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Metal-polyDNA nanoparticles reconstruct osteoporotic
microenvironment for enhanced osteoporosis
treatment

Copyright © 2023 The
Authors, some

rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution

Xueliang Liu't, Fan Li*%, Ziliang Dong?, Chao Gu'*%, Dongsheng Mao', Jingqi Chen’, Lei Luo’,
Yuting Huang', Jie Xiao®*, Zhanchun Li**, Zhuang Liu®*, Yu Yang'*
NonCommercial

Current clinical approaches to osteoporosis primarily target osteoclast biology, overlooking the synergistic role License 4.0 (CC BY-NO).

of bone cells, immune cells, cytokines, and inorganic components in creating an abnormal osteoporotic micro-
environment. Here, metal-polyDNA nanoparticles (Ca-polyCpG MDNs) composed of Ca>* and ultralong single-
stranded CpG sequences were developed to reconstruct the osteoporotic microenvironment and suppress os-
teoporosis. Ca-polyCpG MDNs can neutralize osteoclast-secreted hydrogen ions, provide calcium repletion,
promote remineralization, and repair bone defects. Besides, the immune-adjuvant polyCpG in MDNs could
induce the secretion of osteoclastogenesis inhibitor interleukin-12 and reduce the expression of osteoclast func-
tion effector protein to inhibit osteoclast differentiation, further reducing osteoclast-mediated bone resorption.
PPi*~ generated during the rolling circle amplification reaction acts as bisphosphonate analog and enhances
bone targeting of Ca-polyCpG MDNs. In ovariectomized mouse and rabbit models, Ca-polyCpG MDNs prevented
bone resorption and promoted bone repair by restoring the osteoporotic microenvironment, providing valuable

insights into osteoporosis therapy.

INTRODUCTION

Osteoporosis is a silent skeletal disease characterized by low bone
mass and microarchitectural deterioration of bone tissue, followed
by an increased risk of bone fragility and fracture (I1-3). During such
disease progression, dysfunctional interactions between various
bone cells, inorganic components, immune cells, and various sig-
naling proteins/cytokines in osteoporotic microenvironment often
work together to ultimately generate osteoporosis (3—5). Osteo-
clasts, the key cells in the osteoporotic microenvironment, are re-
sponsible for bone resorption and can secrete acids and lytic
enzymes to degrade bone minerals and collagen, leading to severe
bone mineral loss (6, 7). Although the compensatory formation of
bone matrix and bone mineralization mediated by osteoblasts can
alleviate bone mineral loss, the age-dependent calcium deficiency in
the osteoporotic microenvironment limits the remineralization and
repair of bone defects (8, 9). In addition to bone cells and calcium,
various immune cells with secreted cytokines including T cells, B
cells, monocytes, and macrophages are also involved in the estab-
lishment of osteoporotic microenvironment during the pathogene-
sis of osteoporosis (10-12). However, current treatment options,
which mostly use antiresorptive agents (e.g., estrogen, bisphospho-
nates, and denosumab) in a single modality, cannot regulate the os-
teoporotic microenvironment, thereby limiting its efficacy of
osteoporosis treatment (13, 14). Thus, the development of a
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multimodal cocktail-like treatment to reconstruct the entire osteo-
porotic microenvironment and restore bone mass balance may con-
tribute to a more rational and comprehensive osteoporosis
treatment strategy.

Besides antiresorptive agents, bioactive nanomaterials offer an
efficient alternative for the potential osteoporosis treatment and
stimulating bone regeneration (15, 16). First, as carriers for efficient
therapeutic delivery, nanoparticles showed enhanced intracellular
delivery and improved bioavailability of therapeutic (17-19). In ad-
dition, for bone tissue regeneration, nanomaterials are character-
ized by large surface area and roughness, which facilitate their
interaction with neighboring proteins, cells, and inorganic compo-
nents in the osteoporotic microenvironment (20). For instance,
mineral-based therapeutics using calcium-based materials [e.g.,
calcium phosphate, hydroxyapatite (HAP), or bisphosphonates]
can induce osteoblast differentiation of cells and promote bone
tissue regeneration (21, 22). However, to the best of our knowledge,
previous research reports have focused on drug delivery (23), the
anti-bone resorption (24), and bone repair potency (21, 25) of the
nanomaterials, with few efforts on the universal osteoporotic micro-
environment reconstruction, severely limiting their clinical treat-
ment effect for osteoporosis. Therefore, there is an urgent need
for the on-demand design of safer and more effective nanomedicine
to restore the complex microenvironment in osteoporosis for oste-
oporosis treatment.

Metal-organic frameworks (MOFs) consisting of metal ions co-
ordinated by small organic ligands have attracted considerable at-
tention in biological applications due to their well-defined sizes/
shapes and structural/chemical diversity (26—-29). However, owing
to the simplex function, using small organic ligands to construct
MOFs/coordination polymers extremely limits the on-demand
design of multifunctional MOFs in the field of biomedicine. Recent-
ly, we and others have used biomacromolecules (e.g., DNA and
RNA) instead of small organic molecules as bridge ligands to

10f 15



SCIENCE ADVANCES | RESEARCH ARTICLE

customize multifunctional metal-DNA/RNA nanoparticles by che-
lating metal ions (30-34). However, metal-DNA/RNA nanoparti-
cles composed of the monovalent functional nucleic acids showed
poor stability and affinity in the biological environments (35-37).
To this end, polynucleotide DNA (polyDNA), a kind of ultralong
single-stranded DNA (ssDNA) with polyvalent functional DNA se-
quences and improved stability, is proposed to coordinate with
metal ions to form multifunctional metal-polyDNA nanoparticles
(MDNs). With their on-demand design, programmable flexibility,
and diverse functionalities, MDNs are expected to provide unprec-
edented opportunities for biomedical applications.

Here, we customize multifunctional MDNs to regulate the entire
osteoporotic microenvironment for osteoporosis treatment. As a
proof of concept, long ssDNA containing polynucleotide CpG
(polyCpG) sequences synthesized by rolling circle amplification
(RCA) was coordinated with calcium ions to prepare functional
MDNs (Fig. 1A). First, Ca-polyCpG MDNs could neutralize osteo-
clast-secreted hydrogen ions to inhibit the mature osteoclast-medi-
ated bone erosion and, triggered by the osteoporotic acidic
microenvironment, can release Ca** to improve bone mineraliza-
tion and enhance bone repair (Fig. 1B). Second, the polyCpG se-
quences could induce the synthesis and release of interleukin-12
(IL-12), which is a cytokine known to inhibit osteoclast differenti-
ation, and reduce the expression of osteoclast function effector
protein to reduce bone resorption. In addition, naturally occurring
pyrophosphates (PPi*”) produced in the RCA process are analogs of
the antiresorptive agent bisphosphonates, which could enhance the
targeting and retention time of the MDNss to the bone and enhance
calcium supplementation—based bone mineralization. Notably, we
demonstrated that Ca-polyCpG MDNe, after local and systematic
administration, could restore damaged bone to nearly normal
levels within a month in both ovariectomy (OVX)-induced
mouse and rabbit models of osteoporosis. Our work thus presents
a general platform with an on-demand design for osteoporosis
therapy through reconstruction of the osteoporotic environment.

RESULTS

The design and characterizations of Ca-polyCpG MDNs

In our design, a liner oligonucleotide complementary to the CpG
sequence (table S1) was looped by T4 DNA ligase to generate a cir-
cular template. Then, followed by a typical RCA reaction in the pres-
ence of the template and phi29 DNA polymerase, a long ssDNA
containing polymeric CpG (polyCpG) sequences was synthesized
(Fig. 1A). Agarose gel electrophoresis confirmed the formation of
each product, with the polyCpG strands migrating slower than
others (Fig. 1C), indicating high amplification efficiency to synthe-
size the ultralong polyDNA (fig. S1). To verify the generated
polyCpG, Cy5-labeled complementary chains of CpG were added
to the RCA reaction solution. With the increase of reaction time,
the fluorescence intensity of Cy5 of polyCpG gradually increased,
further confirming the generation of the long single-stranded
polyCpG during the RCA process (Fig. 1D and fig. S2).

