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Abstract

Receptor activator of nuclear factor-kB (RANK) and RANK ligand play a pivotal role in bone
metabolism, and selective targeting of RANK signaling has become a promising therapeutic
strategy in the management of resorptive bone diseases. Existing antibody-based therapies and
novel inhibitors currently in development were designed to target the ligand, rather than the
membrane receptor expressed on osteoclast precursors. We describe here an alternative approach
to designing small peptides able to specifically bind to the hinge region of membrane RANK
responsible for the conformational change upon RANKL association. A nonapeptide generated
by this method was validated for its biological activity in vitro and in vivo and served as a lead
compound for the generation of a series of peptide RANK antagonists derived from the original
sequence. Our study presents a structure- and knowledge based strategy for the design of novel
effective and affordable small peptide inhibitors specifically targeting the receptor RANK and

opens a new therapeutic opportunity for the treatment of resorptive bone-disease.
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INTRODUCTION

Bone tissue undergoes constant remodeling to fulfill its principal functions of mechanical
support, maintenance of calcium homeostasis, and as a stem cell supplier". Receptor activator of
nuclear factor-kB (RANK) and its ligand RANKL are two key proteins of bone remodeling that
coordinate the interaction between bone resorbing osteoclasts and bone forming osteoblasts.?*
Osteoprotegerin (OPG), primarily secreted by bone stromal cells, acts as a decoy receptor to
prevent RANKL from binding RANK,® and the dysregulation of the RANKL/RANK/OPG
system causes an imbalance in bone homeostasis and results in various bone disorders.®”)
Because of the crucial role of this molecular triad, selective targeting of RANK signaling has
become a promising strategy for the management of bone resorptive diseases.®) For example, the
the chimeric protein RANK-Fc¢,*!9 the RANKL inhibitor OPG!%!? or formulated siRNAs
targeting Rankl"® showed promising results in the treatment of tumor-associated osteolysis.
Denosumab, a fully human monoclonal antibody against RANKL, is the first RANKL inhibitor
approved for the treatment of osteoporosis and the prevention of skeleton-related events in
patients with bone metastases.!*!> However, the high cost of these antibody-driven therapies
and side effects may limit their widespread use.(!%!7)

An alternative approach is the use of biocompatible inhibitory peptides targeting specific
receptor-ligand interactions. The classical structure-based method to designing therapeutic
peptides is based on the amino acid (AA) sequences found at protein-protein interaction sites.
When no structural information is available, a comparative model can be built using another
member of the protein family as a template to derive inhibitory peptides based on the predicted
interaction zone. This approach was successfully applied to various members of the TNF
family,1320 such as the peptide WP9QY, initially designed to target the TNFa/TNFR

interaction, and the OPG mimetic OP3-4. The crystal structure determinations of RANKL,
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RANK and RANK complexed with RANKL®!?? provided detailed insights into the key
structural features that govern the specific ligand-receptor recognition, and led to the
development of novel inhibitory peptidomimetics containing key residues of the receptor-ligand
interface with a mild to strong selectivity for their target.???* However, most active inhibitors
targeted the ligand, not the receptor. Since regulation of RANK, unlike RANKL expression, is
controlled by only a few modulators®® targeting the receptor seemed a logical approach for the
design of new inhibitors.

Here, we present an alternative, structure-based approach for the design of small peptide
inhibitors> able to specifically bind to the hinge region of membrane RANK, thereby blocking
the RANK/RANKL interaction. A nonapeptide inhibitor generated by our method was further
evaluated for its effect on osteoclast function in vitro and on ovariectomy-induced bone loss in
vivo and served as a lead compound for the generation of a series of RANK antagonists, opening

a new opportunity for the treatment of resorptive bone-disease.

MATERIALS AND METHODS

Generation of a peptide library—A wide database of peptides of random amino acid sequences
was generated in silico on a dual quad-core 2.66 Ghz Xeon 5630 workstation and filtered for
aqueous solubility using a combination of biochemical and sequence-related filters (for details,
see Supplemental Methods and Fig. S1). The resulting collection of 22.5x10° peptides was
processed to provide three-dimensional peptide coordinates. Each peptide was typed with the

CHARMmM®® force-field for further analysis within Discovery Studio 2.5.5 (Accelrys Software).



Docking experiments and refinement of docking poses—The Human RANK-RANKL crystal
structure®? (PDB id: 3ME2) was used as a reference to define putative binding sites at the
RANK-RANKL interaction site. Docking experiments were performed with peptides in the
putative binding region on RANK using the CDOCKER®” module of Discovery Studio 2.5.5
(Fig. S1). Principal poses were visually inspected and the most promising poses were refined

manually for a better characterization of the most favorable RANK-peptide interactions.

