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Purpose: The drug resistance and low response rates of immunotherapy limit its application. This study aimed to construct a new
nanoparticle (CaCOs-polydopamine-polyethylenimine, CPP) to effectively deliver interleukin-12 (IL-12) and suppress cancer progress
through immunotherapy.

Methods: The size distribution of CPP and its zeta potential were measured using a Malvern Zetasizer Nano-ZS90. The morphology
and electrophoresis tentative delay of CPP were analyzed using a JEM-1400 transmission electron microscope and an ultraviolet
spectrophotometer, respectively. Cell proliferation was analyzed by MTT assay. Proteins were analyzed by Western blot. IL-12 and
HMGBI levels were estimated by ELISA kits. Live/dead staining assay was performed using a Calcein-AM/PI kit. ATP production
was detected using an ATP assay kit. The xenografts in vivo were estimated in C57BL/6 mice. The levels of CD80'/CD86", CD3"/
CD4" and CD3"/CD8" were analyzed by flow cytometry.

Results: CPP could effectively express EGFP or IL-12 and increase ROS levels. Laser treatment promoted CPP-IL-12 induced the number
of dead or apoptotic cell. CPP-IL-12 and laser could further enhance CALR levels and extracellular HMGB1 levels and decrease
intracellular HMGBI1 and ATP levels, indicating that it may induce immunogenic cell death (ICD). The tumors and weights of xenografts
in CPP-IL-12 or laser-treated mice were significantly reduced than in controls. The IL-12 expression, the CD80"/CD86" expression of DC
from lymph glands, and the number of CD3"/CD8"T or CD3"/CD4'T cells from the spleen increased in CPP-IL-12-treated or laser-treated
xenografts compared with controls. The levels of granzyme B, IFN-y, and TNF-a in the serum of CPP-IL-12-treated mice increased.
Interestingly, CPP-IL-12 treatment in local xenografts in the back of mice could effectively inhibit the growth of the distant untreated tumor.
Conclusion: The novel CPP-IL-12 could overexpress IL-12 in melanoma cells and achieve immunotherapy to melanoma through
inducing ICD, activating CD4" T cell, and enhancing the function of tumor-reactive CD8" T cells.
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Introduction

At present, cancer therapy methods include surgery, radiotherapy, chemotherapy, gene therapy, photothermal therapy
(PTT), and immunotherapy. Compared with their organic and polymeric counterparts, inorganic nanoparticles have
unique features, and they are widely used for therapy and diagnosis." Therefore, great inorganic nanoparticles with low
cytotoxicity and high biocompatibility to deliver small molecules are essential in cancer therapy. Among different
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inorganic biominerals, CaCO; nanoparticles have been used for the controlled and sustained delivery of
photosensitizers,> chemical drugs,” and nucleic acids* because of their low biological toxicity, high ideal biocompat-
ibility, and photoimmunotherapy. CaCOj is stable at physiological and neutral pH, but it dissociated at acidic conditions.’
Based on previous reports, CaCO; have longer biodegradation times. When CaCOj is used as a gene vector to transfect
pDNA into cells, polyethylenimine (PEI) is an appropriate reagent for the surface modification of nanoparticles due to its
high DNA complexation ability and strong proton sponge effect, which endows PEI/DNA complexes with the capacity to
disrupt endo-lysosomes.®’. Photothermal therapy is a promising technique, in which heat is generated from near-infrared
light by using a highly efficient photothermal agent to ablate cancer cell, and it presents many advantages such as high
efficacy, low systemic toxicity, noninvasiveness, and no injury to normal tissues.® PTT could increase the permeability of
the cell membrane to enhance cellular uptake and gene transfection efficiency.” PTT could also induce immunogenic cell
death (ICD). Thus, nanoparticles could achieve enhanced antitumor effects when combined with immune boosting
components, such as immune adjuvants, adoptive T/NK cells, and immune checkpoint inhibitors.'®!'" Among the various
photothermal agents, polydopamine (PDA) is considered as more promising PTT agent owing to the advantages of
excellent biocompatibility, good biodegradability and high photothermal conversion efficiency.'* "

Cytokines are the major components in regulating immune responses, thus, they show potential application in cancer
immunotherapy.' IL-12 is a cytokine primarily produced by activated monocytes, macrophages, dendritic cells and other
antigen-presenting cells (APCs).'® It is involved in type 1 helper T cell differentiation, natural killer cells and cytotoxic
T lymphocyte proliferation.'”'® IL-12 plays a key role in antitumor immunity, which may be an effective adjuvant for
chimeric antigen receptor T-Cell immunotherapy (CAR-T immunotherapy) for cancer.'” However, injection of IL-12
gene at tumor sites may be a better strategy than injection of IL-12 protein to achieve an antitumor effect because of the
short half-life of IL-12 protein.?’ Therefore, PTT and immunotherapy were applied in the present study, CaCOs-
polydopamine (PDA)-PEI nanoparticles were constructed to deliver IL-12-overexpressed plasmids (CPP-IL-12) and
investigate the roles of CPP-IL-12 in cancer therapy. As for the designed nanoparticles, CaCO; has good accessibility,
biocompatibility, and pH sensitivity, which can generate carbon dioxide and Ca*" in tumor microenvironment.>' PDA is
suitable for PTT, and PEI is an appropriate reagent to stabilize DNA from degradation and improve gene release.”” IL-12
expression from plasmids is important for tumor therapy. The production of Ca®" in tumor microenvironment is crucial
for ICD by upregulating reactive oxygen species (ROS) levels.”® The results of the present study showed that CPP can
effectively deliver IL-12 in cancer cells and suppress cell proliferation through PTT and immunotherapy.

