Bioactive Materials 33 (2024) 532-544

KeAi

Contents lists available at ScienceDirect BIOACTIVE
MATERIALS

(*]
KCA] Bioactive Materials

CHINESE ROOTS
GLOBAL IMPACT

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials

L)

Check for

Microwave-responsive gadolinium metal-organic frameworks nanosystem  [%&s
for MRI-guided cancer thermotherapy and synergistic immunotherapy

Hao Cui ™', Yu-Yue Zhao ™", Qiong Wu“', Yan You"', Zhou Lan?, Ke-Long Zou a
Guo-Wang Cheng»f Hao Chen?, Yan-Hua Han ¢, Yan Chen “ Xiang-Dong Qi #% ",
Xian-Wei Meng©" ', Li-Min Ma™ ", Guang-Tao Yu®"

@ Stomatological Hospital, School of Stomatology, Southern Medical University, Guangzhou, 510280, China

Y Medical Research Center, Guangdong Provincial People’s Hospital (Guangdong Academy of Medical Sciences), Southern Medical University, Guangzhou, 510080,
China

¢ Laboratory of Controllable Preparation and Application of Nanomaterials, Technical Institute of Physics and Chemistry, Chinese Academy of Sciences, Beijing, 100190,
China

4 Science and Technology Innovation Center, Guangzhou University of Chinese Medicine, Guangzhou, 510405, China

¢ Department of Plastic Surgery, Zhujiang Hospital, Southern Medical University, Guangzhou, 510280, China

f Department of Endodontics, Southern Medical University-Shenzhen Stomatology Hospital (Pingshan), Shenzhen, 518118, China

ARTICLE INFO ABSTRACT

Keywords: The clinical application of cancer immunotherapy is unsatisfied due to low response rates and systemic immune-
IIITmunotherapy related adverse events. Microwave hyperthermia can be used as a synergistic immunotherapy to amplify the
Microwave antitumor effect. Herein, we designed a Gd-based metal-organic framework (Gd-MOF) nanosystem for MRI-
Metal-organic framework . PR . . . .
Thermotherapy guided thermotherapy and synergistic immunotherapy, which featured high performance in drug loading and

tumor tissue penetration. The PD-1 inhibitor (aPD-1) was initially loaded in the porous Gd-MOF (Gd/M)
nanosystem. Then, the phase change material (PCM) and the cancer cell membrane were further sequentially
modified on the surface of Gd/MP to obtain Gd-MOF@aPD-1@CM (Gd/MPC). When entering the tumor
microenvironment (TME), Gd/MPC induces immunogenic death of tumor cells through microwave thermal
responsiveness, improves tumor suppressive immune microenvironment and further enhances anti-tumor ability
of T cells by releasing aPD-1. Meanwhile, Gd/MPC can be used for contrast-enhanced MRI. Transcriptomics data
revealed that the downregulation of MSK2 in cancer cells leads to the downregulation of c-fos and c-jun, and
ultimately leads to the apoptosis of cancer cells after treatment. In general, Gd/MPC nanosystem not only solves
the problem of system side effect, but also achieves the controlled drug release via PCM, providing a promising
theranostic nanoplatform for development of cancer combination immunotherapy.

Cancer imaging

1. Introduction remains one of the most difficult diseases to cure and is the second
leading cause of death in the world, according to the World Health
Despite rapid medical advances in the last two decades, cancer Organization (WHO) in 2020 [1]. As an emerging and promising
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therapy, cancer immunotherapy has been approved in the clinical
treatment of some cancer patients with the aim of unleashing the
anti-tumor function of the patient’s immune system [2,3]. However, low
response rates and systemic immune-related adverse events lead to
effective and durable responses to immunotherapy in only a small
number of patients, which is mainly attributed to low tumor-specific T
cell infiltration in the tumor microenvironment [4-7]. Hyperthermia,
which involves raising the temperature to induce cell death through
apoptosis or necrosis, has been shown to enhance anti-tumor efficacy in
combination with immunotherapy [8,9]. However, the therapeutic
effectiveness of hyperthermia can vary depending on a variety of factors
such as treatment mode, temperature, duration of treatment exposure,
and tissue characteristics [10,11]. Therefore, the appropriate way of
hyperthermia and thermal sensitive agents are very important for
hyperthermia.

