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Abstract Sclerostin, a protein secreted from osteocytes, negatively regulates the WNT signaling

pathway by binding to the LRP5/6 co-receptors and further inhibits bone formation and promotes bone

resorption. Sclerostin contributes to musculoskeletal system-related diseases, making it a promising ther-

apeutic target for the treatment of WNT-related bone diseases. Additionally, emerging evidence indicates

that sclerostin contributes to the development of cancers, obesity, and diabetes, suggesting that it may be

a promising therapeutic target for these diseases. Notably, cardiovascular diseases are related to the pro-

tective role of sclerostin. In this review, we summarize three distinct types of inhibitors targeting scler-

ostin, monoclonal antibodies, aptamers, and small-molecule inhibitors, from which monoclonal

antibodies have been developed. As the first-in-class sclerostin inhibitor approved by the U.S. FDA,
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the monoclonal antibody romosozumab has demonstrated excellent effectiveness in the treatment of post-

menopausal osteoporosis; however, it conferred high cardiovascular risk in clinical trials. Furthermore,

romosozumab could only be administered by injection, which may cause compliance issues for patients

who prefer oral therapy. Considering these above safety and compliance concerns, we therefore present

relevant discussion and offer perspectives on the development of next-generation sclerostin inhibitors by

following several ways, such as concomitant medication, artificial intelligence-based strategy, druggable

modification, and bispecific inhibitors strategy.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The SOST gene, mapped to human chromosome 17q12eq211

was first discovered as a pathogenic gene in sclerosteosis and
Van Buchem disease2,3. Sclerostin is a glycoprotein encoded by
the SOST gene in osteocytes. A negative regulator of the WNT
signalling pathway, sclerostin binds low-density lipoprotein
receptor-related protein 5/6 (LRP5/6) co-receptors, further
inhibiting bone formation and promoting bone resorption4,5,
making it a promising therapeutic target in bone-related disor-
ders. As the first sclerostin inhibitor approved by the United
States Food and Drug Administration (U.S. FDA)6, romosozu-
mab can both promote bone formation and inhibit bone resorp-
tion. It has demonstrated excellent effectiveness in the treatment
of osteoporosis (OP) in postmenopausal women, suggesting that
the development of drugs targeting sclerostin for the treatment
of bone diseases is essential.

In addition to OP, rare bone diseases, such as osteogenesis
imperfecta (OI) and X-linked hypophosphatemia (XLH), are
closely related to sclerostin. An in-depth study of sclerostin revealed
the mechanism by which sclerostin regulates bone metabolism is
associated with the LRP5/6 co-receptors7. Since mutation in LRP5/
6 (G171V) was found to cause metabolic bone diseases, the study of
the roles of LRP5/6 and WNT signalling in bone disease has
attracted considerable attention8. Additionally, the part of sclerostin
in bone formation was closely related to the WNT-b-Catenin sig-
nalling pathway upon the discovery that WNT protein binding to
LRP5/6 further promotes the expression of an osteoblast-related
gene4. In addition, an increasing number of studies have shown
that the developments of cancers, obesity, and diabetes are associ-
ated with sclerostin9e11. In addition to the above-mentioned dis-
eases related to the contributional role of sclerostin, some conditions
are associated with the protective role of sclerostin, such as rheu-
matoid arthritis (RA)12 and cardiovascular diseases13. Thus, it is
vital to fully understand the structure and functions of sclerostin, as
this comprehension will enable the realization of a theoretical basis
for the development of sclerostin inhibitors14. In this review, we
summarize the following contents: relevant knowledge of sclero-
stin; the status of anti-sclerostin monoclonal antibody drugs
currently in clinical trials; the effectiveness, efficacy, safety, and
tortuous road of romosozumab approval; and the progress in the
research of other sclerostin inhibitors, such as aptamers and small
molecules. Finally, we discuss the safety issues related to romoso-
zumab therapy and compliance concerns raised by injection therapy.
Given these issues, the outlook for the discovery of next-generation
sclerostin inhibitors is proposed at the end of the manuscript,
including the development of concomitant medication, the prospect
of artificial intelligence (AI)-based strategies for the discovery of
small-molecule sclerostin inhibitors, suggestions for druggable
modifications of anti-sclerostin aptamers and the identification of
bispecific inhibitors for the treatment of sclerostin-related diseases
to improve treatment outcomes.

2. Structure, functions, signaling pathway and diseases
related to sclerostin

2.1. Structure and functions of sclerostin

The first investigation of the structure of sclerostin was performed
by Veverka et al.15, who used nuclear magnetic resonance spec-
troscopy (NMR) to analyse the three-dimensional structure of
sclerostin. The results indicated that sclerostin has a core cystine-
knot structure comprising three specific domains: loop 1, loop 2,
and loop 3. Additionally, sclerostin has side chains assembled with
a highly flexible N-terminal (amino acid residues 1e55) and C-
terminal domains (amino acid residues 145e189). However, ac-
cording to the crystal structure of sclerostin, the total length of the
protein contains 213 amino acid residues16. In general, sclerostin
is similar to differential screening-selected gene aberrative in
neuroblastoma family proteins, initially identified as bone
morphogenetic protein (BMP) antagonists, giving sclerostin the
ability to bind BMPs and inhibit BMP signalling and osteoblast
mineralization17,18. Four disulfide bonds formed by four pairs of
cysteine residues in sclerostin were identified by mass spectrom-
etry. The specific positions of these disulfide bonds are as follows:
C1eC4 (Cys56eCys110), C2eC5 (Cys81eCys141), C3eC6
(Cys85eCys143), and C0eC0 0 (Cys70eCys124), which determine
the specific pattern of the cystine knot. A cystine ring with eight
members is formed by pairs of cysteine residues combined with
Cys81eCys141 (C2eC5) and Cys85eCys143 (C3eC6). The
cystine knot is established by a disulfide bridge between C1 and
C4 that passes through the ring. C0eC00, the terminal pair of
cysteine residues, is critical for linking loops 1 and 3 (shown in
Fig. 1AeC)15. In contrast to most proteins with cystine knot
motifs, sclerostin forms as a monomer, not as a homodimer or
heterodimer, containing disulfide bridges19.

Sclerostin, as a competitor forWNT binding, binds to LRP5/6 co-
receptors to negatively regulate bone formation. The LRP5/6 co-
receptors are highly homologous proteins involved in the WNT sig-
nalling pathway with vital functions. Early study of the LRP6 inter-
action site in sclerostin showed that the site partially consists of the
NXI motif in loop 2, as confirmed byNMR. According to mutational
analysis, the prolineeasparagineealanineeisoleucineeglycine
(PNAIG) motif on the top of loop 2 was shown to be critical for
sclerostin interactions with the LRP5/6 co-receptors20. Very recently,
Kimetal.16presentedacrystal structureof theLRP6E1E2esclerostin

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 The structure of sclerostin. The residues which were

bound with disulfide bonds each other were marked in green. C,

cysteine; K, lysine; R, arginine; S, sulfur.

Figure 2 Interaction between sclerostin and LRP6. (A) Binding site

in the HNQS region of the sclerostin C-tail with LRP6. (B) Binding

site in the PNAIG region of the loop2 with LRP6. Red sticks are

amino acid residues of sclerostin, green sticks are amino acid residues

of LRP6, ILE119, ASN117 correspond to the crystal data of sclero-

stin, if the NMR results are referred, the residues are ILE95, ASN 93,

respectively.
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complex with two adjacent interaction sites that discounted the
formerly proposed model showing sclerostin loop 2 peptide-bound
LRP6 E1. Additionally, performing both structural and functional
analyses, Kim et al.16 were the first to report that the four-terminal
residues in the C-tail of sclerostin, HNQS, interact with LRP6 E2
(shown in Fig. 2A). The finding of an additional binding site enabled
this group to propose a newbindingmodel for sclerostin, showing that
the synchronous interaction of sclerostinwithLRP6E1 andE2 causes
more efficient suppression of WNT signalling16. Both the HNQS re-
gionandapositivelychargedclusterare crucial for the full suppressive
effect of sclerostin onWNT1 signalling, and that they exhibit additive
effects on sclerostin activity (shown in Fig. 2A)16.

