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When suffering from osteoarthritis (OA), articular cartilage homeostasis is out of balance
and the living quality declines. The treatment of knee OA has always been an unsolved
problem in the world. At present, symptomatic treatment is mainly adopted for OA. Drug
therapy is mainly used to relieve pain symptoms, but often accompanied with adverse
reactions; surgical treatment involves the problem of poor integration between the repaired
or transplanted tissues and the natural cartilage, leading to the failure of repair. Biotherapy
which aims to promote cartilage in situ regeneration and to restore endochondral
homeostasis is expected to be an effective method for the prevention and treatment of
OA. Disease-modifying osteoarthritis drugs (DMOADs) are intended for targeted treatment
of OA. The DMOADs prevent excessive destruction of articular cartilage through anti-
catabolism and stimulate tissue regeneration via excitoanabolic effects. Sprifermin
(recombinant human FGF18, rhFGF18) is an effective DMOAD, which can not only
promote the proliferation of articular chondrocyte and the synthesis of extracellular
matrix, increase the thickness of cartilage in a dose-dependent manner, but also inhibit
the activity of proteolytic enzymes and remarkedly slow down the degeneration of
cartilage. This paper reviews the unique advantages of Sprifermin in repairing cartilage
injury and improving cartilage homeostasis, aiming to provide an important strategy for the
effective prevention and treatment of cartilage injury-related diseases.

Keywords: sprifermin, FGF18, cartilage homeostasis, disease modifying osteoarthritis drugs, osteoarthritis,
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INTRODUCTION

The pathogenesis of OA mostly involves the whole joint, mainly including cartilage, subchondral
bone, joint capsule, synovial membrane and surrounding muscles, most manifested as cartilage
injury, subchondral osteosclerosis and synovial inflammation (Karsdal et al., 2016; Mehana et al.,
2019; Wu et al., 2020). Cartilage, a kind of connective tissue without nerves and blood vessels, exists
in joint, intervertebral disc, ear, nose, etc., and plays an important role in the normal structural
composition of human joint and movement (Krishnan and Grodzinsky, 2018; Vincent and Wann,
2019; Żylińska et al., 2021). Articular cartilage is mainly composed of chondrocytes and extracellular
matrix (ECM), the ECM mainly contains water, type II collagen (COL2), proteoglycan and
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glycosaminoglycan (GAG) (Muller et al., 2020). Cartilage is
extremely vulnerable to overloading, inflammation, trauma,
etc., and articular cartilage damage is one of the major
pathological changes of OA.

Articular cartilage has a poor ability to repair itself due to
inadequate blood supply and low metabolism. The cartilage in
femorotibial joint can relieve pressure and maintain frictionless
movement of joint. If the injury of cartilage in OA is not repaired
in time, it will further aggravate and involve the surrounding
tissues (Martínez-Moreno et al., 2019; Zhao et al., 2019; Zhang S.
et al., 2020). Results of microscopy studies showed that the
cartilage structure is disorganized, the number of chondrocytes
decreased, and the synthesis of COL2, proteoglycan and GAG is
obviously reduced during the occurrence of OA, and eventually
lead to cartilage tear. The ulcerated surface is easily formed
following cartilage tear, which can be covered by connective
tissue or fibrocartilage, accompanied by neovascularization,
resulting in damage of articular cartilage with the loss of its
full-thickness and damage to the biomechanics of articular
cartilage (Brody, 2015; McCulloch et al., 2019; Chen et al.,
2020). With the further progression of OA, more matrix
degradation related enzymes, such as matrix
metalloproteinase-13 (MMP-13) and metalloproteinase-5
(ADAMTS-5), inflammatory factors such as tumor necrosis
factor α (TNFα) and interleukin-1β (IL-1β) are produced,
eventually leading to deteriorative biochemical changes in
articular cartilage (van den Berg, 2011; Malemud, 2019; Pu
et al., 2021; Zhang et al., 2021). The above biomechanical and
biochemical changes ignite each other, forming a “positive
feedback” effect similar to a vicious cycle, synergistically
disturbing cartilage homeostasis, aggravating the damage of
cartilage and its surrounding tissues, eventually accelerating
the development of OA (Kapoor et al., 2011; Varady and
Grodzinsky, 2016).

Symptomatic treatment is mainly adopted for knee OA, but
lacks effective targeted treatment options (Katz et al., 2021). The
treatment plan mainly includes: 1. Drug intervention, such as oral
acetaminophen, non-steroidal anti-inflammatory drugs,
glucosamine, chondroitin sulfate and intraarticular injection of
sodium hyaluronate (Alexander et al., 2020; Wolff et al., 2021). 2.
Exercise, proper exercise helps strengthen muscle strength and

