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Osteoporosis is a chronic skeletal condition characterized by
low bone mass and deteriorated microarchitecture of bone tissue
and puts tens of millions of people at high risk of fractures. New
therapeutic agents like i-bodies, a class of next-generation sin-
gle-domain antibodies, are needed to overcome some limitations
of conventional treatments. An i-body is a human immuno-
globulin scaffold with two long binding loops that mimic the
shape and position of those found in shark antibodies, the var-
iable new antigen receptors of sharks. Its small size (�12 kDa)
and long binding loops provide access to drug targets, which are
considered undruggable by traditional monoclonal antibodies.
Here, we have successfully identified a human receptor activator
of nuclear factor-κB ligand (RANKL) i-body, ADR3, which
demonstrates a high binding affinity to human RANKL
(hRANKL) with no adverse effect on the survival or proliferation
of bone marrow–derived macrophages. Differential scanning
fluorimetry suggested that ADR3 is stable and able to tolerate a
wide range of physical environments (including both tempera-
ture and pH). In addition, in vitro studies showed a dose-
dependent inhibitory effect of ADR3 on osteoclast differentia-
tion, podosome belt formation, and bone resorption activity.
Further investigation on the mechanism of action of ADR3
revealed that it can inhibit hRANKL-mediated signaling path-
ways, supporting the in vitro functional observations. These
clues collectively indicate that hRANKL antagonist ADR3 at-
tenuates osteoclast differentiation and bone resorption, with the
potential to serve as a novel therapeutic to protect against bone
loss.

It is reported that the human skeleton is the second largest
component of the total body, comprising about 14.84% of total
weight (1). It allows locomotion, protects vital organs, stores
minerals, and produces blood cells as well as endocrine factors.
Bone constantly undergoes life-time remodeling which is a
metabolic process of bone breakdown and bone formation (2).
Interrupting the balance of this dynamic interaction between
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bone-resorptive cells, osteoclasts, and bone-forming cells, os-
teoblasts, leads to skeletal disorders like osteoporosis, osteo-
petrosis, Paget’s disease, etc (3, 4). Osteoporosis is defined as a
chronic skeletal condition characterized by reduced bone mass
and deteriorated microarchitecture of bony tissues, resulting in
undermined bone quality and increased risk of fractures,
especially in the hip, spine, and wrist (5). In Australia, the total
cost relating to osteoporosis was $7.4 billion per annum, and it
was estimated that in 2022, 6.2 million Australians over 50 years
old suffered from osteoporosis or osteopenia, aggravating the
health and socioeconomic burden (6). The prevalence of oste-
oporosis in China shows a similar trend with a total of more
than 60 million people aged over 50 (6.46% men and 29.13%
women, respectively) estimated to suffer from osteoporosis (7).

Common antiresorptive agents against osteoporosis include
bisphosphonates and Denosumab (Prolia). Denosumab is the
first U.S. Food and Drug Administration (FDA)–approved hu-
manized monoclonal antibody (Immunoglobulin G (IgG) 2) that
antagonizes the receptor activator of nuclear factor-κB (RANK)
ligand (RANKL) and inhibits osteoclast differentiation (8).
RANKL, a type II transmembrane glycoprotein produced by the
mesenchymal lineage, binds to its receptor, RANK, and induces
osteoclast differentiation and bone resorption (9). Excessive
RANKL causes hyperactive osteoclasts and enhanced osteolysis,
commonly observed in osteoporosis, Rheumatoid arthritis, and
cancer treatment–induced bone loss, suggesting that it is a
druggable target (9–11). In addition, the RANKL-RANK signal
is found to regulate mammary gland maturation, tumorigenesis,
and bone metastasis, suggesting that RANKL inhibitors could be
beneficial to stop disease progression (12, 13). Denosumab was
proven to reduce fracture incidence; however, limitations such
as its large molecular weight, difficulty and high cost of manu-
facture, higher risk of severe infections, accelerated bone loss,
and spontaneous fractures following treatment discontinuation
were reported, providing a strong need for next-generation
biological therapeutic goods (14–18).

The variable new antigen receptors (VNARs), single-domain
antibody-like molecules, are the variable regions of shark an-
tibodies which possess an exquisite stability and a high affinity
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i-body ADR3 inhibits osteoclastogenesis and bone resorption
against specific antigens (19). The structure of VNARs shares a
high similarity with the i-set family of immunoglobulin do-
mains (Igs), for example, the immunoglobulin domains of
human neural cell adhesion molecule 1 (NCAM1), suggesting
that NCAM Ig domain can be potentially refitted as a human-
compatible scaffold. Based on this concept, a new class of next-
generation antibodies, i-body, was designed by engineering
two long binding loops upon a modified Ig domain of NCAM,
which mimics the shape of VNARs, allowing for high specificity
and strong affinity against a particular disease-causing target
(17, 19, 20). There are several advantages of an i-body
compared to a conventional antibody: (1) high accessibility to
targets, (2) extended paratopes (up to twice the length of
typical human antibody complementarity determining re-
gions), (3) high stability, (4) low cost of manufacture, (5)
tailored half-life in humans, and (6) low potential immuno-
genicity (17, 19). Preclinical studies have shown positive results
regarding the safety and efficacy of i-body AD-114 against
pulmonary fibrosis in the murine bleomycin model (17, 20).
ADR3-Im7-FH (ADR3) is a novel i-body with a high affinity to
human and murine RANKL. In order to evaluate its curative
potential against hRANKL-induced bone loss, we tested the
biological functions of ADR3 in our well-established in vitro
system.
Results