2.2. Signalling pathways related to sclerostin

2.2.1. The WNT signalling pathway
WNT signalling plays an essential role in bone formation, growth,
and development21e23. The WNT-b-Catenin signalling pathway, the
canonical WNT signalling pathway, is a critical regulator of bone
formation and metabolism. In this pathway, WNT binds to LRP5/6
to promote the further expression of an osteoblast-related gene4.
b-Catenin is a positive regulator of bone formation. It not only
fosters stem cell osteoblast differentiation but also inhibits osteoclast
activity to regulate bone mass. Chen and Long24 found that the
decline in mouse bone density caused by reductions in osteoclasts’
number and activity was more significant than that caused by the
cutbacks in osteoblast number and activity in b-Catenin knockout
(KO) mice. In the WNT/b-Catenin pathway, when a complex is
formed by the WNT protein and Frizzled receptor or the LRP5/6 co-
receptors25, the serine residue in the cytoplasmic domain of LRP5/6
forms a binding site that recruits AXIN, a protein that can suppress
glycogen synthase kinase 3b phosphorylation of b-Catenin25,26. In
these cases, the level of b-Catenin in the cytoplasm is sustained, and
b-Catenin gradually moves to the nucleus where it interacts with the
T cell factor/lymphatic enhancement factor complex27. As a result,
the downstream target genes in the inhibitory state are activated,
including CD44, Cyclin D1, runt-related transcription factor 2,
osteoclastogenesis inhibitory factor, and bone morphogenetic pro-
tein 228,29. Sclerostin thus acts as an antagonist of the WNT-b-Cat-
enin pathway to negatively regulate bone formation30.WhenWNT is
inactivated, sclerostin binds to LRP5/6 cell surface receptors, pre-
venting their interaction between the WNT ligand, which prevents
the establishment of theWNT-Frizzled-LRP5/6 ternary complex and
thus inhibits the canonical WNT signalling pathway31. Cytosolic
b-Catenin is phosphorylated and targeted for ubiquitination by the
destruction complex and degraded by the proteasome. Cell factor/
lymphatic enhancement factor transcription factors in the nucleus
associate with Groucho, repressingWNT target gene transcription31.
In addition, sclerostin inhibition (by anti-sclerostin antibody (Scl-
Ab) administration to ovariectomized (OVX) mice) or SOST defi-
ciency (mutations in the first exon of the SOST gene in patients with
sclerosteosis) leads to a compensatory increase in Dickkopf-1
(DKK-1, another WNT antagonist)32, which might confine the ef-
fect of sclerostin inhibition on WNT-driven bone formation.
Recently, sclerostin neutralization has been consistently found to
promote the osteoanabolic effects of DKK-1 inhibition33. DKK-1
deficiency (DKK-1 KO) and Scl-Ab treatment have a synergistic
effect34.

2.2.2. NF-kB signaling pathway
Nuclear factor-kappa B (NF-kB), a family of inducible transcription
factors (includingNF-kB1(P50),NF-kB2 (P52),RELA (P65),RELB
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andC-REL) that regulates the expression of various genes involved in
inflammation and the immune response35, was recently found to play
essential roles in bone metabolism, bone destruction and bone
regeneration36. Both canonical and noncanonical NF-kB pathways
have been shown to mediate RA pathogenesis and contribute to in-
flammatory bone loss37,38. In addition, bidirectional and multifunc-
tional crosstalk between WNT/b-Catenin and NF-kB signalling
pathway components have been discovered39. WNT/b-Catenin can
either negatively regulate NF-kB signaling or positively modulate
NF-kB activity40. In osteoblasts and chondrocytes, NF-kB activity
can be inhibited by b-Catenin via the physical interaction of b-Cat-
enin with RELA and/or P50 in the presence of a GSK-3 inhibitor or
upon WNT3a stimulation. In a study of post-transplant bone dis-
ease41,42, it was found that the content of sclerostin in bone increased.
In contrast, the expression of receptor activator of NF-kB ligand in
both serum and bone was increased, accompanied byWNT pathway
inhibition43. In TNF-dependent arthritis models, WNT inhibition by
sclerostin blocked tumor necrosis factor alpha (TNF-a)-induced NF-
kB activation44. In summary, subsets of NF-kB-induced target genes
and their related biological functions are differentially influenced by
WNT/b-Catenin in response to different stimuli40. Emerging evi-
dence suggests that sclerostin might play an essential role in NF-kB-
associated diseases, providing new opportunities to treat not only
WNT-associated diseases but also NF-kB-associated diseases.

2.3. Diseases related to the contributional role of sclerostin

2.3.1. Osteoporosis and age-related muscle weakness related to
sclerostin
2.3.1.1. Postmenopausal osteoporosis. OP, a skeletal disorder
in which bones become weakened and easily fractured, leading to
considerable disability and mortality, is a global healthcare
problem45,46. Postmenopausal osteoporosis (POP) is the most
common type of OP46. Increasing evidence has shown that a high
sclerostin level is a solid and independent risk factor for OP-
related fractures in postmenopausal women47,48. As a pivotal
regulator of bone formation, sclerostin is considered an attractive
target for developing inhibitors for use in anabolic bone and other
therapies. Substantial preclinical and clinical evidence supports
the use of sclerostin inhibitors in OP (shown in Table 149e51). In
phase III trials, in postmenopausal women with OP, subcutaneous
administration of sclerostin antibody (romosozumab) effectively
enhanced bone mineral density (BMD), compared with that in the
placebo group49, as well as in men with OP50. Anti-sclerostin
therapy resulted in enhanced BMD, improved bone structure
and greater bone strength4. In 2019, romosozumab (brand name:
Table 1 The efficacy on bone in human treated with sclerostin anti

Patients Disease Age (year) Treatment

6390 women POP 55e90, 70.9 210 mg, monthly

245 men OP 55e90, 72 210 mg, monthly

315 women Low BMD 55e85, 66 70 mg, monthly

140 mg, monthly

210 mg, monthly

BMD, bone mineral density; F, femoral neck; LS, lumbar spine; TF, total
Evenity�), a humanized therapeutic antibody against sclerostin,
was approved by both the U.S. FDA and European Medicines
Agency (EMA) for POP with a warning for cardiovascular risk
(U.S. FDA Press Announcements, 2019; EMA Documents, 2019).
Because it may increase the risk of cardiovascular events, the
application of romosozumab is limited. Therefore, the develop-
ment of new-generation sclerostin inhibitors that do not increase
cardiovascular risk is a desired research objective.

2.3.1.2. Disuse osteoporosis. Disuse OP describes a state of
bone lossdue to local skeletal unloading, systemic immobilizationor
a microgravity environment51e53. Emerging evidence shows that
sclerostin plays a vital role in mechanical responses. Mechanical
unloadingofwild-typemice causedupregulationof sclerostin,while
sclerostin-deficient mice were resistant to automatic unloading-
induced bone loss54. Mechanical stimulation by enhanced loading
of bone (the ulna) in vivo reduced osteocyte expression of sclerostin,
while reduced loading (hindlimbs) increased sclerostin expres-
sion55. Consistently, although the stimulatory effect of Scl-Ab on
bone formation was transient and followed by a downturn in animal
models56 and humans49 despite continuous exposure to Scl-Ab,
recent reports showed that bone formation induced by Scl-Ab was
reactivated upon exposure to mechanical stimuli57. All these data
indicated that sclerostin inhibition could be a promising strategy for
preventing/rescuing disuse bone loss, especially for those lacking
exposure tomechanical stimuli, such as bedriddenpeople, disuseOP
patients and long-term aerospace passengers. However, as we
mentioned,Scl-Abhas limitedapplication since itmight increase the
risk of cardiovascular events. Notably, astronauts show higher car-
diovascular risks58 and/or higher cardiovascular diseasemortality59,
suggesting that Scl-Ab may further increase their cardiovascular
risk. Therefore, in order to not increase cardiovascular risks and
prevent disuseOP in patients with disuseOP and individuals lacking
mechanical stimuli, especially those undergoing long-term space
flight, the development of new-generation sclerostin inhibitors is
warranted.

2.3.1.3. Fracture. Bone fracture is a medical condition in
which the continuity of the bone is partially or entirely broken.
Genetic evidence has shown that sclerostin deficiency induced
by Sost-KO does not inhibit endochondral repair. However,
sclerostin enhances fibrocartilage/cartilage callus removal,
resulting in united bony calluses with increased bone involve-
ment and increased strength60,61. The effect of sclerostin inhi-
bition induced by monoclonal antibodies on fracture healing
has been investigated in several in vivo animal models,
body.

Duration (month) BMD Ref.

LS F TH

12 13.3% [ 5.9% [ 6.9% [ 49

12 12.1% [ N/A TF 2.5% [ 50

12 5.3% [ 0.7% [ 1.2% [ 51

24 6.9% [ 1.2% [ 1.9% [
12 9.0% [ 4.3% [ 3.4% [
24 12.5% [ 5.3% [ 4.5% [
12 11.3% [ 3.7% [ 4.1% [
24 15.1% [ 5.2% [ 5.4% [

femur; TH, total hip.



Table 2 The efficacy on XLH in animal treated with FGF23 antibody (FGF23-Ab) or Sclerostin antibody (Scl-Ab).

Treatment FGF23-Ab FGF23-Ab Scl-Ab

Animal model Hyp mice (_) Hyp mice (_) Hyp mice (_, \)

Dose 16 mg/kg, 1/week, 4 times 35 mg/kg, 3/week, 30 times 25 mg/kg, 1/week, 4 times

Serum phosphate (%) WT: 49%[ N/A WT: 56%[
Hyp: 127%[ Hyp: 31%[ Hyp: 80%[

Bone strength N/A [ [
BV/TV [ [ [
Trabecular thickness (Tb.Th) N/A [ [
Ref. 85 86 84
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including rodent closed fracture models62,63, a rodent open
fracture model64, rodent osteotomy models with/without pins/
screws65,66 and a primate fibular osteotomy model62. Many
non-clinical pharmacological studies have shown that sclerostin
inhibition induced by a Scl-Ab can significantly augment bone-
specific anabolism and callus formation, promote fracture
healing and enhance implant fixation, especially in the early
stages of the healing process. Moreover, for fracture healing,
dual inhibition of sclerostin and DKK-1 leads to synergistic
bone formation in rodents and non-human primates, showing
superior bone repair activity compared with monotherapies67.
However, two international phase II investigating the effects of
romosozumab on fracture healing for patients with fractures
showed that short-term treatment with romosozumab did not
significantly improve fracture healing-related clinical and/or
radiographic outcomes in the studied patient populations68,69.
In conclusion, in contrast to evidence obtained with rodents,
clinical evidence failed to support the utilization of sclerostin
inhibition by administration of romosozumab for accelerating
fracture repair.

