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ARTICLE INFO ABSTRACT

Keywords: Bone metastasis is a fatal consequence of breast cancer that occurs when patients fail to respond to conventional
Bioactive glass therapies and mainly result from a vicious cycle involving dysregulated bone homeostasis and uncontrolled
Siglec-15

tumor growth. Recent research has underscored the significance of Siglec-15, a membrane protein implicated in
immunosuppression and osteoclast generation. Targeting Siglec-15 may disrupt the “vicious cycle” that causes
bone metastases in patients with breast cancer. Herein, we explored the efficacy of targeting Siglec-15 in
conjunction with photothermal chemotherapy to impede the progression of bone metastatic during breast cancer
and repair tumor-induced osteolysis. First, we formulated an injectable photothermal bioactive glass (BG)-based
hydrogel for the local delivery of Siglec-15 shRNA and doxorubicin. The results demonstrated that the hydrogel
could kill tumor cells directly through photothermal chemotherapy, provoke intense immune responses and
improve the local immunosuppressive microenvironment, which could effectively prevent tumor metastasis and
recurrence in a murine model. The combined effect of BGs and Siglec15 shRNA can normalize dysregulated bone
homeostasis at the bone metastasis site and significantly reduced bone destruction. Overall, the use of Siglec-15-
targeting integrated BG hydrogels may provide a promising therapeutic strategy for treating bone metastasis
caused by breast cancer.

Photothermal chemotherapy
Bone metastasis

These complications not only shorten patients’ survival but also severely
diminish their quality of life [4-6]. Current clinical approaches to

1. Introduction

Breast cancer stands out among all cancers for its high incidence and
mortality rates globally, making it the predominant malignant tumor
impacting women’s lives and health [1]. The majority of deaths asso-
ciated with breast cancer are attributed to cancer metastasis [2], with
bones being the most frequent site for distant metastasis. In fact, the
prevalence of bone metastasis in patients with advanced breast cancer
can be as high as 75 % [3]. Bone metastasis in breast cancer often in-
duces skeletal-related events, such as osteolytic lesions, bone pain,
pathological fracture, spinal cord compression, and hypercalcemia.

managing bone metastases in breast cancer are limited and primarily
palliative, encompassing chemotherapy, radiotherapy, and anti-
resorptive medications such as bisphosphonates and NF-kB antibody
receptor activators [7]. While these treatments can mitigate or postpone
skeletal-related events, they do not address the cure of bone metastatic
tumors. Moreover, cancer cells are known to disrupt bone homeostasis
[8], and antiresorptive drugs have been linked to the development of
new metastases in approximately 40 % of patients [9,10]. Recent
research indicates that cancer cells do not solely erode bone in the
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context of bone metastasis; instead, they engage in a pernicious positive
feedback loop with osteoblasts and osteoclasts. This cycle fosters
unbridled tumor expansion and intensifies the disruption of bone ho-
meostasis [11,12]. As a result, bone regeneration and tumor growth
exist in a delicate balance, posing a significant challenge in the treat-
ment of bone metastasis. Consequently, identifying a target that can
inhibit tumor growth while promoting bone regeneration is of para-
mount importance.

Siglec-15, a member of the salivary acid-binding immunoglobulin-
type lectins, is a membrane protein predominantly found in myeloid
cells [13]. Emerging research has highlighted Siglec-15 as a pivotal
immunosuppressive element within the tumor microenvironment. In
this context, cancer cells and tumor-associated macrophages (TAMs)
that express Siglec-15 contribute to tumor growth and metastasis by
dampening T-cell responses, rendering Siglec-15 a promising target for
immunomodulatory cancer therapies [14-16]. Studies have consistently
shown that Siglec-15 expression is elevated in various cancers when
compared to normal tissues, at both the mRNA and protein levels [15,
17]. Moreover, in a melanoma model featuring the B16 cell line over-
expressing GM-CSF, the suppression or reduction of Siglec-15 has been
shown to enhance T-cell responses and activate tumor-suppressive
properties [15]. Additional research has indicated that osteoclasts
facilitate the secondary metastasis of breast cancer via Siglec-15, which
inhibits the initial activation of CD8" T-cells [18]. Meanwhile, Siglec-15
also fosters osteoclast differentiation by engaging with DAP12 [19-21],
and the inhibition of Siglec-15 abrogates RANKL-induced osteoclasto-
genesis [22], a process essential for bone resorption. Collectively, these
findings suggest that Siglec-15 may be instrumental in bone metastasis
and could serve as a dual target for anti-bone resorption and cancer
treatments. Consequently, targeting Siglec-15 holds significant promise
for the therapeutic management of breast cancer bone metastasis.

Achieving targeted delivery of hairpin RNA (shRNA) to suppress
Siglec-15 expression faces numerous challenges, such as limited pene-
tration through tumor tissues, susceptibility to rapid degradation, and
the potential for toxicity and adverse side effects in normal tissues [23].
Injectable hydrogels, as drug delivery systems, offer a promising solu-
tion by enabling localized shRNA release at the tumor site, thereby
mitigating these issues [24]. The localized delivery of shRNA to the
tumor lesion can enhance bioavailability and reduce toxicity associated
with off-target shRNA absorption by surrounding tissues [25]. More-
over, injectable hydrogels facilitate minimally invasive shRNA admin-
istration through syringe injection, owing to their high water content,
injectability, customizable properties, and manageable degradation [26,
27]. Numerous studies have established FDA-approved sodium alginate
(SA) as a non-toxic, highly biocompatible material with broad applica-
tions in the food industry and pharmaceuticals [28-31]. In our pre-
liminary research, we developed an SA-based injectable hydrogel
delivery system (SA/PEG-CuBGM) for bone tumor treatment [32],
demonstrating its efficacy in photothermally eradicating tumors and
promoting bone regeneration. However, photothermal therapy alone is
not sufficient to prevent tumor recurrence and metastasis, necessitating
a combination with immunotherapy. Therefore, integrating Siglec-15
silencing or downregulation with photothermal therapy and chemo-
therapy, which can induce immunogenic cell death, is more likely to
prevent tumor recurrence and metastasis. Previous studies have shown
that drug encapsulation and loading capabilities can be enhanced by
micronano bioactive glass (BG), which possesses numerous mesoporous
structuresand [33-35]. Furthermore, BG’s ability to be modified for
photothermal functionalization by doping with metal elements makes it
an ideal component for combining chemotherapy and photothermal
therapyand [36,37]. Also, BG is known to promote osteoblast differen-
tiation and bone formation, which is crucial for bone repair [38,39].
These findings suggest that the combination of BG-based hydrogels with
Siglec-15 shRNA holds significant promise for the treatment of bone
metastasis in breast cancer, offering a potential therapeutic approach
that targets both the tumor and the compromised bone environment
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simultaneously.