Surface plasmon resonance binding assay-Biosensor experiments were carried out on a
Biacore 3000 as published previously.?® Recombinant RANKL or RANK-Fc (R&D Systems)
was covalently immobilized to the dextran matrix of a Biacore CM5 sensor chip (flow rate: 5
puL/min). Immobilization levels ranged from 400 to 3,000 response units (RU) for RANKL or
5,000 RU for RANK. Binding assays were performed at 25°C in 10 mM Hepes buffer, pH 7.4.
Peptide binding to RANK or RANKL was determined using single cycle kinetics. The
sensorgrams were fitted to calculate the equilibrium-dissociation constants using the Langmuir

1:1 model with BiaEval 4.1 software (Biacore).

NMR Spectroscopy-NMR experiments were run at 500.13 MHz for 'H on a Bruker AVANCE
500 spectrometer with a Linux PC workstation, using 5-mm standard or 3-mm Shigemi tubes
with magnetic susceptibilities matched to the solvent H2O/?H20. Spectra of Pep8 (0.1-1 mM)
were recorded in 200 mM sodium phosphate buffer (H20/°H20, 95:5), pH 7.4. 2D NMR spectra
were recorded in the phase-sensitive mode using the States-TPPI method.?” All experiments
were carried out using the WATERGATE pulse sequence for water suppression or the excitation
sculpting water suppression to eliminate the solvent signal.®®3D 2D COSY, TOCSY and

NOESY spectra were recorded at 280 K. TOCSY spectra were recorded using a MLEV-17 spin-
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lock sequence (mixing time: 35 and 70 ms).®? 2D NOESY experiments were recorded at 100 to
500 ms mixing times. Heteronuclear 'H'3C HSQC spectra were recorded at 280 K in the same
conditions. For experiments with soluble RANK-Fc, ligand-to-protein ratios ranged from 100:1
to 1,000:1 (0.1-1 mM Pep8). Chemical shift assignments refer to internal 3-(trimethylsilyl)
propionic-2,2,3,3-d4 acid sodium salt (TSP-d4). TRNOESY spectra of Pep8 with RANK-Fc
were recorded using a mixing time of 100 to 500 ms.

1D 'H STD NMR spectra of the peptide-protein mixtures were recorded at 500 MHz with
4K scans and selective saturation of protein resonances as described previously.®® To enhance
the saturation transfer efficiency, clean STD-NMR experiments® were combined with an
optimized excitation 90° E-Burp-1 selective or 90° E-Burp-1 cosine modulated selective
pulse.®> The irradiation frequencies were set to -0.4/10.1/60 ppm (foni/fon2/fort), the height of
Gaussian-shaped pulses was set to 200 Hz and the near ligand resonances were >500 Hz.
Subtraction of FID values with on- and off-resonance protein saturation was achieved by phase
cycling. Relative STD values were calculated by dividing STD signal intensities by the
intensities of the corresponding signals in a 1D 'H NMR reference spectrum of the same sample

recorded with similar parameter conditions.

Peptides and cell lines—Peptides were purchased from GeneCust EUROPE and stored at -20°C
until use. 1 mM stock solutions were stored at -20°C for up to two weeks, diluted solutions were
freshly prepared and sterile filtered before use. Murine RAW264.7 cells (ATCC) were cultured
in cMEM/FBS-10%. Human embryonic kidney 293 cells stably expressing RANK (HEK-RANK
cells, see Supplemental Methods) were maintained in DMEM/FBS-10% with 1 pg/mL

puromycin.



Osteoclast differentiation assays—Osteoclasts were generated from human blood CD14" or
murine bone marrow CD11b" monocytes isolated magnetically (Miltenyi Biotec), and cultured in
the presence of 25 ng/mL M-CSF and 100 ng/mL RANKL with or without Pep8 at 1-100 uM as
described previously.?® TRAP-positive multinucleated cells formed with >3 nuclei were
considered as osteoclasts, manually counted and analyzed. ICso values for the dose-response
experiments were calculated by linear extrapolation using the formula: ICso = (50%-
Lowimne)/(Highmh%-Lowmhy) x (Highcone-Lowconc) + Lowcone, Where Lowmns/Highimn signify %
inhibition directly below/above 50% inhibition, and Lowconc/Highcone are the corresponding

concentrations of Pep8.

Pit formation assay—Osteoclast capacity for bone resorption was assessed by pit formation
assay.G73® For this purpose, CD14-selected human osteoclast precursors (2x103 cells in 300
uL/well) were cultured on 5-mm-diameter dentin slices in 48-well culture plates in the presence
of 30 ng/mL M-CSF. On day 3, cultures were supplemented with fresh medium containing M-
CSF and RANKL (50 ng/mL) in the presence or absence of Pep8 (50, 100 and 300 pM).
Medium and treatments were replaced every three days. At the end of the culture period on day
12, dentin slices were washed and adherent osteoclasts and mononuclear cells were removed

manually. Resorption pits were observed by scanning electron microscopy (TM3000, Hitachi).