The construction of i-body library and the identification of
i-body ADR3

In general, i-bodies mimic shark antibodies by inserting two
extended loops onto a human NCAM immunoglobulin
Figure 1. The affinity-based selection of hRANKL i-body. A, the brief illust
ADR3–hRANKL interaction by SPR assay. C, a, the crystal structure of 21H5 (hum
inserted binding loops (CDR1 and CDR3, respectively). b, the predicted ADR3 st
model, red and purple colors indicate the CDR1 and CDR3 binding loops, wh
mentarity determining-like binding region; hRANKL, human RANKL; NCAM1, ne
SPR, surface plasmon resonance.
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domain 1 scaffold, obtaining a stable recombinant protein
incorporating two complementarity determining–like binding
regions (CDRs) in the equivalent positions as found in the
VNARs. An i-body library displayed on phage was previously
constructed and used to select binders for the G protein–
coupled receptor C-X-C chemokine receptor type 4 (19).
This library was used to screen against immobilized recom-
binant human RANKL (hRANKL), yielding a number of i-body
binders that had an affinity for hRANKL (Fig. 1A). Potential
candidates were then expressed and purified into recombinant
ADRs for further investigation. Based on phage ELISA and
surface plasmon resonance results, we identified the best
candidate, ADR3, which exhibits the highest binding affinity to
hRANKL (KD = 13 nM) (Fig. 1B). ADR3 expressed in
Escherichia coli was shown to have an approximate molecular
weight of 21 kDa (including the Im7 Flag and a His tag) and to
be predominantly monomeric (Fig. S1A). Flow cytometry
analysis indicated a high specificity of ADR3 with hRANKL, as
ADR3 only generates a fluorescence signal on hRANKL-
expressing osteoblast-like cells versus control cells (Fig. S1, B
and C). Consistently, our binding affinity test showed no
interaction between ADR3 and irrelevant proteins, such as
apical membrane antigen 1 and bovine serum albumin (BSA)
(data not shown). The crystal structure of 21H5, Ig domain of
NCAM (Protein Data Bank (PDB): 5AEA), is shown in
Figure 1C-a, along with two color-indicated regions (CDR1
and CDR3) where the long binding loops were inserted,
enabling a tight binding to disease-causing targets. We further
provided a best-fit computational model (Fig. S1D) for the
interaction between the predicted ADR3 (Fig. S1E) and
hRANKL (PDB: 5BNQ) on the basis of thermodynamics and
ration of i-body selection processes. B, determination of the affinity of the
an NCAM1, Ig1 domain, and PDB: 5AEA). Red and purple colors highlight the
ructure in silico docked to hRANKL (PDB: 5BNQ). In the best-fit computational
ich are shown to be involved in ADR3–hRANKL interaction. CDR, comple-
ural cell adhesion molecule 1; PDB, Protein Data Bank; RANKL, RANK ligand;



i-body ADR3 inhibits osteoclastogenesis and bone resorption
homology modeling, in which the model clearly shows that
CDR1 and CDR3 in ADR3 are intensively involved in the
interaction (Fig. 1C-b). Further characterization of the pre-
dicted model showed that the close contact interface between
hRANKL and the CDR1 and CDR3 loops of ADR3 involves the
GH loop of hRANKL (P301 to Y307), equivalent to mouse
RANKL residues P300 to Y306, where this region was precisely
indicated to play an important role in RANKL–RANK inter-
action based on the crystal structure (PDB ID code: 3NZY)
(Fig. S1F) (21).
The thermal stability of i-body ADR3

We used a thermal shift assay (differential scanning fluo-
rimetry, DSF) to evaluate the thermal stability of ADR3. As
shown in Figure 2, A and B, DSF results indicated that ADR3
exhibits good thermal stability across different temperatures
and pHs. ADR3 is more stable from pH 7.0 to 9.0 (Fig. 2C).
Lower stability from pH 4.0 to 5.0 may be due to the fact that
this range is near the theoretical pI of the molecule (4.96,
calculated based on sequence using ProtParam (https://web.
expasy.org/protparam/)) (22). At this pI, the net charge of
the protein is zero, resulting in aggregation and lower stability
Figure 2. Thermal stability of ADR3. A, differential scanning fluorimetry
(DSF) curves showing the thermal stability of ADR3 in a wide range of pHs.
Quadruplicates were recorded for each group and are presented as a line
chart. B, derivative curves displaying a thermal shift at different pHs, sug-
gesting that ADR3 favors a neutral or more alkaline environment over a
more acidic environment. C, heatmap displaying the correlation between
pH and the thermal stability of ADR3, where white color represents a lower
Tm and red color indicates a higher Tm.
of the protein. Given the physiological temperature and pH
range in human subjects, it is predicted that ADR3 will be
sufficiently stable as a potential therapeutic agent in the hu-
man body.

i-body ADR3 inhibits osteoclast formation in both
RAW264.7 cells and BMMs

Cell proliferation assay (MTS) showed no cytotoxicity of
ADR3 in bone marrow–derived macrophages (BMMs) within
a range of concentrations (0.5–2 μM) (Fig. S2A), and ADR3
effectively inhibits hRANKL-induced osteoclastogenesis in
RAW264.7 cells (IC50 = 4 nM) (Fig. S2B). Consistently,
ADR3 dose-dependently suppresses osteoclast differentiation
and podosome belt formation in freshly isolated BMMs
(Figs. 3, A–C and S2C), in which the inhibition effectiveness
(IC50) reaches 0.17 μM. ADR3 also evidently inhibits rat
RANKL (rRANKL)-stimulated osteoclastogenesis in BMMs
(Fig. S2D). The predicted region of hRANKL that binds to
CDR1 and CDR3 loops of ADR3 is conserved among humans,
mouses, and rats; thus, it is not surprising to observe the
interaction between ADR3 and rRANKL. Nuclear factor of
activated T-cells, cytoplasmic 1 (NFATc1) is a master tran-
scriptional factor induced by RANKL for the terminal dif-
ferentiation of osteoclasts, so we next examined whether the
activity of NFATc1 could also be inhibited by ADR3. A robust
reduction in the luciferase activity of RAW264.7 cells stably
transfected with NFATc1 luciferase reporter gene was
observed in ADR3 treatment groups in comparison to the
positive control, suggesting that ADR3 interrupts the activa-
tion of NFATc1 by hRANKL in a dose-dependent manner
(Fig. 3D).

