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ABSTRACT: How to effectively treat malignant osteosarcoma Osteosarcoma microenvironment mediated drug release
remains clinically challenging. Programmed delivery of chemo-

therapeutic agents and immunostimulants may offer a universal & @e\eased ZAZ(I Cytoto),,b/}
strategy for killing osteosarcoma cells while simultaneously & -‘M ‘\;
eliciting in situ antitumor immunity. However, targeted chemo- D6 4 = ¢ Dying
immunotherapy lacks a reliable delivery system. To address this ‘: pH 65 s TR G0k

issue, we herein developed a bioinspired calcium phosphonate AT Effector T cells
nanoagent that was synthesized by chemical reactions between ymor ey F - TLR9 Antigens o
Ca** and phosphonate residue from zoledronic acid using bovine | %5:0
serum albumin as a scaffold. In addition, methotrexate Released CpG s A p
combination with a phosphorothioate CpG immunomodulator —— DCACt'Va“o“ Mature D

was also loaded for pH-responsive delivery to enable synergistic

chemoimmunotherapy of osteosarcoma. The calcium phospho-

nate nanoagents were found to effectively accumulate in osteosarcoma for nearly 1 week, which is favorable for exerting the
vaccination effects in situ by maturing dendritic cells and priming CD8" T cells to suppress the osteosarcoma progression and
pulmonary metastasis through controlled release of the three loaded agents in the acidic tumor microenvironment. The
current study may thus offer a reliable delivery platform for achieving targeted chemotherapy-induced in situ antitumor
immunity.

KEYWORDS: calcium phosphonate nanoagents, bioinspired synthesis, in situ vaccination, chemoimmunotherapy, osteosarcoma

INTRODUCTION often also suffers from individual differences, poor response
rate, and even adverse autoimmune diseases.””"

To extend the duration of response and overcome the
adverse side effects, in situ vaccination is emerging as an
alternative approach for achieving antitumor immune
responses through intratumoral injection of oncolytic virus or
adjuvants, including stimulators of interferon genes and Toll-
°~'' To potentiate systemic antitumor

Malignant osteosarcoma is the most common bone tumor that
occurs predominantly in children and adolescents." The
current management strategy for osteosarcoma remains
surgical resection followed by neoadjuvant chemotherapy.
Nevertheless, complete removal of cancer cells in the

osteosarcoma microenvironment is difficult, which often like receptor agonists

results in treatment failure.” Although neoadjuvant chemo- immunity, successful in situ vaccines should ideally be able to
therapy offers a S-year survival rate of approximately 60%, it combine antigens and adjuvants to enhance antigen
drops to less than 20% when lung metastasis occurs.”’ presentation, subsequently activate the dendritic cells (DCs),
Immunotherapy with a checkpoint blockade has come a long and trigger antigen-specific T cell responses.'” Usually,

way in fighting malignant tumors, as exemplified by the clinical
success of CTLA4 and PD-1/PD-L1I blocking antibodies.” The Received: September 28, 2022
therapeutic efficacy depends largely on the response of Accepted: March 21, 2023
effective antigen-specific CD8" T cells in killing their target Published: March 24, 2023
tumor cells.” However, tumor microenvironment factors

including nutrient depletion, hypoxia, and acidosis impair the
function of CD8" T cells, thus the current checkpoint blockade
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Scheme 1. Innovative Immunogenic Chemotherapy-Induced In Situ Vaccination Strategy for Osteosarcoma through pH-
Triggered Release of Zol, CpG, and MTX Loaded by Calcium Phosphonate Nanoagents Formed via BSA-Inspired
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Figure 1. (A) Chemical structures of the major components for forming CpG-MTX@BSA-CaZol and its controls. (B) Absorption spectra of
CpG-MTX@BSA-CaZol, MTX@BSA-CaZol, BSA-CaZol, and MTX (302 nm). (C) Cumulative release of MTX from CpG-MTX@BSA-CaZol
at different pH. (D—F) Hydrodynamic size profiles of CpG-MTX@BSA-CaZol recorded at different pH upon incubation for 0, 6, and 24 h,
respectively. (G—I) TEM images of CpG-MTX@BSA-CaZol recorded after being incubated at different pH for 2 h.

phototherapy, radiotherapy, and chemotherapy are expected to
induce the release of tumor-associated antigens (TAA) from
immunogenic cell death (ICD),"*~"® and these autologous
TAA are expected to overcome the tumor heterogeneity and
ineffective delivery of the traditional vaccines.'® However,
owing to the limited penetration depth of phototherapy and
radioresistance of radiation therapy, chemotherapy combined

with immunotherapy has become a rational choice for the
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treatment of osteosarcoma.'”"® In this respect, the use of ICD-

inducing chemotherapeutic drugs is expected to offer a
promising in situ vaccination for killing primary osteosarcoma
cells, while simultaneously preventing distant metastasis.'” >
The conventional chemotherapeutic drugs often suffer from
inadequate circulation half-life and limited intratumoral
accumulation as well as off-target toxicities.”” ** To overcome
these problems, versatile targeted delivery systems based on
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Figure 2. (A) Snapshots of intracellular distribution of Cy-labeled calcium phosphonate nanoagents. (B,C) Cytotoxicity of calcium
phosphonate nanoagents to 3T3 cells (B) and K7M2 cells (C), respectively, evaluated by CCK-8 method. (D) In vitro chemo-
immunotherapeutic effects of CpG-MTX@BSA-CaZol were investigated by coculturing DCs with K7M2 cells in a dual-chamber Transwell
for 24 h. (E—G) Expression levels of dendritic cell’s maturation markers, i.e., CD80 (E), CD86 (F), and CD40 (G), determined by flow
cytometry. All data are expressed by mean + SD (n = 3). Statistical significance was calculated via one-way ANOVA with the Tukey posthoc

test (*p < 0.05; *¥p < 0.01; **¥p < 0.001; **¥%p < 0.0001).

