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ABSTRACT

Osteoporosis is a common, age-related disease caused by imbalanced bone remodeling. Current treatments either
shut down bone resorption or robustly stimulate bone formation. Here, we describe a novel compound that
inhibits osteoclast activity without causing apparent disruptions to bone formation by targeting both c-FMS (i.e.,
osteoclast differentiation) and avp3 integrin (i.e., osteoclastic bone resorption) receptors. We show that human
serum albumin (HSA)-conjugated M-CSFrgp protein (M-CSFrgp-HSA) effectively inhibits the activity of both
receptors, with a three-fold higher serum half-life compared to the unconjugated M-CSFrgp. We then treated
ovariectomized mice with different doses of M-CSFrgp-HSA, alendronate, or a monospecific control protein. The
bispecific M-CSFrgp-HSA was superior to a monospecific control in alleviating bone loss and reducing osteoclast
distribution and function. M-CSFggp-HSA and alendronate effectively prevented ovariectomy-induced bone loss,
but M-CSFrgp-HSA had a milder inhibitory effect on osteoclast distribution and activity. Moreover, alendronate
halted bone formation, while M-CSFrgp-HSA-treated mice showed an increased level of serum amino-terminal
propeptide of type I collagen, a bone formation marker. Our data indicate that the mild reduction in osteo-
clast activity facilitated by the bispecific M-CSFrgp-HSA allows the maintenance of certain levels of bone for-
mation and may be superior to treatments that induce osteoclast depletion.

1. Introduction

formation, although effective in reducing fracture rates for a few years
[4-7], do not restore the bone remodeling balance. The artificial per-

Osteoporosis, a common, age-related skeletal disease, develops as a
result of an imbalanced bone remodeling process. With aging, at a
certain point, the amount of bone tissue resorbed by osteoclasts exceeds
the amount of bone tissue formed by osteoblasts. Inevitably, this
disproportional activity causes loss of bone mass, increased fragility, and
a tendency to fracture [1,2].

Osteoporosis is vastly underdiagnosed and causes a significant
reduction in quality of life and life expectancy in a rapidly growing
affected population [3]. Currently available antiresorptive and anabolic
therapeutics (e.g., bisphosphonates, teriparatide) provide robust effects
in shutting down resorption or stimulating bone formation. The
disproportionate effects of these drugs on bone resorption or bone
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turbations in bone remodeling balance limit long-term usage of the
drugs due to a reduction in efficacy [8] and, in some cases, the
appearance of serious side effects such as hypo/hypercalcemia, osteo-
necrosis of the jaw [9] and atypical fractures [10,11]. Therefore, there is
a great need for safe drugs that will restore bone remodeling balance and
could serve for prolonged treatment or even as a preventive measure for
0steoporosis.

Proof of concept of the feasibility to inhibit bone resorption while
preserving bone formation was provided by the clinical studies of the
cathepsin K inhibitor odanacatib. Odanacatib was shown to be effective
in inhibiting osteoclast-mediated bone resorption. However, odanacatib
did not entirely eliminate osteoclasts, hence permitting ongoing
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signaling by osteoclasts to promote bone formation [12]. In clinical
trials odanacatib effectively increased bone mineral density and reduced
risk of fracture [13]. Nevertheless, it also increased risk of cardiovas-
cular events by an unknown mechanism, and its development was thus
discontinued [14]. Thus, although discontinued, odanacatib serves as an
indication that it is possible to inhibit osteoclast cells resorption activity
without disrupting a normal bone remodeling cycle.

For osteoclasts to differentiate, two events are required and suffi-
cient: progenitor cells exposure to soluble macrophage colony stimu-
lating factor (M-CSF) which binds to c-FMS receptor tyrosine kinase, and
subsequent exposure of the progenitors to the receptor activator of NF-
kB ligand (RANKL) cytokine [15]. On the other hand, extensive number
of factors are required for osteoclasts to gain proper resorptive activity
[16-18]. One of these factors is avf3 integrin, which regulates osteoclast
cytoskeleton organization, migration, adhesion to bone and formation of
the sealing zone [19,20].

It was shown previously that bone marrow macrophages (BMMs)
from BS’/ ~ mice differentiate into osteoclasts (i.e., multinuclear cells),
which fail to spread properly. Subsequently, p3~/~ mice exhibit osteo-
sclerotic phenotype (i.e., increased cortical and trabecular bone mass
and density) with increased number of osteoclasts but defective
resorptive capacity [21]. In addition, this phenotype is characterized by
significantly increased M-CSF levels in mice serum and bone marrow.
Intriguingly, in vitro studies show that high dose of recombinant M-CSF
rescues p3~/~ osteoclast progenitors’ maturation and spreading, and the
cells morphology appears normal. However, the resorptive function is
not restored in these cells and they are, essentially, inactive [22]. Taken
together, these findings indicate that c-FMS and avp3 integrin work in
concert and complement each other in obtaining normal osteoclast
differentiation and function.