After the RCA process, CaCl, was added to coordinate with
polyCpG, leading to the formation of MDNs. Dynamic light scat-
tering (DLS) indicated increased particle size of Ca-polyCpG
MDNs along with prolonged time, reaching about 300 nm at 2
hours (Fig. 1D and fig. S3A). When the reaction was performed
for 4 hours, however, MDNs became too large with greater
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nonuniformity in size (fig. S3B). Thus, we chose 2 hours as the
optimal reaction time to synthesize Ca-polyCpG MDNs in the fol-
lowing experiments. As shown in scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) imaging,
such Ca-polyCpG MDNs displayed monodispersed morphology
and porous structures (Fig. 1, E and F). Element mapping analysis
of high-angle annular dark-field scanning TEM (HAADF-STEM)
revealed that the Ca and P elements were randomly distributed in
Ca-polyCpG MDNs (Fig. 1G and fig. S4), confirming the successful
synthesis of Ca-polyCpG MDNs. The loading capacity of Ca*" in
the synthetic Ca-polyCpG MDNs was evaluated using the
Calcium Colorimetric Assay Kit. To determine the loading efficien-
cy of DNA, the nanostructure of Ca-polyCpG MDNs was disrupted
using EDTA, and the concentrations of DNA were then measured
using an ultraviolet-visible spectrophotometer. After careful calcu-
lations, the loading efficiencies of DNA and Ca®" in the synthetic
Ca-polyCpG MDNs were determined to be 37.0 and 21.7%,
respectively.

The physiological and anti-enzymatic cleavage stability of Ca-
polyCpG MDN s was then evaluated. After 7 days of incubation in
water, the particle size and dispersion of Ca-polyCpG MDNs did
not change notably (fig. S5), indicating the excellent storage stability
of those nanoparticles. Next, Ca-polyCpG MDNs and free CpG
were both incubated with deoxyribonuclease I (DNase I) solution
or serum for different time periods, in which Ca-polyCpG MDNs
exhibited no obvious degradation within 72 hours, while most free
CpG degraded within 0.5 hours in DNase I solution and 3 hours in
serum (Fig. 1H). These results indicated that Ca-polyCpG MDNs
could greatly enhance the stability of the CpG in blood and intra-
cellular DNA enzyme environment. In addition, the hemolytic
assay showed that Ca-polyCpG MDNs did not cause visual hemo-
lysis with a hemolysis rate of less than 3% (fig. S6), indicating the
good hemocompatibility of Ca-polyCpG MDNS.

Ca-polyCpG MDN-mediated acid neutralization and bone
remineralization in vitro

HAP [Ca;o(PO,)s(OH),], the major component of the hierarchical
bone issue, is severely lost in the osteoporotic microenvironment
(38). Although many biomaterials have been developed for the
repair of bone defects, the special collagen fibril structure of the
bone (e.g., only 1.8 to 4 nm tortuous subchannels) limited the de-
livery of therapeutics, thereby making it difficult to induce the re-
covery of the affected bone (39). Notably, our Ca-polyCpG MDNs
were able to be decomposed in an acidic-osteoporotic environment
to release free Ca®* (40), which would show deeper penetration into
collagen fibrils of the bone issues to allow bone mineralization (41).
To evaluate the pH-responsive release properties, Ca-polyCpG
MDNs were treated with phosphate-buffered saline (PBS) at pH
7.4 and 5.0. The TEM images showed that the uniform structure
of Ca-polyCpG MDNs could maintain at pH 7.4, but completely
collapse at pH 5.5 in 30 min (Fig. 2A). Next, the Ca>" release
profile of Ca-polyCpG MDNs at pH 7.4 and pH 5.0 was well deter-
mined with the Calcium Colorimetric Assay Kit (42). At pH 5.0, up
to 80% of the Ca®" ions in Ca-polyCpG MDNs were released within
12 hours, while at pH 7.4, little Ca>* ions were released (Fig. 2B and
fig. S7). To investigate the importance of the regulation of acid mi-
croenvironments of Ca-polyCpG MDNs, we chose Mg-polyCpG
MDNSs as a control group, which was synthesized using Mg*"*
instead of Ca®". When a titration was performed with 0.5%
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Fig. 1. Preparation and characterization of Ca-polyCpG MDNs. (A) Schematic illustration of the preparation of Ca-polyCpG MDNs by coordination of Ca®" and
polyCpG, the latter of which were synthesized by the RCA reaction. (B) Schematic representation of Ca-polyCpG MDN-based reconstruction of the osteoporotic micro-
environment. Ca-polyCpG MDNs with ability to target calcium elements, promote M1 macrophage polarization, and inhibit osteoclast activity can reconstruct the os-
teoporotic microenvironment to treat osteoporosis. (C) Agarose gel electrophoresis of DNA ladder (i), template (ii), primer (iii), circular DNA (iv), closed circular DNA (v),
and polyCpG (vi). (D) Particle sizes and fluorescence changes of polyCpG during RCA reaction at different time points (n = 3). For fluorescence measurement, Cy5-labeled
complementary DNA was added to the RCA reaction solution to label the generated polyCpG. (E) TEM and (F) SEM images of Ca-polyCpG MDNs. Scale bar, 500 nm. (G)
HAADF-STEM image and corresponding element mapping analysis of Ca-polyCpG MDNs. Scale bar, 200 nm. (H) Gel electrophoresis showed the stability of free CpG and
Ca-polyCpG MDNss after incubation in DNase | (top) and serum (bottom) environments at different time points. a.u., arbitrary units.

hydrochloric acid, we found that Ca-polyCpG MDNs and Mg-
polyCpG MDNs could notably slow down the pH decrease
(Fig. 2C), reflecting the pH-responsive and superior acid-resistant
properties.