Microwave has been extensively explored in biomedical application,
which radiation on a scale of 300 MHz to 300 GHz [12,13]. Microwave
thermal therapy (MWTT) is a promising treatment method for cancer
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owing to his deep biological tissue penetration, with negligible attenu-
ation and minimal damage to tumor-adjacent tissues and cells [14-17].
Moreover, existing studies have shown that tumor tissue and inflam-
mation siteabsorb microwaves more significantly compared to healthy
tissue [18]. These characteristics make microwave thermal therapy
more suitable for cancer therapy. However, given microwave sensitizers
inability to wake up exhausted T cells and complex tumor microenvi-
ronment, the MWTT alone is not enough to clear tumor [19]. Therefore,
MWTT combining with immunotherapy is a promising option for cancer
treatment.

Generally, the microwave sensitizers are divided into categories,
including inorganic agents and organic agents. As an organic-inorganic
hybrid material, metal-organic framework (MOF) nanoparticles have
the advantages of both inorganic and organic agents. MOF is a promising
hybrid porous material composed of metal ions and organic liners,
which has been applied in gas storage, catalysis, drug delivery, etc. [15,
20-23]. And, the adjustable pore size and high specific surface area lead
to the unique advantages of MOF materials in drug loading [24,25].

Cell membrance

Fig. 1. Schematic illustration of the synthesis process and therapeutic effects of Gd-MOF@aPD-1@CM(Gd/MPC). a) Schematic diagram of the fabrication of Gd/MPC
followed by Gd-MOF of loading anti-PD-1 (aPD-1) was sequentially packaged with 1-Tetradecanol and SCC7 membrane vesicles. b) Application of Gd/MPC for MRI-
guided cancer combination therapy. First, SCC7 membrane vesicles modification augments the enrichment of Gd/MPC in tumor site. Then, microwave therapy was
initiated after MRI revealed a high concentration of Gd/MPC in tumor microenvironment. The microwave thermal effect causes the solid-liquid transformation of 1-
Tetradecanol to release aPD-1, which realized microwave thermal therapy-augmented cancer immunotherapy. Furthermore, the underlying molecular mechanism
and changes of tumor immune microenvironment was presented, suggesting powerful tumor killing ability and anti-tumor immune response.
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However, in vivo retention of MOF at tumor sites and uncontrollable
drug release are major challenges for their biomedical applications [22,
25,26]. Therefore, a kind of conditionally responsive MOF materials
need to be developed to overcome these weaknesses.

Nanomaterials as magnetic resonance imaging (MRI) contrast agents
have great potential in improving the accuracy of cancer therapy [27].
Based Gd act as a kind of magnetic resonance imaging (MRI) contrast
agent, Gd-derived nanoparticle was widely developed by researchers
[28,29]. Herein, we constructed a cancer cell membrane coated
Gd-MOF-loaded PD-1 inhibitor (Gd-MOF@aPD-1@CM, named
Gd/MPC) nanocomposite as a microwave hyperthermia and MR imag-
ing multifunctional nanoplatform for cancer therapy (Fig. 1). In brief,
Gd-MOF was synthesized by solvothermal method. And then, PCM phase
change materials (1-tetradecyl alcohol) were used for encapsulation
after PD-1 inhibitor (aPD-1) loading into Gd-MOF, which improves the
enrichment of drugs in tumors and the efficiency of microwave thermal

a

Bioactive Materials 33 (2024) 532-544

effects. Finally, the ability of homologous targeting was obtained
through the SCC7 cell membrane embellish. As a result, the integration
of MWTT and immune checkpoint inhibitor therapy of Gd/MPC would
be achieved to efficiently cancer suppression in an MRI guiding and
microwave-responsive manner. Furthermore, transcriptomic data and
cytometry flow analysis revealed the regulation of molecular mecha-
nism and changes of tumor immunosuppressive microenvironment after
Gd/MPC treatment. Ours work opens up a new avenue for designing
imaging-guided and stimulus-responsive nanosystem that can enhance
cancer therapy.