Inspired by this observation, in our previous work [23] we described
a novel approach for inhibiting osteoclast differentiation and activity by
dual targeting of c-FMS and avp3 integrin. The bispecific protein
developed by our team, termed M-CSFggp, exhibited high specificity and
bound both receptors with nanomolar (nM) binding affinities (96 nM for
c-FMS and 245 nM for avp3 integrin). We demonstrated that M-CSFrgp
binds specifically to avp3 integrin and not to any other integrin family
members. Furthermore, it effectively inhibited both c-FMS and avp3
integrin signaling. In vitro, it was superior in inhibiting osteoclast
cytoskeletal organization and differentiation compared to monospecific
control proteins that target only c-FMS or avp3 integrin. Moreover, the
level of bone resorption marker Collagen Type 1 C-Telopeptide (CTX—I)
was significantly reduced in mice injected subcutaneously (SC) with the
bispecific protein, compared to the vehicle-injected group.

The major goal of the current study is to determine whether dual
targeting of c-FMS and avp3 could serve as a treatment for osteoporosis
through a reduction in the level of bone resorption by osteoclasts
without tampering with the coupling between resorption and formation
processes. Here, we show that conjugation of M-CSFggp to human serum
albumin (M-CSFgrgp-HSA) improves its biodistribution and accumula-
tion in the bone tissue. Treatment of ovariectomized mice with M-
CSFrgp-HSA effectively inhibits bone resorption without evident inter-
ruption of bone formation and prevents osteoporotic bone loss.

2. Results

2.1. Engineering M-CSFggp with improved bioavailability and
pharmacokinetic properties

Previously, we showed that SC injection of M-CSFgrgp protein twice a
day for three days reduced the serum levels of CTX-I in mice, indicating
effective inhibition of bone resorption in vivo. Moreover, by fluorescent
imaging performed 3 h (hr) post-injection, the M-CSFggp signal was
observed in the long bones of mice but not in other major organs.
However, SC-injected M-CSFrgp was rapidly accumulated in the mouse
kidneys and gallbladder and was completely cleared from the mouse
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body following 6 h of injection [23]. This comes in agreement with the
well-described inverse correlation between protein size (M-CSFggp is
only 21 kDa in size) and an expected systemic clearance within only 3-5
h for such a small protein [24-26]. Thus, to achieve the utmost effect on
bone metabolism by targeting c-FMS and avf3 integrin in vivo, there was
a need to improve the pharmacokinetic properties of the bispecific M-
CSFRrgp-

For this purpose, the bispecific M-CSFrgp and its c-FMS-targeting
monospecific control, M-CSF. gys, were each fused with HSA via the C-
terminal region. This step is a well-established strategy to extend protein
half-life due to both the interaction with the neonatal Fc receptor
recycling system and a slower clearance by the renal system, thus
allowing for a prolonged therapeutic effect [27,28]. Linker peptides
(GGGGS) were added to the final protein construct to allow spatial
separation between the fused domains (Figs. 1a and S1), aimed at pre-
serving the biological activity [29,30]. This resulted in 92 kDa fusions,
namely a bispecific M-CSFrgp-HSA and a monospecific M-CSF._ pys-HSA.

To validate that the fusion to HSA did not affect the activity of the
proteins (i.e., inhibition of osteoclast differentiation), mouse BMMs were
cultured with soluble M-CSF and RANKL to induce differentiation in the
presence or absence of different concentrations of the fusion proteins.
Treatment with M-CSFrgp or M-CSFrgp-HSA resulted in a drastic
reduction of osteoclast number, nuclei number, and osteoclast area
(Fig. 1b-d), compared to untreated cells. Similarly, both M-CSF, gys and
M-CSF, pms-HSA showed significant inhibition of osteoclast differentia-
tion compared to the positive control. Moreover, the highest concen-
tration of M-CSF..pms-HSA (1 pM) was more effective than the highest
concentration of M-CSF. gys (5 pM) in reducing the area and number of
osteoclasts, as well as the number of the nuclei (Fig. S2a-c). Taken
together, these data demonstrate that fusion of M-CSFrgp or M-CSF. pms
with HSA does not disturb their inhibitory effect on osteoclast differ-
entiation in vitro. Since osteoclast and osteoblast activity in bone are
tightly coupled, we aimed to assess the impact of the fusion of M-CSFggp
with HSA on osteoblasts as well.

Previously, we have shown that M-CSFggp does not affect the sur-
vival or proliferation of murine bone marrow-derived mesenchymal
stromal cells (BMSCs) [23]. To determine whether the fusion of M-
CSFrgp with HSA affects osteoblast differentiation, we evaluated the
formation of mineralized nodules in cultures of the MC3T3 osteoblastic
cell line treated with different concentrations of M-CSFrgp-HSA. Treat-
ment of the cells with 50 or 250 nM M-CSFgrgp-HSA resulted in an in-
crease in the number of mineralization nodules (Fig. S3).

To determine whether the HSA addition improves biodistribution
and accumulation of the fusion proteins in bone tissue, M-CSFrgp-HSA
and M-CSFggp were conjugated to a fluorescent dye and administered to
mice via a single SC injection. One-hour post-injection, M-CSFggp, but
not M-CSFggp-HSA, was accumulated in the kidneys (Fig. 2a), with no
detectable signals in the heart, lungs, liver, intestines, or spleen. M-
CSFgrgp was cleared from the body 24 h post-injection, as opposed to M-
CSFrgp-HSA, which was still detected in the femur (Fig. 2b). Moreover, a
strong signal from M-CSFrpg-HSA could be detected in bones even one
week after injection (Fig. 2c).

