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Rational polyelectrolyte nanoparticles endow
preosteoclast-targeted siRNA transfection for anabolic

therapy of osteoporosis
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Targeted transfection of siRNA to preosteoclasts features the potential of anti-osteoporosis, yet challenge arises
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from the development of satisfied delivery vehicles. Here, we design a rational core-shell nanoparticle (NP) com-
posed of cationic and responsive core for controlled load and release of small interfering RNA (siRNA) and com-
patible polyethylene glycol shell modified with alendronate for enhanced circulation and bone-targeted
delivery of siRNA. The designed NPs perform well on transfection of an active siRNA (siDcstamp) that interferes
Dcstamp mRNA expression, leading to impeded preosteoclast fusion and bone resorption, as well as promoted
osteogenesis. In vivo results corroborate the abundant siDcstamp accumulation on bone surfaces and the en-
hanced trabecular bone mass volume and microstructure in treating osteoporotic OVX mice by rebalancing
bone resorption, formation, and vascularization. Our study validates the hypothesis that satisfied transfection
of siRNA enables preserved preosteoclasts that regulate bone resorption and formation simultaneously as po-

tential anabolic treatment for osteoporosis.

INTRODUCTION

Osteoporosis is a widespread condition affecting millions of people
and causing billions of dollars of annual health care costs (I, 2). It
finds its origin in disturbed bone remodeling. Bone remodeling
begins with resorption of old bone by osteoclasts derived from he-
mopoietic stem cells, which is followed by new bone formation by
osteoblasts originating from bone marrow mesenchymal stem cells
(BMSCs) (3). The cellular basis of osteoporosis is excessive osteo-
clastogenesis, along with diminished osteogenesis and angiogenesis.
At present, the most common clinical treatments to inhibit patho-
logical bone loss rely on antiresorptive drugs such as bisphospho-
nates (4). Unfortunately, these treatments do not restore the balance
between bone formation and breakdown and are associated with
clinical complications such as atypical fractures and decreasing
bone strength upon long-term use (5, 6). Therefore, developing
an alternative strategy for a satisfactory osteoporosis therapy is
highly desirable. As a starting point, one could make use of the
fact that mononuclear preosteoclasts with a weak resorption func-
tion are essential precursors for the formation of mature osteoclasts
(7). Moreover, recent studies have revealed that preosteoclasts can
also secrete the platelet-derived growth factor BB (PDGF-BB) that
induces angiogenesis of type H blood vessels (CD31"Endomucin™)
and recruits osteoblast progenitors (I, 8). Correspondingly, a
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prospective anti-osteoporosis strategy that has emerged is to block
the maturation of preosteoclasts; it not only causes suppression of
bone resorption but also promotes vascularization and bone forma-
tion (9, 10).

In recent decades, therapies based on nucleic acids, in particular,
siRNA, are developing rapidly (11). Small interfering RNAs
(siRNAs) are double-stranded RNAs with a length of 21 to 23 nucle-
otides, which can effectively induce cleavage and degradation of
mRNA by forming multiprotein RNA-inducing silencing complex-
es (RISC) (12). Transfection of siRNAs is supposed to be a promis-
ing approach for the preservation of preosteoclasts; unfortunately,
transfection is often not successful, suffering from different limita-
tions at this stage. One of the challenges is the development of an
appropriate delivery system that can solve the problems associated
with naked siRNA, such as its low stability in serum, immunogenic
responses, and low cellular uptake (13). Particularly, osteoclast pro-
genitors derived from hemopoietic stem cells show low uptake effi-
ciency and high susceptibility to cytotoxic effects of transfection
agents (14). Although a variety of nanocarriers, including polymers,
lipid nanoparticles (NPs), dendrimers, and exosomes, have been
proposed for siRNA delivery (11, 15-19), finding one that endows
sufficient siRNA delivery to preosteoclasts remains a challenge.

In this work, we attempt a rational design of transfection vehicle.
To be successful, an RNA transfection vehicle must satisfy multiple
requirements including sufficient encapsulation and protection of
RNA, as well as long circulation, targeted delivery, and controlled
release of RNA. Our design deals with these criteria in the following
way. For uptake, we make use of the anionic character of RNA,
which will spontaneously associate with positive charges; this can
be realized by a particle having a cross-linked cationic polymer as
its core. The core is covered with a neutral shell of inert, biocompat-
ible polyethylene glycol (PEG) chains, which give the particle stealth
character and provide the protection against enzymatic attack of
RNA. Bone cell targeting is achieved by end-attaching a chemical
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group to the PEG chains that specifically binds to bone. Alendro-
nate was chosen as the navigation group because of its high affinity
to hydroxyapatite, which is the main mineral component of bone
(20). Last, release of the RNA inside the cell is achieved by selecting
a cross-linker that contains an internal disulfide group, which is
known to be readily degraded after endocytosis by the intracellular
reducing agent glutathione (21).

An NP made according to this design integrates all the necessary
functionalities to be successful as transfection vehicle, by enabling
enough siRNA transfection to effectively impede the fusion of pre-
osteoclasts and hence synergistically promoting bone formation and
vascularization. In the present study, we put these ideas to the test,
first preparing the particles according to the design and then inves-
tigating, both in vitro and in vivo, how they perform as transfection
vehicles of siRNA and anti-osteoporosis medication.