2. Results and discussion
2.1. Fabrication and characterization of Gd/MPC

In general, the preparation of Gd/MPC includes the following parts:
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Fig. 2. Synthesis and characterization of Gd/MPC. a) Synthetic steps of Gd/MPC. b) TEM images and element mapping of Gd/MPC. c¢) Hydrodynamic size distri-
bution of Gd/MPC. d) Coomassie bright blue stain of Gd/MP, SCC7 cells, CM and Gd/MPC. e) UV-vis-NIR spectra of Gd/MP and Gd/MPC.
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1) Synthesis of Gd-MOF (Gd/M) materials by solution thermal synthesis.
2) Modification of aPD-1 into Gd/M material to obtain Gd-MOF@aPD-1
(Gd/MP). The XRD pattern of Gd/M and Gd/MP showed the successful
modification of aPD-1 (Fig. Sla). In addition, the load aPD-1 was
quantified by UV-vis-NIR spectra. The results showed that the propor-
tion of aPD-1 in Gd/MP was about 28.23% (Figs. S1b—d). 3) 1-Tetrade-
canol is one of the most common PCM materials, with a melting point of
about 38-40 °C (Figs. S2a-b). Compared with the same volume of water,
the cooling efficiency of 1-Tetradecanol is slower than that of water at
the same revelation temperature, and it can still remain above 33 °C
(room temperature is 28 °C) after 5 min, which indicates that PCM
materials release a certain amount of heat when the phase transition
(Fig. S2¢). Thermogravimetric analysis shows that the mass ratio of 1-
Tetradecanol in Gd/MP is about 28% (Fig. S2d). SEM images show
that Gd/M materials are more likely to agglomerate after modification of
PCM (Fig. S2e). 4) Finally, SCC7 cells were cultured in vitro and the cell
membrane was extracted, and then wrapped on the surface of Gd/MP to
obtain Gd-MOF@aPD-1@CM (Gd/MPC) (Fig. 2a).

To ensure the successful preparation of Gd/MPC, the morphology of
nanoparticles was characterized by TEM and elemental mapping. As
shown in Fig. S3, Gd/MP is spherical with an average particle size of
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about 163 nm (Fig. S4). After modification of the SCC7 cell membrane,
the average particle size of Gd/MPC changed to 182 nm (Fig. 2c). The
difference of nanoparticle size before and after the envelope is consistent
with the reported cell membrane of 5-10 nm [30]. TEM further showed
that Gd/MPC was surrounded by a film (Fig. 2b). And the main element
distribution of Gd/MPC is C, N, O, Gd (Fig. 2b). Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) streaks show
that membrane transfer of SCC7 does not affect the expression of
membrane proteins in Gd/MPC (Fig. 2d).

The aqueous solutions of Gd/MPC with different concentrations were
characterized by UV spectrophotometer. The results showed that the
UV-Vis-NIR absorption peak of Gd/MP and Gd/MPC appeared at 292
nm, and the change of absorbance after coating SCC7 cell membrane
was negligible (Fig. 2e). Studies have shown that in acidic media, water
molecules attack metal oxide clusters in MOFs and degrade metal-
organic bonds [31]. To simulate the acidic microenvironment of tu-
mors, we placed the Gd/MP materials in PBS with pH 7.4 and 6.5,
respectively. The release curve of aPD-1 showed that PBS solution with
pH 6.5 was more likely to promote Gd/MP degradation, while micro-
wave did not significantly promote Gd/MPC degradation. (Fig. S5).
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Fig. 3. Evaluation of microwave thermal effect. a) Schematic diagram of Gd/MPC microwave thermal effect. b) Microwave thermal images of Gd/MPC in different
time points under microwave radiation (1 mg/mL, 0.6 W/cm?). ¢) The heating curve of Gd/MPC with different concentration (0, 1, 2, 4 mg/mL) under microwave
radiation (0.6 W/cm?). d) The heating curve of Gd/MPC with different powers (0.2, 0.4, 0.6, 0.8, 1.0 W/ cm?) under microwave radiation (1 mg/mL). e) The heating
curve of Gd/MPC under microwave radiation (1 mg/mL, 0.6 W/cm?). f) Microwave thermal images of Gd/MPC under microwave radiation on pork tissues of
different thicknesses (0, 5, 10, 15 mm,1 mg/mL, 0.6 W/cm?). g) The heating curve of Gd/MPC under microwave radiation on pork tissues of different thicknesses (0,
5, 10, 15 mm,1 mg/mL, 0.6 W/cmz)A
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2.2. The microwave thermal property of Gd/MPC

Bioactive Materials 33 (2024) 532-544

series of concentrations of Gd/MPC were irradiated under microwave
irradiation at 0.6 W/cm? for 5 min (Fig. 3a-b). The results showed that