2.3.1.4. Sarcopenia. Sarcopenia is a condition characterized by
loss of skeletal muscle mass and function70. Osteocyte-derived scle-
rostin was shown to have a significant association with lean muscle
mass. Some evidence has shown that a pathological WNT signalling
pathway may be a cause of sarcopenia. Serum sclerostin level can be
used as a biomarker for identifying the risk of sarcopenia12. In addi-
tion, a study byKim et al.12 revealed that osteocyte-derived sclerostin
was significantly associated with skeletal muscle mass. High serum
sclerostin levels have been independently correlatedwith lowmuscle
mass in non-diabeticmen andwomen inKorea.These studies showed
that serum sclerostin levels are negatively associated with skeletal
muscle mass.

However, since the WNT pathway is engaged in complex in-
terconnections with other ways involved in skeletal muscle
regeneration and myogenesis, the implication of the WNT sig-
nalling pathway in the regulation of aged skeletal muscle remains
ambiguous12. This ambiguity might be associated with the
pleiotropic roles of WNT. The physiological relevance of circu-
lating sclerostin to skeletal muscle development needs to be
further explored through functional studies.

2.3.2. Rare bone diseases related to sclerostin
2.3.2.1. Osteogenesis imperfecta (OI). OI is the most common
single-gene-inherited bone disorder with skeletal fragility and
severe bone mass and architecture defects. To date, no pharma-
cological treatment has been explicitly developed for OI. Both
genetic and pharmacological evidence has indicated that sclerostin
inhibition can promote bone anabolism in Col1a2þ/G610C mice
(the classical phenotype)71,72. Moreover, the efficacy of anti-
sclerostin bone anabolic treatment has been validated in Brtl/þ

mice (a moderate phenotype) and Col1a1jrt/þ and Crtape/e mice
(severe phenotypes)73. However, the humanized therapeutic
Scl-Ab (romosozumab) caused extreme cardiac ischaemic events
in the clinic49,50,74. In addition to the primary clinical manifesta-
tion related to the skeleton, a series of associated secondary fea-
tures were observed, including cardiac valve and aortic wall
abnormalities75,76. Accordingly, there is also growing cardiovas-
cular concern for OI patients undergoing Scl-Ab treatment,
especially those with cardiovascular abnormalities or a history of
cardiovascular disease. Thus, a sclerostin inhibitor that can pro-
mote bone anabolism but does not increase the cardiovascular risk
for patients with OI needs to be developed.

2.3.2.2. X-linked hypophosphatemia. XLH is themost common
typeofvitaminDresistant rickets.Thehypophosphatemiaobservedin
some XLH patients may be due to high levels of bone-derived phos-
phaturic hormonefibroblast growth factor 23 (FGF23)77. Therapeutic
neutralizing FGF23 antibody (FGF23-Ab), which was approved by
theU.S. FDAandEMAfor the treatment ofXLH78, is contraindicated
in patients with renal insufficiency, and warnings have been issued to
patients with hyperphosphatemia and nephrocalcinosis (U.S. FDA
Press Announcements, 2018; EMADocuments, 2018), limiting their
use in chronic kidney disease (CKD)79. In CKD rats, FGF23-Ab
worsened hyperphosphatemia and led to early death80. Therefore, it
is vital to develop novel therapeutic targets for XLH with renal
insufficiency.

In both XLH patients and Hyp mice (a widely used model of
XLH), sclerostin levels were higher than average81,82. In addition,
sclerostin deficiency by Sost-KO elevated the serum phosphate
level in Hyp mice83. Administration of a therapeutic Scl-Ab
suppressed the circulating levels of intact FGF23 in Hyp mice,
which attenuated specific pathologies associated with XLH84. Scl-
Ab treatment affected XLH comparable to that of FGF23-Ab
therapy (shown in Table 284e86). Moreover, it was found that
Scl-Ab had no significant impact on hyperphosphatemia-related
biochemistry in CKD rats87 and that sclerostin deficiency modu-
lated the development of the bone mineral disorder in both CKD
mice and normal mice88. All this evidence showed that sclerostin
is a potential therapeutic target for XLH patients with or without
CKD.

Currently, inhibition of sclerostin by therapeutic Scl-Ab (romo-
sozumab) has demonstrated bone anabolic potential for clinical use.
However, itmay increasecardiovascular risk.Notably safetyconcerns
have increased for XLH patients with a history of cardiovascular
diseases and who have received romosozumab74. Therefore, the
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development of next-generation sclerostin inhibitors that do not in-
crease the cardiovascular risk for patients with XLH is needed.
2.3.2.3. Chronic kidney disease mineral bone disorder syndrome
related to sclerostin. CKD often causes detrimental bone dis-
turbances in bone turnover, bone mineral balance and develops
severe vascular calcification (VC)89. In uremic rats, the plasma
levels of sclerostin were significantly higher than those in normal
rats89. Clinical data show that, in CKD patients, the circulating
levels of sclerostin were significant higher (approximately 3e4
times) than those in normal individuals, and the circulating scle-
rostin levels decreased during dialysis90,91. Moreover, it was found
that sclerostin deficiency modified the development of mineral and
bone disorder (MBD) in both CKD mice and normal mice86.
Consistently, Scl-Ab treatment could also ameliorate the MBD in
CKD rats, although the degree was slight85. All the above evi-
dence showed that sclerostin could be a potential therapeutic
target for CKDeMBD. In addition, it was found that the increased
cardiovascular risk associated with kidney diseases partly resided
in the CKDeMBD syndrome92, in which the circulating sclerostin
levels were abnormally higher93,94. The presence of VC, in which
sclerostin was identified as one of the secreted factors from the
calcified vasculature, directly affected bone metabolism89. In
either case, sclerostin was considered a CKDeMBD biomarker
and a potential therapeutic target95. However, as mentioned above,
sclerostin simultaneously has a protective role in VC and car-
diovascular risk in CKD95. In contrast, the utilization of Scl-Ab
has cardiovascular risks for patients with CKDeMBD. There-
fore, the development of next-generation sclerostin inhibitors that
do not increase the cardiovascular risk for patients with
CKDeMBD is needed.

2.3.3. Certain cancers related to sclerostin
Clinical studies on a wide range of cancers have revealed elevated
levels of sclerostin in patients, such as breast cancer, especially in
three negative breast cancer (TNBC)96. With implications for
translation into medicinal applications, inhibition of sclerostin
expression by a sclerostin-neutralizing antibody suppressed bone
metastasis and increased the survival of breast cancer model
mice97,98.

At the mechanistic level, two potential bridges can be lever-
aged to close the gap between cancers and sclerostin expression.
One bridge involves the potential role of sclerostin in immuno-
suppression or by promoting the accumulation of myeloid-derived
immunosuppressor cells (MDSCs). It has been found that the
population of MDSCs in tumour tissues obtained from TNBC
patients was more extensive than that in non-TNBC patients99. In
addition, it has been established that the downregulation of the
WNT/b-Catenin signalling pathway drives MDSCs recruitment
and promotes immunosuppression in the tumour microenviron-
ment100,101. Considering this evidence, one group suggested that
sclerostin might participate in the immunomodulation of the
tumour microenvironment in TNBC102.

Angiogenesis might be the other bridge connecting sclerostin
to cancer. Angiogenesis plays an essential role in tumour growth,
progression and metastasis. Interestingly, emerging evidence has
indicated that angiogenesis is associated with sclerostin103. It was
reported that sclerostin increased not only the proliferation of
human umbilical vein endothelial cells but also the formation of
anastomosing tubule networks, the percentage of tubules, the total
length of tubules and the number of junctions, implying that the
role of sclerostin in promoting angiogenesis is similar to that of
vascular endothelial growth factor104. Mechanistically, sclerostin
was shown to enhance angiogenesis by stimulating the production
of two acknowledged proangiogenic cytokines, placental growth
factor and vascular endothelial growth factor, in an LRP6-
dependent manner104.

2.3.4. Obesity and diabetes related to sclerostin
Emerging evidence has revealed the relationship between sclero-
stin and obesity. Clinical evidence has demonstrated that circu-
lating sclerostin levels are positively correlated with fat mass in
aged men105 and postmenopausal women106. Similar results were
confirmed in children, and serum sclerostin levels were slightly
altered107. In vivo data demonstrated that in obese mice induced
fed a high-fat diet, serum sclerostin levels were significantly
higher than those in normal control mice108. In Sost-KO mice, fat
mass and adipocyte size were reduced, while the opposite
phenotype was observed in mice with sclerostin over-
expression109. At the mechanistic level, it was found that sclero-
stin can induce adipocyte differentiation110, increase beige
adipogenesis111 and regulate adipocyte metabolism109, at least in
part, through inhibition of WNT signalling in preadipocytes107.
With implications for translation into medicinal applications, in-
hibition of sclerostin by a sclerostin-neutralizing antibody sup-
pressed adipocyte differentiation, inhibited lipid synthesis, and
promoted fatty acid oxidation in mice109.