RESULTS

The dendrocyte-expressed seven transmembrane protein
(DCSTAMP) is a critical regulator for the cell fusion of preosteo-
clasts and the formation of highly functional osteoclasts (22, 23).
Note that DCSTAMP is barely expressed in BMSCs and osteoblast
lineage cells and therefore displays no functions in these cells. In
this work, we design an active siRNA that enables silencing the ex-
pression of Destamp (siDcstamps table S1) so that fusion of the pre-
osteoclasts is suppressed. A nonfunctional siRNA (no function,
defined as siNC) was selected as negative control. As for the delivery
vehicle, we choose a type of “soft” NP, which features both hydrogel
and polyelectrolyte properties (24-26). It is a core-shell polyelectro-
lyte NP, with a gel-like particle core consisting of a cross-linked cat-
ionic polymer that provides abundant positive charges and acts as a
hydrated pocket that can carry and protect the anionic siRNA. The
particle shell is composed of biocompatible PEG block end-func-
tionalized with alendronate, which serves as the bone cell-targeting
group. The role of the shell is to ensure both long circulation time
and specific delivery of siRNA to the surface of bone cells. Last, we
select a redox-responsive cross-linker so that the NP can dissociate
and release its sSiRNA cargo upon exposure to glutathione present in
the cell (Fig. 1).

We first discuss the synthesis of the polyelectrolytes NPs and
then make a detailed study of their capability to load and deliver
siRNA. After that, we investigate by both in vitro and in vivo mea-
surements the synergistic effects of the loaded particles: whether
they block the fusion of preosteoclast fusion and promote bone for-
mation and vascularization.

Synthesis of polyelectrolyte NPs and loading of siRNA

As shown in Fig. 1A, the core-shell polyelectrolyte NPs were synthe-
sized on the basis of our recently developed strategy involving co-
operative electrostatic assembly and polymerization (27, 28). We
first modified a PEG block [weight-average molecular weight (M,,)
= 5000; fig. S1] with an alendronate (AD) group on one end and a
RAFT agent [reversible addition-fragmentation chain transfer agent
(CTA)] on the other end. The chain growth (core formation) starts
on the RAFT agent side and leaves the alendronate group on the
particle surface for bone targeting delivery. Specifically, in the pres-
ence of the AD-PEG-CTA and anionic PAA (polyacrylic acid) as
template, cationic METAC {[2-(methacryloyloxy) ethyl] trimethy-
lammonium chloride} monomers were polymerized together with
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BAC [N,N-bis(acryloyl) cystamine] cross-linker. Upon polymeriza-
tion under ultraviolet (UV) light, poly-METAC (PMETAC) grows
from the AD-PEG-CTA together with a BAC cross-linker, forming
an NP due to charge complexation with the PAA chains, which act
as template. The successful polymerization is proven by "H nuclear
magnetic resonance (NMR; fig. S2). The increased light scattering
intensity after polymerization indicates the formation of micelle-
like NPs with a hydrodynamic radius of about 82 nm and a
narrow size distribution (Fig. 2, A and B). The core of the “micelles”
consists of polyelectrolyte complex between the cationic PMETAC
network and the anionic PAA template. The latter is removed by
dissociating the complex in high salt concentration, as evidenced
by the decay of light scattering intensity (Fig. 2A). Subsequent fil-
tration with a semipermeable membrane under centrifugal force
allows it to obtain purified core-shell NPs with cationic PMETAC
network core surrounded by PEG chains (Fig. 2B and fig. S2).

We next varied the salt concentration and cross-linker fraction
during the polymerization to obtain a series of NPs with different
sizes and degrees of cross-linking (Fig. 2C) (29, 30). Since our strat-
egy relies on charge-driven assembly during polymerization, salt
has an effect on the final particle size. We controlled the added
NaCl concentrations at 0, 30, and 45 mM for preparing NP1 to
NP3 under the fixed BAC fraction of 20%, and obtained NPs
display increased hydrodynamic radii from 87 to 200 nm. It
seems that increasing the salt concentrations leads to declined
charge interactions and consequently enhanced mobility of the
charged building blocks, which is favorable for creating bigger
NPs (31, 32). Labels NP4 and NP5 are particles with the same
size but have increased cross-linker fractions of 30 and 40%, respec-
tively. All of the NPs display narrow size distributions and spherical
morphology (Fig. 2, C to E, and fig. S3).

To confirm that the disulfide bond in the cross-linker allows deg-
radation of the NPs, we prepared an extra batch of NPs MBA-NP2
with the cross-linker MBA (N,N'-methylenebisacrylamide; without
disulfide bonds) and exposed these, as well as the BAC-containing
particles, to 10 mM GSH [glutathione (reduced form)] solution. As
shown in Fig. 2F, the NPs with the BAC cross-linker dissociate
completely within a few minutes, as indicated by the strong decay
of light scattering intensity, in contrast to the NPs containing MBA
cross-linker, which remain intact. Since the intracellular GSH con-
centration is comparable to the test concentration, this response
implies that the designed NPs are very likely to dissociate and
release siRNA after endocytosis (33).

Next, NP2 was selected for a detailed investigation of loading and
intracellular delivery of siRNA. The toxicity of the NPs was estimat-
ed by CCK-8 assays. The results consistently exhibited cell viability
up to a particle concentration of 150 pug/ml (fig. S4A). Using the
control siNC, we investigated the effects of mixing ratio on the for-
mation of NP2-siNC complexes. The siNC concentration was fixed
at 1 pg/ml, and the NP2 concentrations were varied from 1 to 80 pg/
ml, corresponding to NP2/siNC weight ratios of 1:1 to 80:1. The
successful loading of siNC was confirmed by agarose gel electropho-
resis, where a progressive decay of the amount of mobile siNC with
increasing NP2/siNC ratio (Fig. 3A) can be clearly seen. Full com-
plexation was found at a ratio of 20:1 as evidenced by the complete
vanishing of mobile siNC; we therefore chose this ratio for all sub-
sequent experiments.