Abundant electronic energy levels and a large number of energy level with the increase of the concentration of Gd/MPC, the heating curve of
transitions in electronic configurations make lanthanide europium the solution showed concentration dependence (Fig. 3¢). And when the
metal-organic frameworks the most potential microwave sensitizers [32, concentration of Gd/MPC was 1 mg/mL, the temperature of the solution
33]. To investigate the microwave thermal effect of Gd/MPC, H,0 and a continued to increase within 5 min and exceeded 45 °C, which was
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Fig. 4. The evaluation of ICD effects in vitro. a) Schematic diagram of ICD effect of tumor cells caused by microwave thermal effects. b) The SCC7 cell viability with
different concentration Gd/MPC co-incubation (100, 200 pg/mL) in different treatment time. ¢) The HOK cell viability with different concentration Gd/MPC co-
incubation (100, 200 pg/mL) in different treatment time, n = 3. d) Proliferation curves of SCC7 cells under different treatments (control, Gd/MPC 100 pg/mL,
MW 0.6W/cm2, Gd/MPC + MW). e) Images of SCC7 cells at 48 h after different treatments (control, Gd/MPC 100 pg/mL, MW 0.6W/cm2, Gd/MPC + MW). f)
Immunofluorescence images of live/dead staining of SCC7 cells with or without nanoparticles (Gd/M or Gd/MPC,100 pg/mL) co-incubation under microwave ra-
diation treatment (0.6 W/cm?, 5 min). Scale bar: 400 pm. g) Immunofluorescence images of CRT expression on SCC7 cells with or without nanoparticles (Gd/M or
Gd/MPC,100 pg/mL) co-incubation under microwave radiation treatment (0.6 W/cm?, 5 min), 5 min). Scale bar: 100 pm. h) Immunofluorescence images of HMGB1
expression on SCC7 cells with or without nanoparticles (Gd/M or Gd/MPC,100 pg/mL) co-incubation under microwave radiation treatment (0.6 W/cm?, 5 min), 5
min). Scale bar: 100 pm.
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enough to induce immunogenic death of tumor cells. Similarly, at a fixed
concentration of 1 mg/mlL, as the microwave power increases, the
heating curve of the solution also shows power dependence (Fig. 3d).
Subsequently, the stability of Gd/MPC was verified in four switching
cycles of microwave (1 mg/mL, 0.6W/cm?). It was found that the tem-
perature of the Gd/MPC solution can still be kept above 40 °C after the
microwave radiation is turned off, which may be related to the heat
energy released when the PCM material undergoes morphological
transformation. And after 4 cycles, Gd/MPC still showed a certain sta-
bility, indicating that the material can maintain good thermal stability
only under microwave treatment (Fig. 3e). Finally, in order to simula-
tion test the penetration ability of microwaves to human tissue, the
Gd-MOF material was placed on pork with different thicknesses. The
results show that when the thickness exceeds 15 mm, microwave radi-
ation can still promote the heating of Gd/MPC solution (Fig. 3f-g). These
results indicate that Gd/MPC is an excellent microwave thermosensitive
material.

2.3. Gd/MPC can effectively induce immunogenic cell death (ICD) of
cancer cells

In vitro experiments, we first verified the uptake mechanism of SCC7
cells against Gd/MPC by introducing three uptake inhibitors [34]. The
results showed that all three groups of inhibitors inhibited the phago-
cytosis of SCC7 cells, and the inhibition effect of fossa protein-mediated
endocytosis was the most obvious (Fig. S6). Then we co-incubated
Gd/MP®® and Gd/MPC > with SCC7 cells respectively, and the re-
sults showed that more fluorescence was expressed in the Gd/MPC
group, indicating that Gd/MPC was more easily taken up by SCC7 cells
(Fig. S7). The occurrence of ICD in tumor cells caused by thermal effects
is often the most important auxiliary method for tumor immunotherapy
[35]. Analogically, the microwave thermoresponsive ability of Gd/MPC
should be able to induce the ICD of tumor cell (Fig. 4a). In order to verify
this phenomenon, firstly, the cell killing effect of the Gd/MPC itself was
explored. aPD-1 plays an indirect role in tumor inhibition by activating
disabled T cells, and cannot inhibit tumor cells by themselves under in
vitro cell culture conditions (without the presence of immune cells).
Different concentrations of Gd/MPC were added to the medium of SCC7
cells and HOK cells for co-incubation. After 48 h, CCK8 detection results
showed that Gd/MPC had no significant effect on the proliferation of
SCC7 cells or HOK cells (Fig. 4b—c). Then, in order to verify the micro-
wave thermal effect of Gd/MPC on SCC7 cells, cell proliferation was
analyzed by live cell workstation under different treatments (Control
group, MW group, Gd/MPC group Gd/MPC + MW) (Fig. 4d—e). The
results showed that under the influence of MW, the medium only
reached 40 °C at 5 min, and the proliferation of SCC7 was not affected
(Figs. S8-510). On the contrary, the medium temperature of the
Gd/MPC group was close to 50 °C, and the SCC7 cells basically did not
proliferate within 48 h (Figs. S8-510). This indicated that the micro-
wave thermal effect of Gd/MPC could effectively inhibit the viability of
SCC7 cells.