improves joint function (Skou et al., 2018). 3. Weight
management, encouraging overweight patients to lose weight,
thereby reducing the pressure load and inflammation state in the
joints (Springer et al., 2017; Harasymowicz et al., 2020; Oliveira
et al., 2020). 4. Traditional Chinese medicine treatment, such as
Chinese medicine ointment, massage, acupuncture and
moxibustion, which are mainly used to improve blood
circulation (Walsh et al., 2017; Zhang Z. et al., 2020; Park
et al., 2021). 5. Surgical treatment, such as microfracture
surgery, arthroscopic debridement, unicompartmental knee
arthroplasty (UKA), total knee arthroplasty, etc. (Deng et al.,
2021; Katz et al., 2021) (Table 1). Conservative treatment is
mainly used to relieve pain symptoms, but cannot effectively
prevent or reverse the progression of OA (Hochberg et al., 2012).
There are also some shortcomings in surgical treatment, such as
postoperative prosthesis infection, prosthesis loosening, and
limited prosthesis life (not suitable for young patients) (Quinn
et al., 2018; Xu et al., 2019). Relevant techniques for promoting
cartilage repair through cell or cartilage transplantation have once
attracted the attention of many scholars (Lv et al., 2020).
However, most of these technologies have the problem of poor
integration between the repaired or transplanted tissue and the
natural cartilage, which changes the stress distribution during the
joint load and causes the repaired or transplanted tissues to
degrade, ultimately leading to failure of transplantation repair
(Li Z. et al., 2016; Ernstbrunner et al., 2018). If biological therapy
can effectively promote cartilage repair in situ and restore
cartilage homeostasis, it will provide a powerful means for the
effective prevention and treatment of OA. Disease-modifying
osteoarthritis drugs (DMOADs) are a class of drugs that can be
used to treat OA. DMOADs mainly include fibroblast growth
factor 18 (FGF18), bone morphogenetic protein-7 (BMP-7),
C-type natriuretic peptide (CNP), insulin like growth factor-1
(IGF-1) etc. (Davies et al., 2008; Hunter et al., 2010; Bükülmez
et al., 2014; Zhang et al., 2017; Muller et al., 2020; Shah and
Mithoefer, 2020b). (Table2). Sprifermin (recombinant human
FGF18, rhFGF18) is an effective DMOAD. In the literature
Sprifermin is the only DMOAD which can strongly and
effectively maintain the chondrocyte phenotype in cell culture
models (Gigout et al., 2017; Antunes et al., 2020; Muller et al.,
2020). Sprifermin markedly promotes the proliferation of

TABLE 1 | Treatment options for OA.

Treatment characteristics

Drug intervention Oral or intravenous medication can temporarily relieve symptoms, but long-term use does not enhance the efficacy and
increases toxic side effects
Compared with oral or intravenous medication, topical drugs have less side effects, but skin allergies may occur
Articular injection is a common clinical treatment method, but it has the risk of infection

Exercise Enhance muscle strength, increase joint stability, and maintain joint mobility
Weight management Reduce the pressure load and inflammation state in the joints
Surgical treatment Surgery can effectively relieve symptoms and improve joint function, however, surgery has risks such as postoperative

prosthesis infection, prosthesis loosening and limited prosthesis life
Traditional Chinese medicine treatment Improve blood circulation, relieve pain, alleviate swelling and improve articular function
Cell or cartilage transplant Cell or cartilage transplantation is an emerging treatment. The surgical incision is small, and the postoperative recovery is

quick, but there is the possibility of poor integration of the repaired joint
DMOADs Promote articular chondrocyte proliferation and synthesis of ECM, inhibit proteolytic enzyme activity, repair the damaged

cartilage, and improve cartilage homeostasis, prevent or reverse the progress of OA
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articular chondrocytes and the synthesis of ECM, and thus
increases cartilage thickness in a dose-dependent manner
(Hochberg et al., 2019). Also, it can efficiently inhibit
proteolytic enzyme activity (such as MMP-13 and ADAMTS-
5) and significantly reduce articular cartilage degeneration
(Hochberg et al., 2018; Hochberg et al., 2019; Muller et al.,
2020). Sprifermin is currently in phase III clinical trial, and no
local or systemic safety concerns have been reported (Mori et al.,
2014; Li et al., 2021; Zeng et al., 2021). In view of this, we reviewed
the unique advantages of Sprifermin in promoting chondrocyte
proliferation and ECM synthesis, repairing articular cartilage
injury and improving cartilage homeostasis, as well as
analyzed its possible molecular mechanisms, aiming to provide
an important guidance for the effective prevention and treatment
of articular cartilage injury related diseases with OA as a typical
example.

BASIC STRUCTURE AND FUNCTION OF
SPRIFERMIN

The fibroblast growth factor (FGF) family is a group of
proteins with homology in nuclear acid sequences, which
plays an important role in many pathophysiological
processes such as embryo development, cell growth, tissue
repair, tumor growth and invasion etc. (Hung et al., 2016;
Khosravi et al., 2021; Liu et al., 2021). There are currently 19
members in the FGF family. In the late 1990s, FGF18 was
identified as a new member of the FGF family (Hu et al., 1998).
FGF18 was firstly isolated from mouse embryos by Maruoka
et al. (Hu et al., 1998; Maruoka et al., 1998). Structurally, it is
similar to FGF8 and FGF17 and is a member of the same
subfamily, with 70–80% amino acid homology sequence.
FGF18 is a highly conserved protein composed of 207
amino acids, and the gene encoding this protein is located
on chromosome 5q34 (Whitmore et al., 2000). Yang et al.
confirmed that FGF18 overexpression effectively inhibits the
epithelial-mesenchymal transformation of renal clear cell
carcinoma through PI3K/Akt signaling pathway (Yang
et al., 2020). Boylan et al. documented that FGF8, FGF17

and FGF18 are crucial for the formation of the fetal
abdominal wall (Boylan et al., 2020). Current studies in the
field of OA have reported that FGF18 remarkedly stimulates
the proliferation of chondrocytes and synthesis of ECM
(Muller et al., 2020). Intraarticular injection of FGF18
attenuates the degradation of GAG, proteoglycan and
COL2, inhibits the expression of MMP-13, reduces cartilage
degeneration, down-regulates OARSI score, and ultimately
promotes the regeneration and repairs of degenerated
cartilage (Yao et al., 2019; Muller et al., 2020).

