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Purpose: To explore the effect of calcium peroxide nanoparticles (CaO, NPs) combined with programmed cell death protein 1 (PD-1)
inhibitors in the treatment of liver cancer and its related mechanism.

Methods: Hepal-6 cells were cultured to construct the Hepal-6 mouse liver cancer model. In vivo mechanism study, a unilateral
tumor model was established. Eighteen tumor-bearing mice were randomly divided into the control group (intra-tumoral injection of
PBS solution) and the experimental group (intra-tumoral injection of CaO, NPs). A hypoxic probe, pH probe, and micro-CT were used
to evaluate the effect of CaO, NPs on improving hypoxia, neutralizing acidity, and inducing calcium overload within the tumor. To
study the effect of CaO, NPs combined with PD-1 inhibitors on proximal and distal tumors, the bilateral tumor model was established.
Forty tumor-bearing mice were randomly divided into the control group (intra-tumoral/intra-peritoneal injection of PBS solution),
CaO, NPs group (intra-tumoral injection of CaO, NPs), PD-1 group (intra-peritoneal injection of PD-1 inhibitor), and the combination
group (intra-tumoral injection of CaO, NPs and intra-peritoneal injection of PD-1 inhibitors). The administered side was recorded as
the proximal tumor. Tumor volume and body weight were measured every 2 days after treatment. On day 8, serum and tumor samples
were collected. The immune factors in serum (Interferon-y (IFN-y), Tumour necrosis factor-a (TNF-a), Interleukin-2 (IL-2), and
Interleukin-10 (IL-10)) and tumor tissue (IFN-y and TNF-a) were detected by ELISA. H&E staining was used to detect tumor
necrosis. Immunohistochemical staining was used to detect the amount of CD4" and CD8" T cells within the tumor. By analyzing the
tumor volume, pathological indexes, and immune-related indexes, the effects of CaO, NPs combined with PD-1 inhibitors on proximal
and distal tumors were evaluated, and they mediated immunomodulatory effects (including local and systemic immunity), and their
effects on tumor burden were studied. In addition, a unilateral tumor model was established to study the effect of CaO, NPs combined
with PD-1 inhibitors on survival time.

Results: The results of in vivo mechanism study showed that CaO, NPs can improve hypoxia, neutralize acidity, and induce calcium
overload within tumors. The results of the study on the effect of CaO, NPs combined with PD-1 inhibitor on proximal and distal tumors
showed that, compared with the other three groups, the bilateral tumor burden of the combination group was significantly reduced, the intra-
tumoral infiltration of CD8" and CD4" T cells were significantly increased, the secretion of anti-tumor immune factors in tumor and serum
was increased, and the secretion of pro-tumor immune factors was decreased. Mice in the combination group showed the longest survival
compared with the other groups.

Conclusion: CaO, NPs can improve hypoxia, neutralize acidity, and induce calcium overload within tumors, so as to reduce tumor burden
and realize an immunosuppressive tumor transformation to a hot tumor, and play a synergistic role with PD-1 inhibitors in anti-liver cancer.
Keywords: calcium peroxide nanoparticles, programmed cell death protein 1 inhibitor, Hepal-6 model, tumor microenvironment,
liver cancer
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Introduction

Liver cancer is a serious disease threatening human health worldwide. It is reported to be the sixth most common
malignancy and the third most common cause of cancer-related death.' Despite the continuous development of diagnostic
methods for liver cancer, a large number of patients are still in the middle and late stages when diagnosed and do not
have the chance for radical treatment.>* For the treatment of advanced liver cancer, both Western and Eastern guidelines
recommend systemic therapy as the first-line treatment.*> Tyrosine kinase inhibitors, such as sorafenib and Lenvatinib,
are among the first systematic therapeutic agents to be developed and have shown good survival benefits in many
studies.*’ In recent years, with the emergence of tumor immunotherapy and immune checkpoint inhibitors (ICIs),
revolutionary changes have taken place in the field of tumor therapy, which regards host immune response as the target of
anti-tumor therapy as the most promising therapeutic means. Relevant clinical studies have been rising and reported
satisfactory curative effects, including good tolerance and improved objective response rate.>’

Currently, ICIs are commonly used in immunotherapy, mainly including agents targeting cytotoxic T lymphocyte-
associated protein-4 (CTLA-4), programmed cell death protein-1 (PD-1), and its ligand (PD-L1).” Although some studies
have shown that ICIs can benefit patients with liver cancer, they only work in a limited number of people, and
a considerable proportion of patients do not respond to them.'®™'' A large number of studies have found that the
prerequisite for the efficacy of ICIs is the preexisting immunity at the tumor site, that is, the presence of T lymphocytes in
the tumor, mainly CD8" T lymphocytes.'? According to the number and location of cytotoxic T lymphocytes in the
tumor, researchers classified the tumor immunity into the following types: cold tumor, immune-exclusive tumor,
immune-suppressive tumor, and hot tumor."* Hot tumor presented a large number of CD8" T lymphocytes infiltrated
within the tumor, and responded the best to ICIs; Cold tumors showed no CD8" T lymphocytes infiltrated in and around
the tumor, and were ineffective against ICIs; Immune-exclusive tumor means that CD8" T lymphocytes exist only around
the tumor, and there is no infiltrated inside the tumor; Immune-suppressive tumor refers to a small amount of CD8"
T lymphocyte infiltrated inside the tumor. And immune-exclusive and immune-suppressive tumors also showed limited
response to ICIs.'* Most advanced solid tumors, including liver cancer, are mostly immune-suppressive, so promoting the
shift of immune typing to hot tumors is an effective strategy to improve the efficacy of ICIs.*'>'¢