Our next aim was to determine whether the fusion with HSA im-
proves pharmacokinetic properties and, specifically, the elimination
half-life of the protein. Therefore, a single dose of 10 mg/kg of a protein
was administered to BALB/c mice via either an IV injection (M-CSFggp-
HSA or M-CSFggp) or a SC injection (M-CSFrgp-HSA). The mouse serum
was collected at different time points, and the concentration of the full-
length proteins was determined using a sandwich enzyme-linked
immunosorbent assay (ELISA) consisting of antibodies that target N-
and C-terminal tags (FLAG and His, respectively) of the proteins.

Following the IV administration, M-CSFrgp serum concentrations
declined rapidly in an exponential fashion and reached undetectable
levels within 6 h (Fig. 2d). On the other hand, the M-CSFrgp-HSA con-
centration vs. time curve exhibited more complex, presumably three-
compartmental, pharmacokinetic behavior. Initial rapid decline (the
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Fig. 1. M-CSFggp fused to HSA preserves the inhibitory activity on osteoclast differentiation in vitro (a) Schematic representation of the final construct for M-CSFrgp
or M-CSF pys fusion with HSA. (b-d) Osteoclast differentiation assay. Quantitative data of tartrate-resistant acid phosphatase (TRAP)-positive multinucleated cells
derived from mouse BMMs by stimulation with 20 ng/ml of M-CSF and RANKL. The cells were treated with different concentrations of recombinant purified M-
CSFgrgp or M-CSFrgp-HSA for 4 days and analyzed for (b) the number of osteoclasts per well (Oc. number/well), (c) the number of nuclei per well, and (d) the
osteoclast area per well (Oc. area/well). All values were normalized to control differentiated, untreated osteoclasts. The data are presented as means + SEM of

triplicates.

distribution phase) during the first 6 h was followed by slower elimi-
nation phases, and the terminal half-life was ~25-fold higher compared
to that of M-CSFggp (15.03 vs. 0.597 h; Fig. 2e). The area under the curve
(AUCp.,) of M-CSFggp-HSA was 3.84-fold higher, relative to that of M-
CSFgrgp (177.9 pgh/mL and 46.3 pg'h/mlL, respectively). This increase
in the systemic exposure of the M-CSFrgp-HSA fusion protein is appar-
ently due to its lower volume of distribution and lower clearance
compared to M-CSFggp.

Following the SC injection, M-CSFgrgp-HSA serum concentrations
increased gradually during the first 6 h, followed by a gradual, pro-
longed decline. The terminal half-life of SC of M-CSFrgp-HSA was
somewhat longer compared to the IV administration (19.1 hvs. 15.03 h;
Fig. 2e); however, a decisive conclusion regarding the flip-flop phar-
macokinetics of SC M-CSFrgp-HSA (i.e., the terminal half-life represents
the absorption kinetics of the fusion protein from the SC administration
site) cannot be reached based on the available data. The absolute
bioavailability of M-CSFrgp-HSA by the SC route was 59.5 % (105.8
pgh/mL/177.9 pgh/mL'100 %; see the AUC data, Fig. 2e), which is
appropriate and plausible for a 92 kDa protein [31,32].

Overall, the HSA conjugation substantially improved the pharma-
cokinetic behavior of M-CSFggp, increased the systemic exposure, and
dramatically prolonged the terminal half-life. The SC administration of
M-CSFrgp-HSA was somewhat inferior to that of the IV administration
route (59.5 % bioavailability, i.e., loss of ~40 % of the injected protein
conjugate). Despite this, we decided to use the SC route for M-CSFrgp-
HSA administration in the subsequent in vivo experiments. This is
because a SC drug administration is more convenient and less painful for
patients, and it carries a lower risk of infection compared to the IV and
intraperitoneal injection (IP) administration routes [33]. Moreover, SC
injections can be self-administered by the patients, resulting in more
convenient and cost-effective treatment regimens for many biologicals
and some non-biological drugs [34].

2.2. M-CSFrgp-HSA prevents vertebral bone loss in ovariectomized mice

To determine whether the bispecific M-CSFrgp-HSA could prevent
osteoporosis-associated bone loss, we used a mouse model of post-
menopausal osteoporosis induced by ovariectomy. The mice were SC
injected with either phosphate-buffered saline (PBS), M-CSFrgp-HSA
(2.5 or 10 mg/kg), or M-CSF pys-HSA (10 mg/kg) twice a week for 3
weeks. This dosing frequency was chosen based on the shape of the
pharmacokinetic curve of the HSA conjugate (Fig. 2d) and an expecta-
tion of maintaining its pharmacologically relevant systemic concentra-
tions for at least 3-4 days after each injection. Alendronate, an FDA-
approved bisphosphonate for treatment of postmenopausal osteopo-
rosis [35], was injected in the same manner at a 0.1 mg/kg dose to a
control group. No significant distress was caused to mice by the surgery,
as confirmed by the absence of a change in body weight throughout the
treatment duration (Fig. S4a). The ovariectomy procedure was suc-
cessful, confirmed by weighing the uteri after sacrificing the mice to
validate uterine atrophy (Fig. S4b).