i-body ADR3 suppresses osteoclast bone resorption

RANKL is involved not only in the formation of prefusion
osteoclasts but also in the maintenance of mature osteoclast
survival and bone-resorbing activity (23). We therefore
examined the in vitro effect of ADR3 on bone resorption via
osteo assay plates. Compared to the no-treatment group, bone
resorptive area is significantly reduced after 48-h treatment
with ADR3 in two doses (0.5 μM and 1 μM), along with a
subtle change in the number of tartrate-resistant acid phos-
phatase (TRAcP)-positive cells (Fig. 4A). The ratio of total
resorptive area to osteoclast number showed an evident
regress of resorbing capacity for each osteoclast (Fig. 4B),
indicating that ADR3 hampers osteoclasts’ resorptive
functionality.

i-body ADR3 decreases the expression of osteoclast markers
induced by hRANKL both at the gene and protein levels

During osteoclastogenesis, the formation of RANKL–RANK
complexes induces c-Fos (proto-oncogene c-Fos) expression,
initiating the induction of NFATc1, which promotes the syn-
thesis of fusion proteins, such as vacuolar (H+) ATPase V0
domain d2 isoform (encoded by Atp6v0d2 gene), and lyso-
somal enzymes, including TRAcP type 5 (encoded by Acp5
gene), cathepsin K (encoded by Ctsk gene), and matrix
J. Biol. Chem. (2023) 299(2) 102889 3
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Figure 3. i-body ADR3 inhibits hRANKL-induced osteoclastogenesis. TRAcP staining (A) and podosome belt staining (B) of noninduced or hRANKL-
induced BMMs treated with or without 1 μM i-body ctrl, 0.5 μM ADR3, and 1 μM ADR3, respectively. The scale bar represents 200 μm. C, quantification
of TRAcP-positive cells in each group (n = 4). All data are presented as the mean ± SD. ****p < 0.0001 compared to the positive control. ####p < 0.0001
compared between two groups of ADR3. D, RAW264.7 cells stably transfected with an NFATc1 luciferase reporter construct were treated with hRANKL alone
or with 1 μM i-body control, 0.5 μM and 1 μM ADR3, respectively. The luciferase activity induced by hRANKL treatment is dose-dependently inhibited by
ADR3 (n = 4). The bar graph is constructed as the mean ± SD. ****p< 0.0001 compared to the positive control. ####p< 0.0001 compared between two doses
of ADR3. hRANKL, human RANKL; NFATc1, nuclear factor of activated T-cells, cytoplasmic 1; RANKL, RANK ligand; TRAcP, tartrate-resistant acid phosphatase.

i-body ADR3 inhibits osteoclastogenesis and bone resorption
metalloproteinase-9 (encoded by Mmp9 gene) that help to
dissolve bone matrix (24). Quantitative PCR showed a
considerably lower expression of calcitonin gene-related pep-
tide type 1 receptor (Calcrl), c-Fos, Nfatc1, Atp6v0d2, Acp5,
Ctsk, and Mmp9 in ADR3-treated groups than the control
group (Fig. 5). This is supported by Western blotting results
which showed that protein levels of NFATc1, c-Fos, Atp6v0d2,
and Ctsk also decrease in groups treated by ADR3 (Fig. 6A),
consolidating the anticatabolic effect observed in vitro. Inter-
estingly, RANKL was reported to activate reactive oxygen
species (ROS) during osteoclast differentiation (25). Heme
oxygenase-1 (HO-1), an antioxidant enzyme, was suggested to
negatively regulate osteoclast formation by alleviating the
elevated ROS activity (26, 27). Similarly, another antioxidant
enzyme, Catalase, was also reported to inhibit ROS production
(25). Therefore, we measured the levels of HO-1 and Catalase
in hRANKL-stimulated BMMs after ADR3 treatment and
found that ADR3 robustly increases HO-1 expression (Fig. 6B).
The same trend but to a lesser effect was observed in the levels
4 J. Biol. Chem. (2023) 299(2) 102889
of Catalase (Fig. 6B). Collectively, i-body ADR3 was shown to
effectively suppress the expression of osteoclast makers,
bone-resorptive enzymes, transcriptional factors, and ROS
activity both at the gene and protein levels.
i-body ADR3 treatment dose-dependently impairs
hRANKL-induced Ca2+ oscillations

It is known that RANKL-triggered Ca2+ oscillation activates
CAM-dependent enzymes which facilitate the auto-
amplification and translocation of NFATc1 into the nucleus
(28, 29). Thus, we labeled the calcium with the fluorescence
indicator Fluo-4 AM and investigated the effect of ADR3 on
Ca2+ transport during hRANKL-mediated osteoclastogenesis.
As shown in Figure 7A, 24-h treatment of hRANKL signifi-
cantly increases Ca2+ oscillation in BMMs, while 0.5 μM and
1 μM ADR3 treatment clearly inhibits the oscillation signal,
flattening the fluctuation of the fluorescence signal. The
quantification of maximum fluorescence change also showed a



Figure 4. ADR3 suppresses hRANKL-induced bone resorption. A, fresh
BMMs were induced by 50 ng/ml hRANKL to form TRAcP-positive osteo-
clasts on osteo assay surface plates. Upon the formation of mature osteo-
clasts, cells were treated with i-body control or ADR3. Representative
resorption pits (n = 3) were visualized in parallel with TRAcP staining (n = 3).
The scale bar represents 200 μm. B, quantification of resorbed hydroxyap-
atite area per cell in each group. The bar graph is presented by the mean ±
SD. ***p < 0.001 compared to the negative control. BMMs, bone marrow–
derived macrophages; hRANKL, human RANKL; RANKL, RANK ligand; TRAcP,
tartrate-resistant acid phosphatase.

i-body ADR3 inhibits osteoclastogenesis and bone resorption
dose-dependent reduction in peak to peak values in the ADR3
treatment group, along with a decrease in the percentage of
oscillations of BMMs, suggesting that both the Ca2+ flux in-
tensity of single cell and the percentage of oscillated cells were
reduced (Fig. 7B).
Discussion

The health and socioeconomic impact of osteoporosis is not
limited to Australia but rather occurs globally. Annually, 1.5
million fractures in the US are attributed to osteoporosis with
most occurrences amongst postmenopausal women. It was
also reported that more than 40 million women have low bone
mineral density (BMD) and a 50% lifetime risk of any kind of
osteoporotic fractures (30). As a key component of bone
metabolism, osteoclasts coordinate with other bone cells (e.g.,
osteoblasts and osteocytes) to maintain the balance of bone
turnover, representing a therapeutic target which is not limited
to osteoporosis, but also for other skeletal diseases like peri-
prosthetic osteolysis, Rheumatoid arthritis, bone tumors, and
so on (31). Anti-RANKL monoclonal antibody, Denosumab,
has been shown to effectively suppress osteoclast formation
and reduce the chance of fractures but with inevitable limi-
tations and adverse side effects. The objectives of this study are
to (1) evaluate the concept and technology platform of i-
bodies, modified human proteins, by library screening against
disease-causing targets and (2) investigate the potential of an
hRANKL i-body, ADR3, in preventing excessive bone
resorption.