To test the stability of entrapped nucleic acid against serum-me-
diated degradation, naked siNC and NP2-siNC complexes were

20f 17



SCIENCE ADVANCES | RESEARCH ARTICLE

9 o
A HOJl i oNa
- HO™ PN P oy
S 2 = LA . - NH2f><OH
RAFT agent o "
2t / 5 \/”\/\/s\/\/" N
ST — N S
arg ™
Template ) |
F
é = Yko/\/N*\
'Y & é é NaCl pe
é o

Monomer Cross-linker

|
= o
3
\
ot
I
(ﬁz
e 4
=
}
2
=0
O:%(
=z
O
Cg:

@ @ BMSCs-
e @ Osteogenesis

DCSTAMP

Dcstamp mRNA . Loss of
P, DCSTAMP .
TTITTY - ( ! (,—‘]

] /iinn\“"‘”r‘))\ 7 =
@ . .. EPCs-
.. Angiogenesis

LW .
u/' L%
(/’/,w .’
RISC-induced degradation of D p mRNA

Preosteoclasts — Cell fusion

©

Preosteoclasts

3

A000\

Mature osteoclasts

" " Preosteoclasts Gisisodiast & p B .
(7 Preosteoclast _cell fusion steoclas BMSC o Osteoblast [ ) © rocess

. = , » Dcstamp DCSTAMP
< siRNA - Aln-NPs —_—
§ i b e Py mBNA protein

Fig. 1. Schematic diagram showing the synthesis of polyelectrolyte NPs. (A) Preparation of core-shell polyelectrolyte NPs. Chemical structures of alendronate, METAC
monomer, BAC cross-linker, and AD-PEG-CTA. (B) Loading siRNA, redox response of the NP, and the triggered release of siRNA. (C) Proposed functionality of polyelec-
trolyte NPs. siRNA targeting Dcstamp (siDcstamp) is transfected into BMMs/preosteoclasts by the NPs, which then recruit RISC to degrade Dcstamp mRNA. The decrease
of DCSTAMP protein blocks the cell-cell fusion of the preosteoclasts. The preserved preosteoclasts lead to enhanced osteogenesis of BMSCs and angiogenesis of endo-
thelial progenitor cells (EPCs) via PDGF-BB.
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Fig. 2. Synthesis of polyelectrolyte NPs. (A) Light scattering intensity of mixture before and after polymerization and the reaction mixture with added 1.5 M NaCl. (B)
Size and size distribution of the micelles before and after removing the template. (C) Obtained core-shell polyelectrolyte NPs with various sizes (NP1 to NP3) and cross-link
degrees (NP4 to NP5). (D and E) Transmission electron microscopy images of representative NP1 and NP3. (F) Variations of light scattering intensity upon addition of 10

mM GSH to redox-responsive NP2 and nonresponsive MBA-NP2.

both incubated in fetal bovine serum (FBS). Electrophoretic assays
revealed that the band of naked siNC disappears after 6-hour incu-
bation, whereas the bands of siNC-NP2 complexes still exist after
incubation with serum even after 48 hours (Fig. 3B).

Using the fixed NP/siNC ratio of 20:1, we compared the delivery
capability of NP1 to NP5. Flow cytometry analysis (Fig. 3C) and
transfection efficiency (Fig. 3D) indicated that NP2 exhibited a
maximum transfection of siNC up to nearly 100%, which was con-
sistent with the intracellular release and enrichment of siNC (tagged
with FAM dye) seen in the fluorescence images (Fig. 3E). Varying
the NP size (NP1 to NP3) had moderate effects on the transfection
efficiency, but increasing the degree of cross-linking (NP4 and NP5)
caused a reduction of transfection efficiency. We further investigat-
ed the silencing efficiency of siRNA by real-time quantitative poly-
merase chain reaction (RT-qPCR). As shown in fig. S4B, the NP2-
siNC complexes caused hardly any inhibition of the expression of
Gapdh mRNA, while NP2-siGapdh (positive control siRNA)
reduced Gapdh expression in a dose-dependent manner. Results
so far demonstrate that the designed NPs are a biocompatible plat-
form that enables efficient loading and intracellular delivery
of siRNA.

