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Biomineralization-inspired synthesis
of autologous cancer vaccines
for personalized metallo-immunotherapy

Quguang Li,"? Yifan Yan,"” Chunjie Wang,' Ziliang Dong," Yu Hao," Minming Chen," Zhuang Liu,’
and Liangzhu Feng':3*

SUMMARY

Autologous cancer vaccines represent a promising therapeutic approach against tumor relapse. Herein, a
concise biomineralization strategy was developed to prepare an immunostimulatory autologous cancer
vaccine through protein antigen-mediated growth of flower-like manganese phosphate (MnP) nanopar-
ticles. In addition to inheriting the cyclic guanosine monophosphate-adenosine monophosphate synthase
(cGAS)-stimulator of interferon genes (STING)-activating capacity of Mn?*, the resulting ovalbumin
(OVA)-loaded MnP (OVA@MnP) nanoparticles with superior stability and pH-responsiveness enabled effi-
cient priming of antigen-specific CD8™ T cell expansion through promoting the endo/lysosome escape and
subsequent antigen cross-presentation of OVA. Resultantly, OVA@MnP vaccines upon subcutaneous
vaccination elicited both prophylactic and therapeutic effects against OVA-expressing B16-F10 mela-
noma. Furthermore, the biomineralized autologous cancer vaccines prepared from the whole tumor cell
lysates of the dissected tumors suppressed the growth of residual tumors, particularly in combination
with anti-PD-1 immunotherapy. This study highlights a simple biomineralization approach for the control-
lable synthesis of cGAS-STING-activating autologous cancer vaccines to suppress postsurgical tumor
relapse.

INTRODUCTION

The construction of effective cancer vaccines is a promising approach for preventing tumor relapse because it is highly effective at eliciting an
antigen-specific tumor-eradicating immune response.’ Because of the limited immunogenicity of most currently used protein- and peptide-
associated antigens, various immune adjuvants have been introduced to facilitate the elicitation of antitumor immune responses by func-
tioning as delivery vehicles and/or immunostimulatory agonists.”’ Although clinically used emulsions and aluminum salt-based vehicles
can generate a depot of antigens and agonists at the injection site to benefit their sustainable release, these antigens still suffer from limited
internalization and cross-presentation by dendritic cells (DCs), which are responsible for the priming of antigen-specific CD8" T cell re-
sponses.”®” Inspired by their potent capacity for molecular loading and cellular internalization, various synthetic and bioderived nanomate-
rials have been intensively explored for the development of cancer vaccines.'®'? However, the distinctive physicochemical properties of tu-
mor antigens and immunostimulatory agonists (e.g., solubility and molecular weights) often hinder their concurrent encapsulation at optimal
ratios.'*”'® Therefore, there is an urgent need to develop innovative delivery carriers enabling tunable molecular loading and CD8" T cell
response priming for the construction of highly efficient cancer vaccines.

Recently, stimulation of the cGAS-STING pathway with suitable agonists has been shown to be a robust approach for enhancing antitumor
potency due to its essential role in both cancer and immune cells as an innate immune sensor.'®"'? It thereby effectively suppresses tumor
progression by inducing cancer cell senescence and promoting tumor infiltration of various immune cells (e.g., T cells and natural killer cells)
by upregulating the downstream secretion of type | interferons (IFNs) and other inflammatory factors.”®?" Therefore, various cGAS-STING
agonists, including free cyclic dinucleotides (CDNs), Mn?* ions and pH-responsive polycations, have been developed and demonstrated
to be promising candidates for effective cancer immunotherapy.””® Furthermore, due to the superior potency of the activation of the
cGAS-STING pathway in mediating the cross-priming of antigen-specific CD8" T cells, the rational development of cGAS-STING activating
nano- and microparticles represents a promising approach for developing next-generation cancer vaccines because they can also benefit the
internalization of tumor antigens.
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Figure 1. Schematic illustration of the biomineralization approach used to prepare a cGAS-STING-activating MnP-based vaccine and the mechanisms by
which this approach induces potent cellular antitumor immunity

Various antigens, including proteins, polysaccharides, and TCLs, can be utilized to construct corresponding MnP vaccines. Due to the pH responsiveness of MnP,
the as-prepared vaccines internalized by DCs could promote endo/lysosome escape of antigens and thus concurrently elicit a cross-primed antigen-specific
cellular immune response to prevent tumor relapse, particularly in combination with anti-PD-1 immunotherapy.

Biomineralization, a process of coating organic matrices with inorganic minerals, has attracted extensive attention in the construction of
functional biomedical materials.?”’~*’ In addition to conferring the controllable release of bicactive payloads, such a biomineralization process
could also prevent them from being damaged by inappropriate environmental circumstances.””>' For example, it has been reported that in
situ growth of a thin calcium phosphate shell on the surface of a virus can markedly improve its thermostability and immunogenicity,****
these silicified tumor vaccines obtained through cryogenic silicification of tumor cells can preserve their vaccination efficacy after long-term
storage at room temperature.® However, these calcium phosphate- and silica-based biominerals possess only limited immunostimulatory
capacity, which is important for priming potent adaptive immune responses.

