionescu A, Ayturk UM, Ono N, Kobayashi
A, et al. Identification of a Prg4-expressing articular cartilage progenitor
cell population in mice. Arthritis Rheumatol. (2015) 67:1261-73.
doi: 10.1002/art.39030

Fellows CR, Williams R, Davies IR, Gohil K, Baird DM, Fairclough J,
et al. Characterisation of a divergent progenitor cell sub-populations in
human osteoarthritic cartilage: the role of telomere erosion and replicative
senescence. Sci Rep. (2017) 7:41421. doi: 10.1038/srep41421

Lotz MK, Otsuki S, Grogan SP, Sah R, Terkeltaub R, D’Lima D. Cartilage cell
clusters. Arthritis Rheum. (2010) 62:2206-18. doi: 10.1002/art.27528

Koelling S, Kruegel J, Irmer M, Path JR, Sadowski B, Miro X, et al.
Migratory chondrogenic progenitor cells from repair tissue during the
later stages of human osteoarthritis. Cell Stem Cell. (2009) 4:324-35.
doi: 10.1016/j.stem.2009.01.015

De Bari C, DellAccio E  Tylzanowski P,  Luyten  FP.
Multipotent ~ mesenchymal  stem  cells  from  adult human
synovial membrane. Arthritis Rheum. (2001) 44:1928-42.

doi: 10.1002/1529-0131(200108)44:8<1928::AID-ART331>3.0.CO;2-P
Hunziker EB, Rosenberg LC. Repair of partial-thickness defects in articular
cartilage: cell recruitment from the synovial membrane. ] Bone Joint Surg Am.
(1996) 78:721-33. doi: 10.2106/00004623-199605000-00012

Buckley CT, Vinardell T, Thorpe SD, Haugh MG, Jones E, McGonagle
D, et al. Functional properties of cartilaginous tissues engineered from
infrapatellar fat pad-derived mesenchymal stem cells. J Biomech. (2010)
43:920-6. doi: 10.1016/j.jbiomech.2009.11.005

Katagiri K, Matsukura Y, Muneta T, Ozeki N, Mizuno M, Katano H, et al.
Fibrous synovium releases higher numbers of mesenchymal stem cells than
adipose synovium in a suspended synovium culture model. Arthroscopy.
(2017) 33:800-10. doi: 10.1016/j.arthro.2016.09.033

Jones EA, English A, Henshaw K, Kinsey SE, Markham AF, Emery P, et al.
Enumeration and phenotypic characterization of synovial fluid multipotential
mesenchymal progenitor cells in inflammatory and degenerative arthritis.
Arthritis Rheum. (2004) 50:817-27. doi: 10.1002/art.20203

Campbell TM, Churchman SM, Gomez A, McGonagle D, Conaghan PG,
Ponchel F, et al. Mesenchymal stem cell alterations in bone marrow lesions
in patients with hip osteoarthritis. Arthritis Rheumatol. (2016) 68:1648-59.
doi: 10.1002/art.39622

Matsukura Y, Muneta T, Tsuji K, Koga H, Sekiya I. Mesenchymal stem cells
in synovial fluid increase after meniscus injury. Clin Orthop Relat Res. (2014)
472:1357-64. doi: 10.1007/s11999-013-3418-4