Sprifermin is a new truncated rhFGF18 which acts through the
fibroblast growth factor receptor 3 (FGFR3). Sprifermin is
roughly five times more potent in binding to this receptor
compared to the natural FGF18 (Reker et al., 2020).
Sprifermin exhibits strong capability in stimulating
chondrocyte proliferation, stabilizing anabolic chondrocyte
phenotype, promoting ECM synthesis, inhibiting proteolytic
enzyme activity, increasing cartilage thickness, etc. (Hochberg
et al., 2019; Muller et al., 2020; Reker et al., 2020). Sprifermin
displays great potential in the treatment of OA and is expected to
be marketed soon.

Sprifermin not only stimulates chondrocyte proliferation and
chondrogenesis in vitro, but also effectively promotes cartilage
repair in vivo (Ellsworth et al., 2002; Moore et al., 2005).
Intraarticular administration of Sprifermin boosts chondrocyte
proliferation, promotes cartilage anabolism, and improves
cartilage biomechanical and histological properties in OA
patients who are scheduled to undergo knee arthroplasty
(Dahlberg et al., 2016). Through MRI observation, Roemer
et al. confirmed that Sprifermin not only promotes
chondrocyte proliferation in OA patients, but also plays an
effective therapeutic role on bone marrow injury (Roemer
et al., 2016). Animal experimental model has demonstrated
that intraarticular injection of Sprifermin markedly prevents
cartilage degradation and promotes the repair of damaged
cartilage in traumatic OA model (Moore et al., 2005). In
summary, clinical trials, in vitro experiments and animal
experiments all indicate that Sprifermin possesses powerful
performance in boosting chondrocyte proliferation and
cartilage repair.

TABLE 2 | Comparison of various DMOADs.

DMOADs Characteristics References

Sprifermin Sprifermin is the only compound favoring the chondrocyte phenotype, and it does not increase the expression of any
hypertrophy markers. Sprifermin can reduce type I collagen in ECM. Compared with permanent exposure, intermittent
exposure can maximize Sprifermin’s anabolic potential. Sprifermin has better effect on promoting chondrocyte proliferation
relative to several other DMOADs

Eckstein et al. (2021)

BMP-7 BMP-7, also known as osteogenic protein-1, is a growth factor in normal articular cartilage, and there it shows similar results
between intermittent and permanent exposure. BMP-7 can stimulate cartilage differentiation and promote the synthesis and
retention of ECM. BMP-7, like Sprifermin, has entered clinical trials

Hunter et al. (2010)

CNP Compared with other DMOADs, CNP has weaker promotion effect on chondrocyte proliferation and ECM production Bükülmez et al. (2014)
IGF-1 IGF-1 is better at promoting chondrocytes proliferation during permanent exposure, and it can regulate transcription of

degrading enzymes to inhibit the rate of matrix degradation, but IGF-1 is found to increase COL1 expression during
permanent exposure

Zhang et al. (2017)

TGF-β1 TGF-β1 (transforming growth factor-β1) can induce SOX-9 expression in MSC (mesenchymal stem cell) and increase
cartilaginous ECM. TGF-β1 can promote chondrocytes to form cartilage-like tissue

Davies et al. (2008)
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Sprifermin has exhibited outstanding prospects in promoting
cartilage repair, and intraarticular application of Sprifermin is
safe and reliable (Zeng et al., 2021). A comprehensive assessment
of the specific role of Sprifermin in promoting cartilage repair and
the evaluation of its potential molecular mechanisms are
conducive to further improvement of Sprifermin.

MECHANISM OF ACTION OF SPRIFERMIN

Sprifermin can activate FGFR3 on the surface of chondrocytes
and drive chondrocyte proliferation and ECM synthesis
(Davidson et al., 2005). In both monolayer and three-
dimensional culture models of porcine chondrocytes, it was
observed that Sprifermin not only increased the expression of
chondrocyte markers, but also decreased COL1 expression level,
increased the proportion of COL2:COL1, and maintained the
chondrocyte phenotype (Gigout et al., 2017). In addition,
Sprifermin does not increase the activity of proteolytic
enzymes and expression of hypertrophy markers in three-
dimensional culture, indicating that Sprifermin does not
exacerbate catabolism and chondrocyte hypertrophy, and is
able to safely and effectively maintain endochondral
homeostasis (Kapoor et al., 2011; Reker et al., 2017).