RNA isolation and real-time PCR analysis—Total RNA from CD14" cells treated in the presence
or absence of Pep8 (50 uM) and/or hRANKL (100 ng/mL) was extracted using the Nucleospin
RNA II kit (Macherey-Nagel) according to the manufacturer’s instructions. First-strand cDNA

was synthesized from 5 pg total RNA with ThermoScript™ RT (Invitrogen) and oligo(dT)



primers. Quantitative real-time PCR was carried out on a Chromo4™ System (Biorad) with a
reaction mix containing 15-40 ng reverse-transcribed total RNA, 300 nM primers (see Table S1
for primer sequences and PCR conditions) and 2xSYBR green buffer. GAPDH and B2M were
used as reference genes for data normalization using the DDCt method, and relative target gene

expression was calculated with the GenEx software (Biorad).®%4?

Western blot analysis—-RAW264.7 cells in culture were starved for 2 hours prior to treatment
with Pep8 (50 uM) with or without hRANKL (100 ng/mL). Total cell lysates were obtained as
described previously.®® Separate cytoplasmic and nuclear protein fractions were obtained using
the NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Scientific). Proteins (40 pg) were
run on SDS-PAGE and transferred to Immobilon-P membranes (Millipore), which were then
incubated with antibodies (Cell Signalling) to Akt, phospho(p)-Akt, ERK 1/2, p-ERK 1/2, p38,
p-p38, IxkBa, p65 and p50 and visualized using the ECL reagent (Pierce). 3-Actin, histone H3
and HDAC served as housekeeping proteins. HEK-RANK cells were pre-treated with Pep8 (50
uM) for 2 hours in serum-free medium before adding RANKL (5-50 ng/mL) and lysates were
immunoblotted with p38/p-p38, as described above. For experiments with cycloheximide, cells
were cultured in DMEM/FBS-1% over night and pre-treated with CHX (4 pg/mL) for 2 hours
before treatment with RANKL (100 ng/mL) or Pep8 (200 uM) for 2 to 22 hours, respectively.
RANK expression was analyzed by immunoblotting with anti-RANK/TNFRSF11A (R&D

Systems).

Murine model of osteoporosis—Eight-week-old ovariectomized female C57BL6 and age-
matched healthy mice were purchased from Janvier. Mice were housed under pathogen-free

conditions at the Experimental Therapy Unit (University of Nantes, France). Animal care and
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experimental protocols were approved by the French Ministry of Research and were done in
accordance with the institutional guidelines of the French Ethical Committee and under the
supervision of authorized investigators. After recovery from surgery for 7 days and acclimation,
the mice were randomly divided into a treatment and a control group (n = 8 per group). Mice
received daily subcutaneous injections of Pep8 (10 mg/kg) or vehicle. Non-ovariectomized mice
were included as healthy controls. During the experimental period, the body weight of animals
was monitored. After treatment for five weeks, mice were anesthetized with isoflurane and
sacrificed by cervical disruption. Hind limbs and vertebrac were collected and stored at 4°C in
4% paraformaldehyde until further analysis. Internal organs were harvested, fixed in 4% PFA

and paraffin-embedded for toxicity screening.

Micro-CT analysis of bone samples—Analysis of architectural variables of tibiaec and vertebrae
was performed using the high-resolution X-ray micro-CT system for small animal imaging
SkyScan-1076 (at 50 kV and 200 pA using a 0.5 mm aluminum filter and a detection pixel size
of 18 um). Images were captured every 0.6° through 180° rotation. After scanning, the image
data were transferred to a workstation and the proximal tibiae and the fourth lumbar vertebrae
(L4) were rendered for 3D display and calculation of the structural indices" using the SkyScan
analysis system. For trabecular bone parameters in tibiae, fifty slices (1 mm) at ~0.4 pm distal to
the growth plate were used for analysis. For the analysis of the L4 vertebrae, 120 slices (2.4 mm)
were manually delineated within the vertebral body to avoid the inclusion of the superior and
inferior endplates. The analysis involved the following bone measurements: bone volume
fraction (BV/TV), trabecular number (TbN), trabecular thickness (TbTh) and trabecular spacing

(TbSp).



Bone histology and histomorphometry—Left hind limbs and lumbar vertebrae fixed in 4% PFA
were decalcified with 4.13% EDTA and 0.2% paraformaldehyde in phosphate buffered saline
(PBS) for 96 hours using the KOS microwave histostation (Milestone) before embedding in
paraffin. Serial sagittal sections of 5-um thickness were cut with a microtome (Leica
Microsystems), mounted on glass slides and stained with Masson trichrome.“?
Histomorphometric analysis was conducted in the proximal epiphyseal regions of tibiae by
tartrate-resistant acid phosphatase (TRAP) staining to identify osteoclasts, as described
previously.“® Slides stained for TRAP were analyzed using a digital slide scanner (NanoZoomer
2.0-RS, Hamamatsu). The number of osteoclasts was evaluated by manually counting on digital

slides. TRAP-positive multinucleated cells attached to bone were scored as osteoclasts.

Statistical Analysis—Data were analyzed using GraphPad Prism version 4.0 software (GraphPad).
One-way ANOVA followed by Dunnett’s multiple comparison test was applied to compare

multiple treatment groups. P values < 0.05 were considered significant.