Frontiers in Medicine | www.frontiersin.org

February 2021 | Volume 8 | Article 622609


https://doi.org/10.1002/art.23176
https://doi.org/10.1016/j.semarthrit.2014.10.012
https://doi.org/10.1002/art.34453
https://doi.org/10.1016/j.joca.2011.12.003
https://doi.org/10.1038/ncprheum0816
https://doi.org/10.1038/nrrheum.2013.109
https://doi.org/10.1002/art.11365
https://doi.org/10.2106/JBJS.M.00058
https://doi.org/10.1016/j.biopha.2018.11.099
https://doi.org/10.1080/14712598.2018.1502266
https://doi.org/10.1016/j.stem.2015.12.004
https://doi.org/10.1016/j.reth.2017.04.002
https://doi.org/10.1002/art.21651
https://doi.org/10.1002/art.21212
https://doi.org/10.1016/j.stem.2018.05.004
https://doi.org/10.1016/j.freeradbiomed.2013.12.012
https://doi.org/10.1186/s13287-017-0742-8
https://doi.org/10.1038/nrrheum.2017.182
https://doi.org/10.1016/S0968-0160(03)00005-X
https://doi.org/10.1136/ard.2010.142364
https://doi.org/10.1016/j.joca.2013.08.006
https://doi.org/10.2147/ORR.S211060
https://doi.org/10.1371/journal.pone.0227975
https://doi.org/10.1007/s004290100178
https://doi.org/10.1242/jcs.00912
https://doi.org/10.1016/j.joca.2006.09.010
https://doi.org/10.1002/art.39030
https://doi.org/10.1038/srep41421
https://doi.org/10.1002/art.27528
https://doi.org/10.1016/j.stem.2009.01.015
https://doi.org/10.1002/1529-0131(200108)44:8$<$1928::AID-ART331$>$3.0.CO
https://doi.org/10.2106/00004623-199605000-00012
https://doi.org/10.1016/j.jbiomech.2009.11.005
https://doi.org/10.1016/j.arthro.2016.09.033
https://doi.org/10.1002/art.20203
https://doi.org/10.1002/art.39622
https://doi.org/10.1007/s11999-013-3418-4
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Zhang et al.

Cartilage Regeneration for Osteoarthritis

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Sekiya I, Ojima M, Suzuki S, Yamaga M, Horie M, Koga H, et al.
Human mesenchymal stem cells in synovial fluid increase in the knee with
degenerated cartilage and osteoarthritis. J Orthop Res. (2012) 30:943-9.
doi: 10.1002/jor.22029

Baboolal TG, Mastbergen SC, Jones E, Calder SJ, Lafeber FP, McGonagle
D. Synovial fluid hyaluronan mediates MSC attachment to cartilage, a
potential novel mechanism contributing to cartilage repair in osteoarthritis
using knee joint distraction. Ann Rheum Dis. (2016) 75:908-15.
doi: 10.1136/annrheumdis-2014-206847

Fellows CR, Matta C, Zakany R, Khan IM, Mobasheri A. Adipose, bone
marrow and synovial joint-derived mesenchymal stem cells for cartilage
repair. Front Genet. (2016) 7. doi: 10.3389/fgene.2016.00213

Murphy JM, Dixon K, Beck S, Fabian D, Feldman A, Barry F. Reduced
chondrogenic and adipogenic activity of mesenchymal stem cells from
patients with advanced osteoarthritis. Arthritis Rheum. (2002) 46:704-13.
doi: 10.1002/art.10118

Aigner T, Gebhard PM, Schmid E, Bau B, Harley V, Poschl E.
SOX9 expression does not correlate with type II collagen expression
in adult articular chondrocytes. Matrix Biol. (2003) 22:363-72.
doi: 10.1016/S0945-053X(03)00049-0

Cucchiarini M, Thurn T, Weimer A, Kohn D, Terwilliger EF, Madry H.
Restoration of the extracellular matrix in human osteoarthritic articular
cartilage by overexpression of the transcription factor SOX9. Arthritis Rheum.
(2007) 56:158-67. doi: 10.1002/art.22299

Salminen H, Vuorio E, Saamanen AM. Expression of Sox9 and type IIA
procollagen during attempted repair of articular cartilage damage in a
transgenic mouse model of osteoarthritis. Arthritis Rheum. (2001) 44:947-55.
doi: 10.1002/1529-0131(200104)44:4 <947::AID-ANR152>3.0.CO;2-4
Akiyama H. Control of chondrogenesis by the transcription factor Sox9. Mod
Rheumatol. (2008) 8:213-9. doi: 10.3109/s10165-008-0048-x