Accumulative studies have shown that thermal effects can cause the
ICD effect of tumor cells and ICD has become a bridge for the interaction
of tumor cell microenvironment by enhancing the immunogenicity of
tumor cells [36,37]. ICD emergence stimulates damage-associated mo-
lecular patterns leading to release of HMGB1, CRT and ATP to promote
antitumor immunity [38]. In order to prove whether Gd/MPC can
induce ICD under microwave irradiation, we analyzed the expression of
HMGBI1 and CRT of SCC7 cells under different treatments by immuno-
fluorescence. Confocal results showed that cells in Gd/M + MW and
Gd/MPC + MW groups died obviously (Fig. 4f). Correspondingly, the
expression of CRT in the cytoplasm was increased and the expression of
HMGBI1 in the nucleus was decreased (Fig. 4g-h). Subsequently, we
detected the supernatant in each group of cells, and the results showed
that the content of ATP in the supernatant of Gd/MP + MW and
Gd/MPC + MW groups increased significantly and ATP also significantly
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increased (Fig. S11). The above results indicated that microwave ther-
mal effect induced ICD in SCC7 cells. Since aPD-1 does not cause the
death of SCC7 cells in vitro, in order to determine the specific cell death
mode in this process, we stained different groups of cells (control,
Gd/MPC, Gd/MPC + MW) through Hochest33342 and PI double stain-
ing methods. The results showed that more apoptosis occurred in
Gd/MPC + MW group (Fig. S12). These results suggest that Gd/MPC is a
promising tumor immunotherapeutic agent.

2.4. Multimodal imaging of Gd/MPC

Cancer cell membranes can express tumor surface related proteins
such as CD44 to incubate the immune escape of nanomaterials, com-
bined with the homologous targeting ability of cancer cell membranes,
which is conducive to more drug enrichment in tumors and enhance the
anti-tumor effect of drugs [39-41]. To validate the role SCC7 cell
membranes play in drug delivery system, we modified Cy5 fluorescent
dye onto Gd/MP to obtain Gd/MP>, and then injected Gd/MPC®> and
Gd/MP®® into C3H tumor-bearing mice via caudal vein, respectively,
and observed the expression of fluorescence signals in tumors within 24
h (Fig. 5a). The results showed that the fluorescence signal of Cy5
reached the highest within 4 h, and then decreased slowly. It was found
that the expression of fluorescence signal of Gd/MPC®® in tumor was
higher than that of Gd/MP®® through fluorescence quantification
(Fig. 5b-c). This suggests that cancer cell membranes increase Gd/MPC
accumulation in tumors, suggesting the function of reducing the toxicity
and increasing effect of Gd/MPC.

Gadolinium has unique magnetic properties and important diag-
nostic applications in MR Imaging [28,42]. So, we tested the MRI ability
of Gd/MPC subsequently. After Gd/MPC was administered to
tumor-bearing mice at different times, the distribution of Gd3* in
different tissues was detected by ICP. The results showed that Gd>*
reached its highest value within 4h of the tumor, which is the same as
the results of in vivo fluorescence imaging. In addition, within 24h, the
element content of the lungs gradually decreased while that of the liver
and spleen gradually increased, indicating that Gd®* is mainly metab-
olized by the liver (Fig. S13). In vitro, the T1-weighted MR signal of
Gd/MPC solution showed a concentration-dependent effect (Fig. 5d-e
and Fig. S14). Gd/MPCs were then injected into C3H tumor-bearing
mice through the tail vein (Fig. 5a). As with the results of fluorescence
imaging, the MR signal of the whole mouse was also enhanced at 4h.
And after 24h, the MR intensity of tumor tissue was significantly higher
than that before treatment (Fig. 5f-g). This indicates that Gd/MPC can
safely circulate and accumulate in tumor tissues, and it can be used as a
good contrast agent in tumor MR imaging.