Therefore, in this study, we proposed a concise biomineralization strategy to prepare cGAS-STING-activating autologous cancer vaccines
via tumor lysate-templated growth of manganese phosphate (MnP) nanoparticles (Figure 1). This biomineralization approach was shown to
encapsulate various proteins, yielding flower-like MnP nanoparticles with significantly improved stability. With OVA as the modeling antigen,
the obtained OVA@MnP with both pH responsiveness and a cGAS-STING activating capacity promoted the cross-priming of OVA-specific
CD8" T cells upon subcutaneous vaccination. As a result, upon subcutaneous vaccination, these OVA@MnP nanovaccines elicited more pro-
found prophylactic and therapeutic effects against OVA-expressing B16-F10 melanoma than did bolus vaccination with free Mn?* and CpG as
immunostimulants. Furthermore, the autologous MnP nanovaccine with tumor cell lysates (TCLs) of resected tumors as the antigen could
effectively inhibit the growth of residual tumors after incomplete surgical resection when it was concurrently applied with programmed
cell death protein 1 antibody (anti-PD-1) immunotherapy. This study highlighted that such a biomineralization approach is a promising yet
concise strategy for developing autologous cancer vaccines to prevent postsurgical tumor relapse.

and

RESULTS

Biomineralization synthesis of OVA@MnP

Biomacromolecules have been intensively explored as templates to guide the formation of biominerals because they can adsorb various
metal ions via different mechanisms to form small protein-metal ion complexes, which can function as nucleation sites for biominerals.”®>*¢
Inspired by the high potency of Mn?* in activating the cGAS-STING pathway by significantly promoting the synthesis of cGAMP and its bind-
ing with STING,*-* herein, a biomineralization approach was developed to prepare a protein-based cancer vaccine by encapsulating anti-
gens with MnP nanoparticles (Figure 2A). By sequentially adding manganese chloride (MnCly) and sodium phosphate (Na3POy,) solutions to
different concentrations of OVA solution utilized as a model protein antigen, the obtained OVA@MnP nanoparticles displayed a unique
flower-like morphology under scanning electron microscopy (SEM) (Figure S1). Notably, OVA@MnP nanoparticles synthesized in the pres-
ence of 10 mg/mL OVA exhibited an average diameter of ~700 nm, which was much smaller than those of OVA@MnP prepared at lower
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Figure 2. Synthesis and characterization of OVA@MnP nanoflowers

(A) A scheme demonstrating the synthetic procedures for OVA@MnP nanoflowers.

(B) Representative SEM images of MnP microparticles and OVA@MnP nanoflowers. The insets are their magnified images.

(C) STEM mapping imaging of the OVA@MnP nanoflower (scale bar, 200 nm).

(D) XRD patterns of the MnP and OVA@MnP nanoflowers.

(E) In vitro proton-neutralizing profiles of OVA@MnP.

(F) Hydrodynamic size distribution profiles of OVA@MnP nanoflowers incubated in buffer solutions at different pH values for 4 h before DLS measurements.
(G) Time-dependent release curves of Mn?* from OVA@MnP nanoflowers incubated in different pH buffer solutions.

OVA concentrations and 6.8 + 1.0 um of the pure MnP particles prepared by directly mixing MnCl, with NazPOy, in the absence of OVA
(Figures 2B and $2). The smaller size of such OVA@MnP nanoparticles could be attributed to the ability of OVA to chelate Mn?* to form large
amounts of protein-metal ion nanocomplexes, which function as nucleation sites for the growth of separate petals according to previous
studies.”’*”

Via dynamic light scattering, OVA@MnP nanoparticles exhibited comparable size distribution profiles (676.8 nm to 703.9 nm) and slight
negative surface charges (—0.188 mV to —1.770 mV) upon immersion in water, saline, and cell culture media (Table S1), indicating their
excellent stability in physiological solutions. Via a bicinchoninic acid (BCA) assay, the loading efficiency of OVA in OVA@MnP was deter-
mined to be 9.96%, while it was 96.3% for Mn via a sodium periodate oxidation colorimetric assay.’® The successful incorporation of OVA
into OVA@MnP nanoparticles was also evidenced by the presence of nitrogen signals in the energy dispersive X-ray (EDX) elemental map-
ping images recorded by a scanning transmission electron microscope (TEM) (Figure 2C). By recording their X-ray diffraction (XRD) signals,
OVA@MnP nanoparticles and plain MnP microparticles showed the same characteristic diffraction peaks at 26 values of 26.584°, 29.655°,
and 34.466°, which are consistent with those of Mn3(POy),-3H,O (JCPDS No. 03-0426) in terms of peak positions and peak intensity
(Figure 2D).

Both bovine serum albumin (BSA, 10 mg/mL) and transferrin (10 mg/mL) could also be utilized as templates to promote the formation of
corresponding flower-like particles (Figures S3A and S3B). In addition, we found that heparin sodium (0.1 mg/mL), a negatively charged
polysaccharide, could also guide the formation of similar flower-like MnP particles via the aforementioned procedure (Figure S3C). Further-
more, it was discovered that such OVA@MnP retained its original morphology and showed good dispersity after being treated by auto-
claving (121°C, 20 min) and lyophilization (Figures S4A and S4B). The OVA@MnP remained intact after storage under supercooling (—80°C),
room temperature (25°C), or hyperthermia (60°C) conditions for up to 6 months (Figures S4C and S4D), while the MnP particles immedi-
ately collapsed upon freezing treatment (Figure S5). These results collectively indicate that such a biomineralization strategy is a concise
yet general approach for encapsulating different types of biomacromolecules for the construction of corresponding vaccines with excellent
stability.

Thereafter, by recording the pH values using a commercial pH microelectrode, we found that OVA@MnP could rapidly neutralize the
acidic solution in a dose-dependent manner, indicating its excellent capacity to react with protons (Figure 2E). The hydrodynamic diameter
of OVA@MnP also dramatically decreased from 712.7 nm to 3.6 nm after incubation with phosphate-buffered saline (PBS) at pH 5.3 for 4 h
(Figure 2F). As a result, OVA@MnP exhibited pH-dependent release of Mn?*, with 68.0% and 27.6% of the Mn?* released after incubation
at pH 5.3 and 7.4 for 4 h, respectively (Figure 2G). OVA@MnP also showed similar pH-dependent release of OVA (Figure S6é). Collectively,
these results indicate the excellent pH-responsive dissociation capacity of OVA@MnP.
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Figure 3. In vitro cellular experiments

(A) Relative cell viability of DC2.4 cells after incubation with OVA@MnP at different concentrations for 24 h (n = 6).

(B) Confocal fluorescence images of DC2.4 cells incubated with FITC-labeled OVA or OVA@MnP for 6 h (scale bar, 20 um).