self-organized lipids and biocompatible nanoparticles are being
developed.”**° Despite the attractive prospects of this strategy,
how to achieve an optimal outcome with chemoimmunother-
apy remains challenging. In addition, the adjuvants may face
difficulty for being efliciently internalized into DCs due to their
hydrophobic or anionic nature or enzymatic degradation.””*”

Herein, we propose an immunogenic chemotherapy-induced
in situ vaccination via programmed delivery of chemo-
therapeutic agents and adjuvants, as shown in Scheme 1. It
is known that TAA released from chemotherapy-induced ICD

can activate DCs, while a short-stranded oligodeoxynucleotide
containing an unmethylated cytosine—phosphonate—guanine
(CpG) motif can further improve this ability by binding with
the Toll-like receptor 9 (TLR9) of DCs, while bisphosphonate
zoledronic acid (Zol) has been shown to have selective
cytotoxicity to bone metastases to prolong the survival of
cancer patients. Inspired by these facts, we designed a pH-
sensitive calcium phosphonate nanoagent that was fabricated
by using bovine serum albumin (BSA) as a scaffold and Zol as
donors of the phosphonate group. In addition, methotrexate
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(MTX) was encapsulated for synergistic chemoimmunother-
apy of osteosarcoma together with Zol and a CpG
immunomodulator. The stability of the resulting nanoagents
under physiological conditions and effective release of the
payload at the tumor microenvironment pH (6.5—6.9) were
studied. In addition, the bone-seeking capacity of the resulting
nanoagents, the efficacy for treating osteosarcoma, and
particularly the inhibition of pulmonary metastasis were
carefully investigated to show the potential of targeted
chemotherapy-induced vaccination for sensitizing robust in
situ antitumor immunity.

RESULTS AND DISCUSSION

Synthesis and Characterization of Calcium Phospho-
nate Nanoagents. As schematically shown in Figure 1A, the
calcium phosphonate (BSA-CaZol) nanoparticles were pre-
pared through BSA-mediated biomineralization upon chemical
reactions between Ca®* and zoledronic acid. The nanoparticles
formed in the presence of MTX and full-chain phosphorylated
CpG were denoted as CpG-MTX@BSA-CaZol, while those
prepared in the presence of either cytotoxic MTX or CpG were
denoted as MTX@BSA-CaZol and CpG@BSA-CaZol, re-
spectively. The absorption spectroscopy results shown in
Figure 1B indicate that the absorbance peak of MTX was 302
nm. MTX molecules are successfully loaded into the
nanoagents, and the loading efficiency of MTX is approx-
imately 7.4% according to the absorption spectroscopy results
in Figure 1B and Figure S1. In a similar way, the loading
efficiency of CpG was determined to be around 0.05%
according to the absorption spectroscopy results (Figure S2).
The zeta potential of CpG-MTX@BSA-CaZol was about —20
mV, as shown in Figure S3. To verify the protective effect of
nanoparticles on CpG, free CpG and CpG-MTX@BSA-CaZol
were subjected to DNase treatment and then analyzed by
agarose gel electrophoresis. The results in Figure S4 indicated
that CpG was effectively degraded by DNase, while CpG-
MTX@BSA-CaZol presented much weaker degradation.

Owing to the intrinsic solubility property, calcium
phosphonate was used in the literature as a pH-responsive
carrier for delivering drugs to tumorous sites. Therefore, it is
reasonable to expect the calcium phosphonate nanoagents
should also exhibit a similar pH-dependent response. The
results shown in Figure 1C verify this hypothesis and further
demonstrate that the cumulative release of MTX by CpG-
MTX@BSA-CaZol reaches 85.9% at pH 5.0 over a 5 day
incubation, while it drops to 61.5% at pH 6.5 and further to
23.1% at pH 7.4. Under normal physiological conditions (pH
74), the hydrodynamic size of CpG-MTX@BSA-CaZol is
around ~282.6 nm. As shown in Figure 1D—F, lowering the
environmental pH will immediately increase the hydrodynamic
size of the nanoagents, probably owing to the protonation of
BSA whose isoelectric point is around 4.5—4.8. The nano-
agents grow bigger and bigger at pH 6.5 as time goes on, while
they gradually vanish when pH was decreased to ~5.0, owing
to the degradation of the calcium phosphonate. These
morphological variations were also observed with transmission
electron microscopy (TEM). As shown in Figure 1G—], the
initial CpG-MTX@BSA-CaZol composite agents formed at
neutral pH are quasi-spherical particles of approximately 30
nm in diameter. These particles form much bigger aggregates
at pH 6.5 and eventually get dissolved when the pH value is
decreased to 5.0. These pH-dependent behaviors make the
calcium phosphonate nanoagents very suitable for pH-
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triggered release of MTX, apart from Zol and CpG, into the
tumor microenvironment.