Single-domain antibodies (sdAbs) with alternative scaffolds
belong to next-generation antibodies which can offer some
advantages over conventional monoclonal antibodies, such as
larger epitopes, higher accessibility, lower cost of production,
and increased robustness (19, 32). Immunoglobulin new an-
tigen receptors, a sdAbs-like molecule derived from sharks,
were reported having high stability and are structurally similar
to the i-set family members including NCAM (19, 33).
Through the engineering of two extended loops with random
sequences to a modified NCAM protein, we constructed an i-
body library which contains over 20 billion candidates ready
for rapid screening, yielding i-bodies that specifically interact
with designated targets. In recent years, disease targets that
were refractory to conventional monoclonal antibodies are
being overcome with the support of well-established screening
platforms that can generate sdAbs designed based on alter-
native scaffolds. In 2009, a scaffold-based drug, Kalbitor
(Dyax), succeeded in reaching the market, and at least 15 other
candidates are currently being investigated (34). The design of
i-bodies is intended to achieve a high level of stability, effec-
tiveness, and accessibility with low immunogenicity, aiming to
provide a new solution for a wide range of diseases (19).

In this article, we briefly described the construction of an
i-body ADR library and the selection of i-body ADR3 which
resulted in high binding affinity and specificity to hRANKL. To
examine the specificity of ADR3, besides testing with some
irrelevant proteins, we also compared the binding affinity of
ADR3 between MG63 control cells, a human osteoblast-like
cell line that presents an undetectable level of hRANKL, and
MG63 hRANKL cells which overexpress hRANKL using flow
cytometry. Our results indicated that ADR3 binds only to
MG63 cells overexpressing hRANKL. A protein structure
modeling software, ModWeb (https://modbase.compbio.ucsf.
edu/modweb/), was used to predict the structure of ADR3
based on the crystal structure of human protein scaffold 21H5
(human NCAM1, Ig1 domain, PDB: 5AEA). The predicted
ADR3 structure was then docked to hRANKL (PDB: 5BNQ)
via the protein-protein docking program ClusPro 2.0 (https://
cluspro.bu.edu/login.php), in which the best-fit model clearly
showed that the two extended loops (CDR1 and CDR3) are
extensively involved in the interaction between ADR3 and
hRANKL. Further study of the predicted model showed that
the GH loop of hRANKL (P301 to Y307) interacts with the
CDR1 and CDR3 loops of ADR3, consistent with the findings
of the crystal structure of mouse RANKL–RANK complex
J. Biol. Chem. (2023) 299(2) 102889 5
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Figure 5. Osteoclastic markers (Calcrl, c-Fos, Nfatc1, Atp6v0d2, Acp5, Ctsk, and Mmp9) are downregulated by ADR3 treatment in a dose-
dependent manner. The bar graphs are presented as the mean ± SD (n = 3). **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared to the positive
control. #p < 0.05, ##p < 0.01, and ####p < 0.0001 compared between the two doses of ADR3. NFATc1, nuclear factor of activated T-cells, cytoplasmic 1.

i-body ADR3 inhibits osteoclastogenesis and bone resorption
(21). It is known that a healthy body temperature ranges from
36.1 to 37.2 �C with a pH value between 7.35 and 7.45. To
work effectively in humans, therapeutic goods must be stable
while traveling through the body. Hence, we exposed ADR3 to
a diverse environment to test its stability via a DSF assay.
Sypro Orange dye was used in this assay to monitor the
thermal denaturation of ADR3. As proteins unfold, their hy-
drophobic core residues are exposed to the solution, where the
dye binds to those residues and emits a fluorescent signal (35).
We found that ADR3 is well-tolerated across a wide range of
pHs and temperatures, satisfying the need for storage, ship-
ment, and delivery in the human body. In vitro cell prolifera-
tion assays (MTS) showed no cytotoxicity from ADR3 that
affects BMMs’ viability. To study the potential of ADR3 on the
inhibition of excessive bone loss, we first examined whether
ADR3 could suppress osteoclast differentiation. An in vitro
6 J. Biol. Chem. (2023) 299(2) 102889
osteoclastogenesis assay showed that TRAcP-positive osteo-
clast-like cells are significantly inhibited by ADR3 treatment in
a dose-dependent manner. WP9QY (W9) is a small peptide
structurally similar to the cysteine-rich domain of tumor ne-
crosis factor (TNF) receptor type I and can inhibit the activity
of TNFα (36). This peptide was also found to suppress
hRANKL-induced osteoclastogenesis and is being investigated
as an alternative for Denosumab due to its innate merits over
conventional monoclonal antibodies (37). According to the
previous study, 0.5 μM ADR3 has achieved an inhibitory effect
of osteoclastogenesis equivalent to 100 μM W9, suggesting
that ADR3 is approximately 200 times more effective than W9
(38). This in vitro result was repeated and consistent in
RAW264.7 cells and primary BMMs. Next, we measured the
activation of transcriptional factor NFATc1 in RAW264.7 cells
stably transfected with a luciferase reporter gene and found