Materials and Methods

Preparation of Nanomaterials

The designed multifunctional calcium-based nanoparticles were prepared as follows. First, 150 mg CaCl, and 10 mg
PDA were completely dissolved in 100 mL absolute ethanol, and then 85 mg of PEI was added and dissolved. Five grams
of ammonium bicarbonate was added at 40°C, and the mixture was stored for 24 h. The supernatant was discarded, and
the precipitate was washed with absolute ethanol three times and collected to obtain CPP. The size distribution of CPP
and its zeta potential were measured using a Malvern Zetasizer Nano-ZS90 (Malvern, UK). The morphology of CPP was
analyzed using a JEM-1400 transmission electron microscope (JEOL, Japan). The concentration-dependent temperature
curves of CPP were detected using an 808 nm laser from Daheng Optoelectronics (China). The photothermal heating
curves of the material were continuously monitored for three cycles.

Agarose Electrophoretic Analysis

CPP and pEGFP-N1 (EGFP, Clontech, USA) were mixed at different weight ratios of 10:1, 20:1, 30:1, 40:1, and 50:1,
and then incubated in sterile water at room temperature for 30 min. The electrophoresis gels were analyzed using a gel
imager (Tanon 2500, Shanghai).
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Infrared Spectroscopic Analysis
The materials were centrifugally dried to prepare a powder, and infrared spectroscopy was performed using KBr tableting
with an infrared spectrometer (Nicolet iS10, Thermo Scientific, Shanghai, China).

Cell Culture

Mouse embryonic fibroblast cells (NIH3T3) and mouse melanoma cells (B16-F10) were purchased from Shanghai
Institute of Cell Biology (Shanghai, China). These cell lines were cultured in Dulbecco’s Modified Eagle Medium
(Thermo Fisher Scientific, MA, USA) supplemented with 10% fetal bovine serum (FBS), 100 units/mL penicillin and
100pg/mL streptomycin in a humidified atmosphere containing 5% CO, at 37°C.

3-(4,5-Dimethylthiazol-2-Y1)-2,5-Diphenyltetrazolium Bromide (MTT) Assay

Cells proliferation was analyzed by MTT assay following the previous reports.”**> In brief, cells (1 x 10*) were cultured
in each well of a 96-well flat bottom microtiter plates. Four hours before the end of incubation, each well was added with
10 uL MTT (Sigma, St Louis, MO, USA, 5 mg/mL). After the supernatant was removed, 100 pL. DMSO (Sigma) was
added and the optical density (OD) was estimated at 570 nm using an ELISA reader (Multiskan FC, Thermo Fisher
Scientific, MA, USA).

ROS Detection in vitro

The ROS generation in CPP and control groups was analyzed by using an ROS assay kit (CA1410, Solarbio Science &
Technology Co., Ltd., Beijing, China) in accordance with the manufacturer’s instructions. The 2',7'-Dichlorodihydrofiuorescein
Diacetate (DCFH-DA) probe solution was added to react for 0.5 h. ROS generation was analyzed using a fluorescence
spectrophotometer (Hitachi F-2700, Japan).

Western Blot

Western blot analysis was performed as in previous reports.”**> Membranes were incubated with rabbit anti-mouse IL-12
(1:500, LSBio, Seattle WA, USA) and B-actin (1:3000, Bioworld Technology, Ltd., Nanjing, China) in tris buffered saline
with Tween-20 (TBST) at 4°C overnight. HRP-labeled goat anti-rabbit IgG (1:6000, Zhong Shan-Golden Bridge
Technology Co., Ltd., Beijing, China) was added for 1 h. Immunoblotting was incubated with enhanced chemilumines-
cence (ECL) (Boster Immunoleader, Wuhan, China).

ELISA

IL-12 and HMGBI1 levels were estimated using ELISA kits (CSB-E04600m and CSB-E08225M, CUSABIO, Wuhan,
China) in accordance with the manufacturer’s instructions. In brief, 100 puL of the standard and sample was added per
well and incubated for 2 h at 37°C. After the liquid of each well was removed, 100 pL biotin antibody was added, and the
mixture was incubated for 1 h at 37°C. Next, 100 pL HRP-Avidin was added for 1 h at 37°C. TMB substrate was added,
and data were analyzed at 450 nm using an ELISA reader (Multiskan FC, Thermo Fisher Scientific).

Live/Dead Staining

Live/dead staining assay was performed using a Calcein-AM/PI kit (CA1630, Solarbio, Beijing, China). B16-F10 cells
were collected, and the supernatant was removed. Cell suspensions were prepared with a density of 1x10° cells/mL.
Staining working solution (100 pL) was added to 200 pL cell suspensions, and the mixture was incubated at 37°C for 15
min. Then, the cells were observed under a confocal microscope (LEICA TCS SPE, Leica, Dresden, Germany).

Apoptosis Assays

Apoptotic B16-F10 cells were analyzed using an Annexin V-FITC/PI kit (KeyGEN Biotech. Co. Ltd., Nanjing, China)
following the manufacturer’s instruction. A total of 1x10° cells were analyzed using flow cytometry as previously
repor‘ced.24
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Intracellular Ca®* Level Analysis

Fluo-3AM fluorescent dye was used to detect intracellular Ca®" levels. In brief, B16-F10 cells were centrifuged and
washed twice with Hank’s without calcium and magnesium, then 0.5-5 puM Fluo-3AM solution was added. The cells
were incubated at 37°C in the dark for 3040 min. The cells were observed under a fluorescence microscope. Fluo-3 was
green fluorescence. Next, the cells were gently purged with Hank’s without calcium and magnesium to fully wash the
residual fluorescent dye, and the fluorescence was measured by flow cytometry.