(C) Flow cytometry analysis of the presentation levels of the SIINFEKL-H-2Kb complex on the surface of DCs after the indicated treatments (n = 3) and D)
corresponding representative flow cytometry patterns.

(E) Flow cytometry analysis of the maturation levels of BMDCs after different treatments for 24 h as indicated (n = 3).

(F and G) Secretion levels of IL-6 (f) and TNF-a (g) by BMDCs after different treatments were quantified by using corresponding ELISA kits (n = 3).

(H) Bioluminescence intensities of cGAS plasmid-transfected 293-Dual HEK mSTING cells after different treatments for 24 h as indicated (n = 3).

(I) IFN-B secretion levels of BMDCs after different treatments quantified by ELISA (n = 3). Data are presented as the mean =+ s.d. Statistical significance between
the indicated groups was calculated by using two-tailed Student’s t tests. *p < 0.05, **p < 0.01.

In vitro cGAS-STING activation and antigen cross-presentation capacity of OVA@MnP
We first evaluated the biocompatibility of OVA@MnP in the murine dendritic cell line DC2.4 via the standard 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2-H-tetrazolium bromide (MTT) assay. The viability of DC2.4 cells incubated with OVA@MnP at a Mn?* concentration of 6.9 pg/mL
for 24 h was 88.7% (Figure 3A), indicating the suitable biocompatibility of OVA@MnP under the tested conditions. Similar results were also
obtained in the murine embryonic fibroblast line NIH-3T3 (Figure S7). We then carefully investigated the intracellular trafficking behavior of
OVA@MnP, in which OVA was prelabeled with fluorescein isothiocyanate (FITC), via confocal microscopy. After incubation with FITC-labeled
OVA@MnP (Mn = 3.5 pg/mL; OVA = 13.2 pg/mL) for 6 h, DC2.4 cells exhibited strong punctate green fluorescence of FITC, which was not fully
colocalized with the fluorescence of LysoTracker red, a commercial pH-sensitive fluorescent dye used to label lysosomes (Figure 3B). In
marked contrast, DC2.4 cells incubated with OVA-FITC under the same conditions only displayed a weaker intracellular FITC fluorescence
signal. According to the results of the ImageJ analysis, the Pearson correlation coefficient of OVA@MnP-treated DC2.4 cells was determined
to be 0.80 + 0.02, which was significantly lower than the 0.87 + 0.03 for OVA-treated cells (Figure S8). These results revealed that OVA@MnP
significantly promoted the endocytotic and endo-/lysosomal escape of OVA.

Furthermore, via flow cytometry, it was discovered that murine bone marrow-derived dendritic cells (BMDCs) incubated with OVA@MnP
(Mn = 3.5 pg/mL; OVA = 13.2 ng/mL) for 24 h exhibited obviously increased binding of SIINFEKL, a representative peptide epitope of OVA, to
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the H-2Kb of MCH-I (Figures 3C and 3D). In sharp contrast, treatment of these BMDCs with bare OVA or Mn?* plus OVA exhibited a negligible
impact on the expression of SIINFEKL-H-2Kb, indicating the high capacity of OVA@MnP to enable the cross-presentation of OVA. We then
investigated the immunostimulatory capacity of OVA@MnP. By flow cytometry, we found that incubation with OVA@MnP effectively pro-
moted the expression of the costimulatory molecules CD80 and major histocompatibility complex (MHC) class II (MHC-II) on the surface
of BMDCs (Figures 3E and S9). In contrast, treatments with bare OVA or Mn?* plus OVA were less effective at promoting the expression
of these costimulatory molecules. Moreover, through enzyme-linked immunosorbent assay (ELISA), incubation with OVA@MnP was also
shown to be the most effective at promoting the secretion of interleukin (IL)-6 and tumor necrosis factor-alpha (TNF-a) by BMDCs
(Figures 3F and 3G). These results collectively indicate the high capacity of OVA@MnP to promote the maturation of DCs.

Mn?* can stimulate the cGAS-STING pathway to promote DC maturation and the secretion of diverse downstream proinflammatory cy-
tokines (e.g., IFN-B).*"~** We then explored the capacity of OVA@MnP to activate the cGAS-STING pathway via a series of standard charac-
teristic experiments. It has been well documented that cGAS-transfected 293-Dual mSTING reporter cells (ISG-SEAP/KI-[IFN-B]Lucia) can acti-
vate STING by secreting Lucia luciferase in place of IFN-B.* Therefore, upon incubation with OVA@MnP (Mn = 3.5 pg/mL; OVA = 13.2 ug/mL),
these cells were capable of emitting bioluminescence upon the addition of coelenterazine, the substrate of Lucia luciferase (Figure 3H). In
contrast, treatment with Mn?* plus OVA markedly reduced the capacity to promote the emission of bioluminescence under the same exper-
imental conditions. Moreover, via ELISA, we found that incubation with OVA@MnP was also the most effective at stimulating the secretion of
IFN-B by BMDCs (Figure 3l), collectively indicating the highly effective capacity of OVA@MnP to activate cGAS-STING.