RESULTS

In silico generation of novel peptide RANK antagonists

To identify new inhibitors of the RANK/RANKL interaction, we created a library of random
peptides of variable length (7 to 13 amino acids) which were filtered based on their 1D sequence
using an in-house protocol to ensure their solubility in aqueous solutions. The remaining
~2.5x10* sequences were used to generate 3D peptide conformations, and the virtual peptides

were screened for receptor binding against RANK (Supplemental Material, Fig. S1). The crystal
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structure of the RANK-RANKL complex?!?? was used as a template for modeling peptides in
complex with RANK. Based on the structural changes in RANK upon RANKL binding, we
defined a potential binding site for our peptides in the hinge region between two cysteine-rich
domains on RANK, which is responsible for the conformational change upon RANKL
association (Fig. 1A).?D More precisely, we chose a binding groove for peptide docking starting
between residues Argl12 and Lys148 on RANK with a narrow opening between Glul26 (a key
residue for RANKL-binding and recognition) and Lys97 and extending downwards towards
residues Argl129/Arg130 (Fig. 1A). Glul26 and Lys97 are held in place by two unique disulfide
bonds formed between Cys125 and Cys127, and Cys93-Cys113 on RANK, respectively, leading
to a constrained conformation in this area. Docking experiments with peptides were performed in
this putative binding pocket on RANK. To this aim, we developed a two-step protocol to
computationally predict binding affinities of peptide-RANK complexes. After an initial high-
throughput screening of 2.5x10* peptides, the most promising candidates were subjected to a
refined calculation protocol for a better characterization of the most favorable RANK-peptide

interactions (Fig. S1).

Biological screening of small peptides targeting RANK

After the docking process, we evaluated experimentally the activity of the peptides with the most
promising poses (~40) in an osteoclastogenesis assay. The respective activities of a
representative panel of 11 peptides (see Table S2 for peptide sequences) on human osteoclast
formation are shown in Figure 1B. At a 50 uM concentration several peptides showed a mild to
weak inhibitory effect on osteoclastogenesis, while two peptides, Pep501 and Pep8, exhibited

strong activity, similar to that of the RANKL-targeting control peptides, OP3-4"") and
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WPIQY!"®. Because of the higher solubility of Pep8 in aqueous solution and the promising
docking results, we chose to continue our studies with Pep8.

Our model suggests that Pep8 binding to RANK occurs via two different binding mechanisms:
competitive N-terminal binding (i.e. responsible for peptide activity) with residues Asnl-Val2-
Leu3-Lys4-Leu5 blocking the access of RANKL to Lys97 and Glul26 on RANK, which are
critical for RANKL binding;'” and RANK-specific C-terminal binding of residues Cys6-Ser7-
Gly8-Glu9 without RANKL interaction (i.e. conferring receptor affinity). Figure 1C shows the
structure model of Pep8 fixed on RANK and the specific inter-molecular contacts made by the
modeled peptide with key amino acids in the putative binding pocket of the protein (for a more
detailed description of predicted molecular interactions between Pep8 and RANK, see Fig. S2).
We used surface plasmon resonance to evaluate experimentally the binding of Pep8 to RANK.

Pep8 bound to immobilized RANK in a dose-dependent manner (Ka 10.5x10° M, kon 4.95x10?

M s kosr 5.20x1073 s71), confirming direct peptide-receptor interaction (Fig. 1D).

Pep8 inhibits RANKL-induced osteoclast formation and activity

The functionality of Pep8 was further assessed in a dose-response experiment. Pep8 caused a
dose-dependent decrease in the number of TRAP-positive multinucleated cells formed in CD14"
monocyte cultures, with an ICso of 45.3 + 3.7 uM (Fig. 2A,B). Furthermore, we evaluated cross-
species activity of Pep8 on the mouse receptor ortholog of RANKL (sharing 77% sequence
identity) and found a similar decrease in murine CD11b" osteoclast numbers (ICso = 33.8 + 6.3)
(Fig. 2A,B). By contrast, Pep8 alone in the absence of RANKL did not modulate osteoclast
development, nor did treatment with Pep8 affect osteoblast differentiation of mesenchymal stem

cells (Fig. S3). Pep8 also had an effect on osteoclastic markers cathepsin K (CathK) and TRAP
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as well as nuclear factor of activated T cells c1 (NFATc1), which is expressed during osteoclast
differentiation, markedly reducing mRNA levels at all time points studied which is consistent
with its inhibitory effect on osteoclastogenesis (Fig. 2C). In addition, we also examined the
effect of Pep8 on the resorptive activity of osteoclasts generated from CD14" precursors. We
found that Pep8 at 100 and 300 puM strongly reduced the RANKL-induced formation of

resorption-pits on dentin slices (Fig. 3), which are indicative of osteoclast activity.

