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RGD targeted magnetic ferrite nanoparticles
enhance antitumor immunotherapeutic efficacy
by activating STING signaling pathway

Guangyuan Shi,1,2 Xiaoli Liu,3,* Yang Du,2,4,* and Jie Tian5,6,*
SUMMARY

Manganese has been used in tumor imaging for their ability to provide T1-weighted MRI signal. Recent
research find Mn2+ can induce activation of the stimulator of interferon gene (STING) pathway to create
an active and favorable tumor immunemicroenvironment. However, the direct injection of Mn2+ often re-
sults in toxicity. In this study, we developed an RGD targeted magnetic ferrite nanoparticle (RGD-
MnFe2O4) to facilitate tumor targeted imaging and improve tumor immunotherapy. Magnetic resonance
imaging and fluorescence molecular imaging were performed to monitor its in vivo biodistribution. We
found that RGD-MnFe2O4 showed active tumor targeting and longer accumulation at tumor sites. More-
over, RGD-MnFe2O4 can activate STING pathway with low toxicity to enhance the PD-L1 expression.
Furthermore, combining RGD-MnFe2O4 and anti-PD-L1 antibody (aPD-L1) can treat several types of immu-
nogenic tumors through promoting the accumulation of tumor-infiltrating cytotoxic T cells. In general, our
study provides a promising new strategy for the targeted andmultifunctional theranostic nanoparticle for
the improvement of tumor immunotherapy.

INTRODUCTION

Immune checkpoint blockade (ICB), including anti-PD-1, anti-PD-L1, and anti-CTLA-4 antibodies, has becomeone of themost successful can-

cer therapies.1–6 However, most cancer patients remain unresponsive to ICB therapies, mainly because most tumors are immunologically

‘‘cold’’.7–9 Hence, optimizing the tumor immune microenvironment may improve the immunotherapeutic efficacy.10 For example, some trials

that attempted to create a ‘‘hot’’ tumor immunemicroenvironment have shown exciting therapeutic results in patients, such as using hypoxia

inhibitors or radiotherapy to improve the response rate.9,11 Antigen recognition and cross-presentation by antigen-presenting cells (APCs),

such as dendritic cells (DCs) and macrophages, are key processes for the activation of cytotoxic T cells.12 Recent studies have shown that the

stimulator of interferon gene (STING) signaling facilitated macrophage polarization into the pro-inflammatory subtype and DC activation by

stimulating CD80 and CD86 expression.13 In addition, activation of the STING pathway in cancer cells enhances PD-L1 expression, indicating

that cancer cells may be more sensitive to ICB therapy.14 X. An et al., 2019 found that patients with high STING protein expression showed a

clinical benefit from anti-CTLA-4 therapy and had longer survival time. High expression of cyclic guanosine triphosphate-adenosine

triphosphate synthase (cGAS) or STING was positively correlated with the infiltration of immune cells in pan-cancer.15 Several studies have

shown that the combined administration of STING activators and ICB antibodies shows better therapeutic effects than ICB alone.7,16,17

The innate immune regulatory function of the STING pathway was discovered in 2008.18 As the study of the STING pathway has pro-

gressed, an increasing amount of evidence has shown that the STING signaling is important in the activation of adaptive immunity in can-

cer.7,19,20 Generally, free DNA in the cytoplasm is considered harmful because it may be involved in pathogen infection, cellular senescence,

and many other abnormal events. Once cGAS binds to double-stranded DNA, it is activated and cyclic guanosine triphosphate-adenosine

triphosphate (cGAMP) will be synthesized by adenosine 50-triphosphate and guanosine 50-triphosphate. cGAMP then activates STING and

promotes the phosphorylation of TBK1 and IRF3, leading to the production of a wide range of immunostimulatory molecules like CD86

and MHC-II.21–23 Followed by increased costimulatory signals necessary for T cell activation and the induction of immunogenic cell death

of tumor cells and inhibition of tumor growth.24

Direct activation of STING by agonists through intratumoral or intravenous injections resulted in effective antitumor therapy in a subcu-

taneous tumor model.25–27 However, intratumoral injections are limited to superficial tumors and have poor repeatability. Agonists do not
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specifically bind to tumors and are likely to be degraded in vivo. Hence, agonists should be used at high concentrations to ensure efficacy.