In vivo vaccination capacity of OVA@MnP

Motivated by the efficient cGAS-STING activation and antigen cross-presentation performance of OVA@MnP, its ability to elicit an antigen-
specific cellular immune response was investigated in C57BL/6 mice. To this end, five groups (n = 5) of healthy mice were treated as follows:
group 1, saline; group 2, OVA; group 3, CoG-ODN + OVA; group 4, Mn?* + OVA; and group 5, OVA@MnP. CoG-ODN, a clinically approved
Toll-like receptor 9 (TLR-9) agonist for cancer immunotherapy, was adopted as a positive control in this study due to its high capacity to facil-
itate the elicitation of cytotoxic T lymphocyte (CTL) immunological responses according to previous studies.*”™ These mice received cor-
responding subcutaneous (s.c.) injections once a week three times, and the injection doses of OVA, Mn?" and CpG were 5.6 mg/kg,
1.5 mg/kg, and 1 mg/kg, respectively. (Figure 4A). Then, these mice were sacrificed, and their serum, inguinal lymph nodes (iLNs) and spleens
were collected for immune analysis seven days after the last vaccination. It was first found that vaccination with OVA@MnP resulted in the
effective recruitment of CD11¢” DCs and their maturation inside iLNs with efficacy comparable to that of vaccination with CoG-ODNs and
OVA (Figures 4B, 4C, S10, and S11). In contrast, vaccination with OVA alone or with Mn?* + OVA was less effective at promoting the recruit-
ment and maturation of DCs. In addition, vaccination with OVA@MnP promoted the expression of SIINFEKL-H-2Kb on the surface of DCs
inside iLNs with efficacy comparable to that of CoG-ODN and OVA treatment (Figures 4D and S12).

Thereafter, we investigated the ability of OVA@MnP vaccines to elicit OVA-specific CD8" T cells. The flow cytometry results revealed that
the splenocyte fraction of the mice vaccinated with OVA@MnP was greater (2.35 + 0.98%) among the SIINFEKL-MHC-| tetramer"CD8" T cells
than that of the other groups, while that of the mice treated with CoG-ODN + OVA was 1.43 4 0.20%, although the difference was not sta-
tistically significant (Figures 4E, 4F, and S13). Consistently, vaccination with OVA alone or with Mn?* + OVA was also less effective at eliciting
OVA-specific tetramer"CD8" T cells. Moreover, vaccination with OVA@MnP also led to effective activation of CD8" T cells, indicated by a
fraction of 1.48 £ 0.52% of CD8" T cells expressing interferon-gamma (IFN-y“CD8" T cells) inside the splenocyte population, as determined
by flow cytometry (Figures 4G and 4H). Vaccination with CpG-ODNs and OVA only led to the activation of 0.86 + 0.18% of IFN-y"CD8" T cells.
The high capacity of OVA@MnP vaccination to boost the activation of effector CD8" T cells was further confirmed by recording IFN-y spot-
forming cells using an enzyme-linked immune absorbent spot (ELISPOT) (Figure 4G—4l and S14). Taken together, these results demonstrate
that OVA@MnP is capable of eliciting effective antigen-specific CD8" T cell responses.

Prophylactic and therapeutic vaccination effect of OVA@MnP

Motivated by the high potency of OVA@MnP in eliciting an OVA-specific cellular immune response, we first evaluated the capacity of
OVA@MnP vaccination to elicit a prophylactic immune response against OVA-expressing B16 (B16-OVA) melanoma. To this end, another
5 groups of healthy C57BL/6 mice receiving the same triplicate s.c. injections as mentioned previously were challenged with B16-OVA mel-
anoma via s.c. inoculation seven days after the final immunization (Figure 5A). Vaccination with OVA@MnP was capable of suppressing the
growth of B16-OVA melanoma (Figures 5B and 5C), and these mice exhibited a median survival time of 34 days (Figure 5D). In contrast, the
median survival times of mice vaccinated with bolus injections of OVA + CpG-ODN or OVA + Mn?* were 24 days and 22 days, respectively,
while that for mice not receiving vaccination was 18 days. In addition, we did not observe any significant weight loss during the entire exper-
imental period (Figure S15). Taken together, these results demonstrate that OVA@MnP can elicit effective prophylactic immune responses.

We then compared the tumor inhibition efficacies of such OVA-MnP vaccines with those of traditional bolus injections of OVA and other
immunostimulatory agents in a B16-OVA melanoma model. To this end, five groups of healthy C57BL/6 mice were first s.c. inoculated with
B16-OVA at 4 days before being subjected to s.c. vaccinations with the same triplicate injections as mentioned previously (Figure 5E). By
recording tumor sizes, it was also found that vaccination with OVA@MnP was also the most effective at suppressing the growth of B16-
OVA melanoma, and the median survival time of these mice was determined to be 28 days. In marked contrast, the OVA + CpG-ODN or
OVA + Mn?* combination had only slight therapeutic efficacy, and the median survival times of these two groups of mice were only
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Figure 4. In vivo vaccination performance of OVA@MnP

(A) Schematic illustration of the experimental schedule.

(B-D) Flow cytometric analysis of DC percentages (B), DC maturation levels (C) and OVA cross-presentation levels in the inguinal lymph nodes of C57BL/6 mice
given the indicated treatments.

(E) Statistical analysis and (F) representative flow cytometric patterns of the frequency of SIINFEKL-H-2Kb tetramer™ cells among CD45*CD3"CD8™ T cells in the
spleens of mice subjected to the indicated treatments.

(G) Statistical analysis and (H) representative flow cytometric patterns showing the percentage of IFN-y*-expressing CD45"CD3*CD8" T cells in restimulated
splenocytes. Statistical significance between the indicated groups was calculated by using two-tailed Student's t tests. *p < 0.05, **p < 0.01.

20 days and 22 days, respectively (Figures 5F and 5G). Furthermore, the body weights of all treated mice showed minimal fluctuations (Fig-
ure S16). These results collectively indicate the great promise of OVA@MnP as a therapeutic cancer vaccine.