The tumor microenvironment (TME) is the ecological environment for tumor survival and plays a key role in the
process of tumor initiation, metastasis, drug resistance, etc. The acquisition and maintenance of tumor characteristics
depend on the role of TME to varying degrees.'” Hypoxia and high acid are typical features of TME in solid tumors, both
of which play an important role in immune escape.'® On the one hand, they inhibit the activity of anti-tumor immune
cells, including inhibiting the recruitment of cytotoxic T lymphocytes and reducing the secretion of cytokines; On the
other hand, they can enhance the activity of tumor-promoting immune cells, such as increasing the aggregation of
inhibitory T lymphocytes and the transformation of macrophages to M2 phenotype.'® ' At present, many studies have
shown that increasing the oxygen content or neutralizing the acidic microenvironment within the tumor can reverse the
immunosuppressive effect, increase the infiltration of cytotoxic T lymphocytes in the tumor, and enhance the efficacy of
anti-tumor therapy. Drugs that provide oxygen or neutralize the acidic microenvironment within the tumor in combina-
tion with ICIs can play a role in sensitizing immunotherapy.'*?*2* Therefore, the hypoxic and acidic environments in
tumors are promising targets for tumor immunotherapy.

Calcium peroxide (Ca0O,), a common hydrogen peroxide and oxygen supply material, has been widely used in recent
years in tumor therapy.>> For example, chemodynamic therapy (CDT) is an important anti-tumor therapy that utilizes
iron-mediated Fenton reaction to induce intracellular oxidative stress by converting less reactive H,O, into hydroxyl
radical (+*OH), which is the most harmful ROS.*® Owing to its biodegradability and H,O,-generating ability, CaO, has
already been widely used to supply H,O, for CDT.?’* In addition, CaO, has been attempted in recent years to enhance
the efficacy of chemotherapy, radiotherapy, photodynamic therapy, and other therapies by improving the oxygen content
within the tumor.®® In the previous study, to enhance the stability and biocompatibility of calcium peroxide, our team
synthesized the polyvinyl Pyrrolidone (PVP) coated calcium peroxide nanoparticles (CaO, NPs). After injection into the
tumor, CaO, NPs would react with water to produce abundant oxygen, hydroxyl ions (OH"), and Ca*", thus alleviating
tumor hypoxia, neutralizing the acidic environment, and providing anti-tumor effects mediated by calcium overload.? In
theory, regulation of the hypoxic and acidic TME can improve the immunosuppressive state of the tumor. The antitumor
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effect mediated by calcium overload can cause tumor cell death to expose tumor-associated antigens, thus playing a role
in immune activation. Therefore, the combination of CaO, NPs and ICIs is expected to play a synergistic anti-tumor
effect.

Herein, we applied the previously synthesized CaO, nanoparticles (CaO, NPs) as a synergistic agent to improve the
antitumor efficacy of PD-1 inhibitors. The local and distant anti-tumor effects of CaO, NPs combined with PD-1
inhibitors and systemic immune response were evaluated by establishing unilateral and bilateral mouse liver cancer
models and analyzing the changes in tumor load, the contents of immune cells and immune factors in tumor and serum of
tumor-bearing mice before and after treatment. To the best of our knowledge, this is the first study to explore CaO, NPs
which could comprehensively regulate the TME as a synergistic agent to improve the antitumor efficacy of PD-1
inhibitors in a mouse liver cancer model.

Materials and Methods

Materials

All chemical reagents were obtained commercially and used directly without further purification. Fetal bovine serum
(FBS) and Dulbecco’s Modified Eagle’s Medium (DMEM) were purchased from Gibco Co. (Grand Island, NY, USA).
4',6-diamidino-2-phenylindole (DAPI) was obtained from Servicebio Biotechnology Co. Ltd. (Wuhan, China). The pH-
sensitive fluorescent probe, 2,7 bis (2 carboxyethyl) 5 (and 6) carboxyfluorescein (BCECF), was purchased from ZFdows
Bio Co., Ltd (Nanjing, China). The HP6 Hypoxyprobe Green Kit was purchased from Maokang Biotechnology Co. Ltd.
(Shanghai, China). The PD-1 inhibitor was obtained from Junshi Biosciences Co., Ltd. (Shanghai, China).

Male C57BL/6 mice (6—8 weeks, weight 2025 g) were purchased from the Experimental Animal Center of Tongji
Medical College, Huazhong University of Science and Technology. All procedures were in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Ethics Committee of
the institute.

Cell Line and Culture

The hepatocellular carcinoma cell line (Hepal-6) was obtained from Procell Life Science & Technology Co., Ltd.
(Wuhan, China). The cells were cultured in DMEM with 10% FBS and 1% penicillin—streptomycin and cells were grown
in the conditions of 37 °C, 5% CO,, and 21% O,.

Preparation and Characterization of CaO, NPs

The methods of preparation and characterization of CaO, NPs were stated in our previous report.”’ In brief, CaO, NPs
were prepared by the reaction of H,O, and ammonia (NH5*H,0) and calcium chloride (CaCl,) in an ethanol solution
containing PVP (room temperature, 30 min) followed by centrifugation (12,000 rpm, 10 min). The product was collected
by centrifugation (13,000 rpm), washed with ethanol, and redispersed in 5 mL of ethanol. The ethanol was removed by
vacuum drying before administration. The morphology of CaO, NPs was observed using field emission transmission
electron microscopy (FTEM). The X-ray photoelectron spectroscopy (XPS) patterns and the powder X-ray diffraction
(XRD) pattern were used for qualitative analysis. Dynamic light scattering (DLS) was used to measure the hydrodynamic
size of CaO, NPs.