Sclerostin is closely linked with diabetes and glucose meta-
bolism in both children and adolescents. A series of clinical
studies demonstrated that circulating sclerostin levels were higher
in individuals with prediabetes112, type 1 diabetes and type 2
diabetes113. Moreover, circulating sclerostin levels were positively
correlated with adipose insulin resistance in both healthy in-
dividuals and people with prediabetes110. A series of in vivo data
demonstrated that Sost-KO improved insulin-stimulated glucose
uptake and enhanced insulin sensitivity in mice, while sclerostin
overexpression resulted in increased insulin resistance109. Inhib-
iting sclerostin expression by a sclerostin-neutralizing antibody
enhanced glucose metabolism and ameliorated insulin resistance
in obese mice fed a high-fat diet109.

All this evidence showed that sclerostin is a potential thera-
peutic target for obesity and diabetes. However, the sclerostin
antibody used for treatment might increase the risk of heart attack,
stroke and cardiovascular death in humans with a history of car-
diovascular disease (U.S. FDA Press Announcements, 2019; EMA
Documents, 2019). Moreover, both obese and diabetes patients are
typically at high risk of cardiovascular disease114, which further
limits the utilization of a sclerostin antibody. The development of
new-generation sclerostin inhibitors is desired for the treatment of
obesity and diabetes.

2.4. Diseases related to the protective role of sclerotin

2.4.1. Rheumatoid arthritis
In chronic TNF-a-dependent arthritis, most sclerostin is secreted
from fibroblast-like synoviocytes. Sclerostin deficiency caused by
either gene truncation or antibody-mediated inhibition accelerates
the progression of RA-like disease in human TNF-a transgenic
mice with enhanced pannus formation and joint destruction12. In a
partially TNF-a-dependent glucose-6-phosphate isomerase-
induced arthritis mouse model, suppression of sclerostin failed
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to attenuate clinical signs of joint destruction. However, in K/BxN
serum transfer-induced arthritis mouse models, inhibition of
sclerostin ameliorated disease severity independently of TNF re-
ceptor signalling. These discoveries suggested a particular role for
sclerostin in TNF-a signalling. Sclerostin effectively blocked
TNF-a but not interleukin-1-induced activation of P38, a crucial
step in arthritis development, revealing a previously unknown
protective role of sclerostin in TNF-mediated chronic inflamma-
tion. The worsening effect of Scl-Ab treatment on the clinical RA
outcome in mice under chronic TNF-a-dependent inflammatory
conditions indicates that caution should be taken when consid-
ering this treatment for either an inflammatory bone loss in RA
and/or in patients with TNF-a-dependent comorbidities12.

2.4.2. Cardiovascular diseases related to sclerostin
Atherosclerosis, a common atherosclerotic vascular disease, is a
pathology of ischaemic heart diseases such as coronary heart dis-
ease, leading to inappropriate proliferation of vascular smooth
muscle115. Studies have shown that sclerostin is closely associated
with cardiovascular diseases and that sclerostin serum level is
related to atherosclerosis13. In a study of 191 African-American
men, the levels of sclerostin were positively correlated with coro-
nary artery calcification116. Koos et al.117 found that the level of
sclerostin in patients with aortic valve calcificationwas significantly
higher than that in healthy people and was increased with the
severity of vascular calcification. A meta-analysis of the effects of
romosozumab, a humanized therapeutic Scl-Ab, in phase III ran-
domized controlled trials (BRIDGE and ARCH) indicated a higher
risk of cardiac ischaemic events in patients randomized to romo-
sozumab (210 mg per month). Another meta-analysis on BMD-
increasing SOST variants (rs7209826 and rs188810925) showed
that BMD-increasing SOST variants were associated with higher
cardiovascular risk118.Additionally, inCHDpatients, sclerostinwas
expressed at a significantly higher level than that in the non-CHD
group and was positively correlated with coronary artery calcifica-
tion scores. However, contrary conclusions were reported in some
studies. For example, in a study of 313 elderly patients, sclerostin in
the CHD group was lower than that in the control group, suggesting
that the sclerostin level may be a risk factor for CHD119. Another
study found that in postmenopausal womenwith type 2 diabetes, the
level of sclerostin was negatively correlated with carotid intima-
media thickness113. Additionally, some statistics identified sclero-
stin as an independent arterial stiffness predictor in hypertensive
patients120. These results indicated that cardiovascular diseases are
closely associated with sclerostin.

As mentioned above, sclerostin plays different roles in different
diseases, summarized in Table 312,68,69,72,73,84,98,109,111,118,121e127.
Inhibition of sclerostin not only promotes bone formation but also
inhibits bone resorption,making it a promising therapeutic target for
the treatment of WNT-related bone diseases.

3. Clinical advancements in the development of anti-
sclerostin monoclonal antibody drugs

3.1. The mechanism of action of anti-sclerostin antibodies

Scl-Ab was found to regulate bone metabolism and promote bone
formation at multiple levels128. At the gene level, it was reported
that Scl-Ab could reduce the level of DNA double-strand-break
marker g-H2AX and increase the level of DNA repair protein
KU70, thereby reducing the apoptosis rate of osteoblasts by
accelerating DNA repair129. At the cell level, several studies have
shown that Scl-Ab can indirectly reduce the activity of osteoclasts
by participating in the regulation of osteoblast proliferation and
differentiation and by inhibiting osteoblast apoptosis induced
during bone metabolism130. It was reported that Scl-Ab inhibits
the binding of sclerostin to LRP5/6 and weakens the antagonistic
activity of sclerostin on WNT-induced responses131. In addition,
Scl-Abs were observed to promote bone formation on remodelled
surfaces and resting surfaces in tested gonad-intact female mon-
keys, Sost-KO mice, and OVX rats. These treated mice also pre-
sented with greater bone mass and strength increases than were
found in control samples taken from non-OVX rats. The results
indicated that Scl-Ab could prolong the lifespan of osteoblasts132,
probably because Scl-Ab interacts with both the loop 2 and part of
the loop 3 (close to the C-terminal domains) domains in sclerostin
by interfering with sclerostin-mediated inhibition of WNT-
induced AXIN expression15. Generally, loop 2 is critical for
antagonism of the WNT protein19.

3.2. Currently promising anti-sclerostin antibodies

To date, several monoclonal antibodies have been demonstrated to
be effective sclerostin inhibitors (shown in Table 471,125,133,134),
including romosozumab, which has been approved for clinical
use. Some drugs have been in clinical trials, and others aborted
during the discovery or preclinical stage because of limited
efficacy135,136.

Blosozumab, another promising sclerostin inhibitor, passed
phase I and II clinical trials. Developed by Eli Lilly Inc. for the
treatment of OP, blosozumab acts as a negative regulator of
osteoblast activity by binding sclerostin137. In a phase I clinical
trial with healthy postmenopausal volunteers, the effects on bone
biomarkers, including serum sclerostin, total procollagen type
1 N-terminal propeptide, BMD and so on, were dose-dependent
for single- and multiple-dose blosozumab treatments138. These
outcomes were corroborated by the results obtained on the 85th
day of the trial indicating that bone density at the lumbar spine
increased by 3.41% and 7.71%, respectively, from baseline in the
single- and multiple-dose groups. In a phase II clinical trial
including 120 premenopausal women with low BMD who
received different doses of blosozumab or placebo for 12 months,
the highest-dose group had a 17.7% increase in lumbar spine bone
density and a 6.2% increase in total hip bone density at the end of
the trial137.

BPS-804 (setrusumab), a human immunoglobulin G2 mono-
clonal antibody targeting sclerostin, is used to treat OI, a rare
genetic disorder associated with low bone mass and increased
bone brittleness, and repeated fracture. This antibody, which can
reduce the activity of sclerostin, is in phase II clinical trials. Trial
results obtained to date have indicated that treatment with this
antibody stimulated bone formation, reduced bone resorption, and
increased lumbar spine BMD in adults with moderate OI, showing
good tolerance and potential for clinical application71.

SHR-1222, a humanized immunoglobulin G4 monoclonal
antibody targeted to soluble sclerostin, is a novel class 1 biological
product developed by Jiangsu Hengrui Medicine Co., Ltd. for the
treatment of OP and is currently in phase I clinical trials. The
preclinical pharmacokinetic and toxicokinetic studies of SHR-
1222 indicated its potential for clinical application139. Gao
et al.134 developed a powerful detection method for quantifying



Table 3 A summary of sclerostin-related diseases.
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SHR-1222 in serum samples of cynomolgus monkeys, and the
pharmacokinetic results showed that the levels of SHR-1222 after
30 days in vivo were acceptable.
The abovementioned antibody drugs are in the clinical stage,
and one previously tested drug romosozumab has been approved
by the U.S. FDA.



Table 4 Anti-sclerostin antibodies approved or in clinical

research.

Scl-Ab Phase Treatment Company Ref.

Romosozumab Approval OP Amgen and UCB

Inc.

133

Blosozumab II OP Eli Lilly Inc. 125

BPS-804 II OI Mereo BioPharma 71

AMG 167 I Osteopenia Amgen Inc. 133

SHR-1222 I OP Jiangsu Hengrui

Medicine Co., Ltd.