Immunofluorescence

Immunofluorescence analysis of calreticulin levels was performed as described in a previous study.”> Cells were prepared
and incubated with rabbit anti-calreticulin antibody (1:200, Abcam, San Francisco, CA, USA) overnight at 4 °C, and then
with Alexa Fluor 488 donkey anti-rabbit IgG (H+L, Molecular Probes, Eugene, OR, USA) at 37 °C for 1 h. The results
were observed under a confocal microscope (LEICA TCS SPE, Leica, Dresden, Germany).

ATP Content
The ATP levels in CPP-IL-12-treated B16-F10 cells was detected using ATP production was detected by using ATP assay
kit in accordance with the manufacturer’s instructions (BC0305, Solarbio, Beijing, China).

Xenografts in C57BL/6 Mice

C57BL/6 mice were purchased from Jinan Aonuo Bio (Shandong, China). All mice aged 6—8 weeks were housed in
a specific pathogen-free Animal Center of Binzhou Medical University (Yantai, China). Care and experiments for mice
were performed according to Binzhou Medical University animal ethical guidelines for Laboratory Animal Care, and
were approved by the Animal Ethics Committee of Binzhou Medical University (No. 2020-01-02, Yantai, China).

Melanoma cells (5 x 10°) in 0.1 mL of PBS treated with CPP-IL-12 and controls were transplanted subcutaneously
into the backs of C57BL/6 mice. One week later, the tumors grew about 1 cm®, which were further treated with 100 pL of
CPP-IL-12 (1 mg/mL) or CPP-NC (negative control plasmid) with or without laser treatment (1.5 weeks, 3 min) for 2
days. Tumor volume (mm®) = A x B%/2, where A and B are the maximum and minimum tumor diameters, respectively.
At day 15, the mice were euthanized, and the tumors were anatomized and weighed. The investigator had no bias and
special tendency during animal experiments.

To investigate whether CPP-IL-12 treatment in local side xenografts can affect the growth of the distant untreated
side, melanoma cells (5 x 10°) in 0.1 mL of PBS were transplanted subcutaneously into one side in the back of C57BL/6
mouse. The local tumor was treated with 100 uL of CPP-IL-12 (1 mg/mL) and laser (1.5 weeks, 3 min) for 2 days. Three
days later, the distant side was transplanted subcutaneously with melanoma cells without treatment of CPP-IL-12. The
xenografts were then observed.

In detecting the toxicity of CPP in vivo, the CY5.5-labeled CPP was injected through the tail vein of C57BL/6 mice
and analyzed using a small animal PET imager system (IVIS spectrum, PE, USA).

Hemolytic Test

Blood samples from C57BL/6 mice were collected, centrifuged at 800 g for 5 min, and washed five times with PBS.
Fresh erythrocyte suspension (50 pL) was added to 1 mL CPP suspension at room temperature. At different incubation
times, 200 pL of the erythrocyte suspension was centrifuged, collected, and placed in a 96-well plate to detect the
absorbance value at 540 nm using a Multiskan FC-type microplate reader (Thermo Fisher Scientific.). A positive control
(100% hemolyzed) was prepared by adding the red blood cell suspension with 1 mL water. A negative control was
obtained by adding the erythrocyte suspension with 1 mL PBS.

Flow Cytometry Analysis
For DC from bone marrow, C57BL/6 mice (Jinan Aonuo Bio, Shandong, China) were euthanized and soaked in 75%
alcohol for 30 min. The femurs of lower limbs were dissected and placed in PBS with 10% FBS. The holes were punched
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at both ends of the femur using a 20 mL syringe needle, and bone marrow was flushed out using a 1 mL syringe. The
washed bone marrow was resuspended, and 1x10° bone marrow cells were cultured in RPMI 1640 medium of 10% FBS
with GM-CSF (10 ng/mL) and IL-4 (10 ng/mL, BioLegend, San Diego, CA, USA). The floating cells were removed after
24 h, and the medium was added again. Then, the DCs were treated with the supernatant of B16-F10 cells: complete
medium (1:1). After 24 h, the DCs were freshly collected and stained with antibodies for 30 min at 4°C. Flow cytometry
was performed to analyze the data (Accuri™ C6, BD, USA). The following monoclonal anti-mouse antibodies were
used: anti-CD80-PE/Cy5.5 (BioLegend, USA) and anti-CD86-APC (BioLegend, USA).

For treatment of xenografts, the mice were euthanized and the lymph glands were isolated from groins, armpits, and
necks. The lymph glands were sheared and filtered through 19 um nylon mesh. The cells were stained with CD80"/
CDS86" antibodies for 30 min at 4 °C and analyzed by flow cytometry. Similarly, the spleens of C57BL/6 mice were
sheared and filtered through 19 pm nylon mesh. The cells were stained with CD3"/CD4" and CD3"/CDS8" antibodies for
30 min at 4°C and analyzed by flow cytometry. The following monoclonal anti-mouse antibodies were used: anti-CD3-
APC (Biolegend), anti-CD4-PE (Biolegend), and anti-CDS-FITC (Biolegend).