Animal Model

The Hepal-6 cells at the logarithmic growth phase were digested by trypsin, centrifuged (1000 rpm, 5 min), and the
supernatant was discarded, and the appropriate amount of fresh medium without serum was added to suspend the
digestion. The cells were stored on ice for future use. The hair on the back of the mice was shaved with an electric razor
and after being wiped with an alcohol cotton ball, 100puL of the above cell suspension (1x10° cells) was absorbed with
a IlmL insulin needle and inoculated into the subcutaneous back of the mice. The tumor-bearing mice were kept in
suitable conditions. The density of mice in each cage is appropriate (about 6 mice/cage), and the bedding material is
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changed regularly. The tumor size was measured with an electronic vernier caliper every day, and the experimental
intervention was performed when the tumor volume was about 150 mm®.

The Regulation Ability of TME by CaO, NPs

The HP6 Hypoxyprobe Green Kit was used to detect the oxygen level within the tumor. Six tumor-bearing mice were
selected and randomized divided into two groups: the control group (n = 3) and the experimental group (n = 3). The
control group was treated with intra-tumoral injection of PBS solution (50 pL/mouse) and the experimental group was
treated with intra-tumoral injection of CaO, NPs (240 pg/mouse, 50 uL). Then the six mice were intra-peritoneally
injected with Hypoxyprobe™-1 (60 mg/kg) 2 h after the above intervention. After 1 h of hypoxic probe injection, the
tumors of the two groups were completely removed and preserved in a formalin solution. By immunofluorescence
method, FITCMADI was added to present the hypoxic area of the tumor. By comparing the hypoxic area of tumors in the
two groups, the improvement ability of CaO, NPs on tumor hypoxia was reflected.

The pH of the tumor was indicated by a pH-sensitive fluorescent probe (BCECF). Six tumor-bearing mice were
selected and randomized divided into two groups: the control group (n = 3) and the experimental group (n = 3). The
control group was treated with intra-tumoral injection of PBS solution (50 puL/mouse) and the experimental group was
treated with intra-tumoral injection of CaO, NPs (240 pg/mouse, 50 puL). The tumor tissues were immediately harvested
and the tumors in each group were injected with BCECF fluorescent probe (0.5 mM). After 0.5 h of the probe injection,
all the tumors were harvested. Then the captured tumor tissues were immediately moved to a Lago X in vivo optical
imaging system (Spectral Instruments Imaging, Inc., Tucson, AZ, USA), where the tumors were imaged under the
excitation light with wavelengths of 430 mm and 465 mm. By comparing the imaging of the tumors in the two groups,
the ability of CaO, NPs to regulate the tumor pH was reflected.

Intra-tumoral calcium overload can cause calcium deposition and tissue mineralization within the tumor tissue.
Therefore, the CT imaging of the tumor tissues can be manifested as an increase in CT value. Six tumor-bearing mice
were selected and randomized divided into two groups: the control group (n = 3) and the experimental group (n = 3). The
control group was treated with intra-tumoral injection of PBS solution (50 pL/mouse) and the experimental group was
treated with intra-tumoral injection of CaO, NPs (240 pg/mouse, 50 pL). Twenty-four hours after the above interven-
tions, the mice were anesthetized with pentobarbital sodium (40 mg/kg). The anesthetized mice were imaged on micro-
CT. After imaging, the images were reconstructed, and the CT values of each tumor were measured. By comparing the
CT values of the tumors in each group, the ability of CaO, NPs to mediate intra-tumoral calcium overload was reflected.

Study Design

To evaluate the effect of CaO, NPs on tumors, the unilateral tumor model was established. Twenty tumor-bearing mice
were selected and randomly divided into two groups: the control group (n = 10) and the experimental group (n = 10). The
control group was treated with intra-tumoral injection of PBS solution (50 pL), while the experimental group was treated
with intra-tumoral injection of CaO, NPs (240 pg/ mouse, 50 uL, once every 3 days, 3 times in total). Starting from the
first intervention (day 0), the volume and body weight of mice were measured every 2 days. On day 8, the serum and
tumor samples were collected. With 5 mice in each group as the first batch (n = 5), the levels of immune factors in serum
(Interferon-y (IFN-y), Tumour necrosis factor-a (TNF-a), Interleukin-2 (IL-2), and Interleukin-10 (IL-10)) and tumor
(IFN-y and TNF-a)) were detected by enzyme-linked immunosorbent assay (ELISA). The remaining 5 mice in each group
were assigned as the second batch to detect the tumor necrosis by hematoxylin-eosin staining (H&E staining) and the
levels of CD4" and CD8" T cells in the tumor were measured by immunohistochemistry. The immunomodulatory effects
of CaO, NPs (local and systemic immunity) and their effect on tumor burden were evaluated by measuring the tumor
size, and pathological and immune-related parameters.

To study the effect of CaO, NPs combined with PD-1 inhibitors on proximal and distal tumors, a bilateral tumor
model was established. Forty tumor-bearing mice were selected and randomly divided into four groups: the control group
(n = 10, intra-tumoral (50 pL)/intra-peritoneal (100 pL) injection of PBS solution); the CaO, NPs group (n = 10,
intratumoral injection of CaO, NPs, 240 w/ mouse, 50 pL, once every 3 days, 3 times in total); the PD-1 group (n = 10,
intra-peritoneal injection of PD-1 inhibitor, 200 pg/ mouse, once every 3 days, 3 times in total), and the combination
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group (n = 10, intra-tumoral injection of CaO, NPs and intra-peritoneal injection of PD-1 inhibitor, the injection time and
dose were the same as the above single drug injection). The tumor injected with drugs was denoted as the proximal
tumor. The tumor volume and body weight of the mice were measured and recorded every 2 days after injection. On day
8, serum and tumor samples were collected. The levels of immune factors in serum (IFN-y, TNF-0, IL-2, and IL-10) and
bilateral tumor (IFN-y and TNF-a)) were detected by ELISA. The H&E staining was used to detect tumor necrosis. The
levels of CD4" and CD8" T cells in bilateral tumors were detected by immunohistochemical staining. The effects of
CaO, NPs combined with PD-1 inhibitors on proximal and distal tumors, including immunomodulatory effects (local and
systemic immunity) and tumor burden, were evaluated by measuring the tumor size, and pathological and immune-
related parameters.