134
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3.3. Romosozumab: the first universally approved drug
targeting sclerostin

3.3.1. Mechanism of action
Romosozumab (AMG 785), a humanized monoclonal antibody, is
the most mature Scl-Ab. It can both inhibit sclerostin and antag-
onize its negative regulatory efficacy on bone metabolism, thereby
promoting bone formation and inhibiting bone resorption51,140.
Romosozumab was successively approved by the U.S. FDA and
EMA for the treatment of OP in postmenopausal women with a
high risk of fracture in April and October 2019, respectively6,141.
The mechanism of action of romosozumab is shown in Fig. 3.
Specifically, romosozumab preferentially combines with sclero-
stin, inhibiting the binding of sclerostin to LRP5/6142. The
abovementioned action was beneficial for WNT ligand binding to
LRP5/6 co-receptors and the Frizzled143,144, thereby preventing
proteasomal degradation of b-Catenin from increasing its
concentration.

3.3.2. Phase III clinical trials: the effectiveness, efficacy, and
safety of romosozumab
U.S. FDA approval of romosozumab was based on data from
critical points of phase III clinical trials. The complete clinical
assessment of romosozumab was established on 19 clinical studies
that enrolled approximately 14,000 patients. The efficacy of
therapies including romosozumab, placebo, and other agents in
patients with OP was tested. The results showed that romosozu-
mab could effectively reduce the risk of osteoporotic fractures in
postmenopausal women and increase BMD values in patients145.
As early as 2011, human trials with romosozumab with a cohort of
72 subjects conducted by Padhi et al.146 showed that romosozu-
mab therapy significantly increased the levels of procollagen type
1 N-terminal propeptide and BMD values for the lumbar spine and
hip. Nonetheless, some common adverse drug reactions (ADRs),
such as injection-site erythema and back pain, persisted146. In the
study of the efficacy and safety of romosozumab conducted by
Langdahl et al.147, 436 women with postmenopausal OP who
received bisphosphonate therapy for more than one year were
randomly assigned to 2 groups for circannual treatment of
romosozumab or teriparatide. Both romosozumab and teriparatide
increased the BMD value of patients significantly, with the former
having a more substantial effect than teriparatide which has been
approved as an effective anabolic (promoting bone formation)
agent that could only stimulate bone formation but don’t inhibit
bone resorption. The number of adverse events and serious
adverse events was balanced in the two groups147.

Cosman et al.49 conducted a study of romosozumab in a
phase III clinical trial (FRAME study) that enrolled 7180 post-
menopausal women from 55 to 90 years old who presented with
a T score of the total hip or femoral neck in a range from �2.5 to
�3.5. Participants were randomly assigned to receive a subcu-
taneous injection of romosozumab or placebo monthly for 12
months. After that, each group of patients received denosumab
treatment via a total of two subcutaneous injections taken six
months apart. Ultimately, 6390 patients (89%) completed the
12-month trial, and 6026 patients (83.9%) completed the
24-month trial. At 12 months, 0.5% and 1.8% of the patients
who had received romosozumab and placebo, respectively, pre-
sented with a new incidence of vertebral fracture, and the
romosozumab therapy group suffered from a 73% risk of further
fracture, which was lower than that of the placebo group
(P < 0.001). At 24 months, the chance of a new vertebral
fracture incidence increased by 0.6% and 2.5% in the patients of
the romosozumab group and placebo group, respectively. The
risk of new vertebral fracture was 75% lower in the romosozu-
mab group than in the placebo group (P < 0.001)49. Saag et al.74

carried out another crucial clinical trial (the ARCH study), a
randomized, double-blind controlled trial of alendronate. In this
study, the researchers recruited 4093 postmenopausal women
with OP and fragility fractures. These patients were randomly
assigned to 2 groups and received subcutaneous injections of
romosozumab or oral alendronate monthly for 12 months. After
that, both groups received oral alendronate for another
12 months. At the end of the study, 3654 patients (89.3%) had
completed the 12-month trial, and 3150 patients (77.0%) had
finished the primary analysis period. The results showed that
over the 24 months, 6.2% of the patients in the romosozumab-to-
alendronate group and 11.9% in the alendronate-to-alendronate
group experienced new vertebral fractures (P < 0.001), and a
48% lower risk of new vertebral fractures was observed in the
former group than in the latter group (11.9%) (P < 0.001).
Clinical fractures occurred in 198 of the 2046 patients (9.7%) in
the romosozumab-to-alendronate group, fewer than in the
alendronate-to-alendronate group (13.0%), representing a 27%
lower risk upon treatment with this antibody (P < 0.001).
Additionally, the risk of nonvertebral fractures and hip fractures
in the romosozumab-to-alendronate group was 19% and 38%
lower than that in the alendronate-to-alendronate group,
respectively, indicating that both romosozumab and alendronate
were able to decrease the risk of nonvertebral fractures and hip
fractures. Romosozumab owns a more substantial effect than
alendronate that has been approved as a class of drugs which
inhibit bone resorption but could not promote bone formation. In
addition to women, men with OP were subjects in research
studies. BRIDGE was a randomized, double-blind, placebo-
controlled trial of 245 men between 55 and 90 years old who
suffered from OP and had a history of brittle fracture or vertebral
fractures, except hip fractures and the total treatment time was
12 months. The results of the BRIDGE trial showed that
romosozumab significantly increased total hip and femoral neck
BMD50. Overall, the incidence of adverse events and serious
adverse events was similar between the two groups74.

In the FRAME study49, the most common ADRs (�2%) in the
romosozumab group were arthralgia, headache, muscle spasm,
peripheral oedema, fatigue, insomnia, and sensory abnormalities
during the 12-month double-blind study period. In addition, the
incidence of cardiovascular deaths and serious cardiovascular
events was higher in the romosozumab group49. An imbalance in
the number of serious cardiovascular adverse events (SCAEs) also
occurred in the ARCH study conducted by Saag et al.74, which
were reflected in the number of patients and frequency of SCAEs



Figure 3 The mechanism of action of romosozumab. When WNT bound to LRP-5/6 co-receptors and the Frizzled receptor, the action of AXIN

was limited that the b-Catenin destruction complex would not be assembled as lack of free AXIN. P, phosphorylated; GSK3b, glycogen synthase

kinase 3b; APC, Adenomatous Polyposis Coli; CK1, casein kinase 1; PVL, protruding-vulva; TCF/LEF, cell factor/lymphatic enhancement factor.
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reported during the double-blind period. In other words, receiving
romosozumab therapy increases the risk of patients suffering from
an SCAE. In this study, 50 (2.5%) patients in the romosozumab
group were reported to have experienced an SCAE, and 38 (1.9%)
patients in the alendronate group were reported to have experi-
enced an SCAE. Moreover, a higher frequency of cardiac
ischaemic and cerebrovascular events in the romosozumab group
contributed to the imbalanced number of patients affected. As
mentioned above, sclerostin can confer cardiovascular protection
when constitutively expressed in a site related to the vascular
system148. For instance, in July 2019, Astellas and Amgen Inc.
reported 11 SCAEs, including three deaths within three months
following the launch of romosozumab. Specifically, a 71-year-old
man died two days after injection because of cardiac failure.
Within six months of treatment, 68 drug-related serious cardio-
vascular events were reported, including 13 deaths149. A meta-
analysis performed to evaluate the risk of romosozumab-related
cardiovascular events in a clinical trial also showed that romoso-
zumab significantly increased the risk of major SCAEs, such as
cardiovascular death, myocardial infarction, stroke, and heart
failure150.

3.3.3. The tortuous road to approval
In January 2019, Amgen and UCB Inc. announced that romoso-
zumab for the treatment of OP had been listed on the market by
the Ministry of Health, Labour and Welfare, Japan. Remarkably, it
was the first endorsement of romosozumab in the world.
Compared with the smooth road to approval in Japan, the total
review cycle in the United States for romosozumab lasted
approximately 33 months. In July 2016, based on FRAME clinical
data, Amgen and UCB Inc. submitted an abbreviated new drug
application for romosozumab to the U.S. FDA for the first time.
However, one year later, the U.S. FDA issued a complete response
that requested additional submission of the latest clinical trial
data. In July 2018, Amgen and UCB Inc. submitted a new drug
application to the U.S. FDA. The U.S. FDA acknowledged the
label of Evenity� but limited its approval to postmenopausal
women at high risk for fractures and even recommended that the
prescription duration should not exceed 12 months.

Furthermore, the approval came with a black box warning
indicating that, because it might increase the risk of cardiovascular
disease and death, romosozumab should not be used in patients
who have had a heart disease or stroke in the past year. Notably,
the black box warning in the Japanese approval documentation did
not mention cardiovascular events, but these events were high-
lighted in the U.S. and the European Union versions. Therefore,
risks of treatment should be weighed against benefits in patients
with other cardiovascular risk factors. During treatment, if patients
experience a heart attack or stroke, romosozumab therapy should
be discontinued. The U.S. FDA also requested a post-marketing
study to assess the cardiovascular safety of romosozumab in
postmenopausal women with OP, including a five-year observa-
tional feasibility study, followed by a comparative safety study.
Although the review cycle of romosozumab in the United States
seemed to track a circuitous route, romosozumab was approved by
the U.S. FDA in April 2019. However, the European Union
directly rejected the listing application of romosozumab in July
2019. On June 27, 2019, Amgen and UCB Inc. announced that the
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Medicinal Products for Human Use disapproved marketing
romosozumab for the treatment of severe OP. The main reason for
the refusal was based on the elevated risk of disease to the car-
diovascular or circulatory systems, such as a heart attack or stroke
upon romosozumab treatment. Although romosozumab was
finally approved by the EMA in October 2019, the approval was
burdened with a detailed warning about the potential risk of car-
diovascular complications, common ADRs such as headaches,
allergies, injection-site reactions, osteoarthritis, hypocalcaemia,
osteonecrosis of the jaw, and atypical femur fractures150e152.