HE Staining and Immunohistochemistry
Tumor xenografts or organs of mice were dissected, fixed in 4% paraformaldehyde, automatically dehydrated, embedded in
paraffin, sectioned, and stained with HE. Then, the sections were observed under a microscope (Leica DM6000b, Germany).
For immunohistochemistry, the sections of xenografts were deparaffinized and rehydrated in alcohol. The endogenous
peroxidase activity in tissues was inactivated by 3% hydrogen peroxide for 15 min. Then, the sections were washed with
PBS and incubated in 10% normal goat serum (BeiJingZhongShan Golden Bridge Technology Co, Ltd., Beijing) for 20
min. Next, the sections were incubated with rabbit anti-IL-12 primary antibodies (1:300, Bioworld Technology, Ltd.) at
4°C overnight. Next, these sections were combined with biotin-conjugated goat anti-rabbit IgG (1:200, dilution, Santa
Cruz Biotechnology, Inc.). The slides were incubated with the avidin-biotin complex and developed in 3,3-diaminoben-
zidine solution (Santa Cruz Biotechnology, Inc.). Negative controls were stained with non-immune serum.

Statistics

SPSS 22.0 software is used to analyze statistical significance (IBM Corp., Armonk, NY, USA). Normally distributed data
were shown as mean + SD. Two groups and multiple groups were compared by Student’s ¢ test and ANOVA,
respectively. Abnormally distributed data were presented as median (interquartile range), two groups and multiple groups
were compared by Mann—Whitney U-test and Kruskal-Wallis H-test, respectively. p< 0.05 was considered as statistically
significant difference.

Results

Synthesis and Characterization of Nanoparticles

Recently, the application of CaCOj; nanoparticles has received considerable interest as a gene delivery system for cancer
therapy because of their low cost, safety, pH sensitivity, and biocompatibility.”® Polydopamine, as a mussel-inspired
molecule, has been applied in cancer therapy because of its good biocompatibility, low tissue toxicity, outstanding drug-
loading capacity, and degradability.’’ Here, a CaCO5-PDA-PEI (CPP) nanoparticle was designed and synthesized to
investigate its role in delivering IL-12 for the treatment of melanoma cells (Figure 1A). Its particle size was approxi-
mately 270 = 10 nm, and the potential was approximately +25 mV (Figure 1B and C). CPP showed a monodisperse
spherical nanostructure (Figure 1D).

The chemical composition of CPP was analyzed by Fourier transform infrared spectroscopy (Figure 1E). The strong
absorption signals of PEI clearly shown in the spectrum were 2961 and 2930 cm™'. The C-O stretching vibration peak
was 1756 cm™', and the C-O antisymmetric stretching vibration was 1432 cm™'. The CO;~ deformation vibration peak
was 876 cm '. The characteristic absorption peaks of CaCO; were as follows: 1756, 1432, 876, and 724 cm '

(Figure 1E).
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Figure | CPP inhibited cancer cell proliferation. (A) Schematic illustration of the synthesis of CPP-IL-12. (B) Size distribution of CPP. (C) The average zeta potentials of CPP.
(D) Transmission Electron Microscope images of CPP. Scale bars=200 nm. (E) The chemical composition was analyzed by Fourier transform infrared spectroscopy. (F)
Heating curves of different concentrations of CPP under 808 nm (2 W/cm?) laser irradiation. (G) The photothermal conversion cycling test of CPP during three cycles of
laser on/off. The data are presented as the mean * SD of three independent experiments. (H) Electrophoretic analysis of pEGFP plasmid in the complexes of CPP under
various N/P ratios. (I) BI6F10 cells incubated with CPP@pEGFP complexes (N/P from 10:1 to 40:1); green colour, EGFP expression. Scale bars=125 pm. (J) Analyzing the
cytotoxicity of CPP, ANOVA. (K) ROS detection. CPP treatment increased ROS levels, and 2.0 Wicm? of laser further increased ROS levels. ¥P<0.01, ANOVA. (L) Cell
proliferation analysis. B16-FI0 cell proliferation was suppressed at 3 min to 9 min after laser treatment, *P<0.01, ANOVA.

Then, the changes in the heating curve of CPP at different concentrations were analyzed under laser irradiation. The
temperature of CPP gradually increased from 5 pg/mL to 30 pg/mL over time, reaching the maximum at 10 min. The
changes were not significant after 10 min. After three consecutive heating cycles, the temperature of CPP (20 pg/mL) did
not change significantly. These data demonstrated that the nanoparticles had good thermal stability (Figure 1F and G).

Laser’s Promotion of the Effect of Nanoparticles

Nanoparticles serve as a carrier to deliver DNA/RNA for cancer therapy, and they have several advantages, such as
photosensitive therapy by laser irradiation. The designed CPP nanoparticles with PEI can carry DNA/plasmids through
electrostatic interaction. The gene condensation ability of CPP was analyzed by agarose gel electrophoresis. As shown in
(Figure 1H), CPP can completely condense the pEGFP-N1 plasmid (EGFP expression vector) when the CPP/N1 ratio
was above 20:1. EGFP was effectively expressed in B16-F10 cells when the cells were treated with CPP-EGFP
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nanoparticles with the CPP/EGFP ratio above 20:1 (Figure 11). Therefore, the CPP/EGFP ratio of 20:1 was selected for
this study. NIH3T3 cells were treated with different concentrations (10—30 pg/mL) of CPP to test its cytotoxicity.
Compared with the control, no evident cytotoxicity to NIH3T3 cells was found when the nanomaterial dose was
increased (Figure 1J). Thus, 20 pg/mL CPP was selected as the transfecting concentration.