The effect of Sprifermin on cartilage repair may be closely
related to its ability to promote biphasic ECM remodeling
process. Initially, Reker et al. reported that there may be a
biphasic ECM remodeling process when Sprifermin acts on
bovine articular cartilage explant, which is specifically
manifested as the production of proteoglycan degradation
enzyme is earlier than that of COL2 synthesis enzyme (Reker
et al., 2017). In addition, chondrocytes monolayer and three-
dimensional culture both displayed an inverse linear relationship
between early chondrocyte proliferation and ECM synthesis,
which further corroborated the above point of view (Gigout
et al., 2017). In 2020, Reker and colleagues further elaborated
the details of Sprifermin-induced biphasic process of ECM
remodeling in human knee OA articular cartilage ex vivo
(Reker et al., 2020). When Sprifermin promotes
chondrogenesis, chondrocyte proliferation occurs in the early-
phase and ECM synthesis occurs in the late-phase. The biphasic
ECM remodeling process is firstly characterized by increased
aggrecanase activity, leading to degradation of proteoglycan and
COL2, followed by enlarged compartment and chondrocyte
proliferation space, and thus synthesis of a growing amount of
proteoglycan and COL2, while the metabolic activity is
maintained. Perhaps the biphasic ECM remodeling is because
of the expansion of chondrocyte population is limited by the
surrounding ECM. When Sprifermin stimulates the resting
chondrocytes in the ECM, the chondrocytes will induce ECM
degradation to enlarge the compartment and allow chondrocytes
to proliferate, which in turn produces more ECM and ultimately
promotes chondrogenesis. Reker and colleagues speculated that
matrix degradation is a prerequisite for the initiation of
chondrocyte proliferation during ECM remodeling, the
maintenance of the delicate balance between chondrocyte
proliferation and ECM synthesis synergistically promotes

cartilage regeneration (Reker et al., 2017; Reker et al., 2020)
(Figure 1).

The retention time of Sprifermin in joint capsule is limited,
and the therapeutic effect can be maximized by injection at
reasonable time intervals. Studies have demonstrated that the
application of Sprifermin for three consecutive weeks with
repetition every 6 months exerts the best therapeutic effect on
promoting cartilage proliferation (Hochberg et al., 2019; Sieber
and Gigout, 2020). As for the long-term continuous medication
of Sprifermin, although it promotes the chondrocytes
proliferation to a certain extent, the acceleration of
chondrogenic anabolism is not as good as intermittent
repeated exposure. Similarly, it was reported that different
exposure times of Sprifermin can lead to completely different
or even opposite effect (Gigout et al., 2017). Long-term exposure
to Sprifermin has a weaker down-regulation effect on COL1 than
once a week exposure mode, discontinuation after initial
exposure is necessary for maximizing Sprifermin’s anabolic
potential (Gigout et al., 2017). For example, in the three-
dimensional culture of porcine chondrocytes, after exposure to
Sprifermin once a week for 4 weeks, the chondrocytes in the
culture evidently increased and more GAG and hydroxyproline
were synthesized (Sieber and Gigout, 2020); however, when the
culture was continuously exposed to Sprifermin, the ECM
synthesis was notably reduced (Rozenblatt-Rosen et al., 2002;
Gigout et al., 2017). In conclusion, the intermittent exposure of
Sprifermin activates the anabolic response instantly, which is
beneficial to cartilage repair. However, permanent exposure
might act on other signaling pathways and eventually exert a
weaker role in promoting cartilage repair. This phenomenon may
be attributed to desensitization (or negative feedback loop) of
Sprifermin during long term exposure.

FGF18 acts via the FGFR in the cell membrane and regulates
the runt-related transcription factor 2 (Runx2) via signaling
molecules such as mitogen-activated protein kinase (MAPK)
and phosphoinositide 3-kinase (PI3K), thereby regulating
cartilage formation at the molecular level (Ellsworth et al.,
2002; Jeon et al., 2012; Catheline et al., 2019). Gigout et al.
confirmed that extracellular signal-regulated kinases 1 (ERK1)
and ERK2 play an important role in Sprifermin signaling, such as
promoting the formation of chondrocyte morphology and
reducing the expression of COL1 (Gigout et al., 2017). FGF18
plays a crucial role in the development of bone and cartilage, as
well as the dynamic balance of bone mineralization. Ohbayashi
et al. documented that FGF18 has the highest affinity to FGFR3
and moderate affinity to FGFR2 (Ohbayashi et al., 2002). FGF18
directly regulates cartilage formation by acting on FGFR3.
Besides, FGF18 regulates cartilage formation through other
signaling pathways indirectly, for instance, FGF18 down-
regulates the hedgehog signaling pathway activity in the
interarticular region (Barnard et al., 2005; Clarke, 2020).