As the first sclerostin inhibitor approved by the U.S. FDA,
romosozumab shows excellent effectiveness and efficacy. How-
ever, in terms of safety, romosozumab is associated with high
cardiovascular risk during treatment. Therefore, the development
of next-generation sclerostin inhibitors promoting bone formation
without increasing cardiovascular risk to solve existing issues
caused by romosozumab is a challenging task.

4. Progress in the research of other types of inhibitors
targeting sclerostin

4.1. Progress in the research of aptamers targeting sclerostin

In addition to monoclonal antibodies, nucleic acid aptamers are
competitive alternatives with high affinities and specificities for
their target proteins and potential benefits because of their
adaptable chemical synthesis processes and low immunoge-
nicity153. Through a process of screening DNA aptamers targeting
sclerostin, Dr. Julian A. Tanner’s group154 identified a DNA
aptamer that specifically binds sclerostin, showing binding affin-
ities in the nanomolar range, as determined by solid-phase assays
and isothermal titration calorimetry. The aptamer was modified
and stabilized with a 30 end thymidine residue, which exhibited
robust and specific inhibition of the antagonistic effect of sclero-
stin on the WNT signalling pathway in a dose-dependent
manner154. However, the identified aptamer was mouse-specific
and was not experimentally validated in rodents.

Recently, our group identified a new DNA aptamer targeting
sclerostin155. Asmentioned above, theU.S. FDA-approved sclerostin
antibody romosozumab has a boxed warning for potential cardio-
vascular risk. Itwas reported that sclerostin had a protective role in the
cardiovascular system by inhibiting inflammatory cytokines from
preventing aortic aneurysm and atherosclerosis development in
Figure 4 Ten potential small molecules targeting loop 2 of sclerostin;
Apoee/e mice induced by angiotensin II156. Before selecting
aptamers for sclerostin, Yu et al.155 first investigated the function of
the different sclerostin loops participating in cardiovascular protec-
tion andbone formation inhibition. They found that loop2 and/or loop
3 play important roles in inhibiting WNT signalling and osteogenic
potential inMC3T3-E1 cells. Either loop 2 and 3deficiency caused by
gene truncation or loop 2 and 3 inhibition induced by an Scl-Ab
attenuated the suppressive effects of sclerostin on the expression of
inflammatory cytokines and chemokines in macrophages and
vascular smooth muscle cells. In contrast, after in vitro angiotensin II
infusion, macrophages and vascular smooth muscle cells with loop 3
deficiency caused by gene truncation maintained the suppressive ef-
fects of sclerostin described above155. In a tailored aptamer screening,
an aptamer was selected by specifically targeting sclerostin loop 3,
which showed inhibition of the antagonistic effect of sclerostin on
WNT signalling in vitro but had no impact on the protective role of
sclerostin in inhibiting the expression of inflammatory cytokines and
chemokines in vitro155. The identification of this new aptamer indi-
cated that targeting sclerostin loop 3 is a promising strategy for anti-
sclerostin-induced bone anabolic therapy without increasing cardio-
vascular risk. Excitingly, the aptamer identified for treating OI was
granted an orphan drug designation by the U.S. FDA in 2019 (DRU-
2019-6966), and its effects were experimentally validated inOImice.
New therapies with aptamers targeting sclerostin loop 3 offer a
promising strategy to promote bone formation without increasing
cardiovascular risk. However, aptamer ormonoclonal antibody drugs
can only be administered by injection, which reduces the treatment
compliance of patients who prefer oral therapy, thereby reducing the
overall treatment outcomes. Oral sclerostin inhibitor drugs may be
another treatment option.

4.2. Progress in the research of small-molecule inhibitors
targeting sclerostin

4.2.1. Small-molecule inhibitors targeting loop 2 domain in
sclerostin
Small-molecule drugs are relatively simple chemical compounds
with a molecular weight of less than 1000 Da that can be manu-
factured by organic synthesis and phytoextraction157. In general,
they can be made into readily absorbable tablets or capsules for
oral administration to meet the needs of patients who prefer oral
therapy. Drug discovery is time-consuming and costly. The typical
timeline is 10e20 years, and the budget can be as high as US $2.0
(A) reported by Muthusamy et al.161; (B) reported by Yooin et al.162.
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billion158. The discovery of small-molecule drugs can be accel-
erated through several strategies, such as high-throughput
screening, virtual screening159, and AI160. Recently, some initial
research progress has been made in the area of small-molecule
sclerostin inhibitors via virtual screening performed by several
groups161,162. Muthusamy et al.161 identified small molecules
targeting the loop 2 domain in sclerostin using in silico virtual
screening methods. They used web databases for their virtual
screening and found nine small molecules that can potentially
bind to loop 2 with a high predicted binding affinity (shown in
Fig. 4A)161. Nine compounds in this cluster were equipped with
multiple polar groups, such as hydroxyl, amide, sulfonic, carboxyl
and quaternary ammonium groups, endowing them with overall
polarity and high aqueous solubility. Additionally, it was found
that introducing a moderate amount of hydroxyl groups in drugs
can enhance or add interactions between receptors and donors163.
Eight compounds bearing sulfonic groups or carboxyl groups were
polyhydroxylated alkaloid derivatives, which preferentially bind
to specific positively charged amino acid residues, including
arginine and lysine, by binding to their basic groups. As we
mentioned above, sclerostin loop 2 preferentially binds to car-
boxylic acid derivatives that carry negative charges.

Some amino acid residues, such as isoleucine, asparagine and
arginine, in the PNAIG region in the loop2 site of sclerostin have
been demonstrated to be inhibitory sites for specific binding LRP6,
thereby blocking the WNT signalling pathway (shown in
Fig. 2B)15,16,162,164,165. Inspired by their predecessors’ findings,
Yooin et al.162 employed computational molecular docking to
predict potential herbal compounds targeting loop 2 and function as
bone formation stimulators. In their virtual screening experiments,
they identified a cluster of some herbal compounds with aryl
groups. These compounds showed high predicted binding affinities,
indicating that they can strongly and precisely interact with certain
aromatic amino acid residues via piepi stacking interactions, sug-
gesting that planar structural aromatic groups may increase the
number of interactions between small molecules and aromatic
amino acid residues. In addition to having piepi interactions,
Compd. 10 (shown in Fig. 4B), baicalin, having the highest pre-
dicted binding affinity for the amino acid residues in loop 2, also
exhibited a piecation interaction generated through the phenyl
group (shown in Fig. 5). The feature indicated that the phenyl group
of baicalin plays an essential role in building binding interactions to
enhance the binding between the receptor and donor. Additionally,
this role was verified by other computational analyses162. However,
this study was based on computer simulations and biochemical
assays, e.g., determination of the half-maximal inhibitory concen-
tration, to support the computational results are lacking; therefore, it
is difficult to determine the actual inhibitory effect of baicalin.

4.2.2. Small-molecule inhibitors targeting the LRP5/
6esclerostin interaction
The canonical WNT/b-Catenin signalling pathway is a critical
regulator of bone formation and metabolism. Sclerostin is classified
as a negative regulatory factor of WNT signaling, which results in
reduced bone formation. Therefore, the interaction between LRP5/6
co-receptors and sclerostin is recognized as a worthy study target
for the treatment of bone disease. Choi et al.166 set up a process of
pharmacophore-based virtual screening to identify small-molecule
inhibitors targeting the LRP5/6esclerostin interaction. Based on
screening results (19 candidates) generated from the structure-based
virtual screening approach (shown in Fig. 6A)166, this group found
that most of the active compounds were heterocyclic sulfonamide
derivatives through cluster analysis. Both heterocycles and sulfon-
amides are critical structural units that have unique pharmacological
properties167,168. The introduction of functional groups, including
heterocycles, sulfonamides, amides, hydroxyls and amino groups,
can add binding sites or enhance the binding affinity of small
molecules for acceptors to improve drug activity via hydrogen bond
interactions169. Biochemical assays were performed to further
investigate the efficacy for the LRP5/6esclerostin interaction in-
hibition of the 19 virtual compound candidates; e.g., a luciferase
reporter assay was performed in a dose-response experiment. Then,
the researchers concluded that Compd. 13 bearing a quinoxaline
skeleton showed greater effective inhibition166. The predicted
binding mode between Compd. 13 and LRP6 was predicted by
docking analysis. The 3-(trifluoromethyl) benzene group interacted
with Asn185 of LRP6 and docked into a hydrophobic cavity sur-
rounded by two tryptophan residues, which suggested that the in-
doles of tryptophan played an essential role in the formation of the
LRP6esclerostin interaction pocket. The quinoxaline group of
Compd. 13 is bound to the binding site of isoleucine within the NXI
motif. The two nitrogen atoms of the quinoxaline group formed two
hydrogen bonds to arginine residues 28 and 141, both carrying
positive charges, supporting the prediction of high binding affinity
for LRP6-E1166. There was a piecation interaction between the
benzenesulfonamide group and residue Arg28 of LRP6. Addition-
ally, a hydrogen bond was established between the carbonyl moiety
of the acetamide group and Arg27 that affected the stability of the
complex formed by LRP6 and the small molecule. As we
mentioned above, a specific skeleton cluster obtained by
pharmacophore-based virtual screening helped predict and identify
predicting and identifying the skeletons of active compounds.