In Vitro Cellular Uptake, Cytotoxicity, and DC
Activation. In order to show the performance of CpG-
MTX@BSA-CaZol in delivering MTX, the nanoagent was
labeled with a near-infrared fluorescent dye cypate (Cy) for
tracking the cellular uptake through fluorescence microscopy.
Specifically, the Cy-labeled CpG@BSA-CaZol was incubated
with K7M2 osteosarcoma cells for 4, 12, and 24 h. According
to confocal microscope observation (Figure 2A), the nano-
agents are gradually internalized into cells and finally localized
in lysosomes. The cytotoxicity of the CpG-MTX@BSA-CaZol
therapeutic nanoagents to normal cells (3T3) and osteosarco-
ma cells (K7M2) was evaluated. As shown in Figure SSA, CpG
was not toxic to 3T3 and K7M2 cells. The results in Figure
2B,C reveal that the MTX-loaded nanoagents exhibit
cytotoxicity stronger than that of CpG@BSA-CaZol and
BSA-CaZol, probably owing to the synergistic effects of
MTX and Zol (Figure SSB), especially for the K7M2 groups.
The cell viabilities decreased to 30—40% at the maximum
concentration of the MTX-loaded nanoagents, ie.,, 500 ug
mL™} suggesting that it is effective to combine MTX with Zol
for osteosarcoma treatment.

The effective release of MTX and Zol is critical for inducing
ICD to expose TAA from osteosarcoma cells and then together
with the released CpG to constitute an in situ vaccine. To
verify the chemo-immunotherapeutic effects in vitro, CpG-
MTX@BSA-CaZol was cocultured with K7M2 cells in the
upper chamber of a dual-chamber Transwell with DCs being
placed in the lower chamber for 24 h, as shown in Figure 2D.
The two chambers were separated by a 0.4 um microporous
membrane to allow for the exchange of molecules rather than
cells across the membrane. Once MTX is released on the
tumor cell side, it will induce cell apoptosis to release antigen
that is expected to enter the DC cell side together with the
released CpG adjuvant to activate DCs. To show the DC
activation effects, the expression levels of DC maturation
markers, including CD80, CD86, and CD40, were analyzed by
flow cytometry, and MTX@BSA-CaZol, CpG@BSA-CaZol,
BSA-CaZol, CpG, MTX, and Zol were used as controls. As
shown in Figure 2E—G and Figure S6, the DCs coincubated
with CpG-MTX@BSA-CaZol and K7M2 cells present the
highest activation levels of the corresponding markers.
Compared with nontreated controls, the expression levels of
all three phenotypic markers increase by 2—3 factors after 24 h
of coincubation. To investigate the effect of CpG@BSA-CaZol
and CpG-MTX@BSA-CaZol on DC maturation, the CD80
and CD86 expression of DCs was analyzed by flow cytometry.
As shown in Figure S7, CpG@BSA-CaZol and CpG-MTX@
BSA-CaZol alone could promote DC maturation because of
the TLRY agonist CpG. Besides, to further verify the DC
maturation induced by ICD, the experiment of collecting
supernatant of nanoagent-treated K7M2 cells and apply to
DCs to monitor maturation has been assessed. The DCs
coincubated with the supernatant of CpG-MTX@BSA-CaZol-
treated K7M2 cells present the highest activation levels of
CD80 and CD86 (Figure S8). All of these results suggest that
the current nanoagents can effectively activate and mature DCs
in vitro.

Chemotherapy-Induced In Situ Vaccination. It is
known that chemotherapy can induce ICD to release TAA
from the dying tumor cells.”” Then the chemotherapeutic
agent-induced ICD is expected to offer a convenient and
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Figure 3. Immune responses of K7M2 tumor-bearing mice intravenously injected with CpG-MTX@BSA-CaZol and its controls,
characterized by levels of immune cells (A), DCs (B), CD86 (C), CD80 (D), CD4* (E), CD8" T (F) cells in tumors, and levels of TNF-a (G)
and IL-1f (H) in serum, on day 3 post-treatment. All data are expressed by mean + SD (n = 3). Statistical significance was calculated via
one-way ANOVA with the Tukey posthoc test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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Figure 4. Pathological immunofluorescence analysis of K7M2 tumors and spleens of mice intravenously receiving CpG-MTX@BSA-CaZol
performed on day 3 post-treatment to show the expression of CD11c* DCs and TNF-« in tumors (A), and infiltration of CD8" and CD4" T

cells into spleen (B) (error bar = 100 gm).