Investigation of siRNA transfection and therapeutic effects
in vitro

Inhibition of preosteoclast fusion by siDcstamp transfection
The following study explored whether the NP-induced transfection
of siRNA can successfully impede preosteoclast fusion and promote
vascularization and bone formation synergistically. NP2 was
applied as the delivery platform, and Dcstamp siRNA (siDcstamp)
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was selected, with siNC as the negative control. To distinguish the
targeting and inhibition effects of the alendronate group (4), we also
prepared an NP2 sample without alendronate groups, labeled as
*NP2. The NP/siRNA ratio was fixed at 20:1, with an siRNA
dosage of 1 pg/ml (fig. S5). First, Dcstamp mRNA and
DCSTAMP protein expression were estimated, as well as the osteo-
clast number and size (Fig. 4, A to D). Our results showed that
*NP2-siNC had no effects, neither on mRNA and DCSTAMP
protein expression nor on osteoclastogenesis. The NP2-siNC com-
plexes caused a moderate reduction of mRNA and protein expres-
sion, as well as the osteoclast number and size. This effect was
assigned to the inhibition of osteoclastogenesis by alendronate,
which induces preosteoclast apoptosis and impairs PDGF-BB secre-
tion via peroxisomal dysfunction and endoplasmic reticulum stress
(34). In contrast, both *NP2-siDcstamp and NP2-siDcstamp com-
plexes induced strong suppression of marker expression (fig. S6)
and osteoclastogenesis, confirming the anti-osteoporosis function
of the designed Dcstamp siRNA. The NP2-siDcstamp group dis-
played a stronger inhibition than *NP2-siDcstamp, due to the com-
bined effect of both siDcstamp and alendronate (Fig. 4, A to D).
Next, preosteoclast fusion and bone resorption were estimated
on the basis of tracing the F-actin ring, the membrane merge rate,
and resorption area. Phalloidin staining was applied to investigate
the F-actin ring, which is an indicator of mature and functional os-
teoclasts. A double fluorescence method was used, by culturing two
groups of bone marrow monocytes [BMMs; labeled with Dil (red)
and Hoechst (blue), respectively] to evaluate preosteoclast fusion
and of membrane merge rate. The BMMs were seeded onto Osteo-
Assay plates to estimate the bone resorption after transfection by
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Fig. 3. The loading and intracellular transfection of siRNA by NPs. (A) Loading of siNC and NPs evaluated by electrophoretic mobility assays at different NP/siNC ratios.
(B) Serum stability of naked and NP-loaded siNC at different time points. (C and D) Flow cytometry analysis (C) and corresponding transfection efficiency (D) of NPs with
different sizes and cross-link degrees. (E) Uptake of NP2-siNC by BMMs shown by confocal images. The concentration of siRNA was fixed at 1 ug/ml, and the NP/siRNA ratio

was at 20:1.

different NP-siRNA complexes. As shown in Fig. 4 (E to J), the
*NP2-siNC and NP2-siNC groups showed, respectively, no and
moderate inhibition of F-actin ring formation, membrane merge
rate, and bone resorption. As expected, siDcstamp transfected by
both *NP2 and NP2 led to remarkable suppression of preosteoclast
fusion and bone resorption; the latter one showed stronger suppres-
sion than the former one. In view of these findings, we conclude that
the successful transfection of siDcstamp by our designed NPs
impedes osteoclastogenesis by blocking fusion of preosteoclasts.

Zhang et al., Sci. Adv. 9, eade7379 (2023) 8 March 2023

Promotion of osteogenesis and angiogenesis by siDcstamp
transfection

It has been reported that preosteoclasts can induce vascularization
by secreting PDGE-BB (1, 35). To investigate whether preosteoclasts
preserved by siDcstamp exert a beneficial effect on angiogenesis, co-
culture systems of epithelium progenitor cells (EPCs)/BMMs were
prepared. BMM:s were cultured in osteoclastic medium with M-SCF
(macrophage colony-stimulating factor; 30 ng/ml) and RANKL (re-
ceptor activator of nuclear factor kB ligand; 80 ng/ml) for 5 days. We
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Fig. 4. Transfection of siDcstamp impedes preosteoclast fusion and bone resorption. (A) Dcstamp mRNA expression of BMMs transfected with different NP2-siRNA
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significance; *P < 0.05; **P < 0.01; ***P < 0.001. Scale bar, 25 um.
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then collected the osteoclast medium and mixed it with normal
medium at a ratio of 1:2 as conditioned medium (CM) to culture
EPCs for further experiments (Fig. 5A). After siDcstamp transfec-
tion using our designed NPs, the mRNA levels of Pdgf-bb and
protein levels of PDGF-BB in the BMMs increased substantially
when compared to the NC group (Fig. 5, B and C). As evidenced
by the transwell assay and scratch wound assay, both the *NP2-
siDcstamp and the NP2-siDcstamp complexes notably promoted
motility and ability to migrate to the EPCs (Fig. 5, D to H), as
well as the formation of capillary tube-like structures on Matrigel
(Fig. 5, F and I). This result suggested that the alendronate groups
hardly influence the transfection of siDcstamp. Moreover, NP2-
siNC in this test barely promoted the mRNA level and PDGF-BB
protein, as well as CM from BMM and EPC mobility. The negligible
effect of alendronate here is different from the results regarding the
blocking of preosteoclast fusion in Fig. 4. For this reason, we attri-
bute the achieved preservation of preosteoclasts to the transfected
siDcstamp, which demonstrates a different way on suppression of
preosteoclast with alendronate. Moreover, to check whether sepa-
rated siDcstamp or NP2 can directly influence angiogenesis, CM
was generated from BMMs cultured in medium without RANKL
(fig. S7A). The expression of PDGF-BB mRNA and proteins, and
the migration capacity and tube formation ability of EPC exhibited
subtle differences in the different groups of BMMs (fig. S7, B to G).
This control test confirmed that the promotion of EPC angiogenesis
by preserving preosteoclast arises from the successful transfection of
siDcstamp by our designed transfection vehicles.