Combined TCL@MnP vaccine and anti-PD-1 to suppress postsurgical tumor relapse

Surgical resection is still a mainstream strategy for treating almost all solid tumors, but patients, particularly those with advanced tumors, are
prone to tumor relapse.’®° Motivated by the robustness of our developed biomineralization strategy for encapsulating different types of
biomacromolecules, we investigated the feasibility of preparing an autologous cancer vaccine with TCLs via such a biomineralization
approach to inhibit postsurgical tumor relapse. To this end, B16-F10 melanoma tissue from C57BL/6 mice (100 mm?) was first incompletely
excised, with ~5% of the tumor mass remaining as the residual tumor model, and the excised tumor mass was then prepared into the cor-
responding TCLs by successive heat deactivation and urea lysis under sonication. Notably, SEM imaging revealed that the B16-TCLs with 95°C
pre-treatment for 10 min led to the formation of more uniform flower-like B16-TCL@MnP particles compared to these prepared from the as-
prepared B16-TCLs without 95°C pre-treatment (Figure S17). Then, the mice bearing residual B16-F10 tumors were randomly divided into four
groups and received different treatments as follows: group 1, saline; group 2, anti-PD-1; group 3, B16-TCL@MnP; and group 4, B16-
TCL@MnP + anti-PD-1. B16-TCL@MnP was s.c. injected into the left ventral flank of mice at 1, 8, and 15 days after tumor excision three times,
while anti-PD-1 was administered intravenously at 2 and 5 days after each B16-TCL@MnP vaccination (Figure 6A).

By recording tumor sizes, we found that the combination treatment of B16-TCL@MnP vaccination plus anti-PD-1 immunotherapy demon-
strated the most effective potency in suppressing the growth of residual tumors (Figures 6C and 6D). The median survival time of the mice in
this group was 26 days, and 3 of the 7 mice were fully cured without recurrence for up to 60 days (Figure 6E). In sharp contrast, monotherapy
with anti-PD-1 immunotherapy or B16-TCL@MnP vaccination had only moderate inhibitory effects on these residual tumors, and the median
survival times of mice receiving these two treatments were 12 days and 16 days, respectively, which were only slightly longer than 10 days for
mice not receiving the corresponding treatment. Additionally, no obvious weight loss was observed for the mice that received various treat-
ments throughout the entire monitoring period (Figure S18). In addition, we further validated the effectiveness of this strategy in inhibiting
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Figure 5. In vivo prophylactic and therapeutic potencies of OVA@MnP nanoflowers
(A) Scheme illustrating the tumor challenge experimental schedule used to evaluate the prophylactic effects of OVA@MnP.

(B-D) Individual tumor growth curves (B), average tumor growth curves (C) and survival curves (D) of B16-OVA tumor-bearing mice after various prophylactic
treatments as indicated (n = 5).

(E) Scheme illustrating the tumor challenge experimental schedule used to evaluate the therapeutic effects of OVA@MnP.
(F-H) Individual tumor growth curves (F), average tumor growth curves (G) and survival curves (H) of B16-OVA tumor-bearing mice after various therapeutic

treatments as indicated (n = 5). Data are presented as the mean + s.e.m. Survival curves were obtained using the Kaplan-Meier method and compared by
the log rank test. **p < 0.01.

tumor recurrence in a murine CT26 colon tumor model. CT26-CTL@MnP prepared via the same procedure mentioned previously exhibited a
similar flower-like morphology (Figure S19) and biocompatibility toward DC2.4 and NIH-3T3 cells (Figure S20) and could synergize with anti-
PD-1 immunotherapy to effectively inhibit the growth of residual tumor masses (Figure 6F=6H and S21). Moreover, H&E staining of the major
organs of the mice collected 21 days after the indicated treatments revealed no significant histological damage (Figure S22). Taken together,
these results demonstrate that such a biomineralization approach is a concise strategy for preparing potent autologous cancer vaccines for
the effective treatment of postoperative tumor relapse, particularly when combined with immune checkpoint blockade (ICB) immunotherapy.

DISCUSSION

Autologous cancer vaccines are promising tumor treatment modalities for preventing high-risk postsurgical tumor relapse, but their clinical
therapeutic effectiveness is still unsatisfactory. Considering the importance of lymph node-targeted delivery of tumor antigens and immunos-
timulants in priming antitumor immunity, a series of particular delivery vehicles enabling efficient loading of both tumor antigens and immu-
nostimulants have been widely explored to generate potent cancer vaccines. Inspired by the capacity of biomacromolecules to adsorb metal
ions to form a large number of small complexes that can function as nucleation sites to facilitate the growth of biominerals, a biomineralization
strategy has been shown to be robust for the construction of a new generation of cancer vaccines. This study rationally developed a biomin-
eralization strategy to prepare a particular autologous cancer vaccine with a cGAS-STING activation capacity by utilizing whole TCLs as tem-
plates to guide the growth of flower-like MnP nanoparticles. In addition to TCLs, different pure proteins (e.g., OVA, transferrin, BSA) and poly-
saccharides (e.g., heparin) can also guide the generation of MnP particles with similar morphologies via biomineralization strategies,
indicating that biomineralization is a general method for accessing different biomineralized cancer vaccines. Furthermore, it was shown
that such MnP-based biomineralized cancer vaccines exhibited greatly improved stability, as indicated by their ability to maintain their orig-

inal morphology after being subjected to autoclaving, lyophilization, and long-term storage under supercooling (—80°C), room temperature
(25°C), or hyperthermia (60°C) conditions.
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Figure 6. In vivo antitumor efficacy of combined TCL@MnP vaccination and anti-PD-1 immunotherapy

(A) A schematic illustration of the schedule used to evaluate the tumor relapse-inhibiting efficacy of combined B16-TCL@MnP vaccination and anti-PD-1
immunotherapy.

(B-E) Individual tumor growth curves (B), representative digital photographs (C), average tumor growth curves (D) and survival curves (E) of residual B16 tumor-
bearing mice after various treatments (n = 7).

(F-H) Representative digital photographs (F), average tumor growth curves (G) and survival curves (H) of residual CT26 tumor-bearing mice after various
treatments (n = 7). Data are presented as the mean + s.e.m. Survival curves were obtained using the Kaplan-Meier method and compared by the log rank
test. **p < 0.01. RR, recurrence rate.