2.5. In vivo antitumor immunotherapy efficacy of Gd/MPC

To evaluate the immunotherapeutic effect of Gd/MPC, a tumor in-
hibition assay was performed in a C3H tumor-bearing mouse model
(Fig. S15a). In order to reduce the effect of microwave thermal effects on
normal tissues, we select a working probe that matches the size of the
tumor tissue for treatment (Fig. S15b). Thirty-five C3H mice were
randomly divided into 7 groups as follows: G1: PBS, G2: Gd/M, G3: PBS
+ MW, G4: Gd/M + MW, G5: aPD-1, G6: Gd/MP, G7: Gd/MPC + MW.
Then 1¥10° SCC7 cells were inoculated into the back of C3H mice. When
the tumor grew for about 5 days and the average tumor volume reached
50 mm?>, the corresponding treatment was started on the mice. Four
hours after intravenous injection, the tumor site was treated with mi-
crowave (O.6W/cm2) for 10 min continuously (Fig. 6a). Representative
thermal imaging images from G3, G4, and G7 mice are shown in Fig. 6b.
Due to the rich blood vessels in the tumor tissue, combined with the
characteristics of microwave heating, the tumor tissue can reach close to
50 °C in 10 min under simple microwave radiation. But in the G4 and G7
groups, the temperature inside the tumor tissue was close to 55 °C,
which indicated that the drug was enriched in the tumor (Fig. 6c¢).
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fluorescent signals in tumors of C3H mice treated with Gd/MP and Gd/MPC at different times. Scale bar:1 cm. ¢) Quantitative mean fluorescence intensities of tumors
in different groups at various time points (n = 3). d) T1-weight MRI images of Gd/MPC at different concentration. e) Linear curve of relaxation rate (1/T1) versus the
Gd/MPC concentration. f) In vivo T1-weighted MR images of tumor bearing-C3H mice before and after intravenous injection of Gd/MPC. Scale bar:1 cm. g)

Quantitative mean MR intensities of tumors at various time points (n = 3).

Routinely, the body weight and tumor volume of the mice were
monitored every two days. During treatment, the changes of body
weight in Gd/MPC + MW treatment group were comparable to the rest
of the group, indicating Gd/MPC with a low risk of serious side effects
(Fig. 6d). The photographs and curve of tumor growth showed that the
G1 (PBS) group had a rapid increase in tumor volume, and G2 (Gd/M)
group had no obvious inhibitory effect on the tumor. Due to the thermal
effect of microwave, the tumor volume of G3(PBS + MW) group and G4
(Gd/M + MW) group was smaller than that of PBS group. Compared
with the therapeutic effect of aPD-1treatment (G5) group on C3H mice,
the therapeutic effect of G6 (Gd/MP) group was better, mainly due to the
more enrichment of the drug in vivo. Besides, the G7(Gd/MPC + MW)
group showed the most excellent anti-tumor effect due to hyperthermia
combined with ICB therapy (Fig. 6 e-g and Fig. S16). The tumors of C3H
were collected at 12 days for flow analysis, immunohistochemistry,
immunofluorescence and Western blot. The results showed that the
staining of PCNA in the G7 group was weak, indicating that G7 treat-
ment successfully weakened the proliferative ability of cancer cells
(Fig. 6h). However, the expression of immunohistochemical staining of
HMGB1 and CRT increased in the G3, G4 and G7 groups, indicating that
the microwave thermal effect exerts anti-tumor immune function
through CRT in vivo (Fig. 6i—j). IFN-y is a soluble dimer factor, most of
which is secreted by activated natural killer cells NK and natural killer T
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cells (NKT), and its main biological functions are anti-tumor, antiviral
and immune regulation [43]. We found that IFN-y showed high
expression in G7 group by immunohistochemical staining, which indi-
cated that the combination of microwave hyperthermia and aPD-1 had
the most significant changes in the tumor microenvironment (Fig. S17).
In order to evaluate the anti-tumor effects of different components of the
entire nanomaterial therapy system, we compared the tumor volume
changes between different groups. Comparing the tumor volume of the
G6 (Gd/MP) and G5 (aPD-1) groups showed that the MOF nanomedical
drug delivery system improved the anti-tumor effect by approximately
26%. Comparing the tumor volume of G2 (Gd/M) and G3 (Gd/M + MW)
groups showed that the microwave thermal effect increased the anti-
tumor effect by 15%. A comparison of tumor volume between G2
(Gd/M) and G6 (Gd/MP) showed that the presence of aPD-1 increased
the antitumor effect by 59%. By comparing the tumor volume of Gd/MP
group and Gd/MPC group, the homologous cell membrane increased the
anti-tumor ability by 15% (Fig. S18). The above results show that in the
drug system, aPD-1 as the core drug exerts the greatest anti-tumor effect,
while the nano delivery system, microwave and release membrane all
enhance the ultimate anti-tumor effect.