Pep8 inhibits RANKL-induced RANK signaling

To explore pathways by which Pep8 regulates osteoclast biology (Fig. S4), we investigated the
effect of the peptide on RANKL-induced activation of Akt, p38 and ERK in murine
macrophage-like RAW264.7 cells. Pep8 inhibited RANKL-induced phosphorylation of Akt, p38
and ERK (Fig. 4A). Pep8 also affected NF-kB signaling by blocking the RANKL-induced
degradation of IkxBa and subsequent nuclear translocation of p5S0 and p65 (Fig. 4B), as shown by
an increase in IkBa levels in the cytosol and a decrease in NF-kB p65 in the nuclear fraction of
cells treated with Pep8. Levels of pS0 were also slightly, but not statistically significantly
decreased. By contrast, Pep8 had no effect on the expression levels of RelB (data not shown),
indicating that Pep8 exerts its activity on osteoclast precursors by inhibiting the classical NF-xB
pathway.

We confirmed the effect of Pep8 on RANK signaling in human embryonic kidney (HEK) 293
cells stably expressing RANK (Fig. S5). Pep8 strongly inhibited activation of p38 after
stimulation with RANKL at 10 and 50 ng/mL (Fig. 4C). Surprisingly, there was only a slight and
not statistically significant inhibition of p38 phosphorylation at 5 ng/mL. RANKL (see also Fig.
S6). The absence of an effect of Pep8 at very low concentrations of RANKL may be explained

by a cooperative binding mode in which the receptor affinity for the ligand depends on the
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amount of ligand(s) bound to the receptor chains. In contrast to a linear binding mode where
increasing ligand concentrations result in a linear recruitment/activation of the receptor,
cooperative binding is characterized by a non-linear relationship between the number of receptor
binding sites occupied by the ligand and the ligand concentration.*¥ In our model, increasing
RANKL concentrations may increase the binding affinity of Pep8 to RANK by substantially
modifying the stochiometric conformation of RANK receptor chains and/or their ability to form
trimeric receptor complexes. This mechanism of cooperative receptor activation may be further
exacerbated by the high receptor levels present in this cell model. Similar experiments carried
out by us and others with different RANK-expressing cancer cell lines required high
concentrations of RANKL (0.1 - 2.5 pg/mL) in order to activate downstream signaling.®49

In addition, we also studied receptor half-life in this model. Pep8 induced receptor degradation in
HEK-RANK cells over time when de novo protein synthesis was blocked, albeit to a somewhat
lesser extent than what was observed with RANKL (Fig. 4D), which strongly supports our in

silico prediction that Pep8 specifically binds to membrane RANK.

Pep8 protects mice against ovariectomy-induced bone loss

Given Pep8’s ability to inhibit RANKL-induced osteoclast differentiation and signaling in vitro,
we asked whether Pep8 might prevent RANKL-dependent bone loss in an ovariectomized
(OVX) mouse model.#*? Animals received daily subcutaneous injections of 10 mg/kg Pep8
over a period of 35 days. The peptide dosage was chosen based on previous murine studies using
RANKL-targeting peptides.(!%1%4®) Pep8 attenuated bone loss in OVX mice compared to vehicle-
treated controls (Fig. 5 and Table 1), as demonstrated by a significant increase in structural

parameters, including trabecular bone volume (BV/TV, 93%), trabecular thickness (TbTh, 14%),
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and trabecular number (TbN, 33%) with a decrease in trabecular separation (TbS, 20%) (all p <
0.01). Similar results were obtained in lumbar vertebrae (Fig. 5 and Table 1).

Histological analysis of the proximal tibiae from the respective groups revealed a marked
increase in trabecular bone tissue in Pep8-treated mice, as well as a significant reduction of the
number of TRAP-positive osteoclasts in tibiac (NOV, 33.5 + 2.3 and OVX, 33.9 + 4.4 versus
Pep8, 22.7 £ 2.4 osteoclasts/mm of bone perimeter; p < 0.01) (Fig. 5), demonstrating an
inhibition of osteoclast formation in vivo. Pep8 was well tolerated without any sign of overt
toxicity at the tested dose, apart from transient hair loss close to the injection site which was
observed in 7 out of 8 mice in the treatment group (Fig. S7). A histological evaluation of major
organs showed no evidence of treatment-related organ toxicity (Fig. S7). Overall, these results
provide evidence that Pep8 is a promising new agent for the treatment of postmenopausal bone

loss.

Highlighting a core motif responsible for receptor binding

To further understand the mechanism of action of Pep8, we performed one- and two-dimensional
saturation transfer difference (STD) NMR experiments which allow the determination of the
binding epitope of a peptide by measuring progressive saturation transfers from the protein to the
ligand protons upon receptor binding.*” To determine the ligand protons that are closer to the
receptor upon binding, a spectrum in which the protein was selectively saturated is recorded, and
the saturation transfer difference between a spectrum with saturation and one recorded without
protein saturation can be quantified and constitutes an indication of binding. Only the signals of

the protons that are in close contact to the protein and receive magnetization transfer will appear
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in the difference spectrum and from those, the ones that are closer to the protein will have more
intense signals, owing to a more efficient saturation transfer.