In this study, we have developed a multifunctional injectable BG
hydrogel scaffold designed for the targeted delivery of Siglec-15 shRNA
to repress its expression. This innovative hydrogel is capable of inte-
grating photothermal chemotherapy, immunotherapy, and bone repair,
offering a comprehensive approach to treating bone metastasis in breast
cancer. The hydrogel is composed of BG loaded with doxorubicin (DOX)
coated with tannic acid/Fe>* deposition, PEI-Siglec-15 shRNA com-
plexes, and SA. As depicted in Scheme 1, after the hydrogel is admin-
istered at the tumor site, laser irradiation facilitates rapid in situ gelation
and induces a photothermal effect that kills tumor cells, while also
triggering immunogenic cell death through the release of doxorubicin.
Concurrently, the shRNA targeting Siglec-15 within the bone metastasis
niche can alter the ability of Siglec-15 to promote tumor-induced oste-
oclast formation and inhibit T-cell activity, thereby disrupting the
immunosuppressive tumor microenvironment. The dual effects of this
treatment aim to not only inhibit the growth of bone metastases but also
to normalize bone homeostatic dysregulation.

2. Results
2.1. Fabrication and characterization of the BG-pTA nanoparticles

BG-pTA nanoparticles with an average particle size of 399 nm were
prepared by the sol-gel method in combination with the template
method (Table S4). SEM imaging revealed that the BG-pTA nano-
particles, when compared to pristine BG, were uniformly coated with a
tannic acid/Fe3" complex on their surface, exhibiting excellent disper-
sion and a distinct spherical morphology (Fig S1 A, B). Consistent with
our previous findings that Cu doping does not alter the molecular
structure of BG [32], we employed Fourier-transform infrared spec-
troscopy (FTIR) to analyze the molecular structure of the purified
BG-pTA. The results indicated that the primary structure of BG-pTA was
characterized by a Si-O network (Fig S1 D). Furthermore, the zeta po-
tential measurements of BG-pTA nanoparticles, along with the
elemental mappings of O, Si, Ca, and Fe, substantiated the aforemen-
tioned observations (Fig S1 C and Fig S2). To enhance the DOX loading
capacity of BG, we optimized the initial DOX concentration and deter-
mined that the encapsulation efficiency of BG reached a peak of 96 % at
a concentration of 250 g mL™! (Table S5). Consequently, we prepared
BG@DOX-pTA nanoparticles with the optimal loading efficiency for
subsequent in vitro and in vivo studies.

2.2. Synthesis and characterization of the hydrogel delivery systems

We fabricated an injectable hydrogel delivery system through a dual
cross-linking approach, combining the DA click reaction between Fruan-
SA and MAL-PEG-MAL, and the ionic cross-linking of Ca%" with SA
(Fig. 1A and Table S6). The synthesis of Fruan-SA began with the re-
action of furfurylamine with the carboxyl group of SA. Following puri-
fication, Fruan-SA was obtained after three days of dialysis, and its
molecular structure was confirmed by 1H NMR spectroscopy. The 'H
NMR spectrum exhibited new peaks at 6.3, 6.4, and 7.5 ppm, confirming
the successful synthesis of Fruan-SA (Fig. S3A). The resulting pre-gel
solution, derived from Fruan-SA, demonstrated excellent injectability,
being easily injectable (Fig. 1B). We then documented the gelation times
of the hydrogels under various conditions. As shown in Table S7, the
presence of BG-pTA significantly reduced the gelation time. FTIR anal-
ysis revealed that the absorption peaks of Fruan-SA at 1400 em ! and
1600 cm ™! vanished post-gelation, signifying the completion of the DA
click reaction (Fig. 1D).

To simulate the apatite formation ability and degradation of the
hydrogels in vivo, the hydrogels were immersed in simulated body fluid
(SBF) for 7 days. No obvious apatite formation was observed on the BG-
pTA hydrogel surface, while its structure collapsed on day 14 (Fig. S4).
The in vitro release kinetic results (Fig. S3B) showed a rapid initial
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Schema 1. Siglec-15 Targeting Integrated Bioactive Glasses Hydrogel for Treatment of Breast Cancer Bone Metastasis. The hydrogel, composed of a tannic
acid/Fe®* coated doxorubicin-loaded BG particles (BG@DOX-pTA), PEI-Siglec-15 shRNA complexes, and sodium alginate (SA), is designed to integrate photothermal
chemotherapy, immunotherapy, and bone repair at the tumor site. Upon injection and subsequent laser irradiation, the hydrogel undergoes in situ gelation,
generating a localized photothermal-chemotherapy effect that induces immunogenic cell death of cancer cells, while the PEI-shRNA specifically silences Siglec-15,
modulating the tumor microenvironment to inhibit osteoclast activity, thereby normalizing bone homeostasis. Ultimately, the dual effects can be achieved to inhibit
the tumor growth and normalize bone homeostatic dysregulation in breast cancer bone metastasis.

release of approximately 50 % of the total sShRNA within the first 24 h,
followed by a sustained release reaching 80 % after 96 h. Notably, this
release profile was found to be pH-independent, with no significant
differences observed between pH levels of 5.0 and 7.4. The initial burst
release of shRNA is attributed to the swelling of the hydrogel, which
facilitated the release of the initial dose. Following this initial phase, the
hydrogel underwent degradation, leading to a gradual release of the
remaining shRNA.