To study the effect of CaO, NPs combined with PD-1 inhibitors on survival, a unilateral tumor model was
established. Twenty-four tumor-bearing mice were selected and randomly divided into four groups: the control group
(n = 6), the CaO, NPs group (n = 6), the PD-1 group (n = 6), and the combination group (n = 6). The injection time and
dose were the same as the above usage in the bilateral tumor model. After injection, the survival of mice was observed
every day. The survival of tumor-bearing mice in each group was observed to evaluate the long-term anti-tumor efficacy
of CaO, NPs combined with PD-1 inhibitors.

Measurement of Tumor Volume and Weight of Mice

From day 0, the size of tumors, including the long diameter (L) and short diameter (S), were measured automatically with
an electronic vernier caliper every 2 days. According to relevant literature reports,*® the tumor volume (V) can be
calculated by the following formula: V= (LxS?)/2. The weight of the mice was measured using a precision electronic
scale. The tumor volume and body weight of mice were measured after anesthesia with pentobarbital sodium. The same
experiment was measured by the same person, and the measurement was performed three times consecutively and
recorded as the average value.

H&E Staining, Immunohistochemistry, and Elisa Assay

All tissues were fixed in 10% formalin solution, embedded in paraffin, and cut into sections. The sections were dewaxed
in xylene, hydrated using graded ethanol, and stained with hematoxylin and eosin (H&E) to measure the tumor necrosis
rate (TNR). The levels of immune factors in serum (IFN-y, TNF-a, IL-2, and IL-10) and bilateral tumor (IFN-y and TNF-
o) were detected by ELISA kit according to the manufacturer’s introduction.

For immunohistochemistry, the sections were immersed in a citrate buffer (0.01 mmol/L, pH = 6.0) and heated three
times using a microwave oven (15 min). Endogenous peroxidase was blocked with methanol containing 3% hydrogen
peroxide for 25 min. The sections were then washed and incubated with mouse anti-CD4 and CDS antibody (1:200), and
FITC-MADI (1:100) overnight at 4°C. The sections were then washed with PBS and incubated with a goat anti-rabbit
secondary antibody (1:50) for 50 min with fluorescein isothiocyanate (FITC) fluorescent secondary antibody (1:200) for
60 min at 37°C (only immunofluorescent examination). The sections were then stained with DAB or DAPI. A confocal
laser scanning microscopy (CLSM; FV1000; Olympus) was used to examine the expression of CD4, CDS, and the
hypoxic area.

Image J (NIH Image, Bethesda, MD, USA) was used to assess the expression of different parameters based on the
staining intensity and density of five tissue image regions (magnification: 200%). The average number of CD8" and CD4"
T cells was counted at high magnification of five tissue image regions.*® The TNR was calculated according to H&E
staining as follows: TNR = (area of necrotic region / area of tumor sample) x 100%.>' The hypoxic area was evaluated
according to the immunofluorescent staining as follows: Hypoxic area = (area of hypoxic region within tumor/tumor
tissue area) x100%.

Statistical Analysis
All data are expressed as the mean = standard deviation. One-way ANOVA and two-tailed Student’s #-test were used to
analyze the differences using GraphPad Prism 9.0 software (GraphPad Software, San Diego, CA, USA).
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Results
The Characterization of CaO, NPs

The results has been reported in our previous article.”” Namely, the FTEM shows that the size of the CaO, NPs was
approximately 100 nm and that they had irregular morphology. The DLS indicated that the hydrodynamic size of CaO,
NPs was 141.7+3.6 nm, which was larger than the results obtained by FTEM. The XRD indicated that CaO, NPs
represented specific peaks (20 = 30.1°, 35.6°, and 47.3°), demonstrating the synthesis of CaO, NPs. XPS was applied to
determine the chemical state of CaO, NPs, which demonstrated deconvoluted spectra for the O orbital showed peaks of
532 and 531.2 eV, representing O of CaO, and confirming successful preparation of CaO, NPs. And the synthesized
CaO, NPs could react with water to generate abundant O, as well as Ca (OH),, which reacted with H' to increase the pH
level in solution. The mass ratio of CaO, and PVP in CaO, NPs is 1:1.

The Regulation Ability of TME by CaO, NPs

The HP6 Hypoxyprobe Green Kit was used to detect the oxygen level within the tumor, the hypoxic area in the tumor
was displayed by immunofluorescence method, and the size of the hypoxic area in the tumor tissue of the two groups was
quantitatively compared by Image J software. As shown in Figure 1A and B, the hypoxic area within the tumor in the
experimental group (CaO, NPs) was 12.7 + 3.7%, and that in the control group was 33.3 + 3.9%, among which had
a statistical significance (t=5.480, p = 0.0054). Therefore, the above results confirmed the effect of CaO, NPs on the
improvement of intra-tumoral hypoxia.

Intra-tumoral calcium overload can cause calcium deposition and tissue mineralization within the tumor tissue, which
can be manifested as an increase in CT value. Herein, micro-CT was used to image the tumor, and CT values of each
tumor were measured. As shown in Figure 1C and D, the CT value of the tumor in the experimental group was 56.0 + 6.2
HU, and that in the control group was 21.0 + 2.9 HU, among which had a statistical significance (t=7.246, p = 0.0019).
Therefore, the above results confirmed the ability of CaO, NPs to mediate intra-tumor calcium overload.