STD NMR spectra of RANK with increasing concentrations of Pep8 were recorded and peak
intensities for all visible amide (NH) protons of the peptide were calculated. The 1D spectra of
Pep8 bound to RANK differed significantly from that of the unbound peptide, in proportion to
the amount of peptide added to the sample (Fig. 6A). To define the peptide residues which are
critical for protein-binding we used a combination of transferred NOE (Nuclear Overhauser
Effect) and STD experiments.®” We observed the strongest STD signals (100%) for the NH
protons of residues Leu3-Lys4-Leu5, demonstrating closest proximity of this motif to the protein
surface (Fig. 6B). Residues Cys6-Ser7 and Gly8-Glu9 received strong (60%) and medium (40%)
transfers of saturation, respectively. Residues Asnl and Val2 were not visible in the spectrum,
which is typical for this type of experiment; however, both terminal NH2 protons of Asnl were
detected with low STD signals (Fig. 6B). Our STD results thus highlight the binding of a
continuous core motif Leu3-Lys4-Leu5-Cys6-Ser7 (LKLCS) to the receptor, revealing a key role
for these residues in abrogating ligand-binding. By contrast, no comparable binding motif could
be defined for in silico binding to other members of the TNF-R family (Fig. S8), which further

reinforces the notion of receptor-specificity of Pep8.

Creation of a novel series of effective RANK antagonists

We next created a series of peptides derived from the sequence of Pep8 sharing >80% sequence
identity (see Table S3 for a full rationale of peptide modifications) with the aim to (i) further
evaluate the individual contribution of each residue to receptor-binding and, and (ii) improve the

inhibitory activity.
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We first created peptides carrying modifications in the terminal regions of the peptide while
maintaining an intact core LKLCS. As expected, most of these peptides showed an activity
similar to that of Pep8 (Fig. 6C) as long as the peptide length was not affected, confirming a key
role for these residues. The core 5-mer by itself (Pep822) without surrounding residues showed
no in vitro activity which can be explained by its short length. Molecular docking also predicted
an alternative binding mode in which the side chain of Lys4 is pointed towards RANK-Glul26
instead of adopting the preferred head-to-tail orientation with Lys97 (Fig. S9). Furthermore, an
exchange of N- and C-terminal residues (Pep813) lead to an upside-down orientation of the
peptide (which had almost no consequence for peptide activity), revealing the nearly palindromic
nature of the sequence and demonstrating that the peptide orientation is determined by its
surrounding amino acids (Fig. 6C and Fig. S9).

We also introduced specific modifications to enhance peptide affinity (i.e. RANK-binding);
however, this lead to a mild decrease in activity (Fig. 6C). To further enhance peptide activity,
we created derivatives with specific modifications in the core motif. We demonstrated that
although the position of the peptide in the binding groove and the hydrogen bond network
formed between these residues and the receptor are important, specific substitutions can be
introduced that can compensate for the loss of interactions due to the nature of the residue or the
displacement of the peptide around Glul26, the key residue for receptor-ligand binding (Fig. 6C
and Fig. S9). Taken together, these results demonstrate that our method is able to reliably predict
in vitro activities of peptides and their derivatives, and is a valuable tool for the design and

improvement of novel peptide inhibitors.

DISCUSSION
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Over the past decade, new therapeutic options for the treatment of bone disease and skeletal-
related events (SRE) have emerged, including bisphosphonates®!'*® and antibody-driven
biotherapies such as the RANKL-targeting antibody denosumab.®® However, important
limitations remain including the high cost associated with the manufacturing and/or purification
process and the risk of side effects such as rashes, hypocalcaemia or renal toxicity.!!®!” There
remains therefore a need for effective, affordable therapies with fewer side effects that address
the causes of the disease.

A promising therapeutic alternative is the use of inhibitory peptides or peptidomimetics of
protein-protein interaction, which has been applied to various members of the TNF receptor
family, such as the OPG mimetic OP3-4 or the RANK mimetic L3-3.(82%5% However, the most
effective inhibitors published to date were active against the ligand rather than the receptor.

We have developed a new strategy to inhibit RANK activation by blocking a receptor
conformation to reduce its conformational entropy. We defined a potential binding region for our
peptides in the hinge region of the receptor which undergoes a conformational change during
ligand-binding. Contrary to the approaches presented so far, we did not use the amino acids from
the RANK/RANKL interface as starting templates, but instead generated an in-house library of
soluble peptides and screened for peptide activity by performing docking experiments on the
receptor. Such high-throughput virtual screening is an important tool in the drug discovery
process and is often successful in identifying competitive peptides; however, their further
experimental validation is often limited or even prevented by a low aqueous solubility of the
peptides and may therefore require additional modifications. To address this problem, we have
developed an original approach that guarantees peptide solubility while also drastically reducing
the conformational space to explore. Existing tools for the prediction of peptide solubility, which

are mostly based on machine learning approaches on protein structures, are unsuitable for small
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peptides, since the 3D conformation of short polypeptides (< 15 amino acids) is more likely to be
unstructured.®> By contrast, our approach is rule-based to exclude common peptide
compositions known to prevent good solubilization in water and allows a dramatic reduction of
the original peptide collection to only 5-20% of its initial size and may provide a first step
towards a more general set of rules for peptide solubility, useful for pre-filtering a peptide
library.