PD-1 blocking therapy is to exert the tumor-killing ability of T cells
by blocking the binding process of PD-1 receptors on the surface of T
cells and PD-L1 on the surface of tumor cells [44-46]. To confirm the
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Fig. 6. In vivo microwave thermotherapy and immunotherapeutic efficacies of Gd/MPC on SCC7 tumor-bearing C3H mice. a) Construction of C3H tumor model and
design of treatment plan. b) Representative thermographic images from mice under a microwave radiation treatment (0.6 W/cm?) at 4 h post i.v. injection of PBS,
Gd/M and Gd/MPC. c) The curve of temperature of tumor site in different groups at various time points. d) The weight growth curves of different groups of mice. e)
Tumor images in vitro of different groups of mice (n = 5). f) The curve of tumor growth in different treatment groups (Microwave radiation was conducted at 4 h
post-injection nanoparticles for consecutive 10 min, 0.6 W/cm?, n = 5). g) Tumor volume on day 12 in different group (Two-way ANOVA with Sidak’s multiple
comparisons test, ns: no significance, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001, n = 5). h) The PCNA immunohistochemical staining images of tumor biopsies
from different treatment groups. Scale bar: 50 pm. i) The CRT immunohistochemical staining images of tumor biopsies from different treatment groups. Scale bar: 50
pm. j) The HMGB1 immunohistochemical staining images of tumor biopsies from different treatment groups. Scale bar: 50 pm.

regulation of tumor immune microenvironment by Gd/MPC combined
with microwave thermal therapy, we analyzed the changes of immune
cell populations in tumors using flow cytometry. The gating strategy for
flow cytometry is shown in Fig. 7a. Dendritic cells (DCs), as the most
important antigen-presenting cells, play a vital role in T cell activation
by presenting antigens to T cell receptors [47]. And CD103" DCs are the
only APCs that deliver intact antigen to lymph nodes and prime
tumor-specific CD8" T cells [48]. CD103™ DCs are required to promote
antitumor effects upon checkpoint ligand PD-L1 blockade. Here,
compared with other groups, the number of CD11b"CD11¢"DCs and
CD103"DCs in the Gd/MPC + MW (G7) group was significantly
increased, which may be related to the CRT and HMGB1 from ICD to
promote the maturation of DC (Fig. 7b-c, S19a-b). MDSCs are major
negative immune regulators that secrete cytokines for the exposure of
effector T cells. After aPD-1 and microwave treatment, except for the G2
group, the number of MDSCs (CD1 1b"Gr-1") in the tumor microenvi-
ronment of other groups was significantly down-regulated, which is
more conducive to the anti-tumor effect of T cells (Fig. 7d and Fig. S19c¢).
With the decrease of MDSCs and the increase of DC, the number of CD4™"
and CD8" T cells in the Gd/MPC group also increased significantly
(Fig. 7e—f, S19d-e). Finally, we analyzed the expression of PD-1 on CD8"
T cells in the tumor microenvironment of each group, and the results
showed that the expression of PD-1 in the G2-G4 group decreased
compared with the G1 group, but the difference was not statistically
significant with the introduction of aPD-1 treatment, the expression of
PD-1 in G5-G7 group was decreased (Fig. 7g, Fig. S19f). The above re-
sults show that Gd/MPC combined with microwave hyperthermia can
effectively improve the immunosuppressive effect of tumor microenvi-
ronment on T cells.