Analysis of femoral cortical bone parameters did not show any sig-
nificant changes between the ovariectomized (OVX) mice and the sham-
operated control, as well as between any of the treatment groups and the
control groups (Fig. S5). As expected, the OVX mice displayed a signif-
icant reduction in trabecular bone volume, trabecular number, and
thickness compared to the sham-operated control group, as revealed by
a micro-computed tomography (uCT) analysis of the extracted vertebrae
(Fig. 3a—d). The mice treated with alendronate displayed a significant
increase in trabecular bone volume, trabecular number, and thickness,
as expected (Fig. 3a-c) [36-38].

Similarly to alendronate, the bispecific M-CSFrgp-HSA prevented
ovariectomy-induced bone loss by increasing the bone volumetric pa-
rameters. The 2.5 mg/kg dose’s effect (termed the low dose) was sta-
tistically significant, while the 10 mg/kg dose (termed the high dose)
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Fig. 2. M-CSFgqp fusion with HSA significantly improves the pharmacokinetic properties (a-c) In vivo fluorescence imaging of the major organs of BALB/c mice after
a SC injection of M-CSFggp or M-CSFrgp-HSA conjugated to DyLight 680 at various predetermined post-injection time periods. (a) Images of internal organs one-hour
post-injection; (b) Images of the right femur 24 h post-injection; and (c) Images of both femurs at different time points in mice injected with M-CSFgrgp-HSA con-
jugated to DyLight 680 or uninjected control mice. (d) Serum concentration vs. time data after 10 mg/kg single IV injection of M-CSFrgp-HSA and M-CSFgrgp (n = 4),
and SC injection of M-CSFrgp-HSA (n = 3) to BALB/c mice. Protein concentration in serum was determined using sandwich ELISA with antibodies targeting the N-
and C-terminal tags of the protein constructs. The data are presented as means + SD. (e) The results of non-compartmental pharmacokinetic analysis (the mean

values of the terminal half-life and the area under the curve).

also prevented bone loss by a close-to-significant value (p = 0.0696). Of
note, mice treated with the low M-CSFrgp-HSA dose had the highest
mean bone volume fraction among all treated groups, including the
well-established antiresorptive drug alendronate-treated group
(Fig. 3a). As opposed to the treatment with the bispecific proteins, the
monospecific M-CSF. pys-HSA failed to prevent ovariectomy-induced
bone loss (Fig. 3a).

The effect on trabecular architecture varied between the tested
concentrations of M-CSFgrgp-HSA. The high dose showed a significant
increase in trabecular number but did not affect trabecular thickness
(Fig. 3b-d). The low dose led to a significant increase both in trabecular
bone number and thickness and was the only treatment that displayed a

close-to-significant change in trabecular separation (p = 0.0524 vs. OVX
group), supporting its superiority over the other treatments (Fig. 3b-d).
Taken together, our data demonstrate that targeting both c-FMS and
avp3 integrin is more effective than targeting c-FMS alone in the pre-
vention of osteoporotic bone loss.

2.3. M-CSFrgp-HSA inhibits bone resorption without causing a decline in
bone formation marker level

To further explore the mechanisms underlying the superior effect of
the bispecific M-CSFrgp-HSA in the prevention of bone loss in OVX mice,
we compared bone turnover markers between the different groups. As
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Fig. 3. Treatment with recombinant M-CSFrgp-HSA prevents trabecular bone loss in ovariectomized mice Thirteen-week-old female OVX or sham-operated BALB/c
mice were treated with different concentrations of either M-CSFrgp-HSA (2.5 or 10 mg/kg), M-CSF.rms-HSA (10 mg/kg), or alendronate (0.1 mg/kg) for 3 weeks
with bi-weekly SC injections. (a-d) Vertebral pCT analysis of trabecular bone parameters in terms of (a) bone volume as a percentage of total trabecular volume (BV/
TV), (b) trabecular number (Tb. N), (c) thickness (Tb. Th), and (d) separation (Tb. Sp.). Data are means + SEM of 10 or 11 mice per group.

expected, the ovariectomy procedure induced high bone resorption,
reflected by an increase in CTX-I level compared to the sham-operated
mice [39]. Treatment with the monospecific M-CSF.gyvs-HSA had no
effect on CTX-I levels. Treatment with either alendronate or the high
dose of M-CSFrgp-HSA significantly reduced the level of CTX-I (Fig. 4a).
Interestingly, despite the positive effects of treatment with the low dose
of M-CSFrgp-HSA on bone volume, its effect on CTX-I level was mild and
did not reach a statistically significant value.

To further examine the effect of treatment with monospecific vs.
bispecific M-CSFrgp-HSA on bone resorption, histological sections of
vertebrae were stained with TRAP and analyzed for osteoclast number
and perimeter. As expected, ovariectomy significantly and profoundly
increased osteoclast number and perimeter compared to the sham-

operated control group (Fig. 4b-c). In all the treatment groups, a sig-
nificant reduction in the osteoclast number and perimeter was observed.
Furthermore, with M-CSFrgp-HSA, this effect was achieved in a dose-
dependent manner (Fig. 4b-c, e).