Figure 6. hRANKL-mediated downstream signaling is disrupted dose-dependently by ADR3. A, left panel, representative Western blotting images
showing the effect of ADR3 on hRANKL-induced NFATc1, c-Fos, D2, and Ctsk at the protein level. Right panel, the ratios of the densities of NFATc1, c-Fos, D2,
and Ctsk bands relative to β-actin bands were generated through ImageJ. B, left panel, representative images displaying the protective effect of ADR3 on
hRANKL-regulated antioxidant enzymes HO-1 and Catalase. Right panel, protein expression levels were normalized to β-actin and quantified through
measuring the gray values in ImageJ. All data are presented by the mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared to
the positive control. #p < 0.05 compared between two doses of ADR3. hRANKL, human RANKL; HO-1, heme oxygenase-1; NFATc1, nuclear factor of
activated T-cells, cytoplasmic 1; RANKL, RANK ligand.

i-body ADR3 inhibits osteoclastogenesis and bone resorption
that the NFATc1 activity is inhibited in a dose-dependent
manner by ADR3 treatment. Consistently, we observed that
the gene and protein levels of c-Fos and NFATc1 are also
downregulated in the ADR3-treated groups. Osteoclast for-
mation and bone resorption require multistep biological pro-
cesses initiated by the formation of a RANKL–RANK complex.
The complex induces a series of signaling cascades, starting
with the recruitment of TNF receptor-associated factor 6.
Recruited TNF receptor-associated factor 6 activates a com-
plex comprised of IκB kinase (IKKα, IKKβ, and IKKγ (NEMO))
which phosphorylates and promotes the degradation of IκB,
releasing NF-κB, and facilitating its translocation into the
nucleus (39, 40). Intranuclear NF-κB activates the transcrip-
tion of target genes such as c-Fos and NFATc1 through
binding to their promoter motifs (40). Intracellular calcium
oscillation induced by RANKL is another critical process to
regulate NFATc1 expression, in which the cytosolic Ca2+ binds
to and activates calmodulin, leading to autoamplification and
translocation of NFATc1 into the nucleus. Using live-cell
imaging techniques with the calcium indicator Fluo-4 AM to
detect the Ca2+ flux in BMMs, we observed a significant
suppression of the fluorescence signal and oscillated cell
number in ADR3-treated groups, further consolidating our
previous results. NFATc1 was reported to cooperate with c-
Fos, one critical component of the activator protein 1 (AP1),
forming a complex essential for the activation of osteoclast
marker genes (29). Studies showed that genes like Calcrl, Acp5,
Ctsk, Mmmp9, and Atp6v0d2 which are being transcribed
during osteoclast terminal differentiation contain multiple
binding sites of NFAT and AP1 in their promoter regions,
J. Biol. Chem. (2023) 299(2) 102889 7



Figure 7. ADR3 interrupts intracellular calcium oscillation. A, Ca2+ oscillation induced by hRANKL is inhibited by ADR3 in a dose-dependent manner. B,
the intensity of fluorescence and the percentage of oscillated cells in each group were quantified into bar charts presented as the mean ± SD (n = 3). **p <
0.01 and ***p < 0.001 compared to the positive control. #p < 0.05 compared between the two doses of ADR3. hRANKL, human RANKL.

i-body ADR3 inhibits osteoclastogenesis and bone resorption
suggesting that NFATc1–c-Fos complex is the key for the
transcription of these genes (41–45). Osteoclasts are bone
resorbing cells which require an acidified microenvironment
with a series of enzymes involved to perform bone resorption.
Vacuolar-type H+ ATPase (V-ATPase) subunit d2 is an
essential component of a lysosomal macromolecular complex
proton pump V-ATPase which facilitates the establishment of
an acidic environment for mineral dissolution and the support
of protein-degradation enzymes such as TRAcP, cathepsin K,
and matrix metallopeptidase 9 (46). The loss of Atp6v0d2 leads
to high bone mass, indicating the role of this gene in osteoclast
function (47). TRAcP (encoded by Acp5 gene), cathepsin K
(encoded by Ctsk gene), and matrix metallopeptidase 9
(encoded by Mmp9 gene) are lysosomal enzymes required to
degrade proteins, for example, collagen, in ECM, and the loss
of each of them results in mild osteopetrosis, high bone mass,
or reduced bone remodeling (47). As mentioned, the quanti-
tative PCR result demonstrated that hRANKL-induced
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osteoclastic markers Calcrl, Atp6v0d2, Acp5, Ctsk, and
Mmmp9 are inhibited in a dose-dependent manner by ADR3
treatment, as a rational consequence of interrupted expression
and activation of NFATc1 and c-Fos. This was supported by
Western blotting results which showed a diminished expres-
sion of NFATc1, c-Fos, and bone-digesting enzymes at the
protein level. During bone resorption, to deliver the cocktail of
matrix-dissolving enzymes and create a favorable condition for
osteoclast activity, the membrane of osteoclasts polarizes to
form a sealing zone called “ruffled border”. Using rhodamine–
phalloidin, a F-actin fluorescence probe, we were able to
visualize the formation of a podosome belt (ruffled border). As
shown, the sealing zone is well-established in the hRANKL-
treated group but not in the groups treated with ADR3, sug-
gesting that ADR3 compromises the formation of the F-actin
ring and leads to reduced capacity in bone resorption which
was later confirmed in vitro. ROS are free radicals (also called
oxygen radicals) and involved in many biochemical processes.
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At high concentrations, ROS can lead to oxidative stress which
is considered deleterious to humans, while small amount of
ROS may play a role as a secondary messenger in a variety of
different signaling cascades (25). Notably, RANKL can activate
ROS in BMMs to regulate osteoclast differentiation and bone
resorption partially through reducing endogenous antioxi-
dants, HO-1 and Catalase (25, 48). These two antioxidant
enzymes were reported to attenuate a redox imbalance and
maintain bone mass (25, 26). We found that hRANKL-
dependent suppression of HO-1 and Catalase is fully or
partially released by ADR3 treatment, further supporting the
anticatabolic effect of ADR3 in osteoclasts. Taken together,
ADR3 exhibits a strong inhibitory effect on osteoclast forma-
tion and bone resorption.