universal antitumor strategy by eliciting broad T cell responses.
To verify this hypothesis, K7M2 cells were injected into the
left tibia of mice to establish an osteosarcoma mouse
model,>*™** and then DC activation and T cell responses to
the calcium phosphonate nanoagents in vivo were evaluated.
The tumors were collected 3 days postinjection of the
nanoagents for flow cytometry analysis. To evaluate the
immunogenic cell death induced by CpG-MTX@BSA-CaZol,
calreticulin (CRT) and high mobility group box 1 (HMGB-1)
were detected. As shown in Figure S9A,B, CRT and HMGB-1
were the highest in CpG-MTX@BSA-CaZol, indicating that
CpG-MTX@BSA-CaZol possesses the strongest ability to
induce ICD. According to results given in Figure 3A, as
compared with nontreated controls, the immune cells in the
tumor of mice treated with CpG@BSA-CaZol and CpG-
MTX@BSA-CaZol were increased by factors of 1-1.5. DCs in
the tumor-associated lymphocytes shown in Figure 3B indicate
that the highest proportion come from CpG@BSA-CaZol- and
CpG-MTX@BSA-CaZol-treated mice, and DC maturation was
naturally stimulated in these two groups (Figure 3C,D). In
addition, the mature DCs in the tumor-draining lymph nodes
(TDLN) of mice treated with CpG-MTX@BSA-CaZol were
increased in comparison with those of the control and MTX
+Zol, as shown in Figure S10. Moreover, according to the
results in Figure 3E,F and Figure S11, helper CD4" T cells and
cytotoxic CD8" T cells also gain significant increments in the
groups involving CpG, in contrast to the groups with no CpG
present, i.e.,, BSA-CaZol and MTX@BSA-CaZol. Moreover,
CD8" and CD4" T cells are found to infiltrate into tumors after
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CpG-MTX@BSA-CaZol treatment, as analyzed by immuno-
fluorescence (Figure S12). In addition, the levels of cytokines
in the serum of CpG-MTX@BSA-CaZol-treated mice are also
increased by factors of 3.3 (TNF-a) and 1.9 (IL-15) in
comparison with those of the control group, which in return
promotes the proliferation of cytotoxic CD8" T cells. All of the
above results indicate that the cytotoxic CD8" T cells can
effectively be primed by CpG-loaded calcium phosphonate
nanoagents, which also validates the rationality of in situ
vaccination for inhibiting the tumor growth.

To further provide direct proof on in situ vaccination, the
tumor and spleen were extracted and then subjected to
pathological immunofluorescence analysis. As shown in Figure
4A, the signals of CD11c" DCs match well those of TNF-a in
tumors treated with CpG-MTX@BSA-CaZol. Immunofluor-
escence results shown in Figure 4B indicate that both CD8"
and CD4" T cells can infiltrate into the spleen of mice treated
by CpG-MTX@BSA-CaZol, indicating that CpG-MTX@BSA-
CaZol can active the systematic and tumor immune response.
These immune activation effects lay an essential corner stone
for antitumor in situ vaccination.”

Antiosteosarcoma Effects In Vivo. According to the
current design, the calcium phosphonate nanoagents should
have exhibited bone targeting ability and thus improved
retention in osteoblastic lesions.”* To verify the bone-seeking
performance of calcium phosphonate nanoagents in vivo, Cy-
labeled CpG-MTX@BSA-CaZol and BSA-CaZol were intra-
venously injected into mice bearing osteosarcoma for
fluorescence imaging in vivo. As shown in Figure SA, both
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Figure S. (A) Fluorescence snapshots of osteosarcoma-bearing mice intravenously injected with Cy-labeled calcium phosphonate nanoagents
with the tumor sites highlighted with red arrows. (B) Ex vivo imaging of different organs, left leg (containing tumor), and right leg at day §
after the first injection. (C) Tumor fluorescence semiquantitative statistics chart. (D) Tumor growth profiles. (E) Survival rate of
osteosarcoma-bearing mice. All data are represented as mean + SD (¥*p < 0.05; **p < 0.01; **¥p < 0.001; **%%p < 0.0001). (F) Pathology
analysis of lung and tumor of osteosarcoma-bearing mice intravenously injected with calcium phosphonate nanoagents. Lung metastasis sites

are highlighted by the dotted circle.

calcium phosphonate nanoagents are distributed in the whole
body of mice after intravenous injection. Close observations
reveal that CpG-MTX@BSA-CaZol and MTX@BSA-CaZol
generate stronger signals than BSA-CaZol in the left leg, where
tumors were inoculated, in contrast to the right leg, particularly
when the signals from most parts of the body vanish 3 days
after delivery of the nanoagents. It should be mentioned that
the CpG-MTX@BSA-CaZol agents remain visible even on day
S postinjection. Moreover, the signals of BSA-CaZol fade faster
than those of CpG-MTX@BSA-CaZol, probably because the
latter possesses higher stability owing to the involvement of
CpG. The ex vivo imaging of different organs containing left
and right legs at 5 days showed that nanoagents were mainly
metabolized from the liver, and nanoagents can accumulate in
the tumors for a long time, especially CpG-MTX@BSA-CaZol
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(Figure SB). Besides, through fluorescence spectroscopy, it was
confirmed that the fluorescence intensity of CpG-MTX@BSA-
CaZol was higher than that of BSA-CaZol at each time point
(Figure SC). Moreover, the fluorescence quantitative chart of
tumors and some main organs shown in Figure S13 confirmed
that nanoagents could be rapidly metabolized and cleared from
the body, and high tumor enrichment was shown in CpG-
MTX@BSA-CaZol and MTX@BSA-CaZol groups. To inves-
tigate the hepatic and renal toxicity of nanoagents, serum AST,
ALT, ALP, urea, CREA, and GGT were tested. As shown in
Figure S14, there was no significant difference between CpG-
MTX@BSA-CaZol and the saline group. All of these results
reveal that the excellent bone affinity of CpG-MTX@BSA-
CaZol nanoagents can give rise to ultralong retention of the
nanoagents, which is beneficial for subsequently activating the
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Figure 6. Specific responses of T cells in the tumor microenvironment of osteosarcoma-bearing mice, intravenously injected with various
calcium phosphonate nanoagents, were investigated on day 21 post-treatment. (A,B) Flow cytometry analysis of IFN-y* CD8* and IFN-y*
CD4" T cells in tumors. All data are represented as mean + SD. Statistical significance was calculated via one-way ANOVA with the Tukey
posthoc test (*p < 0.05; **p < 0.01; **¥p < 0.001; ***%p < 0.0001. (C) Infiltration levels of CD8" and CD4" T cell in tumors.

immune system to achieve chemotherapy-sensitized antitumor
vaccination in situ.