At the cellular and molecular level, apoptosis is closely related
to the occurrence and development of OA (Hwang and Kim,
2015). Mitochondria are organelles within the cytoplasm, bound
by a double membrane. The membrane space and mitochondrial
matrix jointly formed by outer membrane and inner membrane
are capable of sensing and responding to external stressors.
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Generally speaking, mitochondria maintain cell homeostasis by
generating energy and activating intracellular signaling pathways
(Eisner et al., 2018). Reduced mitochondrial membrane potential
and leakage of cytochrome C from mitochondria are landmark
events of apoptosis. Under the stress environment, mitochondrial
dysfunction may occur, which results in the inability to maintain
enough protons to power oxidative phosphorylation (Shen et al.,
2021). The PI3K/Akt pathway is a classical anti-apoptotic signal
transduction pathway, which is regulated by a variety of upstream
inflammatory mediators and could inhibit apoptosis and
autophagy of chondrocytes (Xue et al., 2017). The activated
Akt depolymerizes tuberous sclerosis complex 1 (TSC1)/TSC2
dimer, thereby abolishing the inhibitory effect on Rheb, and
eventually activates mammalian target of rapamycin (mTOR)
and downstream transcription factor eIF4E, regulates the
expression of apoptosis-related genes (Xu et al., 2015).
Phosphorylation of PI3K and Akt down-regulates the levels of
various apoptotic factors such as Bax, Bim (Bcl-2-interacting
mediator of cell death) and FoxO1 induced by IL-1β, thereby
inhibiting cell apoptosis, restoring mitochondrial membrane
potential and reducing the generation of ROS, finally
promoting the proliferation and migration of chondrocytes. In
most cases, the activity of PI3K/Akt signaling pathway is
remarkedly blocked during the progression of OA (Wang
et al., 2018; Zhang Y. et al., 2020). The balance of
mitochondrial fusion and fission (MFF) can timely and
effectively remove damaged mitochondria and restore the
normal mechanism or function of mitochondria (Youle and
van der Bliek, 2012). By maintaining MFF balance, FGF18
evidently restores the function and morphology of
mitochondria, enhances the phosphorylation of PI3K and Akt,
and exerts an efficient anti-osteoarthritis efficacy. Excessive

activation of autophagy will exacerbate chondrocytes damage
(Wang J. et al., 2020). The mTOR, an important downstream
signaling molecule of PI3K/Akt, is involved in the negative
regulation of autophagy (Li Y.-S. et al., 2016). After
cytochrome C enters the cytoplasm, it will activate caspase-3
and induce apoptosis through cascading amplification reaction
(Zhou et al., 2015). Bcl-2 is an important anti-apoptotic molecule,
which can reduce the permeability of mitochondrial membrane
to cytochrome C and inhibit the release of cytochrome C from
mitochondria into the cytoplasm (Karaliotas et al., 2015). From
the literature it is known that FGF18 activates the PI3/Akt
signaling pathway to inhibit IL-1β-induced caspase-3
activation and Bcl-2 expression, thus playing an anti-apoptotic
effect (Li Z. et al., 2016; Koundouros and Poulogiannis, 2018; Yao
et al., 2019) (Figure 2).

CARTILAGE HOMEOSTASIS

Cartilage is mainly composed of chondrocytes and gelatinous
ECM. The natural ECM consists of COL2, COL1, GAG, etc.
(Peng et al., 2021). The unique structure and composition of the
cartilage ECM are important factors in maintaining cartilage
homeostasis, providing a smooth joint articulation and
enabling articular cartilage to withstand loads several times the
body weight (Bailey et al., 2021; Peng et al., 2021). COL2 is the
most abundant component in the ECM of cartilage, where it
forms a fibrous network structure; while GAG absorbs a large
amount of water to form gel, and thus maintaining the dilatability
and elasticity of cartilage (Sherwood et al., 2014). Cartilage lacks
blood vessels and nerves, and its self-repair ability is limited.
Chondrocytes are the singular cell type of cartilage which

FIGURE 1 | When Sprifermin acts on chondrocytes, there is a biphasic ECM remodeling process. The chondrocyte proliferation and ECM degradation occurs in
the early-phase and ECM synthesis occurs in the late-phase. The biphasic ECM remodeling ensures that Sprifermin efficiently boosts chondrocyte proliferation, ECM
synthesis, and ultimately promotes cartilage regeneration (The figure is made by adobe illustrator 2021).
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maintain and regulate the osmotic pressure of cartilage. Death,
abnormal activation and differentiation of chondrocytes,
increased degradation of ECM, and excessive generation of
proteolytic enzymes or inflammatory mediators can destruct
cartilage homeostasis and induce or aggravate OA (Sandya
et al., 2007; Muntyanu et al., 2016; Rim et al., 2020).

The imbalance of cartilage homeostasis is mainly the result of
cartilage degeneration and inflammation (Ritter et al., 2013;
Redondo et al., 2018; Xie et al., 2021). During OA, the initial
stage of cartilage degeneration is manifested as superficial
cartilage defect or fibrosis, followed by the formation of ulcers
and cracks, and gradually expands to subchondral bone, making
the cartilage thinner and thinner, leading to full-thickness
cartilage defect (McCulloch et al., 2019; Chen et al., 2020). As
the above events worsen, it can lead to subchondral bone
exposure and intensified degeneration. Chondrodegeneration is
an important event in the early stage of OA, and the articular
inflammatory environment caused by degradation and
destruction of cartilage in the middle and late stage ultimately
lead to synovial hyperplasia and angiogenesis (Yu et al., 2016).
Inflammatory factors produced in the pathological process
directly act on chondrocytes and ECM, which can further
destroy the cartilage homeostasis. Mechanical stress and acute
injury up-regulate the gene expression of inflammatory factors
IL-1, IL-6 and TNFα, thereby promoting the expression of
ADAMTs, MMP-3, MMP-9 and MMP-13, leading to the