Akiyama H, Chaboissier MC, Martin JE Schedl A, de Crombrugghe B.
The transcription factor Sox9 has essential roles in successive steps of the
chondrocyte differentiation pathway and is required for expression of Sox5
and Sox6. Genes Dev. (2002) 16:2813-28. doi: 10.1101/gad.1017802
Venkatesan JK, Ekici M, Madry H, Schmitt G, Kohn D, Cucchiarini M.
SOX9 gene transfer via safe, stable, replication-defective recombinant adeno-
associated virus vectors as a novel, powerful tool to enhance the chondrogenic
potential of human mesenchymal stem cells. Stem Cell Res Ther. (2012) 3:22.
doi: 10.1186/scrt113

Cucchiarini M, Orth P, Madry H. Direct rAAV SOX9 administration
for durable articular cartilage repair with delayed terminal
differentiation and hypertrophy in vivo. ] Mol Med. (2013) 91:625-36.
doi: 10.1007/500109-012-0978-9

Bi W, Deng JM, Zhang Z, Behringer RR, de Crombrugghe B. Sox9 is required
for cartilage formation. Nat Genet. (1999) 22:85-9. doi: 10.1038/8792
Kupcsik L, Stoddart MJ, Li Z, Benneker LM, Alini M. Improving
chondrogenesis: potential and limitations of SOX9 gene transfer and
mechanical stimulation for cartilage tissue engineering. Tissue Eng Part A.
(2010) 16:1845-55. doi: 10.1089/ten.tea.2009.0531

Tsuchiya H, Kitoh H, Sugiura E Ishiguro N. Chondrogenesis enhanced
by overexpression of sox9 gene in mouse bone marrow-derived
mesenchymal stem cells. Biochem Bioph Res Co. (2003) 301:338-43.
doi: 10.1016/50006-291X(02)03026-7

Li Y, Tew SR, Russell AM, Gonzalez KR, Hardingham TE, Hawkins RE.
Transduction of passaged human articular chondrocytes with adenoviral,
retroviral, and lentiviral vectors and the effects of enhanced expression of
SOXO. Tissue Eng. (2004) 10:575-84. doi: 10.1089/107632704323061933

Tew SR, Li Y, Pothacharoen P, Tweats LM, Hawkins RE, Hardingham TE.
Retroviral transduction with SOX9 enhances re-expression of the chondrocyte

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

phenotype in passaged osteoarthritic human articular chondrocytes.
Osteoarthr Cartil. (2005) 13:80-9. doi: 10.1016/j.joca.2004.10.011

Zhang X, Wu S, Naccarato T, Prakash-Damani M, Chou Y, Chu CQ, et al.
Regeneration of hyaline-like cartilage in situ with SOX9 stimulation of bone
marrow-derived mesenchymal stem cells. PLoS ONE. (2017) 12:e0180138.
doi: 10.1371/journal.pone.0180138

Zhang X, Wu SL, Zhu Y, Chu CQ. Long term durable repaired cartilage
Induced by SOX9 in situ with bone marrow-derived mesenchymal stem cells.
Int ] Med Res. (2021) 18:1399-405. doi: 10.7150/ijms.52510

Bajpayee AG, Grodzinsky AJ. Cartilage-targeting drug delivery: can
electrostatic interactions help? Nat Rev Rheumatol. (2017) 13:183-93.
doi: 10.1038/nrrheum.2016.210

Bajpayee AG, Scheu M, Grodzinsky AJ, Porter RM. Electrostatic interactions
enable rapid penetration, enhanced uptake and retention of intra-articular
injected avidin in rat knee joints. J Orthop Res. (2014) 32:1044-51.
doi: 10.1002/jor.22630

Bajpayee AG, Scheu M, Grodzinsky AJ, Porter RM. A rabbit model
demonstrates the influence of cartilage thickness on intra-articular drug
delivery and retention within cartilage. J Orthop Res. (2015) 33:660-7.
doi: 10.1002/jor.22841