After the virtual screening process, we evaluated experimentally the activity of the most
promising poses, since the post-docking scoring methods were not sufficient to discriminate
clearly amongst them, as is often the case in blind virtual screening evaluations.®® We
successfully tested the most promising peptide, Pep8, derived from this approach for its
inhibitory activity in vitro and on bone loss in a mouse osteoporosis model. Pep8 was well
tolerated in vivo without any signs of treatment-related toxicity. The minor side effect of
transient hair loss observed in the PepS8-treated group, which can be explained by the
involvement of RANK/RANKL in the hair renewal process,®” was not observed in mice treated
with a lower dose (5 mg/kg/d) of Pep8, although the bone-sparing effect at this dose was also
less pronounced (Fig. S10), indicating a dose-dependent mechanism. Overall, our data thus
provide evidence that Pep8 is a promising new agent for the treatment of RANKL-mediated bone
loss.

Receptor binding and specificity of Pep8 was further validated using biological as well as
biophysical experiments, confirming in silico predictions that Pep8 specifically binds to
membrane RANK, while no receptor-binding sites could be defined for other members of the
receptor family. Using STD NMR spectroscopy, we highlighted a key role for the central peptide

motif LKLCS in blocking the receptor-ligand interaction. Following the classical hit-to-lead
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strategy,®® we also determined in silico the individual contribution of each residue to the
binding of Pep8 to RANK, which led to the generation of a series of 24 RANK antagonists
derived from the original sequence and provided valuable insight into the mechanism of action of
Pep8, which can be exploited for further peptide refinement to maximize inhibitory activity.
Furthermore, our approach should be easily adaptable to other genetic variants of RANK®? or to
specifically target other members of the TNF-R family while avoiding cross-reactivity.

For example, several disease-associated mutations have been identified so far in the extracellular
domain of RANK where Pep8 binds to the receptor.®:*") However, most identified mutations are
located outside of the RANKL-binding interface with no consequences for peptide binding. By
contrast, mutations in residues that are involved in RANKL-binding, such as residues R128 and
R129, may lead to a modification of the receptor-peptide interaction, with possible consequences
on peptide activity. To counter a loss of activity, specific peptide sequence mutations may be
introduced to restore full peptide-binding to RANK, provided that the structural integrity of the
receptor is maintained in the mutant.®® However, some mutations may induce structural changes
in the receptor such as the mutation of R129 to a cysteine, which may disturb locally the A/B
fold highly conserved in members of the TNF family®® via the formation of alternative disulfide
bridges. Such potential conformational changes could modulate the affinity of the receptor to its
ligand, leading to a total loss of peptide binding, and may also explain why patients carrying the
128/129 mutations are susceptible to develop the osteoclast-poor osteopetrosis phenotype.”
With regard to peptide design, it is essential to evaluate experimentally the consequences of
these mutations on the receptor conformation prior to the design of novel inhibitory peptides.

A remaining concern for the use of therapeutic peptides is their short in vivo activity due to poor
bioavailability and rapid renal clearance.®® However, recent advances in novel systemic or local

drug delivery systems have provided options for more effective drug administration.®> Further
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experimental validation is required to confirm the druglikeness of our peptides in preclinical
studies; however, our results may constitute a tangible step toward the use of RANK antagonists

in bone resorptive disease, alone or in conjunction with existing therapies.
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FIGURE LEGENDS

Fig. 1. Structure-based design of peptide RANK antagonists. (A) Structure of the
RANK/RANKL complex with amino acids (AAs) colored according to interpolated charge
(blue, positive; red, negative; white, neutral and/or hydrophobic). (i) The RANK/RANKL
interface (shown are two monomers) is discontinuous with two binding zones forming a cavity
binding groove in the hinge region on RANK. (iv) 3D model of a peptide-RANK complex. (B)
Screening of novel peptides for osteoclast differentiation. TRAP" multinucleated cells (MNCs)
formed in cultures of CD14" monocytes incubated in the presence of M-CSF/RANKL and a
peptide (50 puM) are counted. OPG served as positive control. Results are expressed as
percentage of TRAP" cells in cultures without a peptide and are the means = SD of three
experiments done in triplicate. (C) Ball-and-stick representation of a 3D conformation of Pep8
(9-mer sequence NVLKLCSGE) in complex with RANK from molecular modeling. Interacting
AAs from RANK making contact with the modeled Pep8 are shown as grey-blue spheres. Key
AAs E126 and K97 are marked in red. (D) Surface plasmon resonance sensorgrams showing the
formation and dissociation of the Pep8:RANK complex (injection spikes removed). Samples of

Pep8 at different concentrations were injected over immobilized RANK.