degradation of COL2A1 and GAG (Yang et al., 2017). Proteolytic
enzymes are involved in the synthesis, recombination, and repair of
connective tissue. The external or internal injury, genetic
abnormalities and irregular mechanical loading of cartilage could
result in the imbalance of metabolic activity by overly enhancing the
activity of proteolytic enzymes, and ultimately accelerate cartilage
degradation (Choi et al., 2019). IL-1 has a strong ability to induce
aggrecanolysis and up-regulate the synthesis of chondrodegrading
enzymes, such as MMP-3, ADAMTS-4, and ADAMTS-5 (Kapoor
et al., 2011; Na et al., 2020). IL-6 can efficiently reduce proteoglycan
synthesis in normal cartilage in vitro (Wang W. et al., 2020). TNFα
induces the synthesis of MMPs and other proteases in chondrocytes,
meanwhile increases prostaglandin E2 (PGE2) level by stimulating
the synthesis of cyclooxygenase-2, microsomal PGE synthase-1 and
soluble phospholipase A2 (Fitzgerald et al., 2004). The cartilage
degeneration and inflammatory microenvironment of cartilage can
activate each other and jointly aggravate the destruction of cartilage
homeostasis.

RESEARCH PROGRESS OF SPRIFERMIN
IN THE TREATMENT OF CARTILAGE
RELATED DISEASES
OA is a heterogeneous disease involving the whole joint, and
cartilage degeneration is the main feature (Shah and Mithoefer,

FIGURE 2 | FGF18 acts on FGFR on the cell membrane and regulates chondrocyte proliferation through MAPK, ERK1/2 and hedgehog signaling pathways. The
reduction of mitochondrial membrane potential and the leakage of cytochrome C into cytoplasm are closely related to cell apoptosis. FGF18 can maintain the balance of
mitochondrial fusion and fission (MFF), restore the function and morphology of mitochondria, enhance the phosphorylation of PI3K and AKT, thereby depolymerizing
TSC1/TSC2 and activating mTOR, ultimately inhibit apoptosis and autophagy of chondrocytes. After cytochrome C is released from mitochondria into the
cytoplasm, it activates caspase-3 and causes apoptosis through a cascaded amplification reaction. FGF18 inhibits IL-1β-induced caspase3 activation through PI3K/
AKT signaling pathway, enhances the expression of Bcl-2, and exerts an anti-apoptotic effect. Protein phosphatase1 (PHLPP1) is widely presented in chondrocytes
during OA, and inhibits the proliferation of chondrocytes, differentiation, and matrix production. The decrease of PHLPP1 enhances the activity of Akt, and then down-
regulates the transcription factor FoxO1 expression, followed by the increased expression of FGF18, and the enhanced phosphorylation of ERK1 or ERK2 through
FGFR, and finally accelerates the proliferation of chondrocytes (The figure is made by adobe illustrator 2021).
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2020a). Under the microscope, articular cartilage damage can be
assessed by analysis of tissue sections. OA cartilage can be
characterized by the appearance of clusters of chondrocytes
near the superficial layer, chondrocyte apoptosis in the deep
and calcified layer, and disruption of ECM due to the degradation
of collagen and proteoglycan. Although the proliferative activity
of chondrocytes is also activated, the catabolic activity is much
higher than the proliferative activity (Sandell and Aigner, 2001;
Carlo and Loeser, 2008). As the disease progresses, the degrading
enzymes produced by articular chondrocytes gradually increase,
further aggravating the destruction of articular biomechanics and
biochemistry (Dreier, 2010) (Figure 3).

A first-in-human study showed that intraarticular injection
of Sprifermin efficiently promotes chondrocytes proliferation
and has a positive effect on histological and biomechanical
cartilage properties (Dahlberg et al., 2016). Quantitative
measurement and ultrastructural analysis indicated that
treatment with Sprifermin increases the synthesis of GAG
and COL2 and promotes the formation of ECM connections
across the cartilage, which helps damaged cartilage to complete
the repair process (Gigout et al., 2017). In the in vitro repair
model, mechanical and biochemical analysis displayed that the
adhesion strength between cartilage surfaces is stronger and
the contact area between core cartilage and cartilage rings is
larger in the Sprifermin treatment group, indicating that
Sprifermin effectively promotes the healing of articular
cartilage defects and the integration between lateral
cartilage (Sennett et al., 2018). In a sheep model, Power and
colleagues compared the efficacy between Microfracture
(MFX) and MFX with rhFGF18 in the treatment of articular

cartilage defects, and they observed significant statistical
differences in International Cartilage Repair Society (ICRS)
tissue repair scores, tissue fill scores, and improved O’Driscoll
scores at 6 months between the two groups. MFX combined
with rhFGF18 promotes the formation of hyaline chondroid
tissue compared to the MFX group (Power et al., 2014).
Sennett et al. also reported that, compared with the control
group, the Sprifermin treatment group has stronger cartilage-
to-cartilage interface adhesion strength, more COL2 content,
and larger contact area between core cartilage and annular
cartilage, which indicates that Sprifermin can effectively
promote the repair of damaged cartilage (Sennett et al., 2018).