Krishnan Y, Rees HA, Rossitto CP, Kim SE, Hung HK, Frank EH, et al.
Green fluorescent proteins engineered for cartilage-targeted drug delivery:
Insights for transport into highly charged avascular tissues. Biomaterials.
(2018) 183:218-33. doi: 10.1016/j.biomaterials.2018.08.050

Hosseini A, Mirzaei A, Salimi V, Jamshidi K, Babaheidarian P, Fallah
S, et al. The local and circulating SOX9 as a potential biomarker for
the diagnosis of primary bone cancer. ] Bone Oncol. (2020) 23:100300.
doi: 10.1016/j.jb0.2020.100300

Hong Y, Chen W, Du X, Ning H, Chen H, Shi R, et al. Upregulation
of sex-determining region Y-box 9 (SOX9) promotes cell proliferation and
tumorigenicity in esophageal squamous cell carcinoma. Oncotarget. (2015)
6:31241-54. doi: 10.18632/oncotarget.5160

XiM, Wan S, Hua W, Zhou Y, Jiang W, Hu J. Correlation of SOX9 and NM23
genes with the incidence and prognosis of prostate cancer. Oncol Lett. (2019)
17:2296-302. doi: 10.3892/01.2018.9828

Cronican JJ, Beier KT, Davis TN, Tseng JC, Li W, Thompson DB,
et al. A class of human proteins that deliver functional proteins into
mammalian cells in vitro and in vivo. Chem Biol. (2011) 18:833-8.
doi: 10.1016/j.chembiol.2011.07.003

Jones EA, Crawford A, English A, Henshaw K, Mundy J, Corscadden
D, et al. Synovial fluid mesenchymal stem cells in health and early

osteoarthritis: detection and functional evaluation at the single-
cell level. Arthritis Rheum. (2008) 58:1731-40. doi: 10.1002/art.
23485

Conflict of Interest: SW and YZ are employees of Vivoscript, Inc. which produced
scSOX9 used in the previous and ongoing studies.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Zhang, Wu, Zhu and Chu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Medicine | www.frontiersin.org

February 2021 | Volume 8 | Article 622609


https://doi.org/10.1002/jor.22029
https://doi.org/10.1136/annrheumdis-2014-206847
https://doi.org/10.3389/fgene.2016.00213
https://doi.org/10.1002/art.10118
https://doi.org/10.1016/S0945-053X(03)00049-0
https://doi.org/10.1002/art.22299
https://doi.org/10.1002/1529-0131(200104)44:4$<$947::AID-ANR152$>$3.0.CO
https://doi.org/10.3109/s10165-008-0048-x
https://doi.org/10.1101/gad.1017802
https://doi.org/10.1186/scrt113
https://doi.org/10.1007/s00109-012-0978-9
https://doi.org/10.1038/8792
https://doi.org/10.1089/ten.tea.2009.0531
https://doi.org/10.1016/S0006-291X(02)03026-7
https://doi.org/10.1089/107632704323061933
https://doi.org/10.1016/j.joca.2004.10.011
https://doi.org/10.1371/journal.pone.0180138
https://doi.org/10.7150/ijms.52510
https://doi.org/10.1038/nrrheum.2016.210
https://doi.org/10.1002/jor.22630
https://doi.org/10.1002/jor.22841
https://doi.org/10.1016/j.biomaterials.2018.08.050
https://doi.org/10.1016/j.jbo.2020.100300
https://doi.org/10.18632/oncotarget.5160
https://doi.org/10.3892/ol.2018.9828
https://doi.org/10.1016/j.chembiol.2011.07.003
https://doi.org/10.1002/art.23485
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Exploiting Joint-Resident Stem Cells by Exogenous SOX9 for Cartilage Regeneration for Therapy of Osteoarthritis
	Introduction
	Native MSCs of the Joint
	OA Joint MSCs are Defective in Chondrogenesis and Deficient in SOX9 Function
	Intra-articular Injection of scSOX9 Protein for Therapy of OA
	Author Contributions
	Funding
	References