As a critical factor in bone resorption, mature osteoclasts adhere
to the bone surface and secrete large amounts of hydrogen ions (H")
to acidify the local extracellular microenvironment, which dissolves
the mineral phase of bone and provides an optimal environment for
organic matrix degradation. Given the critical role of acidification
effects in osteoclastic bone resorption, Ca-polyCpG MDNs are ex-
pected to neutralize acid to inhibit osteoporosis. To confirm the
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local pH value in osteoporotic bones and extracellular acid—resistant
property of Ca-polyCpG during osteoclast-mediated H" external se-
cretion, we evaluated the fluorescence intensity of the pH probe
fluorescein isothiocyanate (FITC; which exhibits fluorescence
quenching at low pH values) on the bone surface after seeding os-
teoclasts labeled with Dil (1,1’-dioctadecyl-3,3,3’,3'-tetramethylin-
docarbocyanine perchlorate) (18). The results showed that, with the
protection of Ca-polyCpG, the obvious green fluorescence signals
were well maintained when Dil and 4,6-diamidino-2-phenylindole
(DAPI)-labeled osteoclasts adhered onto the bone surface (Fig. 2D
and fig. S9). In contrast, the FITC signals almost disappeared when
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osteoclasts were acid-etched. Furthermore, on the basis of the stan-
dard fluorescence intensity of FITC to pH value on the bone surface
(fig. S8), we calculated the pH value within the acidic milieu of os-
teoclasts and found that Ca-polyCpG acting on the acidified area of
osteoclasts showed higher pH value than the untreated osteoclasts
group (pH 7 versus pH 5). In addition, similar to Ca-polyCpG, Mg-
polyCpG can also maintain the green fluorescence signals when os-
teoclasts adhered onto the bone surface (fig. S9), indicating signifi-
cant extracellular acid-resistant property. These results indicated
that Ca-polyCpG could neutralize acid and maintain a relatively
high local pH environment where osteoclasts secrete acid.
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The capacity of Ca-polyCpG MDNs to enhance bone remineral-
ization was evaluated on in vitro osteoporotic bone face by injecting
a suspension of Ca-polyCpG MDNs. To investigate the capacity of
pyrophosphates (PPi*”) in Ca-polyCpG MDNs to enhance the af-
finity and retention time within bone tissues, we chose Ca-DNA
nanoparticles as a control group, which was prepared by coordinat-
ed Ca** with nonfunctional long-stranded DNA (Herring sperm) in
the absence of PPi*~ with similar size and zeta potential property to
Ca-polyCpG MDN:ss (fig. S10) (43, 44). After incubation with CaCl,,
Ca-DNA nanoparticles, or Ca-polyCpG MDNs at a concentration
of 20 mM (in terms of Ca**) at 37°C for 2 weeks, the osteoporotic
bones were analyzed by SEM. Some microporous structures in the
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Fig. 2. In vitro results of osteoporotic bone and restored bone after treatment with Ca-polyCpG MDNs. (A) TEM images of Ca-polyCpG MDNs incubated at pH 5.0
and 7.4 for 30 min. Scale bar, 500 nm. (B) Ca®* was released from Ca-polyCpG MDNs after incubation at pH 5.0 and 7.4 at different time points. n = 3. (C) pH values of Ca-
polyCpG MDNs in the hydrochloric acid titration experiment. (D) Typical confocal images showing the extracellular acid resistance of Ca-polyCpG MDNs during osteoclast-
mediated H* external secretion measured by pH indicator (fluorescence quenching at low pH). (E and F) Representative STEM and corresponding element mapping
images of osteoporotic bone and recovered bone after various treatments [(i) PBS, (ii) CaCl,, (i) Ca-DNA (no PPi*"), (iv) Ca-polyCpG MDNs, and (v) acid-treated Ca-
polyCpG MDNs]. (G) Representative 3D micro-CT imaging of the osteoporotic bone and recovered bone after various treatments. (H) Quantitative results of the 3D
micro-CT analysis expressed as the BV/TV, Tb.N, and Tb.Sp values. BV/TV, bone volume per tissue volume; Th.N, trabecular number; Th.Sp, trabecular separation (n =
3). (I) Schematic illustration of the acid neutralization, calcium release, and bone remineralization properties of MDNs in the osteoporotic microenvironment. Data are
presented as means + SD. *P < 0.05, **P < 0.01, and ***P < 0.001.
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osteoporotic bone were observed after incubation of Ca-polyCpG
MDNs at pH 7.4, whereas no obvious porous structures were ob-
served after Ca-polyCpG MDN treatment and incubation at pH
5.0 (Fig. 2E). Besides, elemental mapping analysis of STEM
showed that osteoporotic bone was deficient in calcium and phos-
phate, indicating the serious loss of HAP. However, Ca-polyCpG
MDNs could substantially improve the calcium and phosphate
content in the osteoporotic bone, especially after incubation at pH
5.0 (Fig. 2F).

In addition, we further characterized the surface morphology of
the Ca-polyCpG MDN-treated osteoporotic bone by micro-com-
puted tomography (micro-CT). The results indicated that free
CaCl, and Ca-DNA (no PPi*")—treated groups showed little bone
recovery and appeared to be nearly similar to osteoporotic bone
group (PBS) (Fig. 2G). In contrast, the Ca-polyCpG MDN group
showed a clear recovery of osteoporotic bone with the thicker tra-
becular bone and narrower separation of trabecular. This notable
improvement is because the PPi*~ component of Ca-polyCpG
MDNss with a high affinity to the bone could increase the bone re-
tention time of Ca-polyCpG MDNs, leading to enhanced bone min-
eralization. After incubation at pH 5.0, Ca-polyCpG MDNs
exhibited the best salient bone mineralization with the notably
reduced macroporous network in osteoporotic bone. This result is
largely because the pH-triggered release of Ca®* and PPi*~ showed
better penetration into thick HAP crystalline, which promoted
rapid adsorption to the bone surface and enhanced bone
remineralization.

To further quantify the amount of newly recovered bone, histo-
morphometry was also used to assess the quantity of recovered
bone. Compared to free Ca**—treated group, the value of the bone
volume/tissue volume ratio (BV/TV) and trabecular number
(Tb.N) in the Ca-polyCpG MDN group increased by 3.1- and
3.5-fold, respectively, and the value of the trabecular separation
(Tb.Sp) reduced by 1.5-fold, indicating the superior performance
of Ca-polyCpG MDN:ss in osteoporotic bone repair (Fig. 2H). To-
gether, the above results demonstrated that Ca-polyCpG MDNs
with excellent acid neutralization and pH-responsive Ca>" release
properties can effectively enhance bone remineralization to main-
tain the structural integrity of bone, especially in the acidic osteopo-
rotic microenvironment (Fig. 21I).

Inhibiting osteoclast differentiation by Ca-polyCpG MDNs

Raw264.7 macrophage cells were first used to study cellular uptake
of the free CpG and Ca-polyCpG MDNs. To track CpG, Ca-
polyCpG MDNs were labeled by Cy5-labeled complementary se-
quence of CpG mentioned above, and the free CpG was labeled
with the equal amount of Cy5 on its 5" end. After 4 hours of incu-
bation, the cellular uptake of the free CpG and Ca-polyCpG MDNs
was visualized by confocal fluorescence microscopy and quantified
by fluorescence-activated cell sorting (FACS) analysis. The Ca-
polyCpG MDN group displayed a higher internalization in
Raw264.7 cells with a 4.0-fold higher fluorescence intensity than
the free CpG group (fig. S11). In addition, cell counting kit-8
(CCK-8) and calcein-AM/propidium iodide (PI) dual-staining
assay showed that Ca-polyCpG MDNs had no detectable cytotoxic-
ity on Raw264.7 cells, even at a concentration up to 100 nM (fig.
S$12). Furthermore, the bioactivity of osteoblasts was evaluated by
alkaline phosphatase staining during their coculture with Ca-
polyCpG MDN:ss to investigate the potential impact of MDNs on
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osteoblasts in the treatment of osteoporosis. The results showed
that the presence of Ca-polyCpG MDNs did not induce any signifi-
cant effect on osteogenesis (fig. S13).

Activating Toll-like receptor 9 (TLR9) in macrophage using CpG
oligonucleotides has been found to be able to suppress receptor ac-
tivator of nuclear factor kB (NF-kB) ligand (RANKL)-induced os-
teoclast formation in previous studies (24, 45, 46). Hence, we
investigated whether functionalized Ca-polyCpG MDNs contain-
ing polyCpG were capable of inhibiting osteoclast differentiation
and bone resorption activity. First, we studied osteoclast differenti-
ation from the bone marrow—derived macrophages (BMMs), the
most frequently used cell type in the research on osteoclastogenesis
(18, 47). Mouse femoral bone marrow cells were extracted and
treated with macrophage colony-stimulating factor (M-CSF) for 3
days. Then, RANKL was used to induce the differentiation of
BMMs to osteoclasts in the presence of Ca-polyCpG MDNs or
free CpG. To evaluate the inhibitory effect of Ca-polyCpG MDNs
on osteoclast differentiation, we first monitored the formation of the
osteoclast actin ring, a critical protein in the maturation of osteo-
clasts (48). After stimulation by RANKL, BMMs were differentiated
into mature osteoclasts with the expansion of cytoskeleton and for-
mation of a more noticeable actin ring, which have bigger size than
other cells (Fig. 3, A and B). Ca-polyCpG MDNs could dramatically
shrink the actin ring to the size before RANKL treatment, which
resulted in smaller cell size, indicating that Ca-polyCpG MDNs
could suppress the development of the actin ring in mature osteo-
clasts (Fig. 3, A and B). Next, the effects of Ca-polyCpG MDNs on
preosteoclast fusion were investigated by the double-stained fluores-
cence method (49). Briefly, BMMs were separated into two groups
and then labeled with Hoechst (blue) for the nucleus and Dil (red)
for the cell membrane, respectively. After coculturing the above two
groups of cells in the presence of RANKL, cell fusion would be
achieved and multinucleated osteoclasts would be formed. Ca-
polyCpG MDNs could inhibit the formation of multinucleated os-
teoclasts (Fig. 3C). To further assess the proportion of osteoclasts
differentiated from BMMs, the number of tartrate-resistant acid
phosphatase (TRAP)—positive cells, a commonly used marker for
osteoclasts, was quantified. Compared to that in the PBS group,
the number and area of multinucleated osteoclasts in the Ca-
polyCpG MDN group were significantly reduced (Fig. 3, D and E).