As for bone formation, in the majority of the treatment groups, the
ovariectomy-induced increase in the mean value of the serum amino-
terminal propeptide of type I collagen (PINP) level was not significant
compared to the sham-operated group. Among all the different treat-
ments, only the bispecific M-CSFrgp-HSA significantly elevated PINP
levels (Fig. 4d). Notably, the low dose of M-CSFrgp-HSA significantly
increased bone formation compared to treatment with alendronate.
Mice treated with alendronate had the lowest serum levels of PINP
among all the experimental groups, accentuating the negative impact of
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bone resorption marker, CTX—I. (b-c) Histological analysis of TRAP-stained osteoclasts in vertebral sections: (b) osteoclast number per bone perimeter (Oc. N/B. Pm)
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analysis was performed on 10-11 mice per group, and histological analysis was performed on six mice per group. (e) Representative images of TRAP-stained
vertebrae of different treatment groups. Seven pm sections were imaged with a Zeiss microscope at x20 magnification. Scale bar is 50 pm.



Y. Zur et al.

bisphosphonates on bone formation (Fig. 4d). As in the case of resorp-
tion (i.e., CTX-I levels), the monospecific control targeting c-FMS failed
to increase bone formation (i.e., PINP levels), underscoring the superi-
ority of simultaneous targeting of c-FMS and avp3 integrin.

3. Discussion

The current study aimed to elucidate whether it is feasible to treat
osteoporosis by dual targeting of c-FMS and avp3 integrin, i.e., inhibition
of osteoclast resorptive function but not differentiation, thus potentially
preserving consecutive osteoblast-mediated bone formation process.
Furthermore, we sought to provide new insights and better under-
standing of regulation of bone remodeling by cooperation between c-
FMS and avp3, by using the bispecific M-CSFrgp protein for in vivo
treatment.

We show that the bioavailability of M-CSFggp can be substantially
enhanced without compromising its inhibitory activity in osteoclasts in
vitro; this was achieved through conjugation of its C-terminal to HSA. In
addition, we have shown that M-CSFggp-HSA fusion exerts a positive
influence on osteoblast differentiation in vitro. Notably, albumin has
been reported to enhance osteoblastic cell proliferation significantly in
vitro [40] and to accelerate bone healing in vivo [41]. Thus, the positive
effects of M-CSFrgp-HSA on osteoblast differentiation may stem either
from the HSA fusion or be attributable to a direct effect of M-CSFrgp
through mechanisms that have yet to be identified.

We demonstrate a significant improvement in the pharmacokinetic
profile of M-CSFggp when fused to HSA. The terminal half-life of M-
CSFrgp-HSA is 15 h, which is 25 times longer than that of the uncon-
jugated M-CSFgrgp. Nevertheless, the half-life is still shorter than that of
murine serum albumin, which has a reported half-life of 35 h. The
human equivalent, HSA, used in the current study has been found to
have a lower affinity to mouse FcRn than mouse albumin [42]. There-
fore, the shorter-then-expected half-life of M-CSFrgp-HSA fusion in mice
is likely a result of a less efficient recycling of the protein [43]. Never-
theless, our results show that M-CSFrgp-HSA can be detected in the
bones of injected mice for up to a week after a single injection. It is
important to note that in humans, HSA has a serum circulation half-life
of approximately three weeks [44]. This suggests that conjugating M-
CSFggp with HSA could significantly extend the systemic exposure in a
clinical setting, making it a more attractive therapeutic choice for
chronic patients. Thus, while improving the half-life of M-CSFrgp re-
mains an ongoing objective, the current approach of fusing it with HSA
provides a solid foundation for enhancing the duration of its therapeutic
effects.

Our results show that injection of M-CSFrgp-HSA, which effectively
targets both M-CSF and avf3 integrin activity, prevents the
ovariectomy-induced bone loss. To evaluate if this approach will
outperform the targeting of only one of the receptors, we compared M-
CSFggp-HSA activity to a c-FMS-targeting protein. Treatment with 10
mg/kg of the monospecific M-CSFc.rpms-HSA resulted in a modest yet
significant reduction in osteoclast number and perimeter. However, as
opposed to the bispecific M-CSFrgp-HSA, this reduction was not re-
flected by a lower CTX-I serum level nor by an elevation in trabecular
bone volumetric parameters. We suggest that the superior effect of the
bispecific inhibitor over targeting C-FMS alone could be derived from
the monospecific protein’s failure to shut off the redundant functions of
both signaling pathways during osteoclast differentiation [45].

Bisphosphonates are the most common group of drugs utilized in the
treatment of osteoporotic patients. Bisphosphonates strongly inhibit
bone resorption, yet their uncontrolled, complete shutdown of bone
remodeling limits their long-term safety and prolonged pharmacological
application. Here, we compared the effects of treatment with M-CSFggp-
HSA to a widely used bisphosphonate drug, alendronate. Previously,
alendronate was shown to reduce the number of osteoclast precursors
and to radically inhibit mature active osteoclasts [46,47], thus strongly
impeding bone resorption. Alendronate also lowers bone turnover rate
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by delaying the onset of bone formation, possibly by interfering with the
release of osteogenic signaling molecules by the osteoclasts [48]. In
agreement with earlier findings, treatment with alendronate drastically
reduced the number and perimeter of osteoclasts and lowered CTX-I
serum levels, resulting in a net increase in vertebral bone volumetric
parameters. The prevention of ovariectomy-induced bone loss was
similar in the alendronate and M-CSFrgp-HSA-treated groups. However,
mice treated with alendronate had the lowest levels of the bone for-
mation marker PINP compared to all treatment groups, while mice
treated with M-CSFrgp-HSA showed a significant increase in PINP
levels, highlighting the distinct effects of alendronate and M-CSFrgp-
HSA on bone remodeling.