The pH of the tumor was indicated by a pH-sensitive fluorescent probe (BCECF). The captured tumor tissues were
moved to a Lago X in vivo optical imaging system (Spectral Instruments Imaging, Inc., Tucson, AZ, USA), where the
tumors were imaged.

On the imaging image, different acid-base areas in the tumor showed different colors. The acid-base situation of
tumors in the two groups was qualitatively compared with the reference chromatography provided by the software. As
shown in Figure 1E, compared with the control group, the acidity of the experimental group (CaO, NPs) was
significantly reduced. Therefore, the above results confirmed the effect of CaO, NPs on the improvement of intra-
tumoral acidity.

In summary, after injection, the CaO, NPs would react with intra-tumoral water to produce abundant oxygen,
hydroxyl ions (OH"), and Ca*" (Figure 1F) thus alleviating tumor hypoxia, neutralizing the acidic environment, and
inducing intra-tumoral calcium overload.

The Antitumor Effect of CaO, NPs

The tumor therapeutic process is shown in Figure 2A. From day 0, the tumor volume was calculated and recorded every
2 days. As shown in Figure 2B, compared with the control group, the tumor volume in the experimental group (CaO,
NPs) increased slowly; By the end of the experiment on the 8th day, the tumor volume in the experimental group was
282.1 + 18.9 mm? and that in the control group was 498.9 + 62.9 mm?>, which showed a statistical significance between
the two groups (t=8.335, P = 0.0011) (Figure 2C). The weight change curve (Figure 2D) showed that the weight of mice
in the two groups did not fluctuate significantly, which indirectly reflects the biosafety of CaO, NPs. In addition, the
H&E staining results showed that compared with the control group, large tumor necrosis areas were visible in the
experimental group (10.8 + 0.6% vs 36.3 = 5.0%, t=8.136, P = 0.0148) (Figure 2E and F). Therefore, the above results
confirmed that CaO, NPs could effectively inhibit tumor growth and increase intra-tumor necrosis, that is, it has
a significant effect on reducing tumor burden.
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As shown in Figure 3A, the relative levels of CD8" T lymphocytes in the experimental group was 177.0 + 10.9 / field,
while that in the control group was 38.8 = 2.7 / field, showing a significant statistical difference between the two groups
(t=28.25, P < 0.001). Similar to the results of CD8" T lymphocytes, the relative levels of tumor CD4" T lymphocytes in the
experimental group was 57.6 = 4.1 cells/field, and that in the control group was 30.2 + 3.1 cells/field, showing a significant
statistical difference (t=11.42, P=0.0003) (Figure 3B). Also, the experimental group had a higher secretion of IFN-y (185.1 +
9.9pg /mL vs 89.5 £4.1pg /mL, t=22.12, P < 0.001) and TNF-a (90.6 + 4.4pg /mL vs 51.0 + 6.0pg /mL, t=16.29, P < 0.001)
than the control group (Figure 3C and D). The above results showed the ability of CaO, NPs in recruiting immune cells and
immune factors, which induce the transformation of immune-suppressive tumors into hot tumors.

As shown in Figure 3E-H, compared with the control group, the experimental group had a higher level of IFN-y
(170.9 + 6.3 pg/mL vs 58.5 + 7.3 pg/mL, t=24.46, P < 0.001), TNF-a (79.2 + 5.9 pg/mL vs 38.1 + 1.7 pg/mL, t=15.51,
P=0.0001) and IL-2 (39.8 £ 4.0 pg/mL vs 24.2 £ 3.9 pg/mL, t=5.124, P = 0.0069), and a lower level of IL-10 (28.8 + 2.7
pg/mL vs 49.4 + 4.1 pg/mL, t=8.298, P = 0.0012) in the serum. Therefore, the above results confirmed that the CaO, NPs
could increase the secretion of systemic anti-tumor immune factors and decrease the secretion of pro-tumor immune
factors, that is, it could effectively regulate the systemic immune response.
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Figure 2 The antitumor effect of CaO, NPs. (A) Schematic illustration shows the tumor therapeutic process via intra-tumor injection of CaO, NPs. (B) Tumor growth curves in
PBS-injected mice and CaO, NPs-injected mice (n = 5). (C) Comparing the tumor volumes at day 8 in the two groups. (D) Weight change curves of the mice in the two groups. (E)
H&E staining of tumor in the two groups. Scale bar: 100 pm. (F) Quantitatively compare the intra-tumoral necrosis rate in the two groups. *p<0.05; **p<0.01.

The Antitumor Effect of CaO, NPs Combined with PD-1 Inhibitors

The tumor therapeutic process is shown in Figure 4A. From day 0, the tumor volume of mice was measured every 2 days.
As shown in Figure 4B, compared with the other three groups, the proximal tumor volume in the combined group grew
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Figure 3 The immune response induced by CaO, NPs. (A) Immunohistochemical staining and its quantitative results of CD8" T cells in PBS-injected mice and CaO, NPs-
injected mice (n = 5). Scale bar: 50 pm. (B) Immunohistochemical staining and its quantitative results of CD4" T cells in PBS-injected mice and CaO, NPs-injected mice.
Scale bar: 50 ym. (C and D) The levels of TNF-a and IFN-y with the tumor in PBS-injected mice and CaO, NPs-injected mice. (E-H) The levels of TNF-a, IFN-y, IL-2, and
IL-10 in serum in PBS-injected mice and CaO, NPs-injected mice. **p<0.01; ***p<0.001.