Preosteoclasts have been reported to promote osteoblast differ-
entiation by activating the PDGF receptor B (PDGFRP)-phosphati-
dylinositol 3-kinase (PI3K)—-AKT pathway (9, 36). Therefore, we
further investigate the effects of siDcstamp transfection on the cou-
pling of osteogenesis. To do so, BMSCs and BMM:s were seeded at
the upper and bottom chambers of transwell plates as a coculture
system. Cells were cultured in osteogenic medium with M-SCF
(30 ng/ml) and RANKL (50 ng/ml) for 6 days, and BMSCs were har-
vested for measurements (Fig. 6A). A notable increase in alkaline
phosphatase (ALP) activity was observed in groups treated with
transfected siDcstamp with both *NP2 and NP2, as compared to
the NC group (Fig. 6, B and C). Consistently, the transcriptional
levels of osteogenic markers including Runx2, Alp, and Bglap [the
gene coding for Osteocalcin (OCN)] and the corresponding pro-
teins were up-regulated by treatments of siDcstamp delivered by
*NP2 and NP2 (Fig. 6, D to H). We further used immunofluores-
cence to visualize OCN protein in cocultured BMSCs, which also
revealed that OCN expression was augmented by *NP2-siDcstamp
and NP2-siDcstamp complexes (Fig. 6, I and J). To eliminate the
possibility that siDcstamp or NPs could promote osteogenesis di-
rectly, BMSCs and BMMs were cocultured in osteogenic medium
without RANKL for 6 days (fig. S8A). As expected, ALP activity
and mRNA levels of Runx2, Alp, and Bglap showed no substantial
difference among the different groups (fig. S8, B to D). These find-
ings implied that alendronate has limited effects on preserving pre-
osteoclasts, and the facilitation of osteogenic differentiation of
BMSCs by preserving preosteoclasts comes from the transfected
siDcstamp.

Zhang et al., Sci. Adv. 9, eade7379 (2023) 8 March 2023

Investigation of siRNA transfection and therapeutic effects
in vivo

Inspired by the promising results from in vitro investigation, the fol-
lowing studies turned to explore the siRNA transfection and thera-
peutic effects in vivo. We started with tracing the biodistribution of
the NP-siRNA complexes and estimating the toxicity of the de-
signed NPs. An ovariectomy (OVX) mice model was developed to
fully investigate the therapeutic effects of siDcstamp against patho-
logical bone loss.

Biodistribution and compatibility of NP2-siRNA complexes
To test whether the designed NPs are capable to deliver siRNA to
bone surfaces in vivo, we selected Cy3-labeled siDcstamp for fluo-
rescence imaging studies. Both *NP2-siDcstamp and NP2-siDc-
stamp complexes were injected intravenously to mice, and an in
vivo imaging system was used to identify the organ distribution of
Cy3 fluorescence. For the naked siDcstamp, and at 8 hours after in-
jection, the highest fluorescence intensity was observed in the
kidneys, indicating a quick clearing of the naked siRNA from circu-
lation (Fig. 7A). The *NP2-siDcstamp complexes led to enhanced
accumulation in lungs and liver but were barely collected in
bones (Fig. 7A). Only the NP2-siDcstamp complexes displayed
higher fluorescence intensity at femurs, tibias, and spine
(Fig. 7A). The favorable accumulation on bone surfaces was as-
signed to the targeting by alendronate present on NP2. To
confirm siDcstamp transfection into preosteoclasts, tartrate-resis-
tant acid phosphatase (TRAP) was labeled by immunofluorescence
(green) on femoral sections. In line with in vivo imaging system
(IVIS) imaging, there was only occasional fluorescence (red) on
bone surfaces when naked siDcstamp or *NP-siDcstamp complexes
were injected (Fig. 7B). In contrast, preosteoclasts/osteoclasts were
abundantly colabeled with siRNA delivered by NP2 (Fig. 7B). More-
over, we further estimated the in vivo biocompatibility of the NPs
and siDcstamp by administration of *NP2 and NP2 every other day
for 3 weeks. Organs including heart, lungs, liver, spleen, and
kidneys were then harvested, and histomorphometry results
showed feeble alterations (Fig. 7C), which validate the good bio-
compatibility of the NPs. Together, the results in this part demon-
strate that NP2 can target bone cell surfaces and deliver siRNA to
preosteoclasts without inducing systemic toxicity.

Therapeutic effects of NP2-siDcstamp in OVX mice

Last, the following study explored the therapeutic effects of NP2-
siDcstamp in the osteoporotic OVX mice model. In this part,
*NP2 without alendronate was not used because of its failure to spe-
cifically deliver to bone. Only NP2 was applied as the delivery plat-
form. One week after OVX surgery, the mice were intraperitoneally
injected with NP2-siNC and NP2-siDcstamp complexes, twice a
week during 5 weeks. Then, the mice were sacrificed, and the
femurs, spine, and sera were collected for examination. As shown
in Fig. 8 (A to G), serious trabecular femoral bone loss was observed
in OVX mice shown by micro—computed tomography (uCT) and
hematoxylin and eosin (H&E) staining. Treatment with NP2-
siNC complexes hardly reversed the osteopenia phenotype of
OVX mice, but the NP2-siDcstamp treatment induced substantial
augmentation of the bone volume fraction (BV/TV) and trabecular
number (Tb.N) (even higher than the Con group; Fig. 8, A to C), as
well as a notable decrease of trabecular space (Tb.Sp; Fig. 8D). Con-
sistently, the trabecular area (Tb.Ar) from H&E staining also
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increased after administration of NP2-siDcstamp (Fig. 8, F and G).
These results validated the strong anti-osteoporotic effects of the
transfected siDcstamp by bone-targeted NPs. Besides, the siDc-
stamp delivered by NP2 cross-linked by MBA (MBA-NP2-siDc-
stamp) did not improve OVX-induced bone loss, suggesting that
GSH responsiveness of NPs is essential for the controlled release
of siRNA (fig. S9). Note that the NP2-siDcstamp treatment barely
interrupted the cortical parameters and trabecular thickness
(Tb.Th; Fig. 8E and fig. S10).