Tissue repair engineered materials must typically exhibit excellent
mechanical properties to accommodate the compression of surrounding
tissues. SEM images (Fig. 1C) showed that the lyophilized Gel-BG-pTA
possessed a more regular and well-defined three-dimensional architec-
ture. In addition, the energy storage modulus G’ (Fig. 1E) and
compression modulus (Fig. S3C) of the Gel-BG-pTA hydrogel were
markedly higher than those of the Gel, significantly greater than those of
Gel, except for the loss modulus G’ (Fig. 1F). These findings indicated
that the incorporation of BG-pTA nanoparticles significantly improved
the mechanical properties of the hydrogels. In rheological assessments,
hydrogels exhibited a sol-gel transition at 400 % strain, shear thinning
behavior, and self-healing properties, demonstrated by modulus recov-
ery after strain cycles (Fig. S5). These characteristics are pivotal for their
injectability and application in tissue engineering and drug delivery
systems.

2.3. Photothermal performance of gel-BG-pTA hydrogels

To investigate the photothermal properties of the hydrogels, tem-
perature alterations were monitored by an infrared thermographic
camera following near-infrared (NIR) laser irradiation. In a dry setting,
the temperature elevation for Gel, Gel-2BG-pTA, Gel-4BG-pTA, and Gel-
6BG-pTA hydrogels reached 26.1 °C, 48.7 °C, 53.0 °C, and 54.3 °C,
respectively, after a 5-min exposure to NIR radiation at a power density
of 1 Wem ™2 (Fig. 2A-E). Under identical irradiation conditions in PBS,
these temperatures rose to 26.3 °C, 47.7 °C, 50.4 °C, and 51.9 °C,
respectively (Fig. 2B-F). When the NIR power density was reduced to
0.75 W em ™2, the corresponding temperature increases were 27.0 °C,

47.3 °C, 48.6 °C, and 50.5 °C (Fig. 2C). Moreover, the hydrogels
demonstrated consistent photothermal performance across three cycles,
indicating their robust photothermal transfer properties (Fig. 2D).

2.4. Bioactive hydrogel materials promoted the proliferation and
osteogenic differentiation of MC-3T3-E1 cells

To evaluate the cytocompatibility and bioactivity of the hydrogels on
MC-3T3-E1, we cultured MC-3T3-E1 on the surface of hydrogels with
and without the incorporation of BG-pTA nanoparticles. After 4 days of
incubation, a CCK-8 assay revealed significantly enhanced proliferation
in the Gel-2BG-pTA and Gel-4BG-pTA groups compared to the control
Gel group (Fig. 3A). This finding was further supported by SEM imaging
(Fig. S6A) and F-actin staining (Fig. 3B), which demonstrated not only a
higher cell density on the hydrogels in the Gel-2BG-pTA and Gel-4BG-
pTA groups but also an increased number of cellular pseudopods, indi-
cating a more active cellular morphology. Conversely, the proliferation
of MC-3T3-E1 cells was significantly suppressed in the Gel-6BG-pTA
group, attributed to the excessive production of Fe>' jons stemming
from an overabundance of BG-pTA nanoparticles. This hypothesis was
validated through inductively coupled plasma (ICP) analysis, which
quantified the Fe®>* concentration in the hydrogel extracts (Fig. S3D).
The results underscore the importance of optimizing BG-pTA nano-
particle concentrations to balance bioactivity and cytotoxicity, thereby
enhancing the hydrogels’ potential for bone tissue engineering
applications.

Alkaline phosphatase (ALP) activity is a well-established biomarker
for osteoblast activity, detected during both the proliferation and matrix
maturation phases of osteoblast development, reflecting the cells’
maturity and functionality. To assess the impact of our hydrogel on MC-
3T3-E1 osteogenic differentiation, we evaluated ALP activity in MC-
3T3-El cells following incubation with hydrogel extracts. The Gel-
4BG-pTA hydrogel group demonstrated a significant upregulation in
ALP expression at 7 and 14 days post-incubation in medium supple-
mented with the extract (Fig. 3C and D), compared to the control
hydrogel group lacking BG-pTA nanoparticles.
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Fig. 1. Preparation and characterization of the Siglec-15 targeting BG hydrogel. (A) Schematic illustration of Siglec-15 targeting BG hydrogel formation
process. Fruan-SA is subjected to ionic cross-linking with Ca** ions released from BG@DOX-pTA and click-chemical cross-linking with MAL-PEG-MAL, culminating in
the formation of the final hydrogel structure incorporating PEI-shRNA into the hydrogel matrix. (B) Images of the injectability and gelation of Gel and Gel-BG-pTA
hydrogels under 37 °C or NIR (1.0 W cm™?) irradiation. (C) SEM images of Gel and Gel-BG-pTA hydrogels. (D) FTIR spectra of injectable hydrogels and their
precursors. Rheological assessment of Gel and Gel-BG-pTA hydrogels showing storage modulus G’ (E) and loss modulus G’ (F), respectively.

Incorporation of siglec-15 shRNA into the hydrogel had an insignif-
icant effect on the osteogenic differentiation of MC-3T3-E1 cells (Fig. 3C
and D). On day 7, the Gel-4BG-pTA hydrogel notably enhanced the
mRNA expression levels of key osteogenic genes RUNX2, COLIL, ALP, and
OPN in MC-3T3-El cells (Fig. 3E). Furthermore, alizarin red staining,
used to detect bone-like inorganic calcium deposition, revealed a more
intense red color in the Gel-4BG-pTA hydrogel group on day 14
(Fig. S6B), indicating a higher degree of osteogenic differentiation.
Collectively, these findings suggest that the Gel-4BG-pTA hydrogel
effectively promotes both proliferation and osteogenic differentiation of

MC-3T3-E1 cells, highlighting its potential in bone tissue engineering
applications.