the slowest, and the difference was statistically significant. By the end of the experiment, the proximal tumor volume of
the control group, the PD-1 inhibitor group, the CaO, NPs group, and the combined group were 527.7 + 60.2 mm®, 374.3
+28.8 mm?, 285.1 + 19.5 mm™ and 153.9 + 6.0 mm’, respectively (Figure 4C). The weight change curve (Figure 4D)
showed that the weight of the mice in the four groups did not fluctuate significantly, which indirectly reflected the safety
of the combination of CaO, NPs and PD-1 inhibitors. In addition, the H&E staining results in the four groups showed
that the intra-tumor necrosis rates within the proximal tumor in the control group, PD-1 inhibitor group, CaO, NPs group,
and combination group were 10.2 + 0.7%, 28.4 £ 1.1%, 37.3 £ 2.2%, and 67.5 £ 1.6%, respectively (Figure 4E and F).
Compared with the other three groups, the proximal tumor in the combination group presented the largest tumor necrosis
rate and the difference was statistically significant. Therefore, the above results confirmed that the CaO, NPs combined
with PD-1 inhibitors could play a synergistic role in proximal tumor inhibition and tumor necrosis, and have a significant
effect on reducing proximal tumor burden.

As shown in Figure 5, the levels of CD8" T lymphocytes, CD4" T lymphocytes, IFN-y, and TNF-o within the
proximal tumor were greatest in the combination group and the differences were statistically significant. The relative
levels of CD8" T lymphocytes within the proximal tumor in the control group, PD-1 inhibitor group, CaO, NPs group,
and combination group were 39.4 £ 3.6 / field, 123.8 £ 11.3 / field, 182.8 + 11.3 / field and 260.8 + 14.7 / field,
respectively. And the relative levels of CD4" T lymphocytes were 31.0 + 2.6 cells/field, 58.4 + 4.9 cells/field, 61.0 + 5.1
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Figure 4 The proximal antitumor effect of CaO, NPs in combination with PD-| inhibitors. (A) Schematic illustration shows the tumor therapeutic process via intra-tumor
injection of CaO, NPs and/or intraperitoneal injection of PD-1 inhibitors. (B) Tumor growth curves of proximal tumors in PBS-injected mice, PD-1 inhibitors-injected mice,
CaO, NPs-injected mice, and PD-I inhibitors combined with CaO, NPs-injected mice (n = 5). (C) Comparing the tumor volumes of proximal tumors at day 8 in the four
groups. (D) Weight change curves of the mice in the two groups. (E) H&E staining of proximal tumors in the four groups. Scale bar: 100 um. (F) Quantitative comparison of
the intra-tumoral necrosis of proximal tumors rates in the four groups. *p<0.05; **p<0.01; ***p<0.001.

cells/field, and 165.2 £ 9.6 cells/field, respectively. Also, the levels of IFN-y within the proximal tumor in the control
group, PD-1 inhibitor group, CaO, NPs group, and combination group were 86.3 + 4.1 pg/mL, 126.9 + 17.5 pg/mL,
188.5 £ 6.4 pg/mL and 244.1 £ 19.0 pg/mL, respectively. The levels of TNF-a within the proximal tumor in the control
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Figure 5 The proximal immune response induced by CaO, NPs in combination with PD-I inhibitors. (A) Immunohistochemical staining of CD8" and CD4" T cells of
proximal tumors in PBS-injected mice, PD-I inhibitors-injected mice, CaO, NPs-injected mice, and PD-1 inhibitors combined with CaO, NPs-injected mice (n = 5). Scale
bar: 50 ym. (B and C) Immunohistochemical staining results of CD8" and CD4" T cells in the four groups. (D and E) The levels of TNF-a. and IFN-y with the tumor in the
four groups. *p<0.01; ***p<0.001.

group, PD-1 inhibitor group, CaO, NPs group, and combination group were 48.7 + 2.9 pg/mL, 68.7 + 4.6 pg/mL, 92.8 £+
5.8 pg/mL and 142.1 + 13.1 pg/mL, respectively.

From day 0, the tumor volume of mice was measured every 2 days. As shown in Figure 6A—C, compared with the
other three groups, the distal tumor volume in the combined group grew the slowest, and the difference was statistically
significant. By the end of the experiment, the distal tumor volume of the control group, the PD-1 inhibitor group, the
Ca0, NPs group, and the combination group were 560.8 + 54.4 mm®, 395.3 + 24.1 mm>, 305.1 £+ 16.9 mm®, and 175.2 +
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Figure 6 The distal antitumor effect of CaO, NPs in combination with PD-1 inhibitors. (A) Tumor growth curves of distal tumors in PBS-injected mice, PD-1 inhibitors-
injected mice, CaO, NPs-injected mice, and PD-1 inhibitors combined with CaO, NPs-injected mice (n = 5). (B) Comparing the tumor volumes of distal tumors at day 8 in

the four groups. (C) The gross tumor specimen of distal tumors in the four groups. (D) H&E staining of distal tumors in the four groups. Scale bar: 50 uym. (E) Quantitative
comparison of the intra-tumoral necrosis of distal tumors rates in the four groups. *p<0.01; ***p<0.001.

16.4 mm, respectively. The H&E staining results in the four groups showed that the intra-tumor necrosis rates within the
distal tumor in the control group, PD-1 inhibitor group, CaO, NPs group, and combination group were 10.0 £ 0.4, 27.3 £+
1.1%, 35.1 + 1.4%, and 65.9 + 0.7%, respectively (Figure 6D and E). Compared with the other three groups, the distal
tumor in the combination group presented the largest tumor necrosis rate and the difference was statistically significant.
Therefore, the above results confirmed that the CaO, NPs combined with PD-1 inhibitors could play a synergistic role in
distal tumor inhibition and tumor necrosis, and have a significant effect on reducing distal tumor burden.