In the current design, the bone-targeted Zol relieves
malignant osteoblastic progression, MTX kills tumor cells,
and the adjuvant CpG enhances the immunogenic death
response.”” To verify CpG-MTX@BSA-CaZol can in this way
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combine the chemotherapy with in situ vaccination, the
antitumor effects were carefully investigated by monitoring
the tumor growth and survival rates of model mice. As shown
in Figure SD,E and Figure S15A,B, CpG-MTX@BSA-CaZol
exhibits the greatest synergistic effects in suppressing the
tumor progression and maximizing the overall survival rate of
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Figure 7. Osteosarcoma rechallenge for verifying the immune memory effect induced by CpG-MTX@BSA-CaZol. (A) Experimental scheme
for the rechallenge tests. Primary tumor on the left leg was treated with CpG-MTX@BSA-CaZol (5 mg mL7}, iv.) on day —28. 1 X 10°
K7M2 cells were injected into the right leg on day 0 to construct the secondary tumors, and the naive mice were used as the control (n = §).
(B) Rechallenge osteosarcoma growth curves of naive and CpG-MTX@BSA-CaZol-treated mice. (C) Osteosarcoma and (D) lung images
obtained on day 21 (arrows indicate the pulmonary metastatic nodules). (E,F) Proportions of effector memory T cells (Tem) in the spleen
analyzed by flow cytometry (gated on CD3*CD8" T cells) on day 21 right before rechallenging mice with secondary osteosarcomas.

mice, in comparison with control nanoagents, e.g, CpG@BSA-
CaZol, MTX@BSA-CaZol, BSA-CaZol, and MTX+Zol.
According to morphological and pathological variations in
lungs, as shown in Figure S16 and Figure SF, CpG-MTX@
BSA-CaZol can most effectively alleviate lung metastases of
osteosarcoma. The mice from the control groups not only
show definite lung metastasis but also indicate the character-
istics of solid tumors. The above results indicate that CpG-
MTX@BSA-CaZol nanoagents can induce in situ antitumor
immunity with tumor-associated antigens from apoptotic
osteoblasts and CpG released from calcium phosphonate
nanoagents, which gives rise to markedly potentiate synergistic
therapeutic efficacy and leads to elimination of osteosarcoma
and pulmonary metastasis.

To reveal the immune responses induced by in situ
vaccination, infiltration of specific DCs and T cells in the
tumor microenvironment was investigated. On day 21 post-
treatment, the mice were sacrificed post-anesthesia. The
tumors and spleens were collected and made into suspensions
for flow cytometry and ELISA measurements (Figure S17).
Moreover, splenomegaly studies on draining LNs showed that
a local immune response was induced by CpG-loaded calcium
phosphonate nanoagents in comparison to the mother calcium
phosphonate nanoagents (Figure S18). The results shown in
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Figure 6A and Figure S19 further reveal that the percentage of
cytotoxic CD8" T cells in the tumor of mice treated with
CpG@BSA-CaZol and CpG-MTX@BSA-CaZol, respectively,
is increased by factors of 3—6 in comparison with those of the
corresponding nontreated controls. Similarly, the content of
CD4" T cells is increased by a factor of 5—7 in comparison
with that of the untreated control, as shown in Figure 6B and
Figure S19. All of these results indicate that the cytotoxic
CD8" and CD4" T cells can effectively be primed by CpG-
loaded calcium phosphonate nanoagents in the tumor
microenvironment.

To further visualize the infiltration of CD11c" DCs and
CD8"* T cells and the expression of TNF-a in the tumor and
spleen, pathological immunofluorescence studies were carried
out. As shown in Figures S20 and S21, the locations of CD11c*
DC signals match well with those for TNF-a in both tumors
and spleens of mice treated by CpG-MTX@BSA-CaZol
Moreover, as showcased in Figure 6C, the infiltration of
CD8" T cells into tumors is improved for mice treated with
CpG@BSA-CaZol and CpG-MTX@BSA-CaZol nanoagents.
However, the infiltration of CD4* T cells is not obvious,
indicating that CD8" T cell infiltration is largely responsible for
the antitumor immunity. Further blood biochemistry and
pathological analysis revealed that the bone-seeking capacity of

https://doi.org/10.1021/acsnano.2c09685
ACS Nano 2023, 17, 6247—-6260


https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c09685/suppl_file/nn2c09685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c09685/suppl_file/nn2c09685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c09685/suppl_file/nn2c09685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c09685/suppl_file/nn2c09685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c09685/suppl_file/nn2c09685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c09685/suppl_file/nn2c09685_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c09685?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c09685?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c09685?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c09685?fig=fig7&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c09685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

the CpG-MTX@BSA-CaZol nanoagents greatly enhanced the
potency of CpG while simultaneously lowering systemic side
effects of in situ vaccination for short-term (Figure S22) and
long-term toxicity (Figures S23 and S24). To further verify the
important role of CD8 in antitumor immunity of CpG-MTX@
BSA-CaZol, CD8 depletion experiments were carried out. As
shown in Figure S25A, anti-mouse CD8 antibody was
intraperitoneally administered continually on days —2, —1,
and 0 and then injected with CpG-MTX@BSA-CaZol
intravenously on day 1. After depletion of CD8" T cells,
CpG-MTX@BSA-CaZol did not inhibit tumor growth due to
the limited CD8 T cell infiltration (Figure S25B), indicating
the crucial role of CD8 in antitumor immunity.