The anti-osteoclastic activities of CpG are attributed to the syn-
thesis and release of IL-12, a cytokine known to inhibit osteoclast
differentiation, after the activation of TLR9 (46). In addition, IL-
12 can effectively inhibit RANKL-induced osteoclast differentiation
by reducing RANKL-induced protein expression, such as nuclear
factor of activated T cells cytoplasmic 1 (NFATc1) and c-Fos (50).
To investigate the mechanism of Ca-polyCpG MDNs on osteoclast
inhibition, we added Ca-DNA, a friendly MOF assembled by Ca**
and nonfunctional long ssDNA, as a control group, and studied the
effect of Ca-polyCpG MDN's on the secretion of IL-12 by mono-
cytes and the functional proteins related to osteoclasts. First, to
test the ability of Ca-polyCpG MDNs to activate TLR9, Raw264.7
cells were transfected with an NF-«B reporter gene according to
previous works (51, 52). We observed NF-kB luciferase activity in
cells after incubation with Ca-polyCpG MDNs or CpG to evaluate
the ability of Ca-polyCpG MDNs to activate the TLR9. The results
indicated that no luciferase activity was observed in cells treated
with PBS controls. Luciferase activity was observed in cells incubat-
ed with Ca-polyCpG MDNs of CpG, demonstrating that Ca-
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of IL-12 protein levels in BMMs after different treatments. The Western blot (H) and gPCR (I) assay showed that Ca-polyCpG MDNs could down-regulate osteoclast function
effector proteins and genes. (J) The schematic diagram and SEM images showed the prevention of osteoclast acid erosion after treatment of Ca-polyCpG MDNs in the
bone resorption assay. Scale bar, 40 um. FACS (K) and quantitative (L) analysis of CD86" M1 and CD206" M2 macrophages in F40/80" and CD11b* gated tibial bone
marrow cells from sham and OVX mouse after treatment of CpG or Ca-polyCpG MDNs. (M) The schematic diagram shows the mechanism of MDN inhibition of osteoclast
formation. Data are presented as means + SD. *P < 0.05, **P < 0.01, and ***P < 0.001.

polyCpG MDNEss can efficiently activate TLR9 and CpG (fig. S14).  osteoclasts’ activity. As shown in Fig. 3 (H and I), the expression
At the same time, it was found that under the stimulation of Ca-  of osteoclast function effector genes (e.g., c-fos, Atp6v0d2, Acp5,
polyCpG MDNs and CpG, monocytes secreted a large amount of ~ Ctsk, and Nfatcl) and corresponding proteins (e.g., NFATc1, c-
IL-12, while Ca-DNA or PPi*~ had no effect on it (Fig. 3, Fand Fos, and CTSK) was notably down-regulated after treatment of
G), indicating that polyCpG in Ca-polyCpG MDNs helps to  Ca-polyCpG MDNs. Compared to free CpG treatment, Ca-
induce the secretion of IL-12. Western blot and quantitative real-  polyCpG MDNs showed a much better inhibitory effect on osteo-
time polymerase chain reaction (RT-PCR) analyses were performed  clast differentiation due to the multivalent effect of polyCpG and
to determine the inhibitory impact of Ca-polyCpG MDNs on enhanced cellular internalization ability.
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Furthermore, we evaluated osteoclasts’ capacity to resorb bone
using a bovine bone resorption test as published previously (53,
54). The surface of bovine bone was first plated with BMMs in
the presence of RANKL, and then the inhibitory effect of Ca-
polyCpG MDNss on osteoclasts-mediated bone resorption was eval-
uated. As shown in the SEM images, the PBS group showed obvious
acidic etched bone defects, whereas the amount and area of bone
resorption in the Ca-polyCpG MDN group were dramatically de-
creased (Fig. 3J). Together, Ca-polyCpG MDNs could greatly
limit the differentiation and function of osteoclasts.

As the polarization state of macrophages in osteoporotic micro-
environment was associated with osteoclast formation (45), we
further investigated the influence of Ca-polyCpG MDNs on macro-
phage polarization in vivo using the OVX mice model, a typical
animal model to study postmenopausal osteoporosis (55). After 1
month of removing the bilateral ovaries of C57BL/6] mice, the iso-
lated uterus without ovaries had noticeable shrinkage, confirming
the successful construction of the OVX mice model (figs. SI5A and
§$16). To investigate the immunostimulatory effects of Ca-polyCpG
MDNs on BMMs in vivo, OVX mice were administered with Ca-
polyCpG MDNSs or CpG for 4 days via a percutaneous mini-inva-
sive injection, and the proportion of M1 and M2 phenotype in the
bone marrow was analyzed by FACS. The results showed that Ca-
polyCpG MDN:ss exhibited the most substantial inductive effects on
macrophage polarization to M1 phenotype (CD86") in comparison
with the free CpG and negative control (Fig. 3, K and L, and fig.
S17). The M2 phenotype (CD206") was also increased, while the
ratio of M1 to M2 was not notably increased. These results are con-
sistent with previous studies showing that macrophages play a crit-
ical role in tissue repair and bone remodeling and that
proinflammatory cytokines released by macrophages are essential
for early fracture repair (56, 57). On the other hand, although mac-
rophages can differentiate into osteoclasts to some extent, mono-
cytes are the most important precursor cells of osteoclasts.
Therefore, reducing the numbers of monocytes may be beneficial
in alleviating osteoporosis (4, 58). For example, it has been reported
that CpG can reduce the number of osteoclasts by inducing the ac-
tivation of the TLRY signaling pathway to steer BMM precursors
toward M1 macrophage lineage rather than the osteoclast lineage
(24). Not all M1 macrophages differentiate into osteoclasts;
certain conditions, such as the presence of IL-4, are required for
this differentiation process to occur (59, 60).

Together, according to previous research and our experimental
results, Ca-polyCpG can inhibit the differentiation of osteoclasts by
stimulating the secretion of IL-12 from monocytes and reduce ex-
pression of osteoclast function effector protein (such as c-Fos and
NFTA2). Although Ca-polyCpG can stimulate the enhancement of
the number of M1 macrophages, there is no notable change in the
ratio of M1/M2, which does not affect the changes of inflammation
in the bone microenvironment. Since monocytes are the primary
precursor cells for osteoclasts, reducing the numbers of monocytes
may be beneficial in alleviating osteoporosis (Fig. 3M).

PPi*"-mediated bone targeting enhances the retention of
Ca-polyCpG MDNs in bone tissue

PPi*", as a bisphosphonate analog, has a strong affinity for bone
tissue (61, 62). The PPi*~ produced during the preparation of Ca-
polyCpG MDNs may contribute to enhanced retention of Ca-
polyCpG MDNs in bone tissue. In vitro studies involving
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coincubation of bone slices with Cy5-labeled Ca-polyCpG
containingPPi*~ and Ca-DNA without PPi*~ for 24 hours revealed
that Ca-polyCpG had a higher retention rate in bone tissue than Ca-
DNA. These findings provided evidence that PPi*~ can enhance the
retention of Ca-polyCpG in bone tissue (Fig. 4A). In further exper-
iments, percutaneous mini-invasive injection of Cy5-labeled Ca-
polyCpG MDNs into the left tibia was performed, and fluorescence
was observed in the tibia within 24 hours (fig. S18). This observa-
tion confirmed that Ca-polyCpG can achieve long-term retention in
osteoporotic bone.