Of note, there was a difference between the effects of the two doses of
the conjugate used in our study. Treatment with the high dose of M-
CSFRrgp-HSA essentially reiterated the results observed in the
alendronate-injected mice group. We suggest that this effect was ach-
ieved due to the high local concentration of the protein, which allowed
potent inhibition of both osteoclast differentiation and activity. On the
other hand, treatment with the low dose of M-CSFrgp-HSA caused a
substantial decrease in osteoclast number and perimeter compared to
the OVX mouse group. However, the reduction was significantly milder
than in 10 mg/kg M-CSFrgp-HSA or alendronate-treated groups, which
was also reflected by the absence of changes in serum CTX-I levels. We
assume that this relatively mild inhibition of osteoclast resorption and
not differentiation allowed the continuation of the bone remodeling
flow, i.e., recruitment of osteogenic cells via osteoclast signaling. Ulti-
mately, the low dose of the bispecific M-CSFrgp-HSA significantly
enhanced trabecular bone volume, number, and thickness compared to
the OVX mice group and groups treated with the monospecific M-CSFc.
rvs-HSA or high dose of M-CSFggp-HSA. Moreover, this protective effect
on bone was more pronounced than that of alendronate.

For the first time, our data provide direct evidence that osteoclast
differentiation and resorption activity in vivo depend on the crosstalk
between c-FMS and avp3 integrin. However, the use of M-CSFrgp-HSA
as a long-term treatment for osteoporosis may not only inhibit osteo-
clasts but also macrophages by suppressing M-CSF—c-FMS signaling.
This may raise concerns that innate immunity may also be suppressed in
patients receiving M-CSFgrgp-HSA. However, we presume that the risk of
immunosuppression is low, given the following observations: (1) M-
CSFggp is osteoclast-specific-the selectivity is achieved through a dual
binding mechanism that requires the concurrent engagement of both
avp3 integrin and c-FMS receptors, which are highly expressed in oste-
oclasts. Binding to only one of the receptors is markedly less effective
[23], thereby reducing off-target effects, such as those on macrophages
and other immune cells. (2) The affinity of M-CSFggp for avp3 integrin
and c-FMS receptors is lower than that of their natural ligands, vitro-
nectin and M-CSF (CSF-1), respectively [45,49]. We suppose that this
lower affinity reduces the likelihood of competing with natural ligands
in non-target tissues, minimizing unintended interference with c-FMS
signaling in macrophages. (3) Although c-FMS is expressed in Kupffer
cells, the resident macrophages in the liver [50,51], our biodistribution
studies did not indicate any significant accumulation of M-CSFrgp-HSA
in the liver. This indicates M-CSFrgp-HSA’s minimal interaction with c-
FMS on Kupffer cells under physiological conditions, further reducing
the likelihood of immunosuppressive side effects.

Current catabolic treatments for bone disorders ultimately shift the
system toward a lower bone turnover rate [52], and thus cannot be used
for a prolonged period of time, which is a major limitation in the
treatment of chronic conditions such as osteoporosis. Anabolic treat-
ments strongly promote bone formation, but their efficacy decreases
within a year or two of use [53]. Therefore, our approach can be
particularly attractive as a treatment alternative for chronic bone con-
ditions such as osteoporosis, where long-term efficacy and safety are of
high concern and importance.
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3.1. Experimental procedures

3.1.1. Ethics statement

This study was conducted according to protocols approved by the
Ben-Gurion University Committee for the Ethical Care and Use of Ani-
mals in Experiments (permit number: IL-0401-2019(D)). All surgeries
were performed under anesthesia, and all efforts were made to minimize
discomfort, distress, and suffering.