2.5. Siglec-15-targeting BG hydrogels inhibit osteoclast formation

To elucidate the role of Siglec-15 in osteoclast differentiation, we
investigated the effect of Siglec-15 shRNA on RANKL-induced osteo-
clastogenesis in RAW264.7 cells. The efficiency of shRNA transfection in
these cells was confirmed by fluorescence imaging and RT-qPCR
(Figs. S7 and S8). Morphological analysis revealed that RAW264.7
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cells differentiated into tartrate-resistant acid phosphatase (TRAP)-
positive multinucleated osteoclasts upon RANKL stimulation (Fig. 4A).
However, compared to other groups, the Gel-shS15 hydrogel and Gel-
4BG-pTA-shS15 hydrogel (abbreviated as Gel-4BT-shS15) groups con-
taining siglec-15 shRNA exhibited significantly suppressed osteoclastic
differentiation (Fig. 4A, B and Fig. S9). Furthermore, RT-qPCR results
(Fig. 4C) showed that Siglec-15 shRNA released from Gel-shS15 and Gel-
4BT-shS15 hydrogels significantly downregulated Siglec-15 expression
during osteoclastogenesis following RANKL stimulation. Moreover, the
decrease in Siglec-15 expression led to a significantly inhibition to the
upregulation of c-Fos, cathepsin K, and TRAP in RNAKL-induced
RAW264.7 cells treated with Gel-shS15, Gel-4BT, and Gel-4BT-shS15
(Fig. 4D-F). Notably, the downregulation of Siglec-15 did not decrease
the expression level of NFATc1 (Fig. 4G), consistent with the under-
standing that Siglec-15 absence does not influence the transcriptional
regulation of NFATc1 [20]. Theses findings suggest that our prepared
Gel-4BT-shS15 hydrogel effectively prevents osteoclast formation,
highlighting its potential in modulating bone remodeling processes.

2.6. BG hydrogels targeting Siglec-15 suppressed the growth of breast
cancer bone metastases

In vitro studies revealed that hydrogels with 2 % and 4 % incorpo-
ration of BG-pTA had no cytotoxicity to 4T1 cells, while 6 % incorpo-
ration of BG-pTA obviously decreased the viability of 4T1 cells (Fig. S5A).

The Gel+4BDT + NIR group with combined photothermal and chemo-
therapy resulted in an approximately 70 % reduction in 4T1 cell
viability compared to control groups. Notably, the deletion of Siglec-15
did not directly affect 4T1 cell viability, and the Gel-4BG-pTA hydrogel
or NIR irradiation alone also displayed no toxicity (Fig. 5B and
Fig. SI0A). Moreover, it was observed that the addition of DOX in BG-
based hydrogels has a significant inhibitory effect on the activity of
4T1 cells and also has a noticeable inhibitory effect on MC-3T3-E1 cells,
but its inhibitory effect is relatively smaller compared to the 4T1 group.
The addition of DOX has almost no effect on the activity of RAW264.7
cells (Figs. SI0B-D). Subsequently, we explored the therapeutic poten-
tial of BG hydrogels for the local delivery of Siglec-15 shRNA combined
with photothermal chemotherapy in a murine model of breast cancer
bone metastasis. The Gel-4BG@DOX-pTA (referred to as Gel-4BDT) and
Gel-4BDT-shS15 groups were treated by filling residual tumor site with
hydrgels, followed immediately by NIR irradiation for 5 min. The results
(Fig. 5C, D and Fig. S11) demonstrated that the temperatures of the
tumor sites in both the Gel-4BDT and Gel-4BDT-shS15 groups rose to
approximately 50 °C, a threshold known to rapidly induce tumor cell
death [40,41]. Tumor volume was recorded every two days for three
weeks using a Vernier caliper. Compared to the other groups,
Gel-4BDT-shS15 group exhibited the most significant reduction in tumor
volume change and notably slowed the rate of tumor growth
(Fig. 5E-G). Moreover, Gel-4BDT-shS15 group exhibited a markedly
higher survival rate compared to other groups throughout the treatment
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period (Fig. 5H). After two weeks of treatment, samples of heart, liver,
spleen, lung, kidney, tumor and serum were collected from all mice for
analysis. Histological examination of tumor tissues using H&E, TUNEL,
and Ki67 staining revealed an increased number of apoptotic cells and
reduced Ki67 expression in Gel-4BDT-shS15 group (Fig. 5I). Addition-
ally, compared to other groups, Gel-4BDT-shS15 group displayed a
decrease in the incidence and size of lung metastases from breast cancer
(Fig. 5I and Fig. S12A). Importantly, no significant damage was
observed in the H&E staining of major organs (heart, liver, spleen, and
kidney) (Fig. S12B), and serum biochemical markers were unremarkable
(Fig. S13). These findings suggested that the Gel-4BDT-shS15 hydrogel
effectively suppressed the growth and secondary metastasis of breast
cancer bone metastases while maintaining good biosafety.