The overabundance of ROS in cancer cells remains a challenge in therapeutic intervention, and nanotechnology has
been remarkably developed to alter redox status and improve conventional therapies.”® CaCO; has good biocompatibility,
and it can produce ROS after low-intensity ultrasound treatment.”® Therefore, the ROS levels in the CPP-treated group
were determined, and the results showed that the ROS levels in the CPP-treated group significantly increased compared
with those in the negative control (H,O), and 2.0 W/ecm?® laser treatment could further increase the ROS levels
(Figure 1K). Laser treatment also increased ROS levels in the positive control H,O,-treated group (Figure 1K).

B16-F10 cells were treated with 20 ug/mL CPP-PEI and laser irradiation (808 nm, 2.0 W/cm?) to investigate the role
of CPP and radiation therapy via enhancing ROS production in regulating cell proliferation. The results demonstrated
that B16-F10 cell proliferation was significantly suppressed at 3, 6, or 9 min after laser treatment, and the laser treatment
time of 6 min was the best time for radiation therapy (Figure 1L).

Gene Delivery of IL-12 and Inducing BI16-FI0 Cell Apoptosis

IL-12 is responsible for enhancing cell-mediated immunity, and it has demonstrated remarkable antitumor effects against
various malignancies in preclinical studies.*® The IL-12 overexpression vector was constructed to study the delivery of
IL-12 into B16-F10 cells and its effect on cancer cell apoptosis (Figure 2A), and CPP was designed to condense the IL-
12 plasmid. The results demonstrated that the IL-12 levels were significantly higher in CPP-IL-12-treated B16-F10 cells
than in the control group (Figure 2B). ELISA analysis showed higher IL-12 levels in the supernatant of CPP-IL-12-
treated B16-F10 cells, and 2.0 W/cm? laser treatment further increased the IL-12 levels in the supernatant (Figure 2C).
The live/dead staining assay results showed more dead cells in CPP-IL-12-treated B16-F10 cells than in the CPP-NC
control. Laser treatment increased the number of dead cells (Figure 2D and E). CPP-IL-12 treatment induced B16-F10
cell apoptosis, and laser treatment can further increase the apoptotic number of B16-F10 cells (Figure 2F).

CPP-IL-12 Induced ICD

Cancer immunotherapies can eradicate tumor cells with slight damage to healthy cells and demonstrate potential clinical
responses.”’ Some drugs can induce ICD, which directly kills cancer cells and induces antitumor immune responses against
various tumors.’' Previous studies reported that CaCO5 has pH sensitivity and can generate Ca®" in tumor microenvironment,
which is crucial for ICD.?! Meanwhile, ICD is accompanied by releasing numerous damage-associated molecular patterns
(DAMPs), including surface-exposed calreticulin (CALR), ATP, and high-mobility group box 1 (HMGB1), which recruits and
APCs to kill tumor cells.”” As CaCO; nanoparticle can effectively deliver and express IL-12, whether the effect of CaCO;
nanoparticle on tumor cells through ICD was investigated. First, the intracellular Ca®" levels were detected using calcium ion
fluorescence probe. The results demonstrated that the intracellular Ca** levels in the CPP-treated cells increased obviously
compared with those of the control group (Figure S1), indicating that CPP can generate Ca®" in tumor microenvironment. Next,
the DAMPs levels were analyzed after CaCO; nanoparticle treatment. The results showed that CPP-IL-12 increased the CALR
levels in B16-F10 cells, and laser treatment (2.0 W/cm?) can further enhance CALR expression compared with control treatment
(Figure 2@G). In addition, the extracellular HMGBI levels significantly increased and the intracellular HMGBI levels decreased
in CPP-IL-12-treated cultures compared with those in the control group (Figure 2H and I). Laser treatment (2.0 W/cm?) further
enhanced the HMGBI levels in CPP-IL-12-treated cultures compared with control treatment (Figure 21). The ATP levels in CPP-
IL-12-treated B16-F10 cells decreased compared with those in the CPP-Con group, and laser treatment further reduced the ATP
content in the CPP-IL-12-treated cultures (Figure 2J). These results showed that CPP-IL-12 can induce ICD in B16-F10 cells.

At present, the application of DC-based immunotherapy in cancer treatment is safe and feasible.*? Emerging evidence
supports that ICD-induced therapies are strictly associated with DC engagement.>® The DCs from the bone marrow of C57BL/
6 mice were treated with the supernatant of B16-F10 cells, and the results showed that CPP-IL-12 treatment (21.4%) and laser
treatment (2.0 W/cm?) further increased the CD80"/CD86" expression (29.2%) of DC compared with control treatment
(11.2% or 12.6%, Figure 2K), indicating that ICD induced by CPP-IL-12 is related to the activation of DC.
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Figure 2 CPP transferred IL-12 into BI6FI0 cells and CPP-IL-12 induced immunogenic cell death. (A) The structure of IL-12 vector. (B) Western blot detection of IL-12
expression. ¥P < 0.01, Student’s t-test. (C) ELISA. CPP-IL-12 increased IL-12 levels in the supernatant of B16-F 10 cells, and 2.0 W/cm? of laser further increased IL-12 levels.
##P < 0,01, ANOVA. (D) Live/dead staining assay. Scale bars=100 pum. (E) The number of dead cells. CPP-IL-12 increased and 2.0 W/cm? of laser further increased the
number of dead cells. **P < 0.0, ANOVA. (F) Cell apoptosis analysis. CPP-IL-12 increased and laser treatment further increased the number of apoptotic cells. (G)
Immunofluorescence. Green color, CALR expression. Scale bars=2 um. (H, 1) ELISA analysis of extracellular and intracellular HMGBI levels, respectively. *P < 0.05, **P <
0.01, ANOVA. (J) ATP levels. The ATP levels decreased in CPP-IL-12-treated cells, and laser treatment further reduced ATP content. **P < 0.01, ANOVA. (K) CPP increased
CD80"/CD86" expression of DC.