However, excess agonists are likely to cause unnecessary and harmful side effects. An increasing number of nanomaterials have been devel-

oped to activate the STING pathway in cancer immunotherapy so that antitumor therapy can be activated more efficiently with less

toxicity.28–30 Phosphatidylserine, mesoporous silica nanoparticles, and many other materials have been used in immunotherapy associated

with STING pathway activation, which enables efficient delivery of immunostimulants to intratumoral APCs.17,31–33

Recently, Liu et al. found that Mn2+ could activate innate immunity via the STING pathway in a lymphocytomamodel, which is expected to

reverse tumor immunemicroenvironment inhibition.34 Activation of the STINGpathway byMnCl2 via intratumoral injection enhances the ther-

apeutic efficacy of anti-PD-L1 antibodies.17 Mn2+ is advantageous in tumor imaging and therapy because it enhances T1 weighted magnetic

resonance imaging (MRI) signal and activates the STING signaling pathway.35,36 However, intraperitoneal injection of 15 mgMn2+/kg induce

neurotoxicity in rats, and intravenous injection (5–10mgMn/kg) affect cardiac function.37,38 Hou et al. developed acid-triggered nanoparticles

called nano-scaled amorphous porous manganese phosphate, which carried DNA-damage chemotherapy drugs to activate STING pathway

more efficiently, and showed tumor-targeting capacity and excellent antitumor efficacy.39 Hence, manganese-containing nanoparticles with

the ability to generate Mn2+ in an acidic tumor microenvironment have attracted our attention.39–43

Hence, the aim of this study is to develop a tumor-targeting and multifunctional manganese-containing nanoparticle, Cy5.5-RGD-MnFe2O4

(Cy5.5-RGD-NP). We utilized c(RGDyK) as the targeting element, and it can specifically bind to avb3-integrin highly expressed in various tu-

mors.44–47 The biodistribution and tumor targeting effect of Cy5.5-RGD-NP was examined using fluorescence molecular imaging (FMI) and

MRI. Moreover, the activation of STING signaling pathway to regulate the tumor immunemicroenvironment was investigated. Finally, this multi-

functional magnetic ferrite nanoparticle was further utilized in combination with anti-PD-L1 antibody (aPD-L1) to improve immunotherapeutic ef-

ficacy. Our study may provide new immunomodulating strategy to improve the antitumor immunotherapeutic efficacy with less immunotoxicity

(Scheme 1).
RESULTS

Characteristic of RGD-NPs

The design and synthesis procedure were shown in Figure 1A. Transmission electron microscopy (TEM) images showed that RGD-NP were

monodispersed and spherical in morphology with a mean diameter of approximately 8 nm (Figure 1B). Zeta potential results further verified

the excellent colloidal stability of these nanoparticles in various solutions (Figures 1C and S1). The hydrodynamic diameter of RGD-NP ranged

from 10 nm to 12 nm in water and remained unchanged for 19 days (Figure 1D). RGD-NP showed similar hydrodynamic diameter in normal

saline and cell-culture medium (DMEM), which verified the stability of RGD-NPs under physiological environment (Figure 1E). XPS results

showed that iron is in the valence state of III and manganese is in the valence state of II based on The International XPS database

(Figures S2A and S2B), which is in accord with the MnFe2O4 formula. The release kinetics of Mn2+ from the nanoparticles were measured

through inductively coupled plasma-mass spectrometry (ICP-MS) (Figure S2C). The UV-Vis absorption spectrum and fluorescence spectrum

were shown in Figures 1F and 1G, which indicated the imaging capability of Cy5.5-RGD-NP.

The in vitro fluorescence microscopic imaging data showed that there was stronger red fluorescence detected on the targeted binding of

Cy5.5-RGD-NP to CT26-GFP tumor cells than control Cy5.5-NP, andmore blue dots detected in the Cy5.5-RGD-NP treated cells compared to

the Cy5.5-NP for the prussian blue staining (Figure 1H). The flow cytometry data also confirmed the previous observation (Figure 1I). These

data suggested that RGD-NP can specifically bind to CT26 tumor cells in vitro.
Specific tumor-targeted binding of RGD-NP

Based on in vitro data, we further performed in vivo FMI and MRI dual-modality imaging experiments. CT26 tumor-bearing mice were intra-

venously injected with 0.1 mg of Cy5.5-NP or Cy5.5-RGD-NP. The FMI data indicated the increased accumulation of Cy5.5-RGD-NP at the

tumor site over time, whereas Cy5.5-NP showed less accumulation in the tumor (Figure 2A). The signal to background ratio (SBR) in the