To further investigate the regulatory effects of bioglass (BG)-based
hydrogels on the suppressive immune microenvironment in breast
cancer bone metastasis, we conducted a flow cytometry analysis to
assess the infiltration of immune cells within tumors after treatment
with the hydrogel. Immunofluorescence staining (Fig. 6A) showed that
locally delivered Siglec-15 shRNA significantly reduced Siglec-15
expression in tumor tissues. Consistent with previous studies that
established the potent immunosuppressive role of Siglec-15 in T-cell
responses at the tumor site [15], flow cytometry results (Fig. 6B and
Fig. S14A) demonstrated a substantial increase in the proportion of
CD8" T cells in tumors and spleens following treatment with
Gel-4BDT-shS15 hydrogel, compared to PBS group. This suggests that
the knockdown of Siglec-15 in tumor tissues, in conjunction with
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Fig. 4. Siglec-15-targeting BG hydrogels inhibit osteoclast formation in vitro. TRAP (A) and F-actin (B) staining of RANKL-induced osteoclastogenesis of
RAW264.7 cells after 7 days of hydrogel extracts treatment. (C) Quantitative analysis of Siglec-15 mRNA expression in RANKL-induced RAW264.7 cells after 7 days
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photothermal chemotherapy, could potentiate a robust T-cell response
and enhance the cytotoxic effect of T cells on tumor cells. Additionally,
compared with PBS group, the frequency of macrophages in tumor tis-
sues was significantly increased after the combined treatment (Fig. 6C),
indicating an enhanced phagocytic activity of macrophages against
cancer cells. Furthermore, we evaluated the maturation of dendritic cells
(DQ) in the tumor, which are pivotal for initiating immune response. The
results (Fig. 6D) showed that the Gel-4BDT-shS15 group significantly
increased the proportion of mature DC expressing CD80, CD86, and
CD103, compared to PBS group. Myeloid-derived suppressor cells
(MDSC), known for their role in the immunosuppressive microenvi-
ronment that promotes tumor growth, recurrence, and metastasis, were
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significantly reduced from 34.7 % to 22.9 % after treatment with
Gel-4BDT-shS15 (Fig. 6E). These findings indicate that BG-based
hydrogel targeting Siglec-15, when combined with photothermal
chemotherapy, not only stimulates a potent anti-tumor immune
response but also alleviates the suppressive immune microenvironment,
ultimately leading to a significant inhibition of breast cancer bone
metastasis.

2.7. Siglec-15 targeting BG hydrogel inhibits tumor-induced osteolysis and
restores bone homeostasis

To further evaluate the improvement of tumor-induced osteolysis

Gel-4BDT-

Gel-4BDT-

Gel-shS15 shS15

7 ff

Fig. 7. Siglec-15 targeting BG hydrogel inhibits tumor-induced osteolysis and Restores bone homeostasis. (A) Micro-CT images of isolated tibias from mice
after a 14-day treatment period. (B and C) Quantitative analysis of bone volume (BV) and the bone volume/tissue volume ratio (BV/TV). (D) Representative H&E and
Masson’s trichrome staining of tibias from all treatment groups. Data are presented as means + SD (n = 3). Statistical significance was calculated via one-way

ANOVA. *p < 0.01, ***p < 0.001.
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following treatment of Siglec-15-targeting BG-based hydrogels on breast
cancer bone metastasis, osteogenic and osteoclastic differentiation
related mRNA expression analysis were firstly conducted to assess the
necessity of DOX addition to BG-based hydrogels. The results indicated
that DOX addition has a negligible impact on osteogenic differentiation-
promoting effect of BG-pTA and its inhibitory effect on osteoclastic
differentiation (Fig. S15). Subsequently, right tibiae in each group were
harvested from the murine breast cancer bone metastases model after 14
days post-treatment for micro-CT scans. Micro-CT 3D imaging (Fig. 7A)
and histological analysis (Fig. 7D) revealed that in the control group
(PBS, Gel, Gel-shctr), the tibias of the mice exhibited extensive
destruction and substantial tumor cell invasion, indicative of severe
tumor-induced osteolysis. In contrast, treatment with Gel-shS15
hydrogel or Gel-4BDT hydrogel resulted in a significant increase in
bone volume (BV) and the bone tissue volume ratio (BV/TV) of the tibias
(Fig. 7B and C). More notably, treatment with Gel-4BDT-shS15 hydrogel
led to a greater BV, preserved marrow cavity integrity, and minimal
bone defects (Fig. 7B and C). These results underscore the ability of
Siglec-15-targeting BG-based hydrogel to markedly suppress tumor-
induced osteolysis, foster bone remodeling, and restore bone homeo-
static balance.

3. Discussion

Bone metastasis is the predominant location for the spread of breast
cancer, oftern leading to poor. The current clinical prognosis for breast
cancer patients with bone metastases remains unsatisfactory, with these
patients facing a stark 78 % increased risk of mortality, irrespective of
whether they have multiple or single bone metastases [42]. This un-
derscores the pressing need for the development of more effective
therapeutic strategies to improve the prognosis for these patients. In
addressing breast cancer bone metastasis, a comprehensive approach is
imperative-one that not only eradicates cancer cells but also repairs
bone defects. Our study introduced an innovative BG-based hydrogel
that targets Siglec-15 and integrates photothermal chemotherapy,
immunotherapy, and bone repair. This hydrogel system is generated
through in situ crosslinking within approximately 5 min, effectively
eliminating residual tumors postsurgery while fostering an environment
conducive to bone remodeling.

BG is an excellent bone repair material owing to its biocompatibility,
ability to bind to bone tissue, and its capacity to stimulate the expression
of osteogenic genes [43-45]. The osteogenic potential of BG is attributed
to its controlled release of ions such as Ca?* and Si**, which are integral
to bone formation [43-45]. Furthermore, the presence of Fe>' in BG has
been shown to enhance osteoblast proliferation and differentiation [46].
In this study, we developed BG-pTA by complexing iron ions with tannic
acid to form a complex coating on the surface of BG, endowing it with
photothermal properties. Our findings indicated that the incorporation
of BG-pTA into the hydrogel enhanced adhension to MC-3T3-E1 cells
and significantly promoted their proliferation after 4 days of coculture.
Moreover, Gel-4BG-pTA significantly upregulated the expression of
RUNX2, COLI, ALP, and OPN in MC-3T3-E1 cells, which was attributed
to the activation of osteogenesis-related genes by Ca?*, Fe®*, and Si**
released by BG-pTA. Consistent with previous research, Fe* concen-
trations ranging from 0.1 to 1 pg/mL were found to inhibit osteoblast
proliferation and differentiationan [47]. Notably, an excessive amount
of BG-pTA (Gel-6BG-pTA) resulted in the release of surplus of Fe>* (0.13
pg/mL, Fig. S3D), which in turn suppressed the activity of MC-3T3-E1
cells. Thus, we selected Gel-4BG-pTA for its optimal effect, striking a
balance between therapeutic efficacy and cellular compatibility.