Efficient cross-presentation of exogenous proteinic tumor antigens is a prerequisite for eliciting tumor-specific cellular immunity for tumor
eradication, and our OVA@MnP with pH-responsive dissociation capacity enabled efficient escape of OVA from endo-/lysosomes, a pivotal
step in antigen cross-presentation. Together with the intrinsic capacity of cGAS-STING activation to facilitate the priming of cellular immune
responses, OVA@MnP was capable of priming the OVA-specific CD8" T cell immune responses to suppress the growth of rechallenged tu-
mors. Furthermore, vaccination with TCL@MnP was shown to inhibit the growth of residual tumor masses, in particular by synergizing with
anti-PD-1 immunotherapy, which can protect tumor-infiltrating CD8" T cells from the immunosuppressive microenvironments of residual tu-
mor masses. Considering that TCLs theoretically encompass entire tumor-specific antigenic epitopes, such a TCL@MnP vaccine holds great
promise for enabling precise tumor suppression and could be prepared within one day without the time-consuming antigen screening period
faced by neoantigen-based cancer vaccines.

In summary, this study highlights a concise yet potent biomineralization strategy to prepare effective autologous cancer vaccines with
improved stability and cGAS-STING activating capacity. Combined with its excellent biocompatibility and simple preparation method,
this autologous tumor vaccine holds great promise for future clinical translation.

Limitations of the study

We developed a biomineralization method to synthesis cGAS-STING activating particular autologous cancer vaccines for the suppression of
post-surgical tumor relapse. However, there are still several limitations to this study. Although we have shown that the as-prepared OVA@MnP
vaccines could maintain their original particular morphology under a variety of extreme conditions (e.g., autoclaved, lyophilized), the
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vaccination capacity of these treated OVA-MnP remains to be further explored. In addition, we also need to further investigate the particle
size, the ratio of Mn?*/antigen, the vaccination dosages and some other properties of the vaccines to achieve maximal prophylactic and ther-
apeutic effects. Moreover, it would be helpful to understand the detailed immunostimulatory mechanism of such vaccines at the in vivo level
by using cGAS and STING knockout mouse models.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-mouse PD-1 BioXcell Cat# BE0146; RRID: AB_10949053
Anti-CD3-FITC Biolegend Cat# 100204; RRID: AB_ 312660
anti-CD8-APC Biolegend Cat# 100712; RRID: AB_312751
anti-CD45-PerCP Biolegend Cat# 103130; RRID: AB_893343
anti-FITC-CD11c¢ Biolegend Cat# 117306; RRID: AB_313775
anti-CD80-APC Biolegend Cat# 104714; RRID: AB_313135
anti-CD80-PE/Cyanine7 Biolegend Cat# 104734; RRID: AB_2563112
anti-SIINFEKL-H-2Kb-PE Biolegend Cat# 141603; RRID: AB_10897938
anti-IFN-y-PE Biolegend Cat# 505808; RRID: AB_315401
anti-MHC class [I-APC Biolegend Cat# 107614; RRID: AB_313329
anti-CD16/32 Biolegend Cat# 101302; RRID: AB_312800
H-2K(b)/SIINFEKL Tetramer HELIXGEN Cat# HG08T14028

Chemicals, peptides, and recombinant proteins

Manganese chloride tetrahydrate Aladdin Cat# M140867

Sodium phosphate dodecahydrate Aladdin Cat# 5112445

Ovalbumin Sigma-Aldrich Cat# A5503

Heparin sodium Solarbio Cat# H8060

Bovine Serum Albumin Biosharp Cat# BS114

Transferrin Yuanye Cat# 512027

CpG-ODN 1826 InvivoGen Cat# vac-1826-1

Thiazolyl blue tetrazolium bromide Macklin Cat# T818538

Red Blood Cell Lysis Buffer Solarbio Cat# R1010

Dulbecco’s Modified Eagle Medium Cytiva Cat# SH30243.01

(DMEM) culture medium

Roswell Park Memorial Institute Cytiva Cat# SH30027.01

(RPMI) 1640 culture medium

Penicillin/Streptomycin Cytiva Cat# SV30010

Fetal Bovine Serum

Inner Mongolia Opcel Biotechnology Co., Ltd.

Cat# BS-1102

Critical commercial assays

IFN-B ELISA kits
TNF-o ELISA kits
IL-6 ELISA kits

R&D Systems
Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# DY8234-05
Cat# 88-7324-88
Cat# 88-7064-88

Experimental models: Cell lines

DC2.4 cells
B16-OVA cells
B16-F10 cells
CT26 cells

NIH-3T3 cells

293-Dual HEK mSTING cells

A gift from Prof. C. Wang, Soochow University
A gift from Prof. R. Peng, Soochow University
American Type Culture Collection

Cell Bank of Shanghai Institutes for Biological Sciences,

Chinese Academy of Sciences

Cell Bank of Shanghai Institutes for Biological Sciences,

Chinese Academy of Sciences

InvivoGen

N/A
N/A
N/A
N/A

N/A

Cat# 293d-mstg
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Organisms/strains

Mouse: BALB/c Cavens Laboratory Animal (Changzhou, China) N/A

Mouse: C57BL/6 Cavens Laboratory Animal (Changzhou, China) N/A

Software and algorithms

GraphPad Prism (version 8.0) GraphPad Software https://www.graphpad.com
FlowJo (version 10.8.1) BD Biosciences https://www.flowjo.com
ImageJ (version 1.50) National Institutes of Health https://imagej.net
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Liangzhu Feng
(Izfeng@suda.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
All data needed to evaluate the conclusion of this work are presented in the paper and the supplemental information.
This paper does not report original code.
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

DC2.4 cells and CT26 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 culture medium. B16-OVA cells, B16-F10 cells and
NIH-3T3 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) culture medium. The complete cell culture media were supple-
mented with 10% FBS and 1% penicillin/streptomycin, and the cells were incubated at 37°C in a humidified atmosphere containing 5% COs.
293-Dual HEK mSTING cells were cultured in complete DMEM culture medium following the manufacturer’s protocol. BMDCs were prepared

from bone marrow cells isolated from the thigh and shin bones of healthy C57BL/6 mice following the standard preparation method.”' Non-
adherent and loosely adherent cells (>70% CD11c*, 6%-13% CD80"CD86") were collected for further experiments.