To verify the universality of CpG-MTX@BSA-CaZol for
antibone tumor treatment, the therapeutic efficacy of CpG-
MTX@BSA-CaZol for treating bone metastasis of breast
cancer was evaluated. As shown in Figure S26A, bio-
luminescence signals of 4T1-Luc cells were used to monitor
the tumor growth. Mice treated with CpG-MTX@BSA-CaZol
showed significant tumor inhibition effects in comparison with
that of the saline group (Figure S26B). Similarly, CpG-MTX@
BSA-CaZol could prolong the survival rate of tumor-bearing
mice (Figure S26C). As shown in Figure $26D, lung
metastases nearly occurred in the saline group but not in the
CpG-MTX@BSA-CaZol-treated group. These results demon-
strated that CpG-MTX@BSA-CaZol possesses antitumor
effects not only on osteosarcoma but also on bone metastases
of other cancers.

Osteosarcoma Rechallenge for Verifying the Immune
Memory Effect. To verify the systemic immune memory
response that is crucial for preventing osteosarcoma from
metastasis and relapse. Osteosarcoma rechallenge experiments
were performed on the mice completely recovered from
primary tumor challenge upon treatment with CpG-MTX@
BSA-CaZol to show the antiosteosarcoma memory effect
(Figure 7A). Osteosarcoma volume analysis supports a
significant inhibition of secondary osteosarcoma growth in
the mice vaccinated with CpG-MTX@BSA-CaZo], in contrast
to age-matched naive mice (Figure 7B,C and Figure S27).
Moreover, fewer lung nodules were shown in the CpG-MTX@
BSA-CaZol group than in the saline group (Figure 7D). All of
these results demonstrate that CpG-MTX@BSA-CaZol can
induce a strong immune protective effect. To disclose the
mechanism of antitumor immune memory, effector memory T
cells (Tem) in the spleen were harvested and analyzed on day
21 post-treatment. Notably, the percentage of Tem cells
(CD3*CD8" CD44*CD62L") after CpG-MTX@BSA-CaZol
treatment was much higher than that in naive mice (Figure
7E,F). To further confirm the immune memory effect, the
splenocytes from CpG-MTX@BSA-CaZol-treated mice were
cocultured with K7M2 cells for 24 h, and then the intracellular
IFN-y and Granzyme B production by CD8" T cells were
detected by cytometry. The CD8" T cells from CpG-MTX@
BSA-CaZol-treated mice promoted more IFN-y and Granzyme
B production than from naive mice after being restimulated by
K7M2 cells (Figure S28). Thus, it can be concluded that CpG-
MTX@BSA-CaZol nanoagents can induce a strong immune
memory to effectively inhibit the recurrence of cancer through
Tem cells.

CONCLUSIONS

In summary, an in situ vaccination sensitized by chemotherapy
has been proposed and demonstrated to be effective for
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antiosteosarcoma, with bioinspired calcium phosphonate
nanoagents composed of Zol, MTX, and CpG, apart from
BSA as a scaffold. Systematic studies have shown that the
properties of calcium phosphonate enable pH-responsive
delivery of the chemotherapeutic agents and immunostimu-
lants to osteosarcoma, while Zol provides the nanoagents with
specific bone-binding capacity, apart from inducing the release
of tumor-associated antigens from immunogenic cell death
together with MTX. The in vivo experiments demonstrate that
the current nanoagents can effectively eliminate osteosarcoma
and pulmonary metastasis, which verifies the in situ vaccination
concept enabled by chemotherapy for the treatment of bone
tumors.

EXPERIMENTAL SECTION

Materials and Reagents. Bovine serum albumin, calcium
chloride anhydrous, and 25% ammonium hydroxide were purchased
from Sinopharm Group Chemical Reagent Co., Ltd. Zoledronic acid
was purchased from TCI (Shanghai) Development Co. Ltd.
Methotrexate was purchased from Sigma-Aldrich. A 20 bp DNA
ladder was purchased from TaKaRa (China). Anti-mouse antibodies
against CD40, CD80, CD86, and CD11c were purchased from BD
Pharmingen (San Diego, CA, USA), and MHCII was purchased from
Sigma-Aldrich. AlexaFluor488-conjugated calreticulin was purchased
from Abcam. eFluor@506-conjugated CD45, APC-conjugated F4/80,
APC-conjugated CD3, FITC-conjugated CD4, PerCP-CyS.5-con-
jugated CD8, PE-conjugated CD44, and BV421-conjugated CD62L
were obtained from Biolegend (San Diego, CA, USA). All other
chemicals were obtained from Aladdin (Shanghai, China).

Synthesis and Characterization. BSA-CaZol were prepared as
follows. An aqueous solution of § mL containing BSA (30 mg mL™")
and CaCl, (0.15 M) was prepared. In parellel, another aqueous
solution of S mL containing both zoledronic acid (0.02 M) and
ammonium hydroxide (2.5%) was also prepared. Then the two
solutions were mixed at 37 °C at pH 10. The mixture obtained after a
16 h incubation was subjected to dialysis using a membrane with a
cutoff molecular weight of 7000 Da for 24 h. The MTX-loaded
nanoagents were prepared the same way as mentioned above except
that S mg of MTX was predissolved in zoledronic acid solution.
Regarding the CpG-loaded nanoagents, 280 uL of CpG solution (100
mM) was introduced into the solution containing BSA and Ca®".