Up to date, researchers are still improving the pharma-
ceutical properties of monoclonal antibodies in fields like
antigen-binding affinity, antigen-binding specificity, stability,
pharmacokinetics, and pharmacodynamics. Some diseases are
much more challenging to address, due to their undruggable
targets, such as G protein–coupled receptors and iron chan-
nels. Modern medicine commonly develops drug targets via
small molecules which are often not specific or effective
enough, resulting in undesirable side effects. The develop-
ment of an i-body library and a screening system offers a
unique platform to modulate disease progress. i-body is less
than 1/10 of the size of traditional monoclonal antibodies and
has long binding loops, twice the length of human antibodies,
allowing for more accessibility and specificity to drug targets.

To summarize, we designed and established a system to
produce i-bodies and evaluate the inhibitory effect of ADR3 on
osteoclast differentiation and bone resorption. Although the
IC50 of ADR3 to hRANKL is not superior to Denosumab,
more potent candidates will be achieved through structural
modifications. The effect of ADR3 could be further explored
on cancer-related conditions which require a high efficiency in
tissue-penetrating delivery. Given the improved accessibility,
stability, specificity, affordability, and low or equivalent
immunogenicity of i-bodies, they showed long-term advan-
tages and utilities over conventional monoclonal antibodies.
Experimental procedures

Materials and reagents

RAW264.7 cells were from the American Type Culture
Collection. Minimum essential medium (α-MEM), L-gluta-
mine, and Penicillin-Streptomycin (P/S) were from the media
laboratory at Harry Perkins Institute of Medical Research.
Fetal bovine serum (FBS, 16000044) and hRANKL recombi-
nant protein (PHP0034) are from Gibco. Goat anti-mouse
(ab6789) IgG H&L (horseradish peroxidase [HRP]) and Goat
anti-rabbit (ab6721) IgG H&L (HRP) were purchased from
Abcam. Antibodies to NFATc1 (sc-7294), V-ATPase subunit
d 2 (Atp6v0d2) (sc-517031), cathepsin k (sc-48353), and β-
actin (sc-47778) were obtained from Santa Cruz. Antibody c-
Fos (CST2250s), HO-1 (D60G11), and Catalase (D5N7V) were
purchased from Cell Signalling Technology. DYKDDDDK
Epitope Tag Alexa Fluor 488–conjugated antibody was from
R&D systems (IC8529G). Glutaraldehyde solution (25%) was
purchased from Thermo Fisher Scientific. CellTiter 96
Aqueous One Solution Cell Proliferation Assay (MTS) kit
(G3580), luciferase assay system (E1501), and the reverse
transcription system were brought from Promega. Rhodamine-
phalloidin, Fluo-4, AM (F14201), Purelink RNA mini kit
(12183018A), Trizol (15596026), PowerUp SYBR Green Mas-
ter Mix (A25918), centrifuge tubes, and flasks were brought
from Thermo Fisher Scientific. Western Lightning Ultra
(NEL112001EA) was purchased from PerkinElmer. SYPRO
Orange Protein Gel Stain (S5692), cell culture plates, collagen-
coated plates, osteo assay surface multiple well plates
(CLS3987-4EA), primers, transwell polycarbonate membrane
cell culture 8.0 μm inserts (CLS3422), and all other chemicals
were purchased from Merck & Co, Inc.

i-body engineering

The i-body library, generated by AdAlta Limited, was used to
generate binders against hRANKL recombinant protein. This
library, derived from NCAM1, incorporates two patented
binding regions (International Patent AU2005/000789; WO/
2005/118629) and was cloned in-frame with the gene III of the
bacteriophage M13KO7 into the pHENH6 vector. This phag-
emid was transformed into TG-1; E. coli was used to pan
against hRANKL, according to the methods of Griffiths et al.
(2016) (19). Briefly, at the beginning of each panning round, the
library was amplified by adding 1 ml of phage library to 10 ml
of 2YT medium and incubated for 1 h at 37 �C with shaking.
The culture was then inoculated into 2YT (200 ml) containing
ampicillin (100 μg/ml) and 1% w/v glucose. Culture was sub-
sequently incubated in a shaking machine at 37 �C until the
A600 reading reached to 0.4 to 0.6. Thereafter, M13KO7 helper
phage particles (New England Biolabs) were added at a multi-
plicity of infection of 20:1 (phage to bacteria) based on the
assumption that an A600 nm of 1 is equivalent to 8 × 108 E. coli
cells/ml. The culture was incubated with no shaking for 1 h at
37 �C, followed by a centrifugation at 8000g to pellet the cells.
The pellet was then resuspended into 200 ml of 2YT containing
ampicillin (100 μg/ml) and kanamycin (70 μg/ml) (Sigma
Aldrich) before incubated overnight at 30 �C, with shaking.
Next day, supernatant was centrifuged for 10 min twice at
10,000g and phage particles were precipitated 100-fold by PEG/
NaCl precipitation according to the method of Sambrook et al.,
(1989) (49) and resuspended in 2 ml of PBS.

Phage affinity panning

The phage-displayed i-body library prepared by AdAlta as
described previously (19) was used to pan on immobilized
carrier-free hRANKL (R&D Systems). Phage displaying the
i-bodies was incubated with hRANKL absorbed to NI-NTA
HisSorb plates via the Histidine tag on the hRANKL. The
panning was carried out essentially as described (19) using
phage from the final rounds of panning and demonstrated that
there were clones specific for hRANKL (totally 5 rounds of
panning were conducted). Seventeen i-bodies were expressed
and characterized for binding to hRANKL and not to several
J. Biol. Chem. (2023) 299(2) 102889 9
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irrelevant proteins. ADR3 was chosen as the clone with the
highest specificity and affinity for hRANKL.

Phage ELISAs

To prepare loading samples, single-clone phage particles
were eluted from panning rounds and precipitated into 1 ml
resuspension buffer. For the ELISA assay, 96-well plates were
coated with hRANKL (0.1 μg/well), irrelevant protein control
(AMA-1; 1 μg/ml) or PBS. Diluted phage particles (≥1:10 in 5%
milk powder in PBS) were added to precoated ELISA plates
and incubated for 60 min followed by five-time washes to
remove unbound phage particles. Bound phage particles were
then visualized with an anti-M13-HRP antibody and the sub-
strate 3,30,5,50-tetramethylbenzidine.