As shown in Figure 7, the levels of CD8" T lymphocytes, CD4" T lymphocytes, IFN-y, and TNF-a within the distal
tumor were greatest in the combination group and the differences were statistically significant. The relative levels of
CD8" T lymphocytes within the distal tumor in the control group, PD-1 inhibitor group, CaO, NPs group, and
combination group were 38.0 + 2.9/ field, 119.8 £ 9.7/ field, 177.0 + 11.7/ field, and 258.4 + 10.8/ field, respectively.
And the relative levels of CD4" T lymphocytes were 30.4 + 2.7/ field, 61.0 = 3.2/ field, 61.6 + 2.7/ field, and 160.6 + 9.0/
field, respectively. Also, the levels of INF-y within the distal tumor in the control group, PD-1 inhibitor group, CaO, NPs
group, and combination group were 89.0 £ 4.0 pg/mL, 129.3 £ 13.3 pg/mL, 173.7 £ 14.2 pg/mL, and 229.0 £+ 12.8 pg/
mL, respectively. The levels of TNF-a within the distal tumor in the control group, PD-1 inhibitor group, CaO, NPs
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Figure 7 The distal immune response induced by CaO, NPs in combination with PD-1 inhibitors. (A) Immunohistochemical staining of CD8" and CD4" T cells of distal
tumors in PBS-injected mice, PD-1 inhibitors-injected mice, CaO, NPs-injected mice, and PD-I inhibitors combined with CaO, NPs-injected mice (n = 5). Scale bar: 50 pm.
(B and C) Immunohistochemical staining results of CD8" and CD4" T cells in the four groups. (D and E) The levels of TNF-0, and IFN-y with the tumor in the four groups.
*p<0.05; **p<0.01; ***p<0.001.

group, and combination group were 50.3 £ 3.7 pg/mL, 67.8 £ 5.4 pg/mL, 88.0 £ 4.3 pg/mL, and 123.2 + 14.1 pg/mL,
respectively.

As shown in Figure 8, the levels of serum TNF-a were 36.7 + 1.9 pg/mL, 59.6 + 3.8 pg/mL, 79.3+6.3 pg/mL, and
119.4 + 10.4 pg/mL, respectively; The levels of serum IFN-y in the control group, PD-1 inhibitor group, CaO, NPs
group, and combination group were 64.6 = 4.8 pg/mL, 139.0 = 5.9 pg/mL, 170.8 + 7.0 pg/mL and 206.5 + 8.4 pg/mL,
respectively; The levels of serum IL-2 were 23.1 = 1.7 pg/mL, 27.7 £ 1.3 pg/mL, 37.8 + 2.1 pg/mL, and 55.2 + 5.3 pg/
mL, respectively; The levels of serum IL-10 were 47.9 + 6.9 pg/mL, 37.5 + 2.1 pg/mL, 28.2 £ 3.9 pg/mL, and 18.6 £+
3.39 pg/mL, respectively. Compared with the other three groups, the anti-tumor immune factors INF-y, TNF-q, and IL-2
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Figure 8 The systematic immune response induced by CaO, NPs in combination with PD-1 inhibitors. (A—D) The levels of TNF-a, IFN-y, IL-2, and IL-10 in serum in PBS-
injected mice, PD-1 inhibitors-injected mice, CaO, NPs-injected mice, and PD-I inhibitors combined with CaO, NPs-injected mice (n = 5). *p<0.05; **p<0.01; ***p<0.001.

were significantly increased in the combination group, while the pro-tumor immune factor IL-10 was significantly
decreased.

The above results confirmed that the CaO, NPs in combination with PD-1 inhibitors could not only inhibit the
proximal tumor but also inhibit the distal tumor, and play an important in promoting systemic immunity.

The Survival Benefit of CaO, NPs Combined with PD-I Inhibitors

At the end of the study, all mice in the control group, PD-1 inhibitor group, and CaO, NPs group died, and 3 mice in the
combination group were still alive. The median survival of the control group, PD-1 inhibitor group, CaO, NPs group, and
combination group was 21 days, 23 days, 26 days, and 52 days, respectively. Compared with the other three groups, the
survival time of the combination group was the longest, and the difference was statistically significant (P <0.001) (Figure 9).

Discussion
PD-1 is highly expressed on the surface of activated T lymphocytes and binds to a ligand (PD-L1/2) located on the

surface of tumor cells to inhibit the activity of T lymphocytes during the response period, resulting in the immune escape
of tumor cells.*® At present, various PD-1 inhibitors on the market are constantly emergent, but only a limited number of
patients can benefit from them clinically.'' A large number of studies have shown that the effectiveness of PD-1
inhibitors is related to pre-existing immunity. Hot tumors, ie, the presence of a large number of infiltrating CD8"
T lymphocytes within the tumor, are associated with a good prognosis after treatment with PD-1 inhibitors.'* Therefore,
promoting the transformation of treated tumors into hot tumors is an effective strategy to improve the efficacy of PD-1
inhibitors. Hypoxia and high acid are typical features of TME in solid tumors, and both of them play an important role in
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Figure 9 The survival benefit of CaO, NPs in combination with PD-1 inhibitors. (A) Schematic illustration shows the tumor therapeutic process via intra-tumor injection of
CaO, NPs and/or intraperitoneal injection of PD-1I inhibitors. (B) The survival curve of tumor-bearing mice in different groups (n=6).

the formation of immunosuppressive TME, including inhibiting the infiltration of CD8" T lymphocytes.**** Some
studies have shown that increasing the oxygen content or neutralizing the acidic microenvironment within the tumor
could reverse the immunosuppressive state, increase the infiltration of CD8" T lymphocytes in the tumor, and realize the
transformation of the immunosuppressive tumor into a hot tumor, thus becoming an ideal therapeutic targeted tumor for
PD-1 inhibitors.**> Therefore, the CaO, NPs that we synthesized which could target the hypoxic and high-acid
environment in the tumor are expected to play a synergistic anti-tumor role with PD-1 inhibitors. In order to reduce
the CaO, reacting with water in vitro, the synthesized CaO, NPs were stored in ethanol, and the ethanol was removed by
vacuum drying before administration. In addition, the PVP is located at the periphery of CaO,, which protects CaO, from
reacting with water to some extent in vitro (when injection), that’s why we chose the CaO, NPs other than CaO,.