We then explored the alterations of osteoclastogenesis after the
treatment with NP2-siRNA complexes. TRAP staining revealed that
the number of TRAP" multinuclear cells (osteoclasts) was enhanced
in the OVX group, which was inhibited substantially by treatment
with NP2-siDcstamp complexes (Fig. 8, H and I). In addition,
TRAP' mononuclear cells (preosteoclasts) were clearly facilitated
in the NP2-siDcstamp complex group (Fig. 8]). Consistently, the
high serum levels of osteoclast markers including TRAP isoform
5b (TRAP5b) and C-telopeptide of type I collagen (CTX-1) in
OVX mice were down-regulated by NP2-siDcstamp complexes
(Fig. 8, K and L). Note that, upon treatment with NP2-siNC com-
plexes, neither the inhibition of osteoclasts nor the promotion of
preosteoclasts was found.

We further investigated whether NP2-siDcstamp is beneficial for
promotion of bone formation and vascularization in femurs of
OVX mice. Quantitative analysis using immunohistochemistry
showed that, in the OVX group, the quantity of OCN™ cells (osteo-
blasts) around femoral trabecula declined (Fig. 9, A and B). Calcein
staining also revealed that mineral apposition rate (MAR) and bone
formation rate per unit of bone surface (BFR/BS) decreased in OVX
mice, suggesting a diminished osteogenesis due to estrogen defi-
ciency (Fig. 9, C to E). The impairment in osteogenesis and bone
formation was restored by NP2-siDcstamp with an even higher
level of MAR compared with the control group (Fig. 9, C to E).
The decreased serum markers for osteoblast function including pro-
collagen I N-terminal propeptide and OCN in the OVX group were
reversed as well by the NP2-siDcstamp treatment (Fig. 9, F and G).
Type H vessels (CD31MEmen™), which are essential for normal
bone remodeling and initiation of new bone formation, are en-
riched adjacent to the growth plate (37). Preosteoclasts can induce
angiogenesis of type H vessels by secreting PDGF-BB (8). In accord
with previous studies (9, 38), microphil-perfused angiography
showed that the femoral vessel volume decreased in the OVX
group (Fig. 9, H and I). Immunofluorescence and flow cytometry
also demonstrated that the quantity of type H vessels declined
notably in OVX-induced bone loss model (Fig. 9, ] to M). All
these negative effects were suppressed substantially after the treat-
ment with NP2-siDcstamp, which was not found with NP2-siNC
(Fig. 9, H to M).

An earlier study found that alendronate performed well as bone
targeting group and led to accumulation of drugs on both long
bones and vertebrae (16). Our IVIS results (Fig. 7) also showed
the enrichment of siRNA on femur and vertebrae. We therefore
further investigated the therapeutic effects of NP2-siDcstamp on
vertebrae in OVX mice. The findings were consistent with the
femoral results; the decreased bone volume fraction and vertebral
Tb.Th in OVX mice were reversed by the NP2-siDcstamp treatment
(Fig. 10, A, B, and E). Although vertebral trabecular structural pa-
rameters including Tb.N and Tb.Sp did not change noticeably after
OVX, the NP2-siDcstamp treatment led to slight, yet nonnegligible
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improvements (Fig. 10, C and D). In addition, NP2-siDcstamp trig-
gered decreased osteoclast number and preserved preosteoclasts
(Fig. 10, F to K). These findings implied that NP2-siDcstamp can
prevent OVX-induced bone loss by inhibiting preosteoclast fusion
and simultaneously augment osteogenesis and angiogenesis.

DISCUSSION

Therapy based on RNA is a promising strategy for treating bone dis-
eases, while the intrinsic problems with naked RNA restrict the
therapy efficiency, which can be addressed by functional delivery
vehicles. De La Vega et al. (39) reported that a chemically modified
mRNA encoding BMP-2 could substantially promote bone regen-
eration locally. Xue et al. (40) developed a bisphosphonate lipid-like
material to deliver mRNA into the bone microenvironment.
Despite these pioneering achievements, most of the established de-
livery platforms suffer from different limitations on satisfied RNA
delivery. For example, chemical modification of RNA requires
precise molecular design and reaction control (41). The widely
applied lipid NPs need to further enhance their structural stability,
loading capacity, and delivery efficiency (42). Therefore, designing
rational delivery vehicles that achieve sufficient RNA delivery
remains desirable. We here developed a type of core-shell polyelec-
trolyte NP with the following features: a cationic and soft core for
loading and protection of anionic siRNA, a biocompatible PEG
shell for long circulation (stealth behavior) tagged with alendronate
for bone-targeted delivery, and a redox-responsive cross-linker en-
abling glutathione-triggered release of siRNA.

We demonstrate that this platform successfully realizes transfec-
tion of an active siRNA (siDcstamp), thereby silencing Dcstamp
mRNA in BMMs/preosteoclasts in vitro and subsequently causing
the blocking of cell-cell fusion and osteoclastogenesis, as well as the
promotion of osteogenesis and angiogenesis via PDGF-BB. Alendr-
onate conjugated to the PEG blocks leads to enrichment of siDc-
stamp at bone surfaces and efficient transfection of preosteoclasts.
In vivo experiments validated that siDcstamp transfection substan-
tially attenuated OVX-induced trabecular bone loss not only by im-
peding bone resorption but also by augmenting bone formation and
vascularization. We hope that our platform and the therapeutic
achievements that we report will inspire even better designs of
siRNA transfection vehicles and so lead to innovative strategies
toward regulating preosteoclasts as anabolic treatment for osteopo-
rosis and other osteoblast-induced bone diseases.