Transmission electron microscopy (Tecnai G2 spirit BioTwin,
FEI) was used to characterize the morphology of all nanoagents.
Measurements of hydrodynamic size and charge were conducted
using dynamic light scattering (Zetasizer ZS90, Malvern). The
absorbance spectra was measured with a UV—vis—NIR spectropho-
tometer (Lambda 35, PerkinElmer). The loading efficiency of CpG
was analyzed by absorption spectroscopy results of CyS.5-labeled
CpG (Sangon Biotech, China).

pH-Responsive Release of MTX. The release of MTX from
CpG-MTX@BSA-CaZol nanoparticles was investigated in vitro after
being dialyzed against buffer solutions of different pH. Briefly, 1 mL
nanoparticles (5 mg mL™") in triplicate were added to dialysis bags
(3500 Da). The three dialysis bags were immersed in MES buffer (5
mL) at one of the following pH: 5.0, 6.5, 7.4. The dialysis was carried
out at 37 °C under shaking at 100 rpm. At selected time points, S00
HL of buffer was withdrawn for UV—vis spectroscopy analysis at 302
nm, and the same amount of fresh MES buffer was added. For all
samples, the drug releasing behavior was continuously monitored for
3 days.

Enzymatic Degradation Experiments. In brief, CpG-MTX@
BSA-CaZol and CpG were incubated with DNase I (5 U uL™") at 37
°C for 20 min. The reaction mixture was analyzed by 3% agarose gel
electrophoresis. CpG-MTX@BSA-CaZol and CpG were used as
controls.

Cells and Animals. NIH-3T3 and K7M2 cells (murine
osteosarcoma cells) were obtained from Cell Institute of Chinese
Academy of Sciences (Shanghai, China) and cultured in DMEM
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containing 10% FBS and 1% penicillin—streptomycin solution under
standard conditions (37 °C and 5% CO,).

All animal experiments were approved by Animal Ethics
Committee of Soochow University (Suzhou, China). The national
guidelines for laboratory animal care and use were followed in all
animal experiments (certificate no. 20020008, grade II). The male
CS7BL/6 mice (4—6 weeks) and female BALB/c mice (4—6 weeks)
were obtained from Shanghai SLAC Laboratory Animal.

The K7M2 orthotopic osteosarcoma model was established using
6-week-old female BALB/c mice according to the protocols provided
in the literature.”" Briefly, the suspension of K7M2 cells (2 X 10° cells
per S0 uL in 1X PBS) was injected into the intramedullary cavity of
the left tibia. After transplantation, the animals were well fed under
standard conditions for 15 days before the following experiments. The
method used for measuring tumor volume of osteosarcoma was
borrowed from the literature.>*” In brief, a vernier caliper was used
to measure the anteroposterior and left—right diameters of the tibia at
the tumor site in mice, and then the tumor size was calculated
according to the formula V=L X W2/2.

Bone-marrow-derived dendritic cells were obtained from CS57BL/6
mice based on a previously described protocol.’® DCs were cultured
in RPMI 1640 containing 10% FBS and 1% penicillin—streptomycin
solution under standard conditions (37 °C and $% CO,).

Cellular Uptake and Cytotoxicity of Nanoagents. Standard
conditions (37 °C and 5% CO,) were used to culture K7M2 cells. To
evaluate the cellular uptake and intracellular trafficking of CpG@BSA-
CaZol, K7M2 cells (5 X 10° cells) were seeded in 35 mm cultured
dishes and incubated with CpG@BSA-CaZol (100 ug mL™") for 2, 4,
12, and 24 h. At selected time points, the cells were washed with PBS
twice and reincubated again with fresh DMEM containing
LysoTracker green (100 nM) for 1 h. After that, the cells were
stained for 30 min with Hoechst 33342 (0.5 ug mL™"). Before being
imaged with a confocal fluorescence microscope, the cells were fixed
with 4% paraformaldehyde for 15 min and then washed with PBS
twice.

K7M2 cells were seeded into 96-well plates at the density of 10,000
cells per well and allowed to attach for 24 h. Then the cells were
exposed to various concentrations of BSA-CaZol, MTX@BSA-CaZol,
CpG@BSA-CaZol, and CpG-MTX@BSA-CaZol for another 24 h.
After incubation, cell viability was measured by with a CCK8 assay
(Dojindo, Japan). The viability of NIH-3T3 cells was evaluated using
same method.

DC Maturation In Vitro. Murine bone marrow cells were seeded
in six-well plates and incubated for 1 week, and the medium was
refreshed every 2 days. Finally, 1 X 10° cells per well were seeded in
24-well plates and cultured with the control, free CpG, free MTX, free
Zol, MTX@BSA-CaZol, and CpG-MTX@BSA-CaZol for 24 h. The
cells were collected through centrifugation at 800 rpm for 5 min and
washed. After decanting the supernatant, one portion of DCs was
stained with anti-mouse antibodies against CD40-PE and CD1lc-
PerCP/Cy5.5 and another with CD80-PE, CD86-FITC, and CD11c-
PerCP/Cy5.5. The maturation of DCs was evaluated on a FACS
Calibur flow cytometer (BD Bioscience).

To evaluate indirect DC maturation, K7M2 cells (1 X 10° cells/
well) were cultured with the control, free CpG, free MTX, free Zol,
and CpG-MTX@BSA-CaZol in a Transwell with 0.4 ym porous
membranes, while DCs (1 X 10° cells/well) were seeded below the
membranes of Transwell and cocultured for 24 h. Then the DCs were
collected for flow cytometry analysis by the same method
aforementioned.