Siglec-15, a member of Siglec family, is predominately expressed in
myeloid cell populations and plays a pivotal role in immune cell function
regulation [13]. In our study, Siglec-15 was found to play a critical role
in RANKL-stimulated osteoclast formation and its downregulation could
inhibit osteoclast differentiation, which is supported by previous work
[19]. Furthermore, the decreased expression of Siglec-15, facilitated by
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the Gel-shS15 hydrogel, was found to hinder the upregulation of c-Fos,
cathepsin K, and TRAP in RANKL-stimulated RAW264.7 cells. Notably,
the downregulation of Siglec-15 did not decrease the expression level of
NFATc1, as the transcriptional regulation of NFATc1 is independent of
Siglec-15, which is consistent with the understanding that different
signaling pathways are involved in the regulation of osteoclastogenesis
and immune responses [48]. In breast cancer bone metastases, Siglec-15
expression is upregulated in tumor-associated macrophages and cancer
cells, leading to suppression of T-cell responses in tumor tissues and
promoting bone destruction and bone metastasis [49]. In vitro experi-
ments revealed that downregulation of Siglec-15 had no effect on the
activity of 4T1 cells, indicating that its role is more pronounced in the
context of the tumor microenvironment and immune cell interactions
[48]. In a murine model of osteolytic bone metastasis in breast cancer,
downregulation of Siglec-15 effectively inhibited the growth of bone
metastases and significantly increased tibia volume after local delivery
of shS15. Compared to control group, mice in Gel-shS15 group survived
27-34 days longer, highlighting the therapeutic potential of targeting
Siglec-15 in bone metastasis. Nevertheless, the local delivery of shS15
alone was not fufficient to achieve optimal therapeutic effects. When
combined with photothermal chemotherapy, the tumor burden and
incidence of tumor-induced osteolysis in mice were reduced, and the
survival rate was significantly increased.

Furthermore, this combination therapy also significantly promoted
T-cell and mature DC activity and altered the suppressive immune
microenvironment. Photothermal therapy and chemotherapy have been
shown to initiate and promote immunogenic cell death (ICD) in tumors
[50-53]. Once tumor cells undergo ICD, they can release
tumor-associated antigens that amplify "eat-me" signals, thereby trig-
gering long-term antitumor immune effects [54,55]. Our flow cytometry
analysis showed that Gel-4BDT-shS15 significantly increased immune
cell infiltration associated with anti-tumor responses, including CD8" T
cells, M1 macrophages, activated DCs, and c¢DC1. The increased acti-
vation of DCs could be attributed to ICD induced by
photothermal-chemotherapy [56]. Siglec-15 knockdown further pro-
motes M1 polarization and CD8" T cell activation. The mechanism by
which siglec-15 knockdown promotes M1 polarization of macrophages
may be related to cGAS-STING signaling pathway [57]. Siglec-15’s role
in immunosuppression is noted in bone metastases, and anti-Siglec-15
treatments have shown promise in breast cancer by activating T cells,
though the mechanisms are not fully understood. Despite therapeutic
success, the molecular mechanisms of anti-Siglec-15 treatment in pro-
moting DC, CD4", and CD8™ cell activity are poorly understood, with
CD44 on osteoclasts and CD11b on T cells suggested as potential ligands
[58]. This diversity in Siglec-15 binding underscores the need for further
research to clarify its interactions across cell types and validate the
underlying biochemical mechanisms. Notably, a relative decrease in
CD4" T cell infiltration in Gel-shS15 and Gel-4BDT-shS15 groups was
observed, which might be attributed to an increased proportion of
F4/807CD11b" macrophages (Fig. S14B). This suggests that the actual
number of CD4™ T cells may not have decreased but was masked by
macrophage infiltration. Further analysis showed increased CD4 " T cell
infiltration in tumor after 14 days of treatment (Fig. S14C). Additionally,
the Gel-4BDT-shS15 group displayed a decrease infiltration of immu-
nosuppressive M2 macrophages and MDSCs, suggesting that combining
photothermal chemotherapy with anti-Siglec-15 treatment can improve
the immunosuppressive microenvironment and promote an anti-tumor
immune response. Overall, Gel-4BDT-shS15 can promote the activa-
tion of DCs, increase the infiltration of immune cells that promote tumor
immunity, reduce the infiltration of suppressive immune cells, thereby
providing assistance to anti-tumor immune responses in eliminating
tumors.

Notably, the strengths and differences between our study and other
studies in the treatment of bone metastases mainly involve the choice of
animal models in the study. Unlike many recent studies that have
employed individual subcutaneous tumor models and healthy animal
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models of bone defects to investigate the effects of integrated tumor
treatment and bone repair on breast cancer bone metastases [59,60], our
approach diverges in a significant way. These models fail to accurately
simulate the complex interplay between bone tissue destruction and
tumor growth driven by vicious cycle of the microenvironment. In
contrast, we utilized a direct model, specifically a breast cancer bone
metastasis model, to analyze the effects of the integrated hydrogels on
metastatic growth and tumor-induced bone imbalance. This method
allows for a more realistic simulation of the impact of the "vicious circle"
microenvironment on bone homeostasis and metastatic tumor recur-
rence as seen in actual clinical settings. Moreover, this model enables a
more comprehensive assessment of the potential for therapeutic strate-
gies in the treatment of breast cancer bone metastases.

In summary, this study presents the preparation of functionally in-
tegrated injectable BG hydrogels targeting Siglec-15, which integrate
photothermal chemotherapy, immunotherapy, and bone repair. The
potential application of these hydrogels in the treatment of breast cancer
bone metastases was evaluated, providing valuable insights for the
development of future clinical combination therapies. The functionally
integrated BG hydrogel developed for targeting Siglec-15 was found to
inhibit the growth of metastases while repairing tumor-induced bone
defects. These results suggest that our combination therapy may be
beneficial for patients with bone cancer and other cancers with bone
metastases, such as lung, prostate, and thyroidthis.