Choi et al.166 selected Compd. 13 as a template to study the
structureeactivity relationship. Based on the binding mode of this
compound and LRP6, they hypothesized that hydrophobic 3-(tri-
fluoromethyl) benzene groups likely form hydrophobic interactions
with tryptophan. Therefore, four realizable derivatives were chosen
because they bear phenyl, 1-naphthyl, 3-sulfonamidephenyl and 2-
hydroxyethyl groups, of which both phenyl and 1-naphthyl are



Figure 6 Hits reported by Choi et al.166. (A) The structures of 19 hits and experimental evaluation on 19 virtual hits by luciferase assay. After

WNT3a activation, WNT signaling was inhibited by sclerostin (used as an internal control Z 100% inhibition. (B) The structureeactivity

relationship of Compd. 13. The activity of LRPesclerostin interaction inhibited by sclerostin was used as internal control in the binding as-

says (100% inhibition).
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hydrophobic groups, and both 3-sulfonamidephenyl and
2-hydroxyethyl are polar groups. The SARanalysis ofCompd.13 and
its four derivatives (shown in Fig. 6B) was performed with a
competitive binding ELISA assay and molecular docking experi-
ments. The binding assay contributed to the conclusion that the
introduction of a 1-naphthyl group was beneficial for enhancing
the hydrophobic interactions between small molecules and sur-
rounding tryptophan residues. While Compd. 13C bearing a
3-sulfonamidephenyl group showed less potent inhibitionof theLRP-
sclerostin interaction thanCompd.13 orCompd. 13B, suggesting that
the compound’s bioactivity can be enhanced by introducing suitable
residue interaction-oriented groups. The molecular docking analysis
showed five interactions, including three hydrogen bond interactions
and two piepi stacking interactions between Compd. 13B and the
target (showninFig.7).Dockingwasapplied tocompare thepredicted
bindingmodesof thefivecompounds.Theresults showedthatCompd.
13B is an attractive compound and that furthermodification is needed
to transformthesecompoundsinto leads166. In thisstudy, thecomputer
simulation data were verified only by competitive binding assay and
moleculardockinganalysis.Thedruggabilityof thesecompoundswas
evaluated by neither in vivo nor in vitro experiments.

5. Discussion of concerns caused by romosozumab therapy
and future perspectives of developing the next generation of
sclerostin inhibitors

5.1. Cardiovascular concerns caused by romosozumab therapy

As the first sclerostin inhibitor approved by the U.S. FDA,
romosozumab has demonstrated excellent effectiveness for the
treatment of OP in postmenopausal women. In terms of safety,
romosozumab therapy increases the cardiovascular risks during



Figure 7 Interactions between Compd. 13B and the target. There were five interactions including three hydrogen bonds and two piepi stacking

interactions. Interaction (a) was piepi stacking interaction; Interaction (b) was hydrogen bond.
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treatment, as shown in the ARCH study74. In contrast to alendr-
onate, romosozumab is associated with a 30% increased risk of
cardiovascular disease. Although the reason for the elevated car-
diovascular risk caused by romosozumab is still unclear, the
protective role of sclerostin in the cardiovascular system has been
gradually validated by animal experiments170. As we mentioned
above, sclerostin bears three specific domains, loop 1, loop 2, and
loop 3, and antibodies bind to both loop 2 and part of loop 3.
However, it is still unclear whether the deficiency in all or part(s)
of these domain(s) regulates bone formation. Relevant functional
binding sites of these loops are still under study. Recently, Yu
et al.155 found that loop 2 but not loop 3 contributed to the pro-
tective role of sclerostin in the cardiovascular system, implying
that specific inhibition of loop 3 expression may promote bone
formation without increasing cardiovascular risk. The mechanism
of how the particular domains of sclerostin participate in cardio-
vascular protection still needs to be studied in depth, and the re-
sults would support the translational significance of developing a
new generation of sclerostin inhibitors to circumvent the protec-
tive mechanisms. In addition, a combination of computational
biology and structural biology methods is essential to investigate
the functional binding sites of loop 3. If these studies can be well
executed, the results may facilitate the development of the next
generation of sclerostin inhibitors that do not increase cardiovas-
cular risk.

5.2. Compliance concerns caused by injection therapy

Patients have preferred routes of therapeutic administration. Some
prefer oral administration, while some accept injection. Patients
do not receive the required medication because they dislike in-
jection and receive less effective treatment. Monoclonal anti-
bodies and aptamer drugs are administered only by injection,
which reduces treatment compliance in patients who prefer oral
therapy, thereby decreasing overall treatment effectiveness. The
standard treatment of diabetes in patients is daily subcutaneous
insulin injections. However, low medication adherence is perva-
sive in diabetic patients due to frequent, inconvenient, and un-
comfortable injections171,172. The emergence of long-acting
glucagon-like peptide-1 receptor agonists, such as liraglutide
and semaglutide, and the first once-daily oral preparation of
semaglutide significantly improved the compliance of patients by
meeting their various needs173,174. Therefore, the development of
oral small-molecule inhibitors targeting sclerostin will meet the
needs of patients who prefer oral therapy by offering them another
treatment option.
5.3. Developing concomitant medication for the treatment of
osteoporosis to increase treatment outcomes and decrease
cardiovascular risks

As we mentioned above, the monoclonal antibody (romosozumab)
could increase bone formation and decrease bone resorption for
sclerostin inhibitors51,140. A strategy to enhance the efficiency of
anabolic effects for anti-OP is to develop concomitant medications
of sclerostin inhibitor with another anti-OP drug. One example is
bisphosphonates, an anti-resorptive agent. In clinical trials for the
treatment of OP patients with fracture, the combination of
bisphosphonates with romosozumab has demonstrated promising
therapeutic effects. In contrast, the corresponding effects were not
observed in the combination bisphosphonates with teripara-
tide74,147. Another alternative strategy is to develop concomitant
medications of sclerostin inhibitor with drugs against cardiovas-
cular disease. Based on the opposing roles of bisphosphonates and
the WNT pathway on endothelial dysfunction, vascular wall
calcification and lipid accumulation175, the concomitant medica-
tions of romosozumab and bisphosphonates could be a candidate
therapeutic approach to reduce the adverse cardiovascular risks in
romosozumab receivers176.
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Taken together, compared to romosozumab administration
alone, it is desirable to develop concomitant medications of
sclerostin inhibitor with other anti-OP drugs for playing off each
other’s strengths for the treatment of OP to increase treatment
outcomes and decrease risks of SCAEs.

5.4. Developing AI-based strategies for the discovery of small-
molecule inhibitors targeting specific loops of sclerostin

Currently, the progress in the research of small-molecule in-
hibitors targeting the loop 2 domain in sclerostin or LRP5/
6esclerostin interaction is still at an early stage162,166. Most work
has been performed at the level of computer simulations without
biochemical assays, e.g., the determination of half-maximal
inhibitory concentration values; therefore, it is pretty difficult to
ensure the actual inhibitory effects of the identified compounds.
The small-molecule inhibitors targeting loop 2 or LRP5/
6esclerostin interactions are mainly carbohydrate derivatives or
natural products characterized by insufficient skeleton diversity,
complex synthesis, and required chemical modifications. Addi-
tionally, most known anti-sclerostin compounds have more than 5
hydrogen bond donors162,166, which contradicts Lipinski’s rule of
five177. This structural feature endows the inhibitors with poor
druggability. Too many hydrogen bond donors cause the small
molecule to efficiently react with amino acids and DNA with
electrophilic addition in vivo. Furthermore, insufficient bioavail-
ability is a fatal drawback for some complex natural products,
such as baicalin, due to its poor aqueous solubility.