To explore whether the enhanced bone retention of Ca-polyCpG
MDNs could induce bone targeting in vivo, we used a systematic
administration in OVX mice. A critical factor for successful in
vivo tumor targeting is prolonged circulation time in the blood-
stream. To investigate this, we performed an experiment to deter-
mine the circulation time of Cy5-modified Ca-polyCpG or Ca-
DNA in mice. Our results showed that the first and second half-
life of Ca-DNA were 0.13 £ 0.03 hours and 4.4 + 0.7 hours, and
those of Ca-polyCpG were 0.43 + 0.07 hours and 4.9 + 2.3 hours
(fig. S19). Next, to evaluate the bone targeting ability of Ca-
polyCpG, Cy5-labeled Ca-polyCpG with PPi*”~ or Ca-DNA
without PPi*~ was injected intravenously into mice, followed by de-
tection of fluorescence intensity in bone tissue (spine and hindlimb)
after 24 hours. The results showed that the fluorescence signal of
Ca-polyCpG in bone tissue was significantly stronger than that of
Ca-DNA without PPi*”, indicating the bone affinity of PPi*~ and
the apparent targeting and retention ability of Ca-polyCpG in oste-
oporotic bone (Fig. 4, B and C, and fig. S20). Together, with the
prolonged circulation time and the high affinity of PPi*~ to bone
tissue, Ca-polyCpG can achieve effective targeting to bone tissue
and achieve long-term retention in osteoporotic bones.

Anti-osteoporosis efficacy of Ca-polyCpG MDNs in OVX
mice and rabbits
Next, the anti-osteoporosis effect of Ca-polyCpG MDNs was
studied in OVX mice by local administration. C57BL/6] mice
were either OVX or sham-operated and then percutaneously inject-
ed with PBS or Ca-polyCpG MDNs (25 mg kg™') every week, for a
total of three times (Fig. 4D). Two months after the surgery, micro-
CT was used to investigate the protective effects of Ca-polyCpG
MDNs on tibia bone. As illustrated in Fig. 4E and fig. S21, after
treatment of Ca-polyCpG MDNs, the bone loss in bone tissues
induced by the OVX procedure was inhibited, and osteopenic phe-
notypes in trabecular bones were alleviated. The quantitative mea-
surement of bone characteristics revealed that BV/TV and Tb.N
were significantly increased in the Ca-polyCpG MDN group com-
pared with the PBS group, and both nearly returned to normal levels
(Fig. 4G). As observed by hematoxylin and eosin (H&E) staining,
compared to that in the PBS group, the bone volume and bone
surface in the Ca-polyCpG MDN group were well maintained
(Fig. 4F). To investigate osteoclast development, the sections of
the tibia bone were TRAP stained. As shown in Fig. 4H, the OVX
procedure led to an increased number of osteoclasts (TRAP-positive
cells), whereas Ca-polyCpG MDN treatment dramatically inhibited
osteoclast formation on tibia bone, decreasing it back to the
normal level.

Next, the potential of Ca-polyCpG MDNss to enhance bone for-
mation was evaluated by the calcine double-labeling experiment,
which reflects the mineral apposition rate (MAR) (63, 64). Relative
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Fig. 4. Anti-osteoporotic efficacy of
Ca-polyCpG MDNs in OVX mouse
model. (A) Fluorescence microscopy
imaging of Ca-polyCpG MDNs and Ca-
DNA distribution on the surface of
bone slices. In vivo (B) and bone tissue
(spine and hindlimb) (C) fluorescence
images showed the bone targeting of
Ca-polyCpG MDNs compared to that
without PPi*~ modified Ca-DNA at 24
hours. (D) Schematic illustration of the
establishment of the OVX C57/BL6
mouse model and the experimental
design to evaluate the protective
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to the PBS group, the OVX mice treated with Ca-polyCpG MDNs
showed increased bone formation in both the trabecular and corti-
cal bone, observing the longer distance between the two green lines
(fig. S22A). Quantitation of the MAR and bone formation rate per
unit of bone surface (BFR/BS) further demonstrated that Ca-
polyCpG MDN:ss could significantly enhance bone formation (fig.
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S22B). Last, the three-point bending tests were used to study the
bone strength change against pressure after Ca-polyCpG MDN
treatment (fig. S23A). As illustrated in figs. S23B and S24, the
tibia bone from Ca-polyCpG MDN-treated OVX mice showed en-
hanced material strength and greater resistance to fractures com-
pared to the PBS group.
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Fig. 5. Anti-osteoporosis efficacy of Ca-polyCpG MDNs in OVX rabbit model. (A) Schematic illustration of the establishment of the OVX rabbit model and the ex-
perimental design to evaluate the protective effects of Ca-polyCpG MDNs against osteoporosis. i.m., intramuscularly. (B) Representative micro-CT images of rabbit tibial
bone from mice after various treatments. (C) BV/TV and Th.N of rabbit tibial bone calculated from micro-CT images in (B) (n = 3). (D) Quantification analysis of Tb area/
tissue area x 100% in (G). (E) The osteoclast numbers were calculated from (G). (F and G) Pathological and TRAP-stained observation of the tibial head from mice after
various treatments at different magnifications. Data are presented as means + SD. *P < 0.05, **P < 0.01, and ***P < 0.001.

Since age-related osteoporosis is a systemic disease and Ca-
polyCpG MDNs have bone-targeting property, we also adopted sys-
tematic administration to study the effect of Ca-polyCpG MDNs on
anti-osteoporosis treatment in vivo. To evaluate the efficacy of Ca-
polyCpG MDNs in vivo, we compared their performance with that
of clinical bisphosphonate drugs (zoledronic acid) and Ca-DNA

Liu et al., Sci. Adv. 9, eadf3329 (2023) 2 August 2023

assembled by Ca®* and nonfunctional long ssDNA. C57BL/6]
mice were subjected to either OVX or sham surgery and then intra-
venously injected with PBS, CpG, Ca-DNA, zoledronic acid, or Ca-
polyCpG MDNes for a total of five times over a 3-day period (Fig. 41).
Two months after surgery, micro-CT was performed to evaluate the
effect of treatment on OVX-induced bone loss. Our results showed
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that Ca-polyCpG MDN treatment effectively inhibited bone loss in
bone tissue and alleviated osteopenic phenotypes in trabecular bone
compared to other groups (Fig. 4]). Quantitative measurements of
bone characteristics showed that BV/TV and Tb.N were signifi-
cantly increased in the Ca-polyCpG MDN group compared with
the other groups and almost returned to normal levels (Fig. 4L).
Histological examination by H&E staining revealed that bone
volume and bone surface were well preserved in the Ca-polyCpG
MDN group compared with the other groups (Fig. 4K). To investi-
gate the effect of Ca-polyCpG MDN on osteoclast formation, tibial
bone sections were stained for TRAP. The results showed that Ca-
polyCpG MDN treatment dramatically inhibited osteoclast forma-
tion on the tibia bone and returned it to normal levels (Fig. 4M).
Overall, our results suggest that Ca-polyCpG MDNs hold promise
as a potential anti-osteoporosis treatment because they effectively
target bone tissue and demonstrate superior efficacy compared to
other treatments tested in this study.

Anti-osteoporosis efficacy of Ca-polyCpG MDNs in

OVX rabbits

In addition to the OVX mice model, the therapeutic efficacy of Ca-
polyCpG MDNs on osteoporosis was also evaluated in the OVX
rabbit model. The OVX rabbit model was obtained by receiving
an intraperitoneal injection of hyperthyroidism (1 mg/kg) daily
for 8 weeks after OVX surgery (Fig. 5A and fig. S15B). One
month after the surgery, the OVX rabbits were injected with Ca-
polyCpG MDNs by a percutaneous mini-invasive injection
weekly for a total of three times. Another month later, the rabbits
were sacrificed, and the tibia bone was removed for micro-CT
imaging, H&E staining, and TRAP staining analysis (Fig. 5A). As
shown in micro-CT imaging, compared to that in the PBS group,
the trabecular structures in the Ca-polyCpG MDN group were
more robust and thicker, thus showing a narrower separation of tra-
becular (Fig. 5B). BV/TV and Tb.N of the Ca-polyCpG MDN group
were also significantly increased in comparison to that in the PBS
group (Fig. 5C).