4. Experimental section

Cell culture. The 4T1 cell line and RAW264.7 cell line were pur-
chased from MeilunBio. 4T1 cells were cultured in RPMI-1640 supple-
mented with 10 % fetal bovine serum (FBS; MeilunBio®, China), 1 %
penicillin (100 U mL™D and 1 % streptomycin (100 pg mL™ D (P/S;
Biosharp, China) (Gibco, USA), and RAW264.7 cells were cultured in
DMEM (Gibco, USA) supplemented with 10 % FBS (Biosharp, China), 1
% penicillin (100 U mL Y and1% streptomycin (100 pg mL™1). Mouse
osteogenic precursor cells (MC-3T3-E1) were purchased from the Cell
Bank of the Chinese Academy of Sciences and expanded in a-MEM
(Gibco, USA) supplemented with 10 % FBS (Biosharp, China), 1 %
penicillin (100 U mL™") and 1 % streptomycin (100 pg mL™D).

Plasmids. Plasmids were synthesized by Ubigene Biosciences
(Guangzhou, China), and the Siglec-15 shRNAs consisted of shRNA1 and
shRNA2; the sequence information is shown in Table S1. The Siglec-15
shRNA plasmid in amplified E. coli was extracted with a StarPure
Endo-free Plasmid Maxi Kit (GenStar, China), and qualified plasmids
were screened for subsequent transfection experiments. To verify the
transfection efficiency of PEI-shRNA, the PEI-shRNA complex (PEIL
shRNA = 2:1) was transfected with RAW264.7 or 4T1 cells preseeded in
well plates and observed with a fluorescent cell imager (Bio-Rad, USA).

Synthesis and characterization of BG@DOX-pTA and injectable
composite hydrogels. Tannic acid/Fe®* complex-coated DOX-loaded
BG (BG@DOX-pTA) was prepared by a sol-gel method combined with a
template method. The injectable composite hydrogels were synthesized
by chemical cross-linking of DA click between Fruan-SA and MAL-PEG-
MAL and ionic cross-linking of Ca?* and SA. All detail preparation and
characterization method can be found in the Supporting Information.

Apatite formation capacity and ionic release of hydrogels in
vitro. To evaluate the apatite-forming capacity of the hydrogels in vitro,
the hydrogels were incubated in SBF, pH 7.4 at 37 °C for 7 days,
immersed in deionized water 3 times, and lyophilized, after which the
surface of the hydrogels was observed via SEM. To evaluate Ca, Si, P, and
Fe ion release from the hydrogels, the sample supernatants were
detected by inductively coupled plasma-mass spectrometry (ICP-MS,
Agilent, USA) after the hydrogels were immersed in 37 °C PBS for 24 h.
To detect shRNA release from hydrogels, sample supernatants were
measured at each time point (1, 2, 4, 6, 8, 12, and 24 h) by nucleic acid
protein quantification (Nanodrop, Thermo, USA) as described above.

Photothermal properties of the hydrogels. To confirm the
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photothermal properties of the hydrogels, Gel, Gel-2BG-pTA, Gel-4BG-
pTA, and Gel-6BG-pTA hydrogels (diameter: 8 mm, height: 2 mm) were
placed in different environments (air, PBS) under irradiation with an
808 nm laser at 0.75 W cm ™2 and 1.0 W cm ™2, and then the temperature
variations of the hydrogels were recorded with an infrared thermo-
graphic camera (Teledyne FLIR, USA).

Proliferation and osteogenic differentiation of MC-3T3-E1 cells
on hydrogels in vitro. To observe the proliferation and adhesion of MC-
3T3-E1 cells on the hydrogels, the hydrogels (50 mm?) were soaked in
75 % ethanol, sterilized for 24 h, washed with PBS, transferred to sterile
24-well plates, and then inoculated with 2 x 10* MC-3T3-E1 cells per
well on the hydrogels. After 1 or 4 days of coculture, the removed
hydrogels were immersed in 4 % paraformaldehyde for 30 min. The
proliferative effect of the hydrogels on the cells was detected by a CCK-8
assay (Hangzhou Fude, China). In addition, to visualize the proliferative
and adhesive effects of the hydrogels on MC-3T3-E1l cells, the fixed
hydrogels were dehydrated in graded ethanol (50, 70, 80, 90, 95, and
100 % v/v) (60, 30, 20, 5, 5, and 5 min, respectively) and then dried and
observed via SEM. Cytoskeletal staining was also performed to evaluate
MC-3T3-E1 cell proliferation and adhesion on the hydrogel. Briefly,
after 1 or 4 days of coculture, the hydrogels were removed and fixed
with 4 % paraformaldehyde, washed with PBS, permeabilized with 0.1
% Triton X-100 for 5 min, and incubated with phalloidin (1:1000 dilu-
tion, AAT Bioquest, China) for 1 h in the dark. Then, DAPI (Hubei
Servicebio, China) was added for 5 min in the dark, and the staining
solution was removed and observed by a fluorescence cell imager (Bio-
Rad, USA). To evaluate the effect of hydrogels on MC-3T3-E1 osteoblast
formation, alkaline phosphatase (ALP) and alizarin red staining were
performed. Briefly, the hydrogels were first soaked in basal medium (20
mg mL ™) at 37 °C on a shaker at 90 rpm for 24 h. The hydrogel extract
was obtained by filtering and decontamination at 0.22 pm. MC-3T3-E1
cells were inoculated in 24-well plates at 2 x 10 cells per well, and
the hydrogel extract (final concentration of action: 1 mg mL™) was
added and cultured for 7 or 14 days (osteogenic medium: expansion
medium + 100 nmol L™? dexamethasone, 50 nmol L~ ! ascorbic acid, and
10 mmol L7} sodium beta-glycerophosphate) and fixed in 4 % para-
formaldehyde for 30 min. This was measured using the BCIP/NBT ALP
chromogenic kit (Beyotime, China) and alizarin red kit (Beyotime,
China) to stain the cells. We also measured the osteogenic differentiation
of MC-3T3-E1 cells by ALP quantification. After 7 or 14 days of incu-
bation, the expression level of ALP was measured using an alkaline
phosphatase assay kit (Beyotime, China). To evaluate the effect of the
hydrogel on the relative expression levels of MC-3T3-E1 osteogenic
genes, MC-3T3-E1 cells were inoculated in 24-well plates at 2 x 10% cells
per well and cultured for 7 days with the hydrogel extract (final con-
centration of action: 1 mg mL™1). Total cellular mRNA was subsequently
extracted using the HiPure Total RNA Mini Kit (Magen, China). The RNA
was reverse transcribed using a reverse transcription kit (Agbio, China),
and the expression levels of ALP, OPN, COL1, and RUNX2 mRNA were
detected by RT-qPCR (Bio-Rad, USA); the primer information is listed in
Table S2. The mRNA levels were standardized to those of the house-
keeping gene GAPDH.