CPP-IL-12 Inhibited the Proliferation of Melanoma Cell Xenografts

The B16-F10 cells expressed in IL-12 or control groups were subcutaneously injected into the backs of C57BL/6 mice to
produce xenografts and investigate the role of CPP-IL-12 in regulating melanoma cell proliferation in vivo. After 1 week,
the tumors treated with 100 pL of CPP-IL-12 (1mg/mL) or CPP-NC with or without laser treatment (1.5 weeks, 3 min)
for 2 days were approximately 1 cm® (Figure 3A). After another week, the mice were euthanized, and the tumors were
estimated. The results demonstrated that the tumors were considerably smaller and significantly reduced in CPP-IL-12-
treated xenografts than in the CPP-control group (Figure 3B and C). In addition, IL-12 remarkably inhibited the volume
of xenografts in the CPP-IL-12-treated group compared with that in the control group (Figure 3D). Combined with
photosensitive therapy, laser treatment can reduce the growth, weight and volume of tumor xenografts (Figure 3B-D). HE
staining demonstrated that the growth of tumor xenografts was suppressed in the CPP-IL-12-treated group and
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Figure 3 CPP-IL-12 suppressed melanoma cell growth in vivo. (A) Schematic illustration of in vivo study. (B) The xenografts dissected from mice. (C, D) The weights and
volumes of xenografts were analyzed. Data were presented as the mean + SD or median (interquartile range). n=4 or 5, **P < 0.01, *P < 0.05; Student’s t-test or Mann—
Whitney U-test. (E) HE staining demonstrated that CPP-IL-12 suppressed and laser further inhibited the growth of tumor xenografts in vivo. (F) The levels of IL-12 in tumor
xenografts analyzed by immunohistochemistry staining. The brown signal indicated the expression of IL-12 in the tissue, the blue signal was nuclear of cells. There was more
IL-12 expression in CPP-IL-12 treated groups. Scale bars=125 pm.

significantly reduced in the CPP-IL-12+laser-treated group compared with those in the control groups (Figure 3E).
Immunohistochemical staining was used to analyze the IL-12 levels in tumor xenografts, and the results showed that
higher IL-12 expression in the CPP-IL-12-treated or CPP-IL-12+laser-treated xenografts than in the control groups
(Figure 3F).
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The abovementioned results showed that CPP-IL-12 overexpressed IL-12 and suppressed B16-F10 cell growth
in vitro and in vivo, which may be related to ICD releasing DAMPs. The CALR levels in tumor xenograft tissues
were analyzed to further investigate whether the role of IL-12 in suppressing cancer cell proliferation in vivo is
associated to CALR expression. The results showed that the CALR levels were higher in CPP-IL-12-treated tumor
tissues than in the CPP-Con group, and laser treatment further increased CALR expression (Figure 4A), indicating that
the suppressive role of IL-12 is related to the regulation of CALR expression.

CPP-IL-12 Promoted Systemic Antitumor Immunity in Xenograft Mice

IL-12 is an activator of DC and NK cells, and it plays an important role in systemic antitumor immunity.>> After mice
were euthanized and the lymph glands were isolated from their groin, armpit, and neck of mice, the cells were separated
for detection. The results demonstrated that the CD80"/CD86" expression of DC from these lymph glands in CPP-IL-12-
treated or CPP-IL-12+laser-treated xenografts increased compared with that in the control groups (Figure 4B). In
addition, IL-12 can activate CD4" T cells** and enhance the function of tumor-reactive CD8" T cells.*> In CPP-IL-12-
treated mice, the number of CD3"/CDS8'T cells from the spleen increased compared with that in the control groups, and
laser treatment can further increase the number of CD3"/CD8'T cells (Figure 4C). Moreover, the number of CD3"/CD4"
T cells from the spleen of CPP-IL-12-treated mice increased in compared with that of the controls, and laser treatment
further increased this number (Figure 4D). These results indicated that CPP-IL-12 treatment may promote antitumor
immunity by activating DC, CD4" T, and CD8" T cells.

Then, the expression levels of CD8" and CD4" in xenograft tumors were analyzed. Immunohistochemical staining
showed that the IL-12 and CD8 expression levels were higher in the CPP-IL-12-treated or CPP-IL-12+laser-treated
xenografts than that in the control groups (Figure SA and B). Similar results of CD4" expression were revealed in CPP-IL
-12-treated or CPP-IL-12+laser-treated xenografts (Figure 5C). The results indicated that the anticancer role of CPP-IL
-12 may be related to the activation of CD8" T and CD4" T cells.

The anticancer activity of antitumor immunity is associated with the releasing levels of IL-12, granzyme B, IFN-y,
and TNF-a. The levels of granzyme B (Figure 5D), IFN-y (Figure 5E), and TNF-a (Figure 5F) in CPP-IL-12-treated or
CPP-IL-12+laser-treated xenografts increased compared with those in the control treatment. Moreover, the serum IL-12
levels in CPP-IL-12-treated or CPP-IL-12+laser-treated mice significantly increased compared with those in the control
mice (Figure S2). Similar increased levels of granzyme B (Figure 5G), IFN-y (Figure 5H), and TNF-a (Figure 5I) were
observed in the CPP-IL-12-treated or CPP-IL-12+laser-treated mice, indicating these factors participate in the anticancer
role of CPP-IL-12.