To evaluate the vaccine effects of CpG@BSA-CaZol and CpG-
MTX@BSA-CaZol on DC maturation, the K7M2 cells were cultured
with these nanoagents in the upper chamber of the Transwell, while
DCs (1 X 10° cells/well) were seeded below the membranes and
cocultured for 24 h. To further verify the vaccine effect of these
nanoagents in vitro, DCs (1 X 10° cells/well) were cultured with the
supernatant which was collected from K7M2 treated with CpG@BSA-
CaZol and CpG-MTX@BSA-CaZol for 24 h. Then the DCs were
collected for flow cytometry analysis by the same method
aforementioned.
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Real-Time Imaging In Vivo. For in vivo fluorescence imaging,
mice (n = 3) bearing K7M2 tumors were intravenously injected with
BSA-CaZol, MTX@BSA-CaZol, and CpG-MTX@BSA-CaZol nano-
particles labeled with Cypate (200 L, 1 mg mL™'). The tumor-
bearing mice were then imaged at various time points with IVIS
Spectrum (PerkinElmer, USA). Then the major organs, left legs
(containing tumor), and right legs were collected and imaged by IVIS
Spectrum.

Antitumor Efficacy in K7M2 Mice Model. K7M2 tumor-bearing
BALB/c mice were divided into five groups (n = 8 each group), ie.,
(1) saline, (2) BSA-CaZol, (3) MTX@BSA-CaZol, (4) CpG@BSA-
CaZol, and (5) CpG-MTX@BSA-CaZol. In each group, 200 uL of
agent with the same BSA-CaZol equivalent concentration (5 mg
mL™") was injected intravenously into each mouse twice on day 1 and
day 4. The body weight of the mice and the volume of murine
osteosarcoma were measured every second day.

For the short-term immunostimulatory experiment, 3 mice from
each groups were sacrificed on the third day postinjection. The blood
samples were collected from retro-orbital plexus of mice, and the
TNF-q, IL-12, and IL-1f concentrations in serum were determined
by ELISA. The tumors and lymph nodes were collected and sheared.
Collagenase type IV (S0 units/mL, Thermo Scientific) and DNase
(20 units/mL, Roche) were added to digest extracellular components
at 37 °C for 2 h. The cell suspensions of tumors were generated using
a 70 pm strainer and centrifuged at 1500 rpm (4 °C, S min). After
decanting the supernatant, cells were resuspended in 2 mL of PBS.
The osteosarcoma tumor cells were divided into two portions: CD4*
or CD8" T cells were gated on CD45*CD3*, DCs (CD80*CD86")
were gated on CD11c*F4/807, respectively. The cells of lymph nodes
for analyzing DC mutuation (CD80*CD86") were gated on
CD11c"F4/807. All samples were also subjected to flow cytometry
analysis. For ICD evaluation, tumor cells were stained with CRT
antibody for cytometry analysis, and tumors were collected for
HMGB-1 immunofluorescence analysis. All other mice organs were
fixed in 10% formalin solution before the following assay.

For the long-term immunostimulatory experiment, the remaining
mice from each group were sacrificed 3 weeks after the first injection.
The following procedures for analyzing the blood were the same as
those described above. The remaining tumor tissue and organs
harvested were cut into slices of 10 ym and stained with H&E.

CD8 Depletion Experiment. K7M2 tumor-bearing BALB/c mice
were intraperitoneally administered CD8 antibody (100 ug per
mouse) to deplete CD8 T cells over 3 days. Then 200 uL of CpG-
MTX@BSA-CaZol (5 mg mL™") was injected intravenously into each
mouse on day 1 and day 4. The control mice (n = 5) were treated
with saline. The volume of murine osteosarcoma was measured every
second day.

Tumor Rechallenge Test. To study the immune memory effect,
K7M2 cells (1 X 10°) suspended in PBS were subcutaneously injected
into the left flank of BALB/c mouse to establish the primary tumor.
The primary tumor was intravenously administered CpG-MTX@
BSA-CaZol (S mg mL™") on day 1. Twenty-eight days later, K7M2
cells (1 x 10°) suspended in PBS were subcutaneously injected into
the left flank of BALB/c mice to establish the secondary K7M2
tumors. The age-matched naive mice were used as the control. The
volume of secondary tumors was measured every second day. The
spleen of each mouse was collected for effector memory T cells
(Tem) analysis (CD3*CD8" CD44*CD62L") on day 21.

To further verify the immune memory effect, the splenocytes from
CpG-MTX@BSA-CaZol-treated mice were collected and cocultured
with K7M2 cells. After 24 h, the splenocytes were stained with
fluorescence-labeled CD3, CD8, IFN-y, and Granzyme B antibodies
and then analyzed by flow cytometry to detect the intracellular IFN-y
and Granzyme B production by CD8 T cells.

Antitumor Efficacy in 4T1 Mice Model. 4T1-Luc tumor-bearing
BALB/c mice were divided into saline and CpG-MTX@BSA-CaZol
groups (n = S each group). CpG-MTX@BSA-CaZol of 200 yL (S mg
mL™") was injected intravenously into each mouse twice on day 1.
The tumor volume of murine breast cancer was measured with a
vernier caliper every second day. The tumor-bearing mice were
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imaged on days 1, 7, and 14 by IVIS Spectrum (PerkinElmer, USA).
The lungs were collected on day 14 after the first injection.
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