2.6. Gd/MPC induces tumor cell apoptosis through MAPK signaling
pathway

Subsequently, we explored the underlying biological mechanism of
Gd/MPC for tumor inhibition by tumor specimen RNA sequencing from
the G1 and G7 groups. The results showed that 11,801 were co-
expressed in the G1 and G7 groups (Fig. 8a). The volcano plot showed
that 148 genes were up-regulated and 468 genes were down-regulated
after Gd/MPC + MW treatment (Fig. 8b). To gain further insight into
the potential targeting pathways of Gd/MPC + MW, we performed Gene
Ontology (GO) analysis (Fig. 8c and Fig. S20). The results show that
positive regulation of cell activation, adaptive immune response and
positive regulation of leukocyte activation (red arrows) are highly
enriched. Finally, KEGG was used to analyze pathway changes in the
tumor microenvironment before and after treatment. It was found that
MAPK correlation pathway was significantly down-regulated after Gd/
MPC + MW (Fig. 8d and Fig. S21). In down-regulated MAPK-related
pathways, we found down-regulated expressions of MSK-2, C-Jun and C-
Fos. Study shows MSK-2 can activate the proto-oncogenes c-jun and c-
fos through mitosis in tumor cells [49]. And the expressions of c-jun and
c-fos were related to apoptosis [50]. To verify this change of pathway,
we found that the expressions of MSK, C-Jun and C-Fos proteins in G7
group were down-regulated compared with G1 group by Western blot
(Fig. 8e). And immunohistochemical results showed that the expression
of casepase3 was up-regulated in G7 group (Fig. S22). These results
indicated that Gd/MPC + MW induced apoptosis of tumor cells through
MAPK pathway. In order to verify whether the changes in pathways
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would have the same trend in vitro, we re-grouped SCC7 cells accord-
ingly. WB results showed that Gd/MPC had little effect on the proteins of
MSK2, C-Fos and C-jun, while a slight trend was seen for Gd/MPC +
MW. These results indicate that changes in the MAPK signaling pathway
may be caused by the microwave thermal effect combined with the ICB
effect rather than by a single pathway (Fig. S23).

2.7. Gd/MPC biosafety evaluation in vivo

On the basis of the original treatment plan, we injected Gd/MPC into
the tail vein of ICR mice every 5 days to determine the biological safety
of Gd/MPC. During the 24-day treatment, we performed body weight
monitoring for ICR hours every two days. Result shows that there was no
significant difference in body weight between the two groups of mice
(Fig. S24). Subsequently, we collected peripheral blood from ICR mice
on day 24 for complete blood count and blood biochemical analysis. We
also collected the hearts, livers, spleens, lungs and kidneys of mice for
histopathological (HE) analysis. The results showed no obvious abnor-
malities in hematology and biochemical results (Figs. S25-26). HE
staining showed no obvious pathological changes in organs (Fig. S27).
Since the metabolism of contrast agents in the body is intuitively
important for clinical applications, we injected Gd/MPC into normal
mice through the tail vein. The hearts, livers, spleens, lungs, kidneys,
blood and feces of mice were collected for Gd* detection. The results
showed that Gd*>* was more distributed in the liver, spleen and lungs,
and less in the blood and feces (Fig. S28). These results indicated that
Gd/MPC had good biosafety.

3. Conclusion

In this study, we successfully constructed a Gd-MOF@aPD-1 drug
system (Gd/MPC) for cancer MRI-guided MWTT and immunotherapy.
Gd/MPCs demonstrate superior immune evasion and active TME tar-
geting properties, which depend on a cognate cancer cell membrane
coating. As the core of drug carrier, Gd-based materials have excellent
MRI imaging ability. The microwave thermal responsiveness of Gd-MOF
can induce ICD of tumor cells, which can further enhance the anti-tumor
immune response through CRT and HMGB1, and promote the matura-
tion and antigen presentation of DC cells. Finally, Gd/MPC is gradually
degraded in the acidic tumor microenvironment, releasing aPD-1,
achieving a good tumor killing effect under the dual effects of ICD and
aPD-1. In summary, our study constructs a multifunctional drug system
Gd/MPC for multimodal cancer imaging and microwave immuno-
therapy. In the future, we believe that the Gd-MOF drug system will
provide wider clinical transformation and application.

Ethics approval and consent to participate

I confirm that I have obtained all consents required by applicable law
for the publication of any personal details or images of patients, research
subjects or other individuals that are used in the materials submitted to
KeAi. I have retained a written copy of all such consents and I agree to
provide KeAi with copies of the consents or evidence that such consents
have been obtained if requested by KeAi.

Mice were fed in a suitable environment with food and water at 22 °C
and 41% humidity in a 12 h light/12 h dark cycle. All animal experi-
ments were approved by the Ethics Committee of Guangdong Provincial
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