Cy5.5-RGD-NP group was significantly higher than that of Cy5.5-NP group (Figure 2B). The ex vivo FMI data showed a higher tumor fluores-

cence signal in the Cy5.5-RGD-NP group than Cy5.5-NP group. Weak fluorescence was detected in the liver, suggesting that the nanopar-

ticles weremainlymetabolized through liver (Figure 2C). The T1-weightedMRI data showed an increasedMRI signal in Cy5.5-RGD-NP treated

tumors as early as 15 min post-injection compared to the Cy5.5-NP group (Figure 2D). We further quantify the level of Fe and Mn elements in

the tumor and major organs at 6 h post-tail vein injection through ICP-MS (Figures S2D and S2E). The data showed higher distribution of Fe

and Mn elements in the Cy5.5-RGD-NP treated tumors compared to the Cy5.5-NP. Based on the previous FMI and MRI data, our developed

RGD-NPs were shown to have a more tumor-targeted binding and longer retention at tumor sites than the nanoparticles without RGDmodi-

fication. The expression of intergrin on CT26 and tumor tissues were confirmed by immunohistochemical staining (Figure S3).
RGD-NPs activate STING signaling both in vitro and in vivo

It is reported that Mn2+ could activate STING signal in the THP-1 cell line.34 In our study, western blot data showed that Mn2+ activated STING

signaling in DC2.4 cells, an immortalized DC cell line, in a dose-dependent manner (Figure 3A). Activation of the STING pathway promotes

the phosphorylation of TBK1, leading to the production of a wide range of immunostimulatory molecules. Thus, the p-TBK1 level is an impor-

tant marker of STINGpathway activation.8–10 p-TBK1 was highly expressed in theMn2+-treated group, indicating that the STINGpathway was

activated. When we treated BMDCs with control nanoparticles or RGD-NPs, using cGAMP and Mn2+ as positive controls, both control
2 iScience 27, 109062, May 17, 2024



Scheme 1. Schematic illustration of RGD-MnFe2O4 nanoparticles for enhancing the immunotherapeutic efficacy of aPD-L1
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nanoparticles and RGD-NPs activated the STING signal in BMDCs in vitro, with RGD-NPs inducing relatively higherp-TBK1protein expression

than the control nanoparticles (Figure 3B). Consistent with previous reports, we observed that STINGprotein translocated from the cytoplasm

into the nucleus after RGD-NP treatment, indicating the activation of STING signaling (Figure 3C).24

Based on the in vitro data, we further treated CT26 subcutaneous tumors with control nanoparticles or RGD-NPs via intravenous injection

to test whether RGD-NPs could activate the STING signal in vivo. The data showed that RGD-NPs increased p-TBK1 expression levels in vivo,

which indicated activation of the STING pathway in the tumor 24 h post-injection of 0.1 mg of RGD-NP (Figure 3D). Moreover, PD-L1 protein

expression was upregulated upon RGD-NP treatment, indicating its potential with combined aPD-L1 treatment. We also tested the expres-

sion levels of immune-related cytokines using real-time PCR. RGD-NP treatment decreased the expression level of immunosuppressive fac-

tors such as Arg and IL-10 and induced the expression of immunostimulatory cytokines such as IL-12 and IFN-b, which indicated the activation

of antitumor immunity (Figure 3E). In general, we demonstrated that RGD-NPs could specifically and effectively activate the STING signaling

pathway and upregulate PD-L1 expression in tumors.

RGD-NPs in combination with aPD-L1 enhance the antitumor efficacy

It is reported that activation of the STINGpathway via subcutaneous injection of cGAMP can enhance the antitumor effect of PD-L1 blockade.7

In our study, we also found that RGD-NP upregulated PD-L1 expression and activated the STING signaling pathway. Hence, we tested the

immunotherapeutic effects of RGD-NPs in combination with aPD-L1 on different immunogenic tumors, such as B16F10, CT26, and 4T1 tu-

mors. We found that both aPD-L1 and RGD-NP treatment delayed B16F10, CT26, and 4T1 tumor growth to a certain extent. We did not

find that NP showed obvious antitumor effect (Figures S4A and S4B). However, in all therapeutic animal models, RGD-NP dramatically

improved the antitumor effects of aPD-L1 compared to those of aPD-L1 or RGD-NP alone by decreasing tumor volume (Figures 4A–4C).

No obvious body weight changes were observed among the groups, indicating that the combined RGD-NPs and aPD-L1 treatment did

not exhibit obvious toxicity (Figures 4D–4F). After treatment, the CT26 tumors were dissected and weighed, and RGD-NP + aPD-L1 showed

the most effective inhibition of tumor growth compared to other groups (Figures 4G and 4H).
iScience 27, 109062, May 17, 2024 3



Figure 1. Preparation and characterization of RGD-NP

(A) Synthesis procedure of RGD-NP.