CPP-IL-12 Suppression of the Growth of Local and Distant Tumor

Next, the local tumor was treated with CPP-IL-12 and laser, whereas the distant tumor was untreated as controls to
further investigate whether CPP-IL-12 treatment could affect the growth of the secondary tumor (Figure 6A). The results
showed that the combination treatment of CPP-IL-12 and laser not only inhibited the growth of local xenografts
(Figure 6B-D), but clearly suppressed the growth of the distant untreated tumor (Figure 6E-G). In serum, the levels of
IFN-y (Figure 6H), TNF-a (Figure 61), and granzyme B (Figure 6J) in CPP-IL-12 and CPP-IL-12+laser-treated mice
increased compared with those in the control-treated group, indicating the suppressive roles of CPP-IL-12 in the distant
tumors is related to the release of IFN-y, TNF-a and granzyme B.

The CD80'/CD86" expression of DC from the lymph nodes and the activation of CD8" T and CD4" T cells in the
spleen was analyzed to investigate the effect of CPP-IL-12 on the growth of the local or distant tumors. The CD80"/
CD86" expression of DC in the lymph glands of CPP-IL-12 or CPP-IL-12+laser-treated mice increased compared with
that in the control groups (Figure 6K). Similarly, the expression levels of CD4" and CD8" were higher in the CPP-IL-12
or CPP-IL-12+laser-treated xenograft mice (Figure 6L and M). Immunohistochemistry staining revealed that the levels of
CD8" and CD4" in the CPP-IL-12 or CPP-IL-12+laser-treated xenografts were high (Figure 6N and O). These results
indicated that the possible mechanism of the anticancer role of CPP-IL-12 may be as follows: the local treatment of CPP-
IL-12 activates CD8" T and CD4 " T cells and as release IFN-y, TNF-a and granzyme B, which further traffic through the
blood circulation to regulate the growth of the distant untreated tumors (Figure 6A).
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Figure 4 CPP-IL-12 promoted systemic antitumor immunity. (A) Analyzing CALR expression in tissues by immunofluorescence. Green color, CALR expression. Scale
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Figure 5 CPP-IL-12 increased the expression of CD4, CD8, granzyme B, IFN-y and TNF-a. (A) CPP-IL-12 increased IL-12 levels in tumor xenografts. Scale bars =125 um.
(B) The levels of CD8 were increased in tumor xenografts analyzed by immunohistochemistry staining. Scale bars =125 um. (C) CPP-IL-12 increased CD4 expression in
tumor xenografts. Scale bars=125 pm. (D) ELISA analysis showed that Granzyme B levels increased in CPP-IL-12-treated tumor xenografts. **P< 0.01, ANOVA. (E) IFN-y
levels increased in CPP-IL-12-treated tumor xenografts. **P < 0.0, ANOVA. (F) TNF-a levels increased in CPP-IL-12-treated tumor xenografts. **P < 0.01, ANOVA. (G)
CPP-IL-12 treatment increased granzyme B levels in mouse serum. **P < 0.01, ANOVA. (H) CPP-IL-12 treatment increased IFN-y levels in mouse serum. **P < 0.0,
ANOVA. (I) CPP-IL-12 treatment increased TNF-a levels in mouse serum. **P < 0.01, ANOVA.
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Figure 6 CPP-IL-12 suppressed the growth of local and distant xenografts. (A) Schematic description and the mechanism of the effect of local treatment to tumor on distant
untreated one. This image was made by using Figdraw software. (B—D) CPP-IL-12 with laser treatment inhibited the growth, weights and volumes of local xenografts,
respectively. **P < 0.01, ANOVA. (E-G) CPP-IL-12 with laser treatment suppressed the growth, weights and volumes of distant tumors, respectively. **P < 0.01, ANOVA.
(H-)) ELISA analysis showed that IFN-y, TNF-a, and granzyme B levels were increased in the serum of CPP-IL-12-treated mice, respectively. **P < 0.0, ANOVA. (K)
CD80"/CD86" expression of DC was increased in the lymph glands of CPP-IL-12-treated mice. (L) CD4 expression of T cells was increased in the spleens of CPP-IL-12-
treated mice. (M) CD8 expression was increased in the spleens of CPP-IL-12-treated mice. (N, O) The CD8 and CD#4 levels were analyzed by immunohistochemistry

staining, respectively. Scale bars=125 um.
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Investigation of Toxicity and Distribution of Nanoparticles in vivo

After the C57BL/6 mice were intraperitoneally injected with CPP, the organs were dissected, and pathological tissue sections
were analyzed to detect the toxicity of CPP in vivo. HE staining indicated that the injection of CPP did not lead to a significant
damage to the organs of the C57BL/6 mice compared with control treatment (Figure 7A). Hemolysis of red blood cells from
the C57BL/6 mice was detected to evaluate the blood compatibility of nanoparticles in contact with blood. No significant
hemolysis was observed when erythrocytes were treated with 20 pg/mL CPP for 3—24 h. However, significant hemolysis was
detected when RBCs were incubated with 40 and 80 pg/mL of CPP for 3 to 24 h, and hemolysis was dependent on
concentration over time (Figure 7B and C). The CY5.5-labeled CPP was injected through the tail vein of mice and analyzed
using a small animal PET imager system to study the distribution of CPP in mice. The images showed that CY5.5-labeled CPP
primarily accumulated in the lung, liver, and kidney of the C57BL/6 mice (Figure 7D).