3.1.2. Fusion to HSA and protein purification

HSA conjugation to M-CSFrgp was designed at the C-terminal side of
M-CSFggp via a short flexible linker (GGGGS). The cloning process was
conducted by GenScript (NJ, USA) on the pPICK9K plasmid (Sigma-
Aldrich, MO, USA). To introduce the M-CSF.pys into the HSA-
containing plasmid, both the gene and vector were digested with
EcoRI and Avrll enzymes (New England Biolabs, MA, USA) and purified
from an agarose gel. The digested fragments were ligated and trans-
formed into DH10B competent bacteria. Plasmids were purified using
MaxiPrep (Machery-Angel, Germany) and transformed into GS115
Pichia pastoris yeast (Sigma-Aldrich, MO, USA) according to the manu-
facturer’s protocol. The purifications of HSA fusion proteins were done
using a Jupiter bioreactor (Solaris Biotechnology, Italy). GS115 con-
taining pPICK9K with M-CSFggp-HSA or M-CSF.pvs-HSA were incu-
bated in 50 ml BMGY overnight and transferred to 500 ml BMGY for an
additional overnight incubation. Then, overnight cultures of yeast were
added to FM22 media (315 mM KH5PO4, 38 mM (NH4)2SO4, 6 mM
CaS0y4, 82 mM K3S04, 240 mM MgSO4, 4 % glycerol, pH = 5.0) and 50
ml of PTM4 (8 mM CuSO4, 0.5 mM Nal, 17 mM MnSO4, 0.8 mM
NasMoOy, 0.3 mM H3BO3, 3 mM CaSOg4, 4 mM CoCly, 51 mM ZnCl,, 144
mM FeSOy4, 0.8 mM biotin, and 0.1 % H2504). Cells were growing under
30 % dO2 controlled by stirring rpm, air, and Oy throughput. When
glycerol was completely consumed, MeOH was added and adjusted ac-
cording to the wet cell mass. After three days of fermentation, the media
was collected, centrifuged at 4500 rpm for 15 min. 300 mM NaCl and 10
mM imidazole were added to the supernatant, the pH was adjusted to
8.0, and it was incubated for 1 h at 4 °C. The media was centrifuged
again and filtered using a 0.22 pm filter (PALL, NY, USA). The filtered
media was loaded on a HisTrap™ nickel column (GE Healthcare, MA,
USA) using a peristaltic pump. Columns were washed with washing
buffer (500 mM NaCl, 10 mM imidazole, 20 mM Na2HPO4, pH = 8.0)
and eluted with elution buffer (500 mM NaCl, 300 mM imidazole, 20
mM Na2HPO4, pH = 8.0) on AKTA FPLC (GE Healthcare, MA, USA).
Eluted proteins were treated with Endoglycosidase H (New England
Biolabs, MA, USA) and separated using a Superdex 200/16,/600 column
(GE Healthcare, MA, USA). Protein yield was around 30 mg per 1 L of
starting culture for all fusion proteins. Protein concentration was
determined using an Evolution 260 bio spectrophotometer (Thermo
Fisher Scientific, USA) based on protein absorption at 280 nm and the
molar extinction coefficient of 49,385 M~! cm™!.

3.1.3. Osteoclast differentiation in vitro

Mouse BMMs were purified and isolated as previously described
[23]. After 3 days in alpha Minimum Essential Medium (Sigma-Aldrich,
MO, USA) supplemented with 10 % FBS (Sigma-Aldrich, MO, USA),
50,000 units penicillin, 50 mg streptomycin, and 20 ng/ml murine M-
CSF (Peprotech, Israel), the cells were detached with a cell scraper. The
cells were replated in a 96-well plate (2 x 10 cells/well) in differenti-
ation medium (20 ng/ml) M-CSF and 20 ng/ml RANKL (R&D, MN, USA)
and treated with different concentrations of M-CSFrgp, M-CSFrgp-HSA
(50 nM, 250 nM, and 1 pM) or M-CSF..gms, M-CSF.rms-HSA (50 nM, 1
pM, and 5 pM). The culture medium was changed every two days. After
96 h, cells were fixed with 4 % paraformaldehyde and stained using a
TRAP staining kit (Sigma-Aldrich, MO, USA) according to the manu-
facturer’s protocol, with additional staining of the nuclei with DAPI
(Sigma-Aldrich, MO, USA). An Olympus IX81 inverted microscope was
used to capture twenty random images in each well (at 20x
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magnification). Thereafter, each image was analyzed manually for
osteoclast number, total nuclei number, and total osteoclast area per
well in a double-blind manner using ImageJ2 software [54]. An osteo-
clast was defined as a TRAP-positive cell with three or more nuclei. Each
experiment was performed in triplicate, and each condition was
normalized to the respective positive control (cells cultured with M-CSF
and RANKL).

3.1.4. Biodistribution analysis by in vivo imaging system (IVIS)

M-CSFggp and M-CSFrgp-HSA were conjugated to DyLight 680-NHS
Ester (Thermo Scientific, MA, USA), according to the manufacturer’s
protocol, and washed repeatedly in PBS (Biological Industries, Israel),
using a 3.5 kDa cutoff dialysis bag (Generon, UK), followed by several
centrifugations with a Vivaspin concentrator (GE Healthcare, MA, USA),
until no residual color was seen in the filtrate container.

Thirteen-week-old female BALB/c mice were SC injected with 100 pl
of 2 nmol (5 mg/kg) DyLight-conjugated M-CSFrgp or M-CSFrgp-HSA.
Injection with 100 pl of 2 nmol of DyLight 680-NHS Ester (prepared by
incubation in 150 mM Tris for 15 min and dilution to 0.5 mM) served as
a control for unspecific binding. The mice were sacrificed at 1, 2, 3, 6,
24, 48, 72, 96, and 168 h post-injection. The internal organs or femurs
were extracted and imaged using the Lumina IVIS system (Perkin Elmer,
MA, USA), with 1 s of exposure per frame.

3.1.5. Pharmacokinetic analysis

M-CSFggp (10 mg/kg) was injected IV, and M-CSFrgp-HSA (10 mg/
kg) was injected either IV or SC into thirteen-week-old female BALB/c
mice. The mice were sacrificed after 1, 6, 48, 72, 96, and 168 h (n = 3 per
group). Blood samples were collected by cardiac puncture, and serum
was separated using Minicollect® tubes (Greiner, Germany) according
to the manufacturer’s protocol.