Osteoclastic differentiation of RAW264.7 cells on hydrogels in
vitro. To evaluate the ability of the hydrogel delivery system to regulate
osteoclastic differentiation in vitro, RAW264.7 cells were inoculated in
24-well plates at 2 x 10* cells/well, stimulated with RANKL (50 ng/mL),
cultured for 7 days by adding 50 mm® of hydrogel (1.0 pg of ShRNA),
fixed in 4 % paraformaldehyde for 30 min, and stained using a leukocyte
acid phosphatase (TRAP) kit (Sigma—Aldrich, USA). We also measured
the osteoclastic differentiation of RAW264.7 cells by cytoskeletal
staining. After culturing for 30 min in 4 % paraformaldehyde, the cells
were incubated with phalloidin (1:1000 dilution) for 1 h in the dark and
then stained with DAPI for 5 min in the dark. The staining solution was
removed, and the cells were observed with a fluorescence cell imager. To
evaluate the effect of the hydrogel on the relative expression levels of the
RAW264.7 osteoclastic differentiation genes, the RAW264.7 cells were



C. Liu et al.

cultured in the presence of the hydrogel upon RANKL induction (50 ng/
mL) for 48 h, after which total cellular mRNA was extracted using a
HiPure Total RNA Mini Kit. The mRNA was reverse transcribed using a
reverse transcription kit, and the expression levels of TRAP, Siglec-15,
NFATc1, cathepsin K, and c-Fos mRNA were detected by RT-qPCR;
information on the primer is listed in Table S3. The mRNA levels were
standardized to those of the housekeeping gene GAPDH.

Development and treatment of the breast cancer bone metas-
tasis murine model. All experimental mice were purchased from
Guangzhou Ruige Biotechnology Co. All animal experiments were con-
ducted at the Experimental Animal Center of Guangdong Pharmaceu-
tical University, and the experimental protocols for the mice were
approved by the Experimental Animal Committee Inspection of
Guangdong Pharmaceutical University. Thirty-six 4-week-old female
BALB/c mice were anesthetized with 2 % isoflurane, and each mouse
was injected with 1 x 10° 4T1 or 4T1-Luc cells near the right anterior
tibia. On day 7, all mice were randomly divided into the PBS group, Gel
group, Gel-shetrl group, Gel-shS15 (20 pg) group, Gel-4BDT + NIR
group (BDT denoted as BG@DOX-pTA), and Gel-4BDT-shS15 + NIR (20
ug) group (n = 5), and the tumors were resected, leaving approximately
1 % of the tumor remaining. The residual microtumors were simulated
after surgery. Then, the preformed hydrogel (50 pL) was injected into
the tumor site. Simultaneously, the Gel-4BT + NIR group and Gel-4BT-
shS15 + NIR group were exposed to an 808 nm laser (1.0 W cm ™2, 5
min), and the temperature of the tumor was monitored and recorded
using an infrared thermography system. Tumor volume was estimated
according to the following formula: width? x length x 0.5. Mice were
sacrificed on day 21, and tumors, tibiae, and other tissues were
collected. Mice were euthanized when the tumor volume reached 2.0
cm® or when the body condition was poor.

Bone regeneration analysis. At the end of treatment, the right
tibiae of all mice were removed and fixed in 4 % paraformaldehyde
solution for 5 days, and the isolated bone tissue was imaged using micro-
CT (PerkinElmer, USA). The samples were then decalcified in 10 %
EDTA for 3 weeks, dehydrated and embedded in paraffin. All the sam-
ples were sectioned (5 pm thickness) using a rotary slicer (CM1860,
Leica), and the sections were stained with H&E and Masson’s trichrome.

Flow cytometry. The collected mouse tumor tissues were divided
into 3-5 mm pieces in precooled PBS, single-cell suspensions were
prepared in the presence of collagenase, and the cells were labeled with
fluorescent labeling antibodies diluted 200-fold. The fluorescent label-
ing antibodies used were CD45, CD11b, CD206, F4/80, CD80, Gr-1,
CD3, CD4, CD8, CDl1lc, CD86, and CD103. The stained cells were
analyzed using a flow cytometer (BD LSR Fortessa, USA), and the results
of the experiments were analyzed using FlowJo software.

Immunohistochemistry and immunofluorescence staining. The
tumor tissues were fixed in 4 % paraformaldehyde solution for 5 days,
dehydrated and embedded in paraffin. All the samples were sectioned
(3.5 pm thick) using a rotary slicer, and the sections were stained with
primary and secondary antibodies. The primary antibody used for
immunofluorescence staining was rabbit anti-Siglec-15, and the sec-
ondary antibody wused was FITC-labeled anti-rabbit IgG.
Immunofluorescence-stained sections were observed using an inverted
fluorescence microscope (Zeiss, Germany). For immunohistochemical
staining, the primary antibody used was rabbit anti-Ki67, and the sec-
ondary antibody used was HRP-labeled anti-rabbit IgG. Immunohisto-
chemical sections were observed using a light microscope.

Statistical analysis. The results are expressed as the mean =+ stan-
dard deviation, and one-way analysis of variance (ANOVA) was used for
multiple group comparisons. The significance level for all comparisons
was p < 0.05.
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