The current literature shows that, compared with placebo
treatment, administration of Sprifermin not only increases
cartilage thickness in some locations of the joint (adds
cartilage volume and thickness globally, or at some regions
where cartilage thickness is expected to be static), but also
notably reduces cartilage loss (Lohmander et al., 2014;
Eckstein et al., 2015). Similarly, following Sprifermin
treatment, the percentage of cartilage thickness of medial
central tibia, lateral central tibia and medial central femoral
condylar has the largest changes, indicating a strong sensitivity
to Sprifermin, and the most obvious difference between
Sprifermin and placebo group is in medial central tibia
(Hochberg et al., 2019). This indicates that the high bearing
area of the joint and the area where cartilage is prone to damage
are more sensitive to Sprifermin (Hochberg et al., 2018; Eckstein
et al., 2020). Roemer et al. confirmed that Sprifermin exerts a
positive effect on cartilage morphology and improvement of bone
marrow-induced lesions (BML), and no negative effects

FIGURE 3 | During OA, the synthesis of ECM (GAG, COL2) decreases, and cartilage degeneration occurs. Microscopically, the spatial arrangement of
chondrocytes is changed from single to double strings, then to clusters. With the development of OA, chondrocytes undergo abnormal activation and even death, which
intensifies the degradation and destruction of cartilage. The inflammatory environment of the joint may lead to synovial proliferation, biochemical and biomechanical
changes in the articular cartilage, compensatory osteophyte formation, muscle atrophy and meniscus tears of the knee (The figure is made by adobe illustrator
2021).
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associated with Sprifermin are reported in other joint tissues
(Roemer et al., 2016).

Sprifermin can specifically target FGFR3 of chondrocytes.
Since FGFR3 is expressed in meniscus, Sprifermin is expected
to achieve a therapeutical effect when meniscus is injured
(Roemer et al., 2020). Studies by Lohmander et al. showed
that after intra-articular injection of Sprifermin, cartilage
thickness significantly increases in a dose-dependent manner
(Lohmander et al., 2014). Gigout and colleagues confirmed
that in monolayer culture of porcine chondrocytes and 3D
culture of human and porcine chondrocytes, Sprifermin could
promote chondrocyte proliferation dose-dependently (Gigout
et al., 2017). (Lohmander et al., 2014). Intra-articular injection
of FGF18 can activate FGFR3C, alleviate the cartilage degradation
of rat post-traumatic osteoarthritis (PTOA), increase the
deposition of COL2, and inhibit the expression of MMP-13
(Karuppaiah et al., 2016; Onuora, 2021). When OA occurs, the
expression of FGFR3 in chondrocytes is down-regulated, usually
accompanied by increased FGFR1 level, while FGF18 can up-
regulate the expression of FGFR3 and down-regulate FGFR1 level
in chondrocytes (Yao et al., 2019). In addition, FGF18 expression
and FGFR3 activation in growth plate chondrocytes inhibit
proliferation and hypertrophy of chondrocytes (Karuppaiah
et al., 2016). Ohbayashi et al. reported that FGF18 is required
for both osteogenesis and chondrogenesis in bone development, it
promotes both proliferation of osteogenic mesenchymal cells and
terminal differentiation to mature osteoblasts (Ohbayashi et al.,
2002).

There are many studies which focused on the anti-OA
effect of FGF18 in vivo. Power et al. found that, through
animal experiments, microfracture surgery combined with
intraarticular injection of rhFGF18 effectively can promote the
repair of articular cartilage defects of the medial femoral condyle

(Power et al., 2014). Moore et al. also demonstrated that
intraarticular injection of FGF18 stimulates cartilage repair in
a rat meniscus tear model, giving rise to a dose-dependent
increase in cartilage thickness and a significant reduction in
cartilage degeneration scores (Moore et al., 2005). Similarly, in
another OA rat model, administration of rhFGF18 could prevent
cartilage degeneration (Mori et al., 2014). RhFGF18 is expected to
protect articular cartilage from injury. In a five-year phase II
clinical trial, Eckstein et al. have proved that intra-articular
injection of Sprifermin can promote knee cartilage
regeneration in OA patients. Sprifermin is the first DMOAD
candidate drug that can promote the regeneration of damaged
articular cartilage (Hochberg et al., 2019; Eckstein et al., 2020;
Eckstein et al., 2021). Initially, Hochberg et al. reported that intra-
articular injection of Sprifermin efficiently increases the cartilage
thickness of femorotibial joint, compared with other doses and
frequencies, the intra-articular administration of 100 μg every
6 months is most effective (Hochberg et al., 2019). Through a
large sample study, they further confirmed that Sprifermin
increases the thickness of the cartilage in all parts of the
femorotibial joint in OA patients, and the effect is more
obvious in high load-bearing areas such as the central medial
tibia (Eckstein et al., 2020). Based on above, Eckstein et al. further
evaluated the effectiveness and safety of Sprifermin in patients
with OA. Following treatment with Sprifermin, the WOMAC
pain score improved by approximately 50% in all groups with
different doses and frequencies. Sprifermin treatment can
maintain long-term structural modification of articular
cartilage, hereby they confirmed that Sprifermin can not only
modify the structure of articular cartilage, but also effectively
alleviate clinical symptoms (Eckstein et al., 2021).

The promotion effect of Sprifermin on chondrogenesis
depends on the inflammatory environment to some extent.

TABLE 3 | Table of the transition from animal experiment to clinical trial.