In theory, when CaO, NPs are injected into the tumor, it would react with water to produce abundant oxygen,
hydroxyl ions (OH"), and Ca**. The improvement of a hypoxic and acidic environment can reverse tumor immunosup-
pressive microenvironment to some extent. The anti-tumor effect mediated by calcium overload can kill tumor cells and
expose tumor-associated antigens, thus playing a role in immune activation.*® To verify whether the synthesized CaO,
NPs can regulate the TME in vivo, we investigated it by using the hypoxic probe, pH-sensitive fluorescent probe, and
small animal CT respectively. The results showed that the CaO, NPs could effectively improve oxygen deficiency,
neutralize acidic environment, and realize calcium overload in tumors of tumor-bearing mice after intratumoral injection.
The immunohistochemical staining results showed that the CaO, NPs group presented a larger number of CD8"
T lymphocytes infiltrated within the tumor, and more IFN-y and TNF-a were secreted within the tumor; In contrast,
the control group only had scattered CD8" T lymphatic infiltration in the tumor, and the secretion of IFN-y and TNF-o
were less in the tumor. The above results showed that the immunity type of tumor in Hepal-6 tumor-bearing mice was
immunosuppressive (which is the same as the immunity type in most advanced liver cancer),*'® and the CaO, NPs could
realize the transformation of immunosuppressive tumor into hot tumor. In terms of tumor inhibition, compared with the
control group, the CaO, NPs group significantly delayed the growth of tumor volume, significantly increased tumor
necrosis rate, and significantly reduced the tumor burden. It has been reported that the effectiveness of PD-1 inhibitors is
positively correlated with the number of CD8" T lymphocytes/tumor load.'* Therefore, in this study, CaO, NPs, which

International Journal of Nanomedicine 2024:19 https: 151
Dove:


https://www.dovepress.com
https://www.dovepress.com

Wang et al Dove

can increase the infiltration of CD8" T lymphocytes within the tumor and effectively reduce the tumor burden, are bound
to play a synergistic anti-tumor immunotherapy role with PD-1 inhibitors. In addition, the serum levels of anti-tumor
immune factors in CaO, NPs groups, including TNF-a, IFN-y, and IL-2, were significantly increased, while the level of
pro-tumor immune factor, IL-10, was significantly decreased, suggesting that the CaO, NPs could enhance the systemic
anti-tumor immune response.

In order to verify the synergistic anti-tumor efficacy of CaO, NPs and PD-1 inhibitors and whether the combination of
the two can enhance systemic anti-tumor immunity, we established a bilateral tumor-bearing model in mice. The results
showed that: For the proximal tumors (treated side), compared with the other three groups, the combined group presented
the slowest tumor growth, the most intra-tumoral necrosis, the most intra-tumoral immune cell infiltration (CD4" and
CD8" T lymphocytes), and the most intratumoral anti-tumor immune factors (IFN-y and TNF-a) secretion, which
confirmed our previous hypothesis. That is, the CaO, NPs can play a synergistic anti-tumor role with PD-1 inhibitors.
For the distal tumor (untreated side), compared with the other three groups, the combined group showed the slowest
tumor growth, the most intra-tumoral immune cell invasion (CD4" and CD8" T lymphocytes), and the most intratumoral
anti-tumor immune factors (IFN-y and TNF-a) secretion. In addition, the secreted serum anti-tumor immune factors
(TNF-0, IFN-y, and IL-2) were the most, and the pro-tumor immune factors (IL-10) were the least. The results of the
distal tumor and the changes of immune factors in serum indicated that the CaO, NPs can synergistically work with PD-1
inhibitors to enhance the systemic anti-tumor immune response.

In the above studies, we have confirmed that the CaO, NPs can play a synergistic anti-tumor role with PD-1
inhibitors, but the impact of this combination on long-term survival still needs to be further studied. Therefore, we
established a unilateral tumor model and randomly divided the tumor-bearing mice into the control group, PD-1 inhibitor
group, CaO, NPs group, and a combined group (PD-1 inhibitor+ CaO, NPs). The results showed that the combined
group presented a significantly extended survival time compared to the other three groups. Therefore, the combination of
CaO, NPs and PD-1 inhibitors is also beneficial for improving long-term survival.

Tumor-associated
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Hypoxia relief

Defeat
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Scheme | The mechanism of antitumor responses induced by CaO, NPs in combination with PD-1 inhibitors. After injection into the tumor, CaO, NPs would react with
water to produce abundant oxygen, hydroxyl ions (OH"), and Ca*", thus alleviating tumor hypoxia, neutralizing the acidic environment, and inducing intra-tumoral calcium
overload, realizing the transformation of immune-suppressive tumors into hot tumors, and enhance the anti-tumor efficacy of PD-1 inhibitors.
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Conclusion

In the present study, we explored the efficacy of CaO, NPs combined with PD-1 inhibitors in the treatment of liver
cancer and confirmed that the CaO, NPs can effectively improve the adverse TME (hypoxia and acidity) and induce
calcium overload in tumors (exposure to tumor antigens), realize the transformation of immune-suppressive tumors into
hot tumors, and enhance the anti-liver cancer efficacy of PD-1 inhibitors. The synthesis of CaO, NPs is simple and
economic, and the antitumor effect of this combination is great, suggesting that it has a broad clinical application
prospect. (Scheme 1).
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