Fig. 2. Inhibitory effect of Pep8 on RANKL-induced osteoclastogenesis. (A) Activity of Pep8 on
osteoclast formation in human CDI14" and murine CDI11b" monocytes. Representative
microscopic images of TRAP" MNCs at different concentrations of Pep8 are shown. (B) The
percentage of TRAP" cells was measured. The values represent means + SD of at least three
independent experiments carried out in triplicate. **p < 0.01 and *p < 0.05. (C) Relative

expression of osteoclast-specific genes CathK and TRAP and NFATcl in CD14" cells treated
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with Pep8 in the presence or absence of RANKL (for 3, 6 and 9 days). Expression levels were
normalized to GAPDH and B2M and the level of undifferentiated cells ((RANKL) at day 3 was
set to 1. Graphs show the results of representative experiments run in triplicate. Values represent

means + SD of technical triplicates. **p < 0.01 and *p < 0.05.

Fig. 3. Effect of Pep8 on osteoclast activity. The effect of Pep8 on the formation of resorption
pits on dentine slices (50 original magnification) was assessed in CD14" cell cultures incubated
with RANKL (50 ng/mL) and Pep8 (50, 100 or 300 uM, as indicated). Dentin slices cultured
with RANKL only served as controls. Pep8 strongly suppressed RANKL-stimulated bone
resorption at 100 and 300 uM. Representative images of pit formation on dentin slices from two

independent experiments are shown. Scale bars, 500 pm.

Fig. 4. Effect of Pep8 on RANK signaling. (A) Inhibition of activation of Akt, p38 and ERK by
Pep8 (50 uM) was assessed as inhibition of phosphorylation (p-) in RAW264.7 cells. (B) NF-xB
distribution in the presence or absence of Pep8. Expression of inhibitor protein [kBa and NF-kB
proteins p65 and p50 were analyzed in the cytoplasmic (CF) or nuclear fractions (NF). (C) Effect
of Pep8 (100 uM) on p38 activation in HEK293 cells overexpressing RANK (HEK-RANK) at
increasing concentrations of RANKL, as indicated. (D) Receptor half-life study in HEK-RANK
cells treated with cycloheximide (CHX) and Pep8 (200 uM) or RANKL, as indicated.
Immunoblots were probed with an antibody against human RANK/TNFRSF11A. 3-Actin served
as control. For all experiments, representative blots are shown. Bar graphs show relative
densitometric values and represent the means £ SD of three independent experiments. ***p <

0.001, **p < 0.01 and *p < 0.05.
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Fig. 5. Inhibitory effect of Pep8 on ovariectomy-induced bone loss. (Left columns)
Representative three-dimensional transversal pCT images of the proximal region of tibiae and 4™
lumbar vertebrae from mice treated with 10 mg/kg/d Pep8, vehicle (OVX) or healthy controls
(NOV) (n = 8/group). (Middle column) Masson’s trichrome staining of longitudinal sections
from proximal tibiae. Green stain indicates bone tissue and reddish-brown stain soft tissues.
(Right column) Positive TRAP staining of osteoclasts (stained in red) on areas of resorption

along the growth plate region in tibia sections. Scale bars, 0.8 mm.

Fig. 6. Peptide-target interaction of Pep8 and screening of Pep8 derivatives. (A) Expansion of
the region containing resonances of the amide protons of Pep8 in association with RANK:
reference 1D 'H (black) and 1D 'H STD-NMR spectrum (red), showing enhancements of
resonances of protons making close contacts with the interaction site on the receptor. STD values
are obtained after peak picking intensities compared with the 1D, with the exact values of
chemical shifts of the NH (AAs in bold have intense relative STD). (B) Relative STD intensities
for the individual NH protons of Pep8 normalized to K4 were used to compare the STD eftect.
(C) In vitro activity of Pep8 derivatives. Peptide activity was arbitrarily classified in three
categories (dotted lines), with an activity zone signifying similar activity to Pep8. Peptide length
varies between 5 and 14 amino acids. Black bars, good binding predicted in silico; light grey

bars, low or unclear binding prediction.
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Table 1. Histomorphometric analysis of the protective effect of Pep8 on ovariectomy-induced

bone loss
Parameter NOV ovXx Pep8

Proximal tibia, trabecular

BV/TV (%) 15.05+1.09 5.97 £0.74¢ 11.51 +1.15%4

TbTh (um) 99.71 + 1.39 88.11 +3.23¢ 100.34 + 3.06°

TbN (1/mm) 1.50 £0.09 0.66 £0.07¢ 1.13 £ 0.09*¢

TbS (um) 406.6 +24.2 628.5+ 17.9¢ 506.4 + 24 4a¢
Vertebral body, trabecular

BV/TV (%) 47.06 £1.02 33.21+1.21°¢ 37.47 £ 1.41bc

TbTh (um) 1253 £ 1.44 112.9 £ 1.45°¢ 116.1 £2.55¢

TbN (1/mm) 3.75+0.06 2.94+0.07° 3.22+0.07%¢

TbS (um) 2022 +5.77 262.0£6.61¢ 238.7 £ 7.53b¢

Data are expressed as mean + SEM. BV/TV, bone volume/tissue volume ratio; TbTh, trabecular

thickness; TbN, trabecular number; TbS, trabecular spacing; ?p < 0.01 and ’p < 0.05 vs. OVX

roup; °p < 0.01 and p < 0.05 vs. NOV group using ANOVA and Dunnett’s posttest.
group; °p
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