As observed by H&E staining images, Ca-polyCpG MDNss effi-
ciently decreased the degree of trabecular bone erosion by osteo-
clasts. In addition, the bone volume and bone surface of the tibia
bone were both well maintained after treatment with Ca-polyCpG
MDN:ss (Fig. 5F). The analysis of the TRAP staining (Fig. 5, E and G)
illustrated that multinuclear TRAP" osteoclasts on the trabecular
bone in the Ca-polyCpG MDN group were almost back to the
normal level. Together, these results demonstrated that Ca-
polyCpG MDNs are an optimal therapeutic candidate for prevent-
ing osteoporosis by inhibiting pathological osteoclasts and promot-
ing bone repair in vivo.

Last, the biosafety of Ca-polyCpG MDN administration was
evaluated. It is worth mentioning that no adverse events or fatalities
were reported after the OVX procedure and Ca-polyCpG MDN ad-
ministration via a percutaneous mini-invasive injection (fig. S25).
Complete blood panel and blood biochemistry analysis of mice
after Ca-polyCpG MDN treatment suggest the good tolerance of
the therapy within 30 days after intravenous injection of Ca-
polyCpG MDNs at the dose given in healthy mice (fig. $26). H&E
staining of major organs also exhibited no obvious histological tox-
icity within 30 days after intravenous injection of Ca-polyCpG
MDNes (fig. S27) in healthy mice, exhibiting relatively good toler-
ance of the Ca-polyCpG MDN formulation.
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DISCUSSION

Osteoporosis is a bone disease characterized by an abnormal bone
microenvironment involving multiple cell types, inorganic compo-
nents, physicochemical properties, and signaling molecules. The
complexity of this disease makes it difficult to treat with traditional
single-function materials. In this study, we present a novel approach
to treat osteoporosis using metal-polyDNA frameworks (MDNs)
coordinated with calcium ions and a long ssDNA (Ca-polyCpG
MDN:ss) to reconstruct the osteoporotic microenvironment.

Our Ca-polyCpG MDNs were designed to effectively reconstruct
the bone microenvironment and treat osteoporosis in several ways.
First, Ca-polyCpG MDNs have the ability to neutralize acid, which
can counteract the erosion of bone tissue caused by mature osteo-
clasts (Fig. 2). Second, Ca-polyCpG MDNs can provide calcium
supplementation and improve bone mineralization. This is also
shown in Fig. 2, which illustrates the increased calcium deposition
in bone tissue treated with Ca-polyCpG. Third, the CpG compo-
nent of Ca-polyCpG can induce the secretion of IL-12 and reduce
the expression of function-related proteins (such as NFTA2 and c-
Fos) in osteoclasts, thus inhibiting the generation of osteoclasts
(Fig. 3). In addition, Ca-polyCpG MDNs have the ability to regulate
the differentiation of monocytes, macrophages, and osteoclasts.
Besides, mediated by the RCA product PPi*~, Ca-polyCpG can
achieve targeting and retention of bone tissue (Fig. 4). Furthermore,
in vivo anti-osteoporosis experiments demonstrated that Ca-
polyCpG MDNs showed superior anti-osteoporosis efficacy com-
pared to free CpG, Ca-DNA, and bisphosphonate, which are
single-function materials (Fig. 4). Overall, the multifunctional Ca-
polyCpG MDN:ss can effectively reconstruct the osteoporotic micro-
environment, thereby improving the treatment of osteoporosis.

MATERIALS AND METHODS

Materials, cell, and animal

Calcium chloride [CaCl,; Analytical reagent (AR), >99%], ammo-
nium sulfate [(NH,),SO4; AR, 99%], 1,4-dithio-pL-threitol (DTT;
biotechnology grade, 99.5%), CCK-8, Hoechst 33342, Dulbecco's
modified Eagle's medium (DMEM), a-minimum essential
medium (a-MEM)), fetal bovine serum (FBS), penicillin, streptomy-
cin, trypsin, and chemicals for TRAP stain were obtained from
Sigma-Aldrich (St. Louis, USA). Recombinant mouse M-CSF and
mouse RANKL were obtained from R&D Systems (Minneapolis,
MN, USA). T4 DNA ligase (20,000 U) and phi29 DNA polymerase
(1250 U) were purchased from Beyotime Institute of Biotechnology
(Shanghai, China). DNA size markers and deoxynucleoside tri-
phosphates (ANTPs) were purchased from Tiangen Biotech Co.
Ltd. (Beijing, China). All related DNA sequences (table S1) and
primers for quantitative PCR (qPCR) were synthesized and purified
by Beijing Hippo Biotechnology Co. Ltd. (Beijing, China). Phyco-
erythrin ~ (PE)-CD86,  peridinin  chlorophyll  protein
(PerCP)-CD11b, allophycocyanin (APC)-CD206, and FITC-F4/
80 antibody for FACS analysis were purchased from Invitrogen
eBioscience (Thermo Fisher Scientific). Specific antibodies against
F4/80 and inducible nitric oxide synthase (iNOS) for immunofluo-
rescence were from Abcam (Cambridge, UK). Specific primary an-
tibodies against NFAT?2, c-Fos, CTST, CTSK, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) for Western blotting assay
were from Cell Signaling Technology (Danvers, MA, USA).
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Raw264.7 cells were grown in DMEM supplemented with 10%
FBS and 1% penicillin-streptomycin in high glucose and screened
with puromycin. BMMs were isolated from 6- to 8-week-old
C57BL/6] mice as previously reported (5). The bone marrow was
flushed from femur and tibia bone and then cultured in a-modified
minimal complete medium containing 10% FBS and penicillin plus
streptomycin. To obtain pure BMMs, adnexal-free cells were col-
lected and cultured in complete a-MEM plus M-CSF (25 ng/ml).
After 3 days of culture, the attached cells were used for subsequent
experiments.

C57BL/6] mice (female, age 6 to 7 weeks) were obtained from
Shanghai Laboratory Animal Center (China). New Zealand
rabbits (female, age 5 to 6 months) were obtained from Shanghai
Legend Biotechnology Co. Ltd. All animal experiments were per-
formed under the guidelines evaluated and approved by the ethics
committee of Institutional Animal Care and Use Committee of
Shanghai Jiao Tong University.

Preparation and characterization of Ca-polyCpG

PolyCpG was synthesized using RCA. First, to connect templates
and primers, 100 uM of linear 5'-phosphorylated DNA template
containing CpG coded sequence and 200 pM primary primer
were mixed with a ratio of 1:2 in PBS solution. Then, the mixture
was heated at 95°C for 2 min and gradually cooled to 20°C at a rate
of 1°C/min using a PCR thermal cycler to prepare the circ-DNA
template. After annealing, T4 DNA ligase (2 U ul™') was added
and then incubated at 16°C overnight. After that, the solution was
heated to 65°C for 10 min to inactivate the T4 DNA ligase.

In the amplification process, the circ-DNA template (0.5 pM),
dNTPs (1 mM), and phi29 DNA polymerase were added sequen-
tially into the 50 pl RCA reaction buffer containing 50 mM tris-
HCIL, 10 mM (NH,),SO,4, 50 mM KCIl, 4 mM DTT, and 10 mM
MgCl,. Then, the mixture was incubated at 30°C for 2 hours. The
reaction was terminated after heating at 65°C for 10 min to inactive
phi29 DNA polymerase. To label the repetitive CpG sequence, a
Cy5-labeled CpG complementary sequence (Cy5-CpGpeacon) Was
added to the reaction system. To coordinate with calcium ions, 20
mM CaCl, was added in the reaction system and incubated for 12
hours at 4°C. The prepared Ca-polyCpG MDNs were centrifuged at
10,000 rpm for 5 min and washed three times with water. The DNA
concentrations were analyzed with a NanoDrop photometer during
the process of the RCA, according to previous report (65).

To verify the success of polyCpG synthesis, primers, templates,
circular DNA templates, and final Ca-polyCpG from the RCA pro-
cedure were performed in a 2% natural agarose gel at 120 V with
tris-acetate-Ethylene Diamine Tetraacetic Acid (EDTA) for 1
hour. The gels were scanned with the ChemiDoc MP Imaging
System (Bio-Rad Laboratories, USA).