Research conclusion Research type References

The proliferation of chondrocytes and production of ECM increased after addition of FGF18 into the medium of primary
articular chondrocytes. FGF18 promotes the expression of FGFR3 and FGFR2 in chondrocytes. They hypothesize that
FGF18 acts as a trophic factor for chondrocytes and plays an autocrine role in the biology of normal articular cartilage

In vitro Experiment Ellsworth et al. (2002)

FGF18 increases cartilage thickness of the tibial plateau in a dose-dependent manner, and high doses of FGF18 can
promote the remodeling of subchondral bone. In an in vivomodel of OA, research confirms FGF18 is the first anabolic agent,
which helps to facilitate cartilage repair

Animal Experiment Moore et al. (2005)

Animal experiments show that intra-articular infiltration with rhFGF-18 improves cartilage repair with a phenotype similar to
hyaline cartilage. No adverse events are encountered throughout the study, which indicates that rhFGF-18 is safe and
efficacious, therefore it can be used as an excellent early treatment choice for OA

Animal Experiment Power et al. (2014)

The dose-dependent effect of Sprifermin on the cartilage thickness across the total femorotibial joint and in the LFTC (lateral
femorotibial cartilage) are consistent, there are no local or systemic safety concerns and complications

Clinic Trial Lohmander et al. (2014)

The clinic trial evaluates the effects of intra-articular injection of Sprifermin in different doses and frequencies on articular
cartilage structure in patients with OA. Results show that intra-articular injection of Sprifermin at 100 μg every 6 months
exerts the most improvement in cartilage thickness after 2 years. However, the study has not yet determined the durability of
response

Clinic Trial Hochberg et al. (2019)

In addition to the positive effect of Sprifermin on cartilage thickness, the post-hoc analysis shows that Sprifermin also has a
dose-dependent positive effect on cartilage morphology and bone marrow lesions in the patellofemoral joint, and Sprifermin
treatment has no deleterious effects on other joint tissues

Clinic Trial Roemer et al. (2020)

The clinic trial shows that intraarticular injection of Sprifermin can increase the thickness of the femorotibial joint cartilage,
which is most obvious for the areas with high load-bearing and pre-existing cartilage damage. Sprifermin is safe and effective
in OA patients, it can improve WOMAC pain scores. Sprifermin not only changes the structure of articular cartilage, but also
effectively relieves clinical symptoms

Clinic Trial Eckstein et al. (2021)
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Under inflammatory state, the regulative effect of Sprifermin on
articular cartilage anabolism is obviously attenuated (Reker et al.,
2017). For instance, when explants are co-cultured with pro-
inflammatory cytokines prior to Sprifermin, almost no changes in
COL2 synthesis and ECM degradation markers are observed
following Sprifermin treatment. Other studies have confirmed
that continuous co-culture of oncostatin M + TNFα almost
eliminates Sprifermin-stimulated COL2 synthesis during the
whole culture period (Reker et al., 2017). In clinical work,
matching the appropriate treatment method with the
corresponding patient is very important for the effective
treatment of OA, due to that the cartilage regeneration effect
of Sprifermin may be largely affected by the inflammation of the
joint cavity. In view of the above studies, Sprifermin may be a
more effective DMOAD for OA patients with mild synovitis or
low levels of pro-inflammatory factors. Sprifermin injection in
the knee cavity in patients with early OA (Kellgren-Lawrence
grade 1 or 2) combined with other oral agents can delay or even
reverse the progression of OA. For severe OA patients (Kellgren-
Lawrence grade 3 or 4), Sprifermin is expected to delay the time to
total knee replacement (Table3).

LIMITATION

At present, most of the experiments on Sprifermin are still in the
animal stage, and the application of Sprifermin in human body is
rare. The effect of Sprifermin may be different between human
and animal cartilage. Although Sprifermin can promote cartilage
regeneration and increase cartilage thickness, it remains unclear
whether cartilage can regenerate according to the natural cartilage
structure. Additionally, the dose and method of administration of
Sprifermin are still controversial. Due to the limited volume of
articular cavity, there is no consensus on how to achieve the
maximum therapeutic effect with the minimum dose of
Sprifermin. For patients with symptomatic knee OA, the
follow up time after intraarticular injection of Sprifermin is yet
not long enough, and its clinical effectiveness remains uncertain.
The long-term effect of Sprifermin in clinical patients requires
longer follow-up time and more clinical samples, and more
clinical trials are needed to prove that articular cartilage

structural modification in OA patients can be translated into
symptomatic benefit.

CONCLUSION

Thus far, there is no satisfactory drug or method for the treatment
of OA. Sprifermin is a promising drug of DMOAD, displaying
unique advantage in maintaining cartilage homeostasis.
Sprifermin can effectively promote chondrocyte proliferation
and ECM synthesis, maintain chondrocyte phenotype.
Following Sprifermin treatment, the enlarged chondrocyte
population produce transparent ECM, and there is a biphasic
ECM remodeling process, which remarkably amplifies the
efficiency of cartilage regeneration. The functions of
Sprifermin might be closely related to its anti-inflammatory
and maintenance of mitochondrial performance. Clinical trials
have confirmed that intermittent injections of Sprifermin in the
knee joint once a week can maximize the effect of anti-OA.
Therefore, Sprifermin is expected to become a safe and effective
drug for delaying or even reversing cartilage damage-related
diseases. Although some progress has been made, the specific
mechanism of its action is still unclear. Before Sprifermin can be
used on a large scale in clinical treatment of cartilage injury-
related diseases, its long-term safety and effectiveness still need to
be evaluated by further studies.
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