Notably, the abovementioned inhibitors mainly target loop 2 of
sclerostin, which is involved in cardiovascular protection155. If loop
2 were to be set as the target for the development of sclerostin
inhibitors, cardiovascular risks to patients would remain, which
accordingly cannot prevent the existing issues of romosozumab
therapy. Therefore, further research proposed by our group intends
to focus on studying the function of loop 3 in sclerostin. To this end,
and to address the poor druggability of known compounds, AI-
driven approaches will be used to give full play to their advan-
tages and be applied to generate novel molecules targeting only
loop 3, especially the positively clustered residues on the surface of
loop 3. Unlike traditional virtual screening, which identifies desir-
able molecules from a structurally known molecular pool, genera-
tive AI learns the structural pattern from existing molecules and
output varied skeletons. How to wisely choose the molecular rep-
resentation and the generative model is a broad topic and may
largely depend on the specific conditions of the problem we would
like to solve. The potential issues include the amount of data we can
acquire for training, the chemical representation’s ability to capture
structure features we want to emphasize, the model’s specialization
of handling corresponding representation format, and the
computing speed and memory limitations. To achieve these goals, a
large amount of data needs to be obtained in the preparation stage,
mainly common molecular structure data for use as templates for
machine learning and generating patent data, which pharmaceutical
companies as negative incentives typically claim, to exclude
duplicated structures and for experimentally validating data on
compounds targeting loop 3 and loop 2, respectively, for deter-
mining more-precise mechanisms. Specifically, hundreds of po-
tential target molecules will be selected from a million possibilities
through virtual screening, and then cheminformatics, including
identification, design, and manipulation of drug-like small-mole-
cule libraries, will be used to perform consistent ranking and
clustering analyses, which filters low-scoring undesirable
compounds, allowing the remaining compounds to be grouped and
characterized by desirable factors such as skeleton diversities and
binding modes178,179. High-scoring compounds will be experi-
mentally validated to guarantee the label accuracy of the data input
for machine learning; i.e., the compounds that target loop 3, the
compounds that target loop 2, and the compounds that target both
loop 3 and loop 2 will be labelled accurately.

Based on the available data, a deep learning-based generative
model will be employed to generate a series of small molecules
with novel skeletons with versatile modifications. Next, a rein-
forcement learning-based screening will be launched with the
specific goals designed for our purposes to ensure that some hits
that promote bone formation without increasing cardiovascular
risk can be determined among the high number of generated
molecules160. The final selection will be further narrowed down
through analyses of their structural constraints and ease of syn-
thesis. In addition to generating novel molecules, DL models can
also predict absorption, distribution, metabolism, excretion, and
toxicity properties, which lead to the finding of compounds with
increasing activity. Architectures from simple four-layer fully
connected neural networks to specialized deep neural network
have been reported effective in a pharmacokinetic study180,181. In
general, AI-based strategies will significantly shorten the
screening time before final synthesis and verification, which will
promote the discovery of next-generation sclerostin inhibitors that
do not increase the cardiovascular risk and are suitable for high
treatment compliance for the treatment of OP.
5.5. Druggable modification of anti-sclerostin aptamers

Anti-sclerostin aptamers have attracted considerable attention
because of their various advantages. One of these drugs has been
granted orphan drug designation by the U.S. FDA (DRU-2019-
6966). Similar to most aptamers applied in clinical practice, this
aptamer was formulated with the high-molecular-weight coupling
agent polyethylene glycol (PEG) to increase its molecular weight,
which needs to be above the cut-off threshold for glomerular
filtration (30e50 kDa) to address renal filtration during extended
circulation time182. However, the PEG moiety has a very high
molecular weight, such that the active aptamer moiety is produced
as a tiny proportion of the PEG-aptamer conjugates. Within a fixed
subcutaneous administration volume, there is a severe limitation to
the subcutaneous dosage that can be administered to increase the
concentration of the aptamer moiety, which dramatically limits the
therapeutic potential of the aptamer. In addition, the PEG
component can extend the half-life by only 2e3 days in clinical
use. Repeated subcutaneous injections in a short interval may
profoundly reduce the clinical treatment compliance of patients
receiving the candidate aptamer drugs183. In terms of the drugg-
ability concerns in conjunction with the abovementioned thera-
peutic potential and treatment compliance, it is desirable to seek
innovative coupling agents to develop long-acting and efficient
therapeutic aptamers. Low-molecular-weight coupling agents,
which are capable of binding to serum albumin (MW Z 67,000),
to create a molecular complex with an average mass above the cut-
off threshold of glomerular filtration (30e50 kDa), may be novel
candidates. If this approach were to be realized, then a general
strategy for the druggable modification of anti-sclerostin aptamers
may be realized by linking low-molecular-weight coupling agents
for developing long-lasting and efficient subcutaneous therapeutic
aptamers.



Figure 8 Design of bispecific antibody targeting both sclerostin

loop 3 and DKK-1. 1) Specifically targeting sclerostin loop 3; 2)

Blocking certain reactive sites of antibodies that bind to loop 2; 3)

Introduction of different coupling groups to each expected antigen

recognition binding site (e.g., a carboxyl group and amino group).

Figure 9 Design of bispecific aptamer targeting both sclerostin

loop 3 and DKK-1. 1) Specifically targeting sclerostin loop 3; 2)

Regulating the length of the bispecific aptamer for maintaining the

binding affinities of bispecific aptamers for the targets; 3) The design

of linkers should consider both linker stability and the activity of the

aptamer conjugate.
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5.6. Developing bispecific inhibitors for the treatment of
sclerostin-related diseases to increase treatment outcomes

As wementioned above, sclerostin inhibition or deficiency leads to a
compensatory increase in anotherWNTantagonist, DKK-1, limiting
sclerostin inhibition’s effect. However, it has been shown that there is
synergy between DKK-1 deficiency and Scl-Ab treatment and that
dual inhibition of sclerostin and DKK-1 leads to synergistic bone
formation, showing superior bone repair activity compared with
monotherapies. All the evidence indicates that the compensatory
elevation of anotherWNT inhibitor upon sclerostin inhibition and the
subsequent reduction in sclerostin inhibition might occur not only in
osteoporotic patients but also in other patients receiving sclerostin
antibodies. Therefore, it is desirable to develop bispecific inhibitors,
including antibodies, aptamers, and small molecules targeting both
sclerostin and DKK-1 for WNT-related bone diseases.

The development of bispecific antibody drugs targeting both
sclerostin and DKK-1 is a promising therapy for WNT-related
bone diseases. Compared with monoclonal antibodies, bispecific
antibodies are more challenging to prepare. The standard syn-
thetic methods for bispecific antibody preparation are chemical
coupling and cell fusion, in which two different heavy chains
and two different light chains are combined. However, these
methods can randomly generate sixteen combinations, making it
difficult to purify the target combination. Therefore, introducing
different coupling groups to each expected antigen recognition
binding site (e.g., a carboxyl group and amino group) by
chemical modification strategies to improve the uniformity of
the coupling process is a desirable approach to obtain bispecific
antibodies targeting both sclerostin and DKK-1. However, the
safety concerns raised by romosozumab therapy may also apply
to bispecific antibody therapy, suggesting that conjugating
romosozumab chains with DKK-1 antibody chains to form a
bispecific antibody targeting both sclerostin and DKK-1
accordingly may not prevent the cardiovascular concerns.
Therefore, it is desirable to develop an antibody specifically
targeting sclerostin loop 3 that conjugate with DKK-1 antibody
chains to form a bispecific antibody. Additionally, the design of
chemical modification strategies to block certain reactive sites of
antibodies that bind to cardiovascular protection-related binding
sites of sclerostin is a promising approach for the development
of bispecific antibody inhibitors that do not increase cardiovas-
cular risk (Fig. 8).

As we mentioned above, aptamers targeting sclerostin loop 3
are promising alternatives for anti-sclerostin bone anabolic ther-
apy that does not increase cardiovascular risk (Fig. 9). Thus, it is
desirable to develop bispecific aptamer inhibitors targeting both
sclerostin and DKK-1 against WNT-related bone diseases. The
linker between two aptamers is a critical bridge for bispecific
aptamers. A link that is too weak will cause the decomposition of
the bispecific aptamer into its two parental aptamers. Additionally,
the pharmacokinetic and pharmacodynamic properties of the
aptamer can be regulated by the linker. Thus, the design of linkers
should consider both linker stability and the activity of the
aptamer conjugate. In addition to the linker, the length of the
aptamer also has an impact on the binding affinity of the aptamer
for the target. Excessive aptamer length may reduce its affinity for
the target, leading to off-target effects. Therefore, reducing some
unreactive bases of the two parental aptamers to regulate the size
of the bispecific aptamer is an approach for maintaining the
binding affinities of bispecific aptamers for the targets.
In addition to bispecific antibodies and aptamer conjugates,
bispecific small-molecule conjugate drugs targeting both sclero-
stin loop 3 and DKK-1 are other types of bispecific inhibitors
(shown in Fig. 10). The linker between two compounds is a vital
bridge. The linker of the small-molecule conjugate should be
generally cleaved and restabilized within several hours because
the conjugate can quickly bind to the receptor and be rapidly
cleared by the kidneys. In addition, for conjugates with poor
bioavailability, a hydrophilic linker can be introduced to conjugate
the two compounds to regulate the polarity of the conjugate and
meet the bioavailability objectives, meaning that the design of the
linker needs to be very compatible. Compared with its two
parental small molecules, the polarity, binding affinity, pharma-
codynamics and pharmacokinetics of the small-molecule conju-
gate may change considerably. Therefore, some functional groups
can be introduced or conjugated to two chemistry-modified
parental derivatives to enhance the binding affinity of the conju-
gate and reduce any off-target effect.



Figure 10 Design of bispecific small-molecule conjugate targeting

both sclerostin loop 3 and DKK-1. 1) Specifically targeting sclerostin

loop 3; 2) Some functional groups can be introduced to enhance the

binding affinity of the conjugate and reduce any off-target effect; 3)

The linker of the small-molecule conjugate should be hydrophilic,

cleaved and restabilized within several hours.
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98. Hesse E, Schröder S, Brandt D, Pamperin J, Saito H,
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