Animals

Female C57BL/6 and BALB/c mice (6-8 weeks old) were purchased from Changzhou Cavens Laboratory Animal Co., Ltd. All animal exper-
iments were performed according to ethical compliance approved by the Institutional Animal Care and Use Committee of Soochow Univer-
sity (Approval Number: SYXK(Su)2021-0073). To establish s.c. tumors, 1 X 10° B16-F10 cells or 2 x 10° B16-OVA cells were suspended in 50 plL
of PBS and subcutaneously inoculated into the right ventral flank of C57BL/6 mice.

METHOD DETAILS

Synthesis and characterization of OVA@MnP

MnCl, aqueous solution (0.5 M, 10 pL) was added to OVA aqueous solution (1 mL) at different concentrations under vigorous stirring for 5 min
before Na3PO,4 aqueous solution (0.33 M, 10 pL) was added to the mixture. Fifteen minutes later, the white turbid reaction mixture was
collected by centrifugation at 14800 rpm for 5 min, and the obtained OVA@MnP was further washed three times with deionized water via
centrifugation and stored at 4°C for further experiments. BSA (1 mL, 10 mg/mL), transferrin (1 mL, 10 mg/mL) and heparin sodium (1 mL,
100 pg/mL) were used as templates to prepare the corresponding nanoflowers via the same procedures as mentioned above.

The hydrodynamic size of OVA@MnP suspended in deionized water was measured by a Zetasizer (Nano ZS90, Malvern). The morphology
of OVA@MnP mounted on an SEM stub with a conductive adhesive and coated with an ultrathin layer of gold was characterized by SEM (G500
and Supra55, Zeiss) at 10 kV. The TEM image and elemental composition of OVA@MnP were characterized by using a TEM (TALOS 200X,
Sigma) instrument equipped with HAADF imaging and energy dispersive X-ray spectroscopy (EDX). X-ray diffraction (XRD) patterns of
OVA@MnP after lyophilization were recorded by using an X-ray diffractometer (Empyrean, Malvern Panalytical).

The Mn?* content of OVA@MnP was quantified by a sodium periodate oxidation colorimetric assay’” and inductively coupled plasma-
mass spectrometry (ICP-MS, Jena, PlasmaQuant MS). The acidity neutralization capability of OVA@MnP was measured by a pH microsensor
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(Presens). To characterize the stability, OVA@MnP was first subjected to different treatments, including sterilization by a high-pressure steam
sterilizer (GR60DP, Zealway), lyophilization by freeze drying (Freezone, Labconco) or storage in a refrigerator (—80°C), room temperature
(25°C) or drying oven (60°C) for up to 6 months before being examined by SEM.

In vitro cell experiments

To test the biocompatibility of OVA@MnP, DC2.4 cells were first cultured in 96-well plates at a density of 1 x 10* cells/well for 24 h. Then, they
were incubated with OVA@MnP at various concentrations for another 24 h before their cell viability was determined via the standard 2,5-di-
phenyltetrazolium bromide (MTT) assay according to the vendor’s protocol.

To test the intracellular trafficking profiles of OVA@MnP, OVA was first labeled with FITC-N-hydroxysuccinimide (NHS) (Qiyuebio)
following the manufacturer’s protocol and purified by running a G-25 column (Sephadex) before being used to guide the formation of
OVA@MnP as previously described. Then, DC2.4 cells preseeded in a 12-well plate containing sterilized glass slides (1 x 10° cells/well)
were incubated with FITC-OVA and FITC-OVA@MnP for 6 h at 37°C. Then, the treated cells were washed twice with PBS before being sub-
jected to fresh medium containing commercial LysoTracker red (200 nM, Invitrogen) for another 1 h before being imaged by using a confocal
microscope (LSM 800, Zeiss). After that, the Pearson correlation coefficients of the recorded images were analyzed by using ImageJ software
according to a previously reported method.*” In brief, the single cell images of the merged channel were first split to corresponding red chan-
nel image and green channel images using ImageJ software. Then, the fluorescence intensity of each pixel in both red and green channel
images was recorded and analyzed by the JACoP plugin of ImageJ software to obtain corresponding Pearson correlation coefficients accord-
ing to the following Equation 1:

Z(Ri_Raver) ° (Gi_Gaver)
VT (R (G=Giver

where R; is the intensity in red channel, G; is the intensity in green channel, R, is the average intensity in red channel, and G, is the average
intensity in green channel.

To test the effect of OVA@MnP treatment on DC maturation, BMDCs (5 x 10° cells/well) were treated with OVA, Mn®" + OVA or
OVA@MnP (Mn = 3.5 pg/mL; OVA = 13.2 ng/mL) for 24 h in nontreated 24-well plates. Then, the supernatant of each well was harvested
for the detection of IFN-B, TNF-a and IL-6 by using the corresponding ELISA kit, while the cells were stained with the corresponding fluores-
cence antibodies to determine their maturation (anti-CD11¢-FITC, anti-CD80-PE/Cyanine7, anti-MHC-II-APC) and antigen cross-presentation
status (anti-CD11¢-FITC, anti-SIINFEKL-H-2Kb-PE) via flow cytometry (BD Accruit TM Cé Plus).

To test the capacity of OVA@MnP to stimulate the cGAS-STING pathway, 293-Dual mSTING reporter cells (ISG-SEAP/KI-[IFN-B]Lucia)
were first transfected with 500 ng of the cGAS plasmid by using Lipofectamine 3000 (Thermo Fisher) according to the manufacturer’s instruc-
tions. cGAS-transfected 293-Dual mSTING reporter cells received the same treatments as mentioned above for 24 h. Next, the supernatant of
each well was collected and incubated with coelenterazine (InvivoGen, Catalog: rep-glc1) following the manufacturer’s protocol, followed by

Pearson correlation coefficients =

(Equation 1)

bioluminescence intensity recording using a microreader (Variskan, Thermo).