MATERIALS AND METHODS

Synthesis of polyelectrolyte NPs

Typically, PEG-CTA (4.00 mg), METAC (8.3 mg, 0.04 mmol), PAA
(2.9 mg, 0.04 mmol), BAC (2.1 mg, 8.0 x 10> mmol), HMP (2-
hydroxy-2-methyl-1-propanone, 0.1 mg, 8.00 x 10~* mmol), and
NacCl (3.5 mg, 0.06 mmol) were dissolved in 2-ml water. The pH
of the solution was adjusted to 6.5. The tube was sealed and de-ox-
ygenated by three freeze-vacuum-thaw cycles in nitrogen atmo-
sphere. Then, the tube was exposed to UV light for 3 hours. The
NPs were separated from the template by centrifugation using 1.5
M NaCl as eluent for three times with an Amicon Ultra centrifugal
filter (Millipore; molecular weight cutoff = 100 kDa) followed by
dialyzing against water to remove the salt. Alendronate-decorated
core-shell polyelectrolyte NPs were synthesized as abovementioned
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*#*Pp < 0.01; ***P < 0.001.
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method using alendronate-modified AD-PEG-CTA. The “bare”
PMETAC NPs (no PEG shell) were synthesized according to a pre-
vious report (27).

For conjugation with siRNA, NPs were mixed with siRNA in
culture medium/DEPC (diethyl pyrocarbonate) water/sterile
saline and incubated for about 3 min. Then, the medium was
added into cultured cells.

Characterization of polyelectrolyte NPs

NPs were mixed with siRNA in DEPC water and then incubated for
3 min to let them conjugate spontaneously. The binding capacity
was then evaluated by agarose gel electrophoresis as previously re-
ported (43, 44). NP-siRNA complexes were prepared with weight
ratio from 1:1 to 80:1 (NP/siRNA; w/w) and then mixed with
DNA loading buffer (10x). The mixture was loaded onto a 2.5%
agarose gel (with GelRed) and subjected to electrophoresis at 40
V for 30 min. Then, RNAs were analyzed by an UV illuminator.
For the serum stability assay, the naked siRNA, NP-siDcstamp com-
plexes were incubated with 50% FBS for 1 to 48 hours. Isoquants
from every sample were mixed with loading buffer and loaded on
2.5% gel. Then, the electrophoresis was run at 130 V for 30 min
and RNA was analyzed on an UV illuminator.

Isolation of primary mouse BMMs and osteoclastic
differentiation assay

Osteoclastic differentiation of primary BMMs was reported previ-
ously (45). Briefly, the femurs and tibias of 6-week-old mice were
collected, cleared, and placed in the sectioned tips within the cen-
trifuge tubes after both the proximal and distal ends were made
small cuts. Then, the tubes were centrifuged at 10,000¢ for 15 s at
room temperature and flushed bone marrow was suspended in the
normal medium consisting of a-MEM (minimum essential
medium) with 10% FBS and 1% penicillin/streptomycin. After 24
hours of mixed culture, the culture medium was removed, nonad-
herent cells were collected, cells were seeded in 24-well or 12-well
plates after ammonium-chloride-potassium (ACK) lysing buffer,
and then the induction of osteoclast differentiation began by
normal medium with M-CSF (30 ng/ml) and RANKL (80 ng/ml)
for 5 days (fig. S11A).

For siRNA transfection during osteoclastogenesis, NPs were
mixed with siRNA at a weight ratio of 20:1 and the complexes
were added to cells on day 2 after the beginning of RANKL stimu-
lation. For example, for preparation of NP-siRNA complexes (20
pg/ml), 4 ul of NP storage solution (5 mg/ml) and 4 pl of siRNA
storage solution (20 uM) were mixed in 200 ul of fresh cell
culture medium and incubated for 3 min at room temperature.
Then, 200 pl of NP-siRNA mixture was added to a well of 12-well
plate with 800 pl of fresh culture medium at day 2 of osteoclasto-
genesis induction. After incubation for 24 hours, the plates were
changed to fresh medium (fig. S11A).

In vitro assay for osteoclast fusion and function

Pit formation assay was performed using biomimetic synthetic bone
plate (Corning) as previously described (46). Briefly, BMMs were
induced into mature osteoclasts by M-CSF (30 ng/ml) and
RANKL (80 ng/ml), which were digested and seeded on hydroxy-
apatite-coated surfaces for another 2-day culture. Then, images
were obtained with a microscope and analyzed by Image-Pro Plus
software.

Zhang et al., Sci. Adv. 9, eade7379 (2023) 8 March 2023

Osteoclast fusion assay was carried out as previously reported
(38). Briefly, primary BMMs were induced by M-CSF (30 ng/ml)
and RANKL (80 ng/ml) for 3 days and then labeled with Hoechst
or CM-Dil for 20 min at room temperature (fig. S11B). Then, two
groups of cells were cultured together for 12 hours and photos were
taken by fluorescence microscopy (fig. S11B).

BMSC/BMM and EPC/BMM coculture system in vitro

Primary BMSCs were isolated from the bone marrow of C57 mice as
we described before (45, 47). Then, primary BMSCs and BMMs
were seeded in the top and bottom chamber of 12-well 0.4-um
transwell plate and cultured in osteogenic medium (normal
medium containing 10 mM [-glycerophosphate, 50 uM ascorbic
acid, and 100 nM dexamethasone) with or without M-CSF (30
ng/ml) and RANKL (50 ng/ml) for 6 days. Then, cells were harvest-
ed for different experiments (Fig. 5A and fig. S3A).