Surface plasmon resonance assay

A kinetic-binding assay of ADR3 with immobilized
hRANKL was carried out by a BIAcore T200 instrument.
Biotinylated hRANKL protein was diluted in a running buffer
(1× HBS/BSA) and immobilized onto streptavidin-containing
channels. A blank reference channel containing no hRANKL
was used to control for nonspecific binding. To analyze
binding kinetics, serial dilutions of candidates from ADR li-
brary were injected over the bound hRANKL, in which the
association and dissociation phases were recorded for 60 and
600 s with the blank channel used for referencing. All bound i-
bodies were dissociated within 600 s; therefore, no regenera-
tion of the hRANKL surface was needed during this
experiment.

Cell flow cytometry analysis

MG63 plvx-CTRL (low hRANKL expression cell line) and
MG63 plvx-hRANKL cells (high hRANKL expression cell line)
were gently washed by PBS containing 0.2% w/v BSA, followed
by a 1-h incubation with i-body 21H5 (control) or ADR3
before being washed with 0.2% w/v BSA-PBS to remove
excessive primary antibodies. Cells were then incubated with
DYKDDDDK Epitope Tag Alexa Fluor 488–conjugated Anti-
body for another hour before being washed with 0.2% w/v
BSA-PBS to reduce background. Stained cells were quantified
by BD FACSCanto II flow cytometry, and the result was
analyzed using the flowjo software (https://www.flowjo.com/
solutions/flowjo/downloads).

Homology modeling, protein-protein docking, and the
calculation of theoretical pI

ADR3 structure modeling was done using the Modweb
server (Version: r265) in the default setting using the ADR3
sequence and the crystal structure of 21H5 (PDB: 5AEA). The
predicted ADR3 structure was then docked to hRANKL (PDB:
5BNQ) using the protein-protein docking program ClusPro
2.0, mimicking the interaction between ADR3 and hRANKL
(50–52). Balanced coefficient weights were generated for the
top ten docking models, showing the cluster scores for eval-
uation. Coefficient weights: E = 0.40Erep + −0.40Eatt + 600Eelec +
1.00EDARS. Acquired in silico structures were visualized via the
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PyMOL Molecular Graphics System (Version: 2.2.0, Schrö-
dinger, LLC). The ProtParam tool (ExPASy) was used to
calculate the theoretical pI of the designated molecules (22).
PyMOL (Version: 2.5.3, https://pymol.org/2/) was used to
visualize protein structures and study the close contact
interfaces.

Thermal shift assay (DSF)

Thermal shift assays were carried out in a LightCycler 480
real-time PCR system (Roche Life Science) using a 384-well
PCR plate. The excitation and emission filters were set at
483 nm and 640 nm, respectively. The protocol for the assay
was adapted from Niesen et al. (53). The protein was equili-
brated in PBS buffer which had been adjusted to pH 4.0 to 9.0
in intervals of 1.0 using HCl or NaOH. The assay used 20 μM
protein and 5x Sypro Orange per well with a total volume of
10 μl. The PCR plate was sealed with an optical seal and
centrifuged at 1000g for 2 min after the protein and dye were
added. The assays were carried out in quadruplicate. A tem-
perature gradient of 20 to 95 �C with a ramp rate of 0.03 �C
per second and 20 acquisitions per �C were used for the assay.
The data was analyzed using the “Tm calling” feature of the
LightCycler 480 software (https://diagnostics.roche.com/
global/en/products/instruments/lightcycler-480-ins-445.html)
which plots the temperature against the first derivative of
fluorescence intensity over temperature. The unfolding tem-
perature (Tm) of the molecule is indicated by the maximum
value of the first derivative of fluorescence intensity over
temperature.

Animal cell isolation

BMMs were flushed out from the long bones (femur and
tibia) of 12-week C57BL/6J mice using the standard method
under the approval of the University of Western Australia
Animal Ethics Committee (RA/3/100/1601) and then main-
tained in α-MEM containing 10% v/v FBS, 1% P/S v/v, and
M-CSF (complete α-MEM). To remove undesired fibroblasts,
nonadherent cells were transferred to new flasks 6 h after the
incubation.

MTS assay

Fresh BMMs were seeded in 96-well plates at the density of
6 × 103 cells/well for overnight incubation. Varying doses of
ADR3 i-body were added to BMMs for 48-h incubation. Fifty
microliters of MTS/phenazine methosulfate mixture were then
added into each well, followed by a 2-h incubation. The
absorbance was measured by an ELISA plate reader (BMG
LABTECH GmbH).

In vitro osteoclastogenesis assay

RAW264.7 cells and fresh BMMs were maintained in α-
MEM (10% v/v FBS and P/S) and complete α-MEM, respec-
tively, under the culture condition of 37 �C with 5% CO2. For
functional assay, RAW264.7 cells and BMMs were seeded to a
96-well plate at the density of 6 × 103 cells/well and induced by
50 ng/ml hRANKL or rRANKL for 5 days with or without
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i-bodies. The media was replaced every 2 days until day 5,
when mature osteoclasts were formed in the positive control
group. Cells were then fixed for 10 min by 2.5% v/v glutaral-
dehyde at room temperature (RT) and stained for TRAcP.
TRAcP-positive cells were imaged by a Nikon microscope
(Nikon Corporation) and quantified via imageJ (NIH). IC50 is
calculated via an online calculation tool: https://www.aatbio.
com/tools/ic50-calculator.
Podosome belt staining

BMMs were seeded in a 24-well plate with coverslips (13-
mm) and induced by 50 ng/ml hRANKL with or without
i-bodies, until the emergence of multinucleated osteoclasts.
Cells were fixed in 4% w/v paraformaldehyde for 10 min at RT
and permeabilized by 0.1% v/v Triton X-100 for 5 min before 1-
h incubation with 3% w/v BSA PBS for blocking. After washing
with 0.2% w/v BSA-PBS three times, cells were incubated with
rhodamine–phalloidin (1:300 diluted in 0.2% w/v BSA-PBS) for
2 h at RT. Cells were then gently washed four times in 0.2% w/v
BSA-PBS and PBS in sequence before staining with 40,6-
diamidino-2-phenylindole (1:10,000 diluted in PBS) for 5 min.
After washing with PBS, stained cells were visualized via a
Nikon A1Si Confocal Microscope (Nikon Corporation).
Luciferase reporter assay