To measure the serum concentrations of M-CSFrgp and M-CSFggp-
HSA, a high-binding 96-well plate (Greiner, Germany) was coated with
2 pg/ml of anti-FLAG antibody (Sigma-Aldrich, MO, USA) in coating
buffer (100 mM bicarbonate and 35 mM carbonate pH = 9.5) overnight
at 4 °C. Wells were washed three times with PBST (PBS with 0.05 %
Tween-20) and blocked with 5 % FBS for 1 h at room temperature. Wells
were washed three times, and mouse serum samples were added to the
wells in duplicates alongside a standard curve (generated by incubating
known concentrations of purified recombinant M-CSFrgp-HSA in mouse
serum) (Sigma-Aldrich, MO, USA) for 3 h at room temperature. Wells
were washed three times and incubated with 0.25 pg/ml of HRP anti-6
x His tag (Abcam, UK) for 2 h at room temperature. For color devel-
opment, 3,3,5,5-Tetramethylbenzidine (TMB) for high M-CSFrgp-HSA
concentrations or ultra-TMB for low M-CSFrgp-HSA concentrations
were added for several minutes, followed by a solution of 1 M H3SO4 to
stop the chromogenic reaction. The plate was imaged using a microplate
reader (Biotek, VT, USA) at 450 nm and 650 nm wavelengths. For each
well, the background signal at 650 nm was subtracted from the 450 nm
signal. Serum concentrations of M-CSFrgp and M-CSFrgp-HSA were
calculated based on the respective calibration curve.

A graph of serum concentration vs. time of M-CSFrgp (IV) and M-
CSFRrgp-HSA (IV and SC) was plotted, and the non-compartmental
pharmacokinetic analysis of these data was performed using the
PKSolver 2.0 Microsoft Excel add-on [55].

3.2. Ovariectomized mice treatment with M-CSFgrgp . HSA, M-CSF, pys, or
alendronate

Thirteen-week-old female BALB/c mice were ovariectomized or
sham-operated under complete anesthesia using ketamine (Bremer
Pharma, Germany) and xylazine (Phibro, NJ, USA). After the surgery,
the mice were allowed to recover for one week while being closely
monitored for signs of postoperative pain or distress. Following one
week of recovery, ten to twelve mice per group were SC injected with
either PBS, M-CSFggp-HSA (2.5 or 10 mg/kg), 10 mg/kg M-CSF..pys, or
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0.1 mg/kg alendronate (Calbiochem, CA, USA) twice a week for three
weeks. On days four and one prior to sacrifice, the mice were IP injected
with 10 mg/kg calcein green (Sigma-Aldrich, MO, USA). To exclude
mice with abnormal weight loss, the mice were weighted every 3 to 4
days throughout the treatment duration. After the sacrifice, the uteri
were extracted and weighted to validate ovariectomy success. Mice with
a high uterus-to-body weight ratio were excluded from the experiment.
Serum, femurs, tibiae, and vertebrae were collected from each mouse for
further evaluation.

3.3. Micro-computed tomography (uCT)

Following sacrifice, vertebrae and right femurs were collected and
stored in PBS-soaked gauze prior to imaging. Scanning, thresholding,
and analysis were performed as described previously [56]. For verte-
brae, trabecular bone parameters were assessed in a region starting 0.76
mm below the superior and above the inferior vertebral endplates. For
femurs, an area of 2.2 mm of the midshaft was chosen to analyze the
cortical bone.

3.4. Bone turnover markers measurement

Serum was collected via cardiac puncture and separated using a
Minicollect ® tube (Greiner, Germany) according to manufacturer’s
protocol. CTX-I levels were evaluated using RatLaps™ (CTX—I) EIA
(IDS, UK) according to the manufacturer’s protocol. PINP serum levels
were measured with Rat/Mouse PINP EIA (IDS, UK) according to the
manufacturer’s protocol. Hemolyzed serum samples were excluded from
the analysis. For each treatment group, ten to twelve samples were
analyzed. The concentration of each sample was calculated according to
a standard curve prepared according to the manufacturer’s protocol.

3.5. Histology

Vertebrae were fixed in 4 % PFA with 0.1 M phosphate buffer for 48
h at room temperature. Next, vertebrae were transferred to 85 mM
ethylenediaminetetraacetic acid (EDTA) for three weeks, while replac-
ing the EDTA solution every three days until sufficient decalcification.
After that, the bones were washed with increasing concentrations of
EtOH, followed by xylene. Bones were embedded in paraffin (Sigma-
Aldrich, MO, USA), and the sections (7 pm) were prepared using a Leica
microtome (Leica Microsystems, IL, USA). Six slides per treatment group
were washed with decreasing concentrations of EtOH and stained for
TRAP with acetate buffer (0.2 M C;H3NaO5 and 50 mM L (+) tartaric
acid) containing 0.5 mg/ml naphthol AS-MX phosphate and 1.1 mg/ml
fast red TR salt for 1 h at 37 °C. Sections were imaged with a Zeiss mi-
croscope (Zeiss, Germany) and analyzed for bone surface area, osteo-
clast surface area, and osteoclast number using CaseViewer software
(3DHISTECH, Hungary).

3.6. Statistical analysis

The results are reported as the mean + SD or +SEM values. Statis-
tically significant differences between the groups were assessed using
one-way analysis of variance analysis, followed by Tukey’s multiple
comparison test. A p-value < 0.05 was considered statistically
significant.
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