In vivo animal experiments

Female C57BL/6 and BALB/c mice (6-8 weeks old) were purchased from Changzhou Cavens Laboratory Animal Co., Ltd. All animal exper-
iments were performed according to ethical compliance approved by the Institutional Animal Care and Use Committee of Soochow Univer-
sity (Approval Number: SYXK(Su)2021-0073). To establish s.c. tumors, 1 x 10° B16-F10 cells or 2 x 10° B16-OVA cells were suspended in 50 pL
of PBS and subcutaneously inoculated into the right ventral flank of C57BL/6 mice.

To evaluate the in vivo vaccination capacity of OVA@MnP, 4 groups of healthy C57BL/6 mice received the following injections: G1, saline;
G2, OVA; G3, CpG-ODN + OVA, G4, Mn?* + OVA; and G5, OVA@MnP, where the doses of OVA, Mn?* and CpG were 5.6 mg/kg, 1.5 mg/kg
and 1 mg/kg, respectively. The iLNs were excised 7 days after the last immunization and then minced to prepare single-cell suspensions ac-
cording to a previously described protocol.”® After staining with anti-CD11¢-FITC, anti-CD80-APC and anti-SIINFEKL/H-2Kb-PE, these cells
were subjected to flow cytometric analysis of the abundance, maturation status and cross-presentation profiles of DCs. In addition, the
spleens of these mice were collected to prepare single-cell suspensions for subsequent flow cytometric analysis according to a previously
reported |orotoco|.b3 These cells were stained with anti-CD45-PerCP, anti-CD3-FITC, anti-CD8-APC, and anti-SIINFEKL-MHC-| tetramer-PE
to analyze the SIINFEKL-MHC-I tetramer*CD8" T cells.

To examine the cellular responses, 1 X 10° splenocytes/well were pulsed with SIINFEKL peptide (GenScript, 100 pg/mL) and monensin (BD
Bioscience, 2 uM) for 6 h. Then, these cells were collected by centrifugation and stained with anti-CD45-PerCP, anti-CD3-FITC, and anti-CD8-
APC, followed by 1 h of cell fixation with intracellular (IC) fixation buffer (Thermo Fisher) at room temperature. The cells were washed and
permeabilized with commercial permeabilization buffer (Thermo Fisher) and stained with anti-IFN-y-PE antibodies before being subjected
to flow cytometry to analyze the percentage of OVA-specific IFN-y-expressing CD8" T cells. An ELISPOT kit (Dakewe, Catalog: 2210005)
was used to incubate 5 X 10° splenocytes/well with 10 ug/well SIINFEKL peptides at 37°C for 24 h, and the results were analyzed according
to the manufacturer’s instructions.

To evaluate the prophylactic efficacy of OVA@MnP, 25 mice were randomly divided into 5 groups and subjected to the following treat-
ments: G1, saline; G2, OVA; G3, CoG-ODN + OVA; G4, Mn?* + OVA:; and G5, OVA@MnP (OVA = 5.6 mg/kg, Mn?* = 1.5 mg/kg and
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CpG =1 mg/kg). The dosages of Mn?*, OVA, and CpG-ODNs were determined according to previous studies.”’>* ¢ The different vaccines
were s.c. injected into the left ventral flank of the mice on days 0, 7, and 14. Seven days after the final vaccination, the mice were s.c. inoculated
with 2 x 10° B16-OVA cells into the right ventral flank of C57 mice, and their tumor volumes were recorded by recording tumor length and
width using a digital caliper. To evaluate the therapeutic efficacy of OVA@MnP, C57BL/6 mice were s.c. injected with 2 x 10° B16-OVA cells in
the right ventral flank 4 days before vaccination, while different vaccines were s.c. injected into the left ventral flank on day O, day 7 and day 14
at the aforementioned doses. The tumor volume was recorded using a digital caliper and calculated as V = length x width x width/2. Mice
were euthanized when the tumor volume exceeded 1500 mm?®.

To prepare the autologous cancer vaccine, B16-F10 melanoma and CT26 colon cancer-bearing C57BL/6 mice were anesthetized, and 95%
of their tumor mass was surgically excised when the tumor volume reached 100 mm?. Then, these tumor masses were first prepared into sin-
gle-cell suspensions through enzymatic digestion with collagenase | (1.5 mg/mL, Biofroxx), collagenase IV (1.5 mg/mL, Biofroxx) and hyaluron-
idase (1 mg/mL, Biofroxx) and RBC lysis. After that, the obtained B16 tumor single-cell suspensions were deactivated by heating at 75°C for 2 h
before being dissolved in urea solution (8 M) with sonication for 5 min. Then, the TCLs (protein = 1 mg/mL, 500 ul) were annealed at 95°C to
guide the formation of TCL@MnP by following the aforementioned biomineralization procedure.

To evaluate the therapeutic efficacy of TCL@MnP combined with anti-PD1 immunotherapy, the resected mice with ~5% remaining tumor
mass were randomly divided into four groups and treated as follows: G1, saline; G2, anti-PD-1; G3, TCL@MnP; and G4, TCL@MnP + anti-PD-1.
The doses of TCL, Mn?* and anti-PD-1 were 5 mg/kg, 1.5 mg/kg and 1 mg/kg, respectively. The dosages of TCL and anti-PD-1 were deter-
mined according to previous studies.””>’ Vaccines were suspended in 50 uL of saline and s.c. injected into the left ventral flank of mice on day
1, day 8 and day 15, while anti-PD-1 was i.v. administered at 2 and 5 days after each TCL@MnP vaccination. The tumor volume was recorded as
previously described.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were represented as mean values with standard deviation obtained using Graph Pad Prism 8.0. Differences between groups were esti-
mated using the two-tailed Student’s t test. When the p-value is less than 0.05, indicating a significant difference. Further statistical details,
including n values, are provided in the figure legends.
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