To measure the activity of NFATc1, 5 × 104 RAW264.7 cells
stably transfected with NFATc1 luciferase reporter gene
described in (54) were seeded into 48-well plates overnight.
Cells were then induced by 50 ng/ml hRANKL treated with or
without i-bodies for 24 h. Luciferase activity was detected
using the Promega Luciferase Assay System according to the
manufacturer’s instructions.
In vitro hydroxyapatite resorption assay

BMMs were cultured on 6-well collagen-coated plates in the
presence of 50 ng/ml hRANKL for 5 days. Upon the formation
of a small number of osteoclasts, cells were trypsinized and
transferred to 96-well osteo assay plates for a 2-day culture in
the presence of 50 ng/ml hRANKL with or without i-bodies.
At day 8, half the wells of each group were fixed in 2.5% v/v
glutaraldehyde for TRAcP staining, while the other half were
bleached for the visualization of resorptive pits. Images were
captured by a Nikon microscope (Nikon Corporation) and
quantified through ImageJ (NIH).
RNA extraction and cDNA synthesis

BMMs were cultured in 6-well plates with complete α-MEM
at a density of 1 × 105 cells/well. Cells were treated with 50 ng/
ml hRANKL with or without i-bodies for 5 days until osteo-
clasts were formed in positive control. Cells were then lysed
for total RNA extraction using Trizol and Purelink RNA mini
kit in accordance with the manufacturer’s protocol. For cDNA
synthesis, real-time PCR was performed using Promega
reverse transcription system.
Real-time PCR

SYBR Green PCR Master Mix was used for real-time PCR
(rtPCR). The thermal cycler was programmed to 94 �C for
5 min, 30 cycles of 94 �C (40 s), 60 �C (40 s), and 72 �C (40 s),
along with an elongation step for 5 min at 72 �C. rtPCR was
performed using primers as described: calcitonin gene-related
peptide type 1 receptor (Calcrl; Forward: 50-TGGTTG
AGGTTGTGCCCA-30; Reverse: 50-CTCGTGGGTTT
GCCTCATC-30), c-Fos (Forward: 50-GCGAGCAACTGAG
AAGAC-30; Reverse: 50-TTGAAACCCGAGAACATC-30),
Nfatc1 (Forward: 50-CAACGCCCTGACCACCGATAG-30;
Reverse: 50-GGCTGCCTTCCGTCTCATAGT-30), ATPase,
H+ transporting, lysosomal V0 subunit D2 (Atp6v0d2; For-
ward: 50-GTGAGACCTTGGAAGACCTGAA-30; Reverse:
50-GAGAAATGTGCTCAGGGGCT-30), TRAcP (Acp5; For-
ward: 50-TGTGGCCATCTTTATGCT-30; Reverse: 50-GTCA
TTTCTTTGGGGCTT-30), cathepsin K (Ctsk; Forward:
50-GGGAGAAAAACCTGAAGC-30; Reverse: 50-ATTCT
GGGGACTCAGAGC-30), matrix metallopeptidase 9 (Mmp9;
Forward: 50-CGTGTCTGGAGATTCGACTTGA-30; Reverse:
50-TTGGAAACTCACACGCCAGA-30), and b-actin (Actb;
Forward: 50-AAGATCAAGATCATTGCTCCTCCT-30,
Reverse: 50-AGCTCAGTAACAGTCCGCCT-30). The fluo-
rescence signal of PCR amplification was read and monitored
by a ViiA 7 rtPCR machine (Applied Biosystems). The Ct
values of target genes were normalized to the Ct value of Actb
to give a ΔCt value, in which the data of the experimental
groups was further normalized to the control groups to obtain
ΔΔCt.

Western blotting

Fresh BMMs were induced by 50 ng/ml hRANKL with or
without i-bodies in 6-well plates (1 × 105 cells/well) for 5 days
until the formation of mature osteoclasts in the positive con-
trol. Cells were lysed in RIPA buffer and boiled for 5 min with
4× loading buffer. Samples were resolved in 10% w/v SDS-
denatured acrylamide gels and electroblotted onto 0.2 μm
nitrocellulose membranes. Membranes were then blocked
with 5% w/v nonfat milk powder in Tris buffered saline with
Tween 20 (TBST) containing 10 mM Tris, 150 mM NaCl, as
well as 0.1% v/v Tween-20, accompanied with the incubation
of primary antibodies diluted (1:500�1000) in TBST con-
taining 1% w/v BSA. HRP-conjugated secondary antibodies
were diluted (1:3300) with 1% BSA w/v in TBST. Proteins were
visualized by Western Lightning Ultra from PerkinElmer and
an ImageQuant LAS4000 (GE HealthCare).

Calcium flux assay

In general, starved fresh BMMs were seeded in 48-well
plates (1 × 104 cells/well) overnight before being treated with
50 ng/ml hRANKL with or without i-bodies for 24 h. Cells
were gently washed with assay buffer (Hanks’ buffer supple-
mented with 1 mM probenecid and 1% v/v FBS) and labeled by
calcium indicator Fluo-4 AM (in assay buffer containing 20%
w/v dimethyl sulfoxide–diluted pluronic-F127), according to
the manufacturer’s guidance (Molecular Probes; Thermo
J. Biol. Chem. (2023) 299(2) 102889 11
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Fisher Scientific). Intracellular Ca2+ was subsequently visual-
ized through inverted fluorescent microscopy (Nikon) at
488 nm wavelength. Images were taken every 2 s, lasting for
3 min for each well. Further analysis was conducted using the
Nikon Basic Research Software.
Statistical analysis and graph preparation

The statistics was carried out by Students’ t test (p < 0.05).
GraphPad Prism 6 (https://www.graphpad.com/support/
prism-6-updates/) was used to generate plots and present
data. At least three independent experiments were performed
for statistical analysis.
Data availability

The data that support this study are available from the
corresponding author upon a reasonable request.
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