Discussion

Cancer immunotherapy, which can prolong progression-free survival and overall survival, has incomparable advantages over the
traditional anti-tumor therapy.*® However, it still suffers from drug resistance,®’ low response rates, severe adverse reactions, and
high costs; thus, only few patients clinically benefit from immunotherapy.*® Therefore, in response to complex needs in clinical
applications, potential combining strategies should be established to improve the anti-tumor therapeutic effect. In this study,
a new antitumor strategy based on CPP-IL-12 nanoparticles was provided. The strategy significantly suppressed melanoma cell
proliferation in the local treated tumors and the distant untreated tumors. The mechanism of IL-12 delivery by CPP-IL-12
involves immunotherapy and PTT. On the one hand, combined with PTT, CPP-IL-12 induced IL-12 expression and ICD in tumor
environment. On the other hand, ICD further activated DCs, NK cells, and T cells to promote anti-tumor immunity (Figure 7E).

These findings extend those of immunotherapy, and provide a more efficient, without drug resistance immunotherapy
for cancer treatment. Tumor immunotherapy exerts its anti-tumor effects by stimulating immune system of the body, or
targeting tumor microenvironment. Although various of tumor immunotherapeutic drugs have been found, the delivery of
them has become a problem. Inorganic nanoparticles emerged as a possible way for tumor therapy due to their
biocompatibility, high drug loading capacity, easy modification and potential photothermal therapy ability.**"
Therefore, nanoparticles greatly improved the effect of immunotherapy at all aspects.

Calcium, an essential element for cells, has numerous physiological activities including calcium signaling.*' In human
cells, Ca®" activates calmodulin-dependent protein kinases, which enhance or repress the transcription of specific genes.**
Ca”" concentration is tightly controlled in cell, and an imbalance can cause severe cellular responses such as induction of
cell apoptosis or autophagy.*' Furthermore, a high concentration of Ca®" in cell may lead to mitochondrion-related
oxidative stress, leading to cancerous cellular apoptosis.*> CaCO5 nanoparticles can release Ca>* in tumor microenviron-
ment because of their pH-dependent properties, which could result in calcium overload for cancer therapy through photo-
thermal and ICD.** Therefore, CaCO5 nanoparticles were developed in the present study to investigate their application for
cancer therapy. The results showed that CPP treatment increased ROS levels, and laser treatment can further increase these
levels, revealing that CaCOj3 can be used as drug release systems of antitumor activity by ROS and PTT.

In addition, interleukin-12-expressive plasmid was designed to express IL-12. Compared with those study for mRNA

or circRNA delivery,“’44

plasmid DNA is more stable and not easy to be degraded. Thus, the effect of DNA in tumor
immunotherapy may be better than that of RNA to some extent. Most notably, to our knowledge, a new nanoparticle
(CPP) was constructed to investigate the effect of IL-12 combining with carbonate calcium nanoparticles in melanoma
treatment. IL-12 can enhance the function of tumor-reactive CD8" T cells, which have been used to stimulate immune
cells at the tumor site for tumor therapy.®> Li et al reported that intratumoral administration of lipid nanoparticles to
overexpress IL-12 can stimulate tumor cell ICD,* which is accompanied by the release of CALR, ATP, and HMGBI to
activate APCs to kill tumor cells.** The IL-12 of nanoparticles can achieve cancer immunotherapy through ICD. The data
also showed a significant increase CALR expression, extracellular HMGBI1, and ATP levels as ICD biomarkers. ICD-
induced therapies are strictly associated with DC engagement.”® CPP-IL-12 and laser treatment further increased the
CD80"/CD86" expression of DC compared with control treatment, indicating that CPP-IL-12-induced-ICD is related to

the activation of DC. IL-12 is also an activator of DC and NK cells, which is crucial to antitumor immunity.** In the
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On the other hand, the ICD would further activate dendritic cells, NK cells, and T cells to promote antitumor immunity.
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present study, the CD80"/CD86" expression of DC from the lymph glands in CPP-IL-12-treated or CPP-IL-12+laser-
treated xenografts increased. Moreover, in CPP-IL-12-treated mice, the number of CD3"/CD4" T and CD3"/CD8" T cells
from the spleen increased compared with that in the control groups, and laser treatment can further increase the numbers.
Furthermore, the granzyme B, IFN-y, and TNF-a levels in the serum of CPP-IL-12-treated mice can be increased. These
results revealed that IL-12 can activate CD4" T cells®* and enhance the role of tumor-reactive CD8" T cells.*® Our results
provide compelling evidence for mice melanoma immunotherapy and suggest that it may be a better approach to induce
immune response of the body itself.

However, some limitations are worth noting. Although our results displayed good treatment effect of melanoma xenografts
in situ, whether the new nanoparticle can suppress the metastasis of melanoma or other tumors is still unclear. Melanoma, the
most aggressive form of malignancy arising from melanocytes, is frequently characterized metastasis.*® Future work should
therefore include work designed to evaluate whether the tumor metastasis could be well suppressed by the new nanoparticles.
Moreover, although no evident cytotoxicity to NIH3T3 cells was found when the nanomaterial dose increased from 10 to 30
png/mL of CPP, the cytotoxicity of higher concentrations still needs to be investigated in the future.

Conclusion

The novel CPP-IL-12 could overexpress IL-12 in melanoma cells and achieve immunotherapy to melanoma through
inducing ICD, activating CD4" T cell, and enhancing the function of tumor-reactive CD8" T cells. This study not only
provides a new approach for immunotherapy to melanoma, but also indicates a potential application of CPP-IL-12 in
treating of primary and abscopal or multiple tumors.
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