Primary EPCs were isolated from mice peripheral blood as pre-
viously reported (48). BMMs were cultured in osteoclastic medium
[with M-SCF (30 ng/ml) and RANKL (80 ng/ml)] or normal
medium for 5 days. The transfection of siRNA was performed on
day 2 of osteoclastogenesis induction. Then, we collected the oste-
oclast medium and mixed with normal culture medium at a ratio of
1:2 as CM to culture EPCs for further investigations (Fig. 6A and
fig. S4A).

Gene expression analysis

The transcriptional expression level was measured by RT-qPCR as
we previously reported (49). Total RNA was extracted using an RNA
quick purification kit, and complementary DNA was obtained by
using the PrimeScript RT Reagent Kit. Then, RT-qPCR was per-
formed using TB Green reagent on the ABI PRISM 7900HT
System (Applied Biosystems, Foster City, USA). Primers used in
this study were listed in table S2.

The protein expression levels were evaluated by Western blot as
we previously described (49). The primary antibodies used in this
study were anti-CTSK, anti-MMP?9, anti-NFATc1, anti-CAR?2, anti-
DCSTAMP, anti-RUNX2, anti-ALP, anti-OCN, and anti-PDGF-
BB (detailed information listed in "Materials" section of Supplemen-
tary Materials).

OVX model and treatments in vivo

All procedures on animals were abided by the guidelines of the
Ethics Committee on Animal Experiments of Changzheng Hospi-
tal, affiliated to Naval Medical University. C57BL/6 mice were pur-
chased from Shanghai Jihui Laboratory Animal Care Co. (Shanghai,
China) and kept under specific pathogen—free conditions at Animal
Experimental Center of Naval Medical University (SYXK 2017-
0004). Eight-week-old female mice were randomly divided into
four groups. NPs were mixed with siRNA at a weight ratio of
20:1, then diluted in normal saline (final concentration: 5 mg/ml),
and injected intravenously twice a week at a dose of 100 mg/kg (0.2
ml for 20 g). The weight of mice was measured once a week. Sham
group: mice received sham surgery with normal saline; OVX group:
mice received OVX surgery with normal saline; NP2-siNC: mice re-
ceived sham surgery and NP2 (with siNC) treatment; NP2-siDc-
stamp: mice received sham surgery and NP2 (with siDcstamp)
treatment. The detailed protocols for OVX model or sham
surgery were described previously (50).
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uCT analysis

The collected femurs and vertebrae were fixed in 4% paraformalde-
hyde for 24 hours. Then, the structure and microarchitecture of
distal femur and the second lumbar spinal vertebra (L2) were ana-
lyzed by high-resolution pCT (SkyScan 1076, Bruker) at a resolution
of 8 um per pixel, a voltage of 80 kV, and a current of 124 yA. Then,
trabecular parameters including bone volume/total volume (BV/
TV; %), trabecular number (Tb.N; 1/mm), trabecular space
(Tb.Sp; mm), trabecular thickness (Tb.Th; mm), and trabecular
bone mineral density (Tb.BMD; g/cm?) and cortical parameters in-
cluding cross-sectional cortical bone area (Ct.Ar; mm?) and cortical
thickness (Ct.Th; mm) were obtained by CTAn and CTVol.

Histological and immunofluorescence analysis

Femurs and vertebrae were fixed in 4% paraformaldehyde for 48
hours and decalcified in 15% tetrasodium EDTA for 4 weeks.
Then, tissues were dehydrated overnight, embedded in paraffin,
and sectioned at 5 um thick for hematoxylin and eosin staining,
TRAP staining, OCN immunohistochemistry, and CD31 and endo-
mucin (EMCN) immunofluorescence. Images were acquired by
fluorescence microscopy (Nikon) with a digital Olympus camera
and analyzed by Image-Pro Plus software.

Flow cytometry

CD31™EMCN™ cells in the femur and tibia were measured by flow
cytometry as previously described (38). Briefly, we dissected the
bones, made small cuts at both sides, and placed them in the sec-
tioned tips within the centrifuge tubes. Then, the tubes were centri-
fuged at 10,000g for 15 s to get whole bone marrow cells. After ACK
lysis, cells were incubated with phycoerythrin/Cy7 anti-mouse
CD31 antibody (BioLegend), EMCN monoclonal antibody (eBio-
science), fluorescein isothiocyanate (FITC) anti-mouse TER-119/
erythroid cell antibody (BioLegend), and FITC anti-mouse CD45
antibody (BioLegend). Cell sorting was performed with CyAn
ADP Analyzer (Beckman Coulter), and CD31"CD45 Ter119~
cells were considered bone marrow endothelial cells.

Angiography

The femoral blood vessels were measured by uCT as previously re-
ported (36). Briefly, mice were euthanized, the thoracic cavity was
opened, a cut was made on the auricula dextra, and a needle was
inserted into the left ventricle. Then, the entire vasculature was per-
fused with 9 ml of warm heparinized saline (100 U/ml in 0.9%
saline), 9 ml of 4% paraformaldehyde, another 9 ml of warm hepa-
rinized saline, and then 5 ml of Microfil MV-122 (Flow Tech). Next,
the femurs were removed and fixed for the detection of uCT.

Statistical analyses

All data are expressed as means + SE of at least three repetitions. The
one-way analysis of variance (ANOVA) followed by Student-
Newman-Keuls post hoc tests was used to compare multiple
groups by GraphPad Prism software. Differences were considered
significant at *P < 0.05, **P < 0.01, and ***P < 0.001.
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