The hydrodynamic diameters of Ca-polyCpG MDNs were ex-
amined by DLS using the ZetaSizer NanoZS instrument
(Malvern, Worcestershire, UK). The shape and structure of Ca-
polyCpG MDN s were characterized using TEM (je -2100, Tokyo,
Japan) and SEM (TM-1000, Hitachi, Tokyo, Japan).

pH-triggered Ca®* release of Ca-polyCpG MDNs

One hundred microliters of Ca-polyCpG MDNs was added to 400
ul of PBS buffer at pH 7.4 and 5.0. After incubation at 37°C for
various times (0.5, 1, 2, 4, 8, and 12 hours), the released calcium
ions were collected through an ultrafiltration tube (Millipore, 0.5
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ml, 30 kDa) and then determined by colorimetric assay (colorimet-
ric method, Abcam). The morphology of Ca-polyCpG MDNss after
treatment with different pH buffers was observed by TEM (JEM-
2100, Tokyo, Japan).

Neutralization titration experiment

Ca-polyCpG MDNss (5 mg/kg) were titrated with 0.5% hydrochloric
acid (20 pl per titration) under magnetic stirring. The pH was con-
tinuously monitored by a pH meter. The titration was stopped when
the three consecutive pH decreases were less than two.

Acid neutralization assay of Ca-polyCpG MDNs

To evaluate the extracellular acid state of the bone slice surface with
osteoclasts after Ca-polyCpG MDN treatment, we immersed the
bone slices in the FITC, which can be visualized as green fluores-
cence at an excitation wavelength of 488 nm, and incubated them
with PBS, Ca-DNA, PPi*", free CpG, or Ca-polyCpG MDN solu-
tion mentioned above. The mature osteoclasts were seeded onto
the surface of the bone slices treated with PBS, Ca-DNA, PPi*",
free CpG, or Ca-polyCpG MDNs. The samples were then fixed
with 4% paraformaldehyde (PFA) and stained with Dil and
DAPI. The images were captured and analyzed through a confocal
laser scanning microscope (LCM). To calculate the pH within the
acidic environment of the osteoclast, FITC on the surface of the
bone section was used as a pH probe, and the fluorescence intensity
of FITC in acidic milieu was detected by LCM.

In vitro recovery of osteoporotic bone

In vitro assay of the bone mineralization properties of Ca-polyCpG
MDNs were detected in cell-free osteoporotic bone. (i) PBS, (ii)
CaCl,, (iii) Ca-DNA (no PPi*"), (iv) Ca-polyCpG MDNs, and (v)
acid-treated Ca-polyCpG MDN’s were injected into the osteoporotic
bones, and then the bones were placed in a water bath at 37°C for 14
days. After drying at room temperature, a high-resolution micro-CT
(Skyscan1176, Bruker, USA) was used to analyze the tibia, operating
at a voltage of 80 kV and a current of 80 pA. The auxiliary software
of the micro-CT scanner was used to perform three-dimensional
(3D) reconstruction from the sequential scans. Quantitative
results of the micro-CT analysis were measured using the CTAn
program. STEM (TM-1000, Hitachi, Tokyo, Japan) was used to
observe the content of calcium and phosphorus in osteoporot-
ic bones.

Cellular uptake and cytotoxicity assay of Ca-polyCpG MDNs
Raw264.7 macrophages were seeded into 96-well plates (1 x 10* cells
per well) and incubated overnight to assay the cytotoxicity. Differ-
ent concentrations of Ca-polyCpG MDNs were added to the plates
for another 48 hours of incubation. Next, CCK-8 was used to
measure the cell activity according to the manufacturer’s instruc-
tions. Cytotoxicity after the same treatments was also examined
using calcein-AM/PI dual-staining assay.

Raw264.7 macrophage cells were seeded into 24-well plates (5 x
10* cells per well) and incubated overnight. For cellular uptake, after
being incubated with 50 nM Cy5-labeled Ca-polyCpG MDNs or
Cy5-CpG for 4 hours, the cells were fixed in 4% PFA, stained
with Hoechst, and observed with a confocal laser scanning micro-
scope (TCS SP8, Leica, Germany). For the measurement of the
uptake by flow cytometer, the Raw264.7 macrophage cells were
seeded in six-well culture plates (1 x 10> cells per well) overnight
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and incubated with different concentrations of the 50 nM Cy5-
labeled Ca-polyCpG MDNs or Cy5-CpG for 4 hours, followed by
flow cytometry assay. FACS analysis was conducted with the FACS-
Calibur Flow Cytometer (BD Biosciences, Franklin Lakes,
NJ, USA).

In vitro osteoclastogenesis assay

BMM s were gently seeded into the 24-well plates (1 x 10° cells per
well) containing the dish and further stimulated with M-CSF (30 ng
ml™") and RANKL (100 ng ml™"). The medium was replaced every 2
days, and equivalent M-CSF and RANKL were added until osteo-
clasts formed. The Ca-polyCpG MDNs and CpG (50 nM) were
added at day 2. After 5 days, the cells were washed and fixed with
4% PFA for 15 min at room temperature. Then, TRAP enzymatic
activity was evaluated with an acid phosphatase leukocyte kit ac-
cording to the manufacturer’s instructions. The cell’s contour
profile and podosome belt formation were labeled with phalloidin
(Thermo Fisher Scientific). Cells were imaged with a confocal laser
scanning microscope (TCS SP8, Leica, Germany).

In vitro assay for osteoclast fusion

BMMs were gently seeded into the 24-well plates (1 x 10° cells per
well) containing the dish. After 3 days of incubation with M-CSF
(30 ng ml™") and RANKL (100 ng ml™"), cells were labeled with
the blue fluorescent nuclear dye Hoechst or red fluorescent cell
membrane dye Dil at room temperature. The two groups of cells
were cocultured on the plate and treated with Ca-polyCpG MDNs
(50 nM) for 24 hours. Next, a confocal laser scanning microscope
(TCS SP8, Leica, Germany) was used to observe osteoclast fusion.
The membrane merge rate was determined using Image] as de-
scribed previously (66).

Bone slice resorption assay

BMMs were plated on the surface of the freeze-dried beef bone slices
in complete a-MEM with M-CSF (30 ng ml™") at a density of 2 x 10°
cells per well to simulate the in vivo bone resorption effect. RANKL
(50 ng ml™") was used to stimulate cell osteoclastogenesis for 5 days.
Then, Ca-polyCpG MDNs (50 nM) were added in the solution
during the stimulation. Next, the bone slices were fixed with 4%
PFA for 30 min, and the surface cells on the bone slices were
scraped off with a brush. The bone slices were sputter-coated
with Au-Pd and observed by SEM (TM-1000, Hitachi, Tokyo,
Japan) as previously described (53).

qPCR and Western blotting assay

BMMs were treated with and without RANKL and cultured for 5
days on six-well plates in the presence of CpG or Ca-polyCpG
MDNs (50 nM). Total RNA was isolated from cells using an RNA
kit (Qiagen, Valencia, CA, USA). RNA was transcribed to cDNA
using HiScript IIT RT SuperMix (Vazyme, Piscataway, NJ, USA).
RT-qPCR system (LightCycler 480 II, Roche, USA) was used to
perform the PCR procedure according to the manufacturer’s in-
structions. The primers used for PCR were as follows: IL-12, 5'-

ATGCAGCAAGTGGGCATGTGTT-3" (forward) and 5'-
TGCTTTCTTTCAGGGACAGCCT-3' (reverse); Nfatcl, 5'-
TCCACCCACTTCTGACTTCC-3’ (forward) and 5/-

CTTCGCCCACTGATACGAG-3' (reverse); Acp5, 5'-CCATTGT-
TAGCCACATACGG-3' (forward) and 5'-CACTCAGCACA-
TAGCCCACA-3/ (reverse); c-fos, 5/-
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GTTCGTGAAACACACCAGGC-3’ (forward) and 5/-
GGCCTTGACTCACATGCTCT-3"  (reverse); Ctsk, 5'-
TCCGCAATCCTTACCGAATA-3' (forward) and 5'-AACTTGAA-
CACCCACATCCTG-3" (reverse); Atp6v0od2, 5-CAAAGC-
CAGCCTCCTAACTC-3' (forward) and 5/-
GTTGCCATAGTCCGTGGTC-3' (reverse); B-actin, 5-ACAG-
CAGTTGGTTGGAGCAA-3" (forward) and 5-ACGCGAC-
CATCCTCCTCTTA-3' (reverse), which was used as a reference
gene to normalize the osteoblast-related genes.

Western blotting was performed to measure the protein expres-
sion of IL-12, NFAT2, c-Fos, CTSK, and GAPDH. BMMs were cul-
tivated in six-well plates with CpG or Ca-polyCpG MDNs (50 nM)
for 5 days with and without RANKL stimulation. To collect the pro-
teins, the cells were lysed in a radioimmunoprecipitation lysis
buffer. The extracted proteins were then separated using SDS—poly-
acrylamide gel electrophoresis. Poly(vinylidene difluoride) mem-
branes were used for protein transfer after electrophoresis. After
being blocked by nonfat milk, the membranes were incubated
with primary antibodies with gentle shaking overnight. Then, the
membranes were washed and incubated with horseradish peroxi-
dase—conjugated secondary antibodies at room temperature for 1
hour. The chemiluminescence signals of the antibodies were detect-
ed with an enhanced chemiluminescence substrate (Thermo Fisher
Scientific). Images were observed with the ChemiDoc MP Imaging
System (Bio-Rad Laboratories, USA).

In vivo study of macrophage polarization

For in vivo study, C57BL/6] mice were either sham- or OVX-oper-
ated and then administrated by a percutaneous mini-invasive injec-
tion with either Ca-polyCpG MDNs (25 mg/kg) or PBS solution.
Four days later, mice were sacrificed, and bone marrow macrophag-
es were harvested from the tibia marrow flushing. Extracted bone
marrow macrophages were stained for anti-CD86-PE, anti-
CD206-APC, anti-CD11b-PerCP, and anti-F4/80-FITC and then
processed for FACS analysis. CD86-positive macrophage popula-
tion was assessed following gating of cells for F4/80 and CD11Db (se-
lection criteria for macrophages). The bone slides were rehydrated,
and the antigen was retrieved by phosphate buffer solution for im-
munofluorescence detection of iNOS and F4/80. Bone slices were
incubated in TBST solution (tris-buffered saline-Tween) contain-
ing 5% bovine serum albumin to inhibit nonspecific antigens.
The sections were then treated overnight at 4°C with primary anti-
bodies. The next day, bone slices were then washed and incubated in
the dark for 1 hour with secondary antibody at 4°C. After counter-
staining the nuclei by DAPI, bone slices were cleaned and placed on
glass slides for confocal laser scanning microscopy (TCS SP8, Leica,
Germany) assay.

OVX-induced osteoporosis mouse model

Fifteen C57BL/6] mice (females, 8 weeks old) were randomly
divided into three groups: sham group (n = 5), OVX group (n =
5), and OVX plus Ca-polyCpG MDN group (25 mg kg™") group
(n = 5). The osteoporosis model was established by performing
the bilateral OVX under chloral hydrate anesthesia for the mice in
the OVX group and OVX plus Ca-polyCpG MDN group. The sham
procedure in which the ovaries were only exteriorized but not re-
sected was prepared for the mice in the sham group. At 1 month
of recovery following the operation, the mice in the OVX plus
Ca-polyCpG MDNs were injected with Ca-polyCpG MDNs
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through a percutaneous mini-invasive injection at 25 mg kg_1 every
week for three times. The mice in the sham and OVX groups were
injected with PBS as a control. All the mice were humanely sacri-
ficed after 4 weeks of administration to evaluate the bone protection
effect of Ca-polyCpG MDNE.

OVX-induced osteoporosis rabbit model

Nine New Zealand rabbits (females, 5 months old) were randomly
divided into three groups: sham group (n = 3), OVX group (n = 3),
and OVX plus Ca-polyCpG MDNs (25 mg/kg) group (n = 3). The
osteoporosis rabbit model was established by performing the bilat-
eral OVX under anesthesia, followed by receiving an intraperitoneal
injection of hyperthyroidism (1 mg kg™") daily for 8 weeks after
OVX surgery. The sham procedure, in which the ovaries were
only exteriorized but not resected, was prepared for the rabbit in
the sham group. After 1 month of the OVX surgery, the rabbits
in the OVX plus Ca-polyCpG MDNs were injected with Ca-
polyCpG MDNs by a percutaneous mini-invasive injection at 25
mg kg~ every week for three times every week. The rabbits in the
sham and OVX groups were injected with PBS as a control. All the
rabbits were humanely sacrificed after 4 weeks of intravenous ad-
ministration to evaluate the bone protection effect of Ca-
polyCpG MDNEs.

Micro-CT scanning and analysis

After sacrificing the mice, tibia bone tissues were collected and fixed
in 4% PFA for 24 hours. Then, the tibias were analyzed by micro-CT
(Skyscan1176, Bruker, USA) with the following parameter settings:
a resolution of 8 m per pixel, a voltage of 80 kV, and a current of 124
A. The 3D models were analyzed by CTAox and CTVol. The trabec-
ular bone of the bone marrow was analyzed for BV/TV, Tb.N, and
Tb.Sp using CTAn program (Bruker micro-CT, Kontich, Belgium).

Bone histological evaluations

After micro-CT analysis, tibia bone tissues were harvested, fixed in
10% buffered formalin, and then incubated in decalcifying solution
(14% EDTA) at room temperature for more than 1 month for decal-
cification. Then, the tibia bones were embedded in paraffin and
cross-sectioned at 8 m in thickness. TRAP activity staining and
H&E staining were used to evaluate the osteoclast and trabecular
bone distribution in vivo. The number of osteoclasts per bone
surface was calculated (67).

Calcein double staining

Calcein double staining method was used to detect bone formation
activity in mice. Briefly, mice were injected with calcein (15 mg/kg,
Sigma-Aldrich) 8 and 2 days before euthanasia. After being fixed in
4% PFA solution for 24 hours, the tibia bone collected from mice
was sectioned using a hard tissue sectioning and grinding system
at 20 pm thickness. Sections were imaged with a confocal laser scan-
ning microscope (TCS SP8, Leica, Germany) and analyzed for peri-
osteal bone and trabecular bone. Bone dynamic histomorphometric
analyses for MAR and BFR/BS were determined by Bioquant Osteo
software (v.7.20.10, Bioquant Nashville) (68).

Three-point bending test

The tibia of mice in the sham group, OVX group, and OVX plus Ca-
polyCpG MDN group were collected and subjected to a three-point
bending test with an electronic universal testing machine
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(HENGYI, HY-0230). The tibia with the physiological bending
surface facing upward was fixed on a holder with two fixed
loading points. At the midpoint of the two loading points, a 1.0-
mm-thick steel plate perpendicular to the long axis of the tibia
was used to apply a stable preload of 1 N. The bending load was
applied at a constant displacement rate of 5 mm min~" until a frac-
ture occurred. The ultimate force, stiffness, and maximum energy
absorption of the specimen were determined from the load-deflec-
tion bending curve.

Biocompatibility evaluation

Ca-polyCpG MDNs (25 mg kg™') were intravenously injected to
healthy female C57BL/6] mice. Retro-orbital blood and major
organs (heart, liver, spleen, lung, and kidney) were then collected
from three mice per group at different time points. The major
organs were fixed in 10% buffered formalin, embedded in paraffin,
cross-sectioned at 8 pm in thickness, stained with H&E, and ob-
served by overall perspective optical microscopy. Serum biochemis-
try assay and complete blood panel analysis were determined in
Drug Safety Evaluation Research Center (Shanghai Institute of
Materia Medica, Shanghai, China).

Statistical analysis

Statistical analysis was conducted using GraphPad Prism 9.0 soft-
ware (La Jolla CA). All data were presented as means + SD, and stat-
istical analysis was performed using Student's ¢ test. Differences
between the two groups were determined to be significant at *P <
0.05 and very significant at **P < 0.01 and ***P < 0.001.

Supplementary Materials
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