(B) TEM images of RGD-NP.

(C) Surface charges (zeta-potential) of RGD-NP in specific solution.

(D) Hydrodynamic diameter of RGD-NP in water during 19 days. Data are showed in mean G SD.

(E) Hydrodynamic diameter of RGD-NP in different solution on the day 19th.

(F and G) Absorption spectrum and emission fluorescence spectrum of Cy5.5-RGD-NP and other control nanoparticles.

(H) Immunofluorescence imaging of CT26-GFP tumor cells treated with Cy5.5-RGD-NP and Cy5.5-NP, respectively Scale bar, 50 mm.

(I) Flow cytometry of CT26-GFP cells treated with different nanoparticles. Data are represented as mean G SEM. (ns: p > 0.05, *: p < 0.05, **: p < 0.01,

***: p < 0.001, ****: p < 0.001).
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Figure 2. Specific tumor targeted FMI/MRI imaging of RGD-NPs in both in vivo and ex vivo CT26 tumor bearing mice

(A) FMI of CT26 tumor-bearing mice treated with Cy5.5-NP or Cy5.5-RGD-NP at different time points.

(B) The signal-to-background ratio (SBR) of in vivo FMI results.

(C) Ex vivo FMI of tumors and internal organs at 48 h post-injection of nanoparticles.

(D)TheT1-weightedMRIofCT26 tumorsatdifferent timepoints.Dataare representedasmeanGSEM. (ns:p>0.05, *:p<0.05, **:p<0.01, ***:p<0.001, ****:p<0.001).
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RGD-NP promote the infiltration of CTLs into tumors

To investigate how RGD-NPs enhance the antitumor effects of PD-L1 blockade via the STINGpathway, flow cytometry was performed to analyze

TILs during CT26 immunotherapy. Increased numbers of tumor-infiltrating CD4+ andCD8+ T cells are important indicators of immunotherapy.48

PD-L1 blockade treatment increasedCD8+ andCD8+CD69+ T cell infiltration in tumors compared toPBSgroup (Figure 5A), and combined treat-

mentwithRGD-NPsandPD-L1blockade further increasedthenumberofCD8+CD69+Tcells (activatedCD8+Tcells) (Figure5B). IncreasedCD86+

DCs were also found in combined treatment group compared to the aPD-L1 group (Figure 5C). Neither RGD-NP treatment nor the PD-L1

blockade alone had a significant effect on CD4+ T cells. However, the combined treatment increased the number of activated CD4+ T cells

compared to that in the RGD-NP group (Figures 5D and 5E). We then analyzed the protein samples of tumors and tumor-draining lymph nodes

(TDLNs) using western blotting. We detected enhanced p-TBK1 protein expression levels in both tumors and TDLNs, indicating relatively high

STINGpathway activity in the combined treatment group compared toother treatment groups (Figures 5F and5G).We found similar therapeutic

results in 4T1 and B16F10 (Figures S5 and S6). We also performed immunohistochemistry to confirm the increased CD8+ T cell levels after com-

bined RGD-NP + aPD-L1 treatment and macrophages polarized from CD206+ M2macrophages into CD86+ M1 macrophages (Figures 5H and

S7). Overall, RGD-NPs could create a better immunemicroenvironment for PD-L1 blockade therapy, followed by a stronger immune response to

the tumor and a more efficient reduction in tumor burden. The CCK8 assay showed that RGD-NP were relatively safe at different doses for 48 h

(Figure S8A).Wedid not observe hepatic dysfunction basedon aspartate transaminase (AST)/alanine transaminase (ALT) results or abnormalities

in internal organs such as the heart, liver, spleen, brain, and kidney throughH&E staining (Figures S8B–S8D), thereby excluding the toxic effects of

RGD-NPs in vivo.
DISCUSSION

In our study, we designed a new tumor-targeting manganese ferrite theranostic nanoparticle RGD-MnFe2O4. FMI/MRI data showed

increased accumulation and longer retention of RGD-NPs in CT26 tumors than nanoparticles without RGD peptide. The manganese

activated the STING pathway, which further enhanced the antitumor effect of PD-L1 blockade with no obvious toxicity. The activated

CD8+ T cells and activated DCs were significantly increased in tumors in the combined aPD-L1 treatment group compared to the aPD-

L1 and RGD-NP treatment alone groups. Our study shows that RGD-MnFe2O4 can function as an efficient therapeutic platform for
iScience 27, 109062, May 17, 2024 5



Figure 3. RGD-NPs activate STING signaling in vitro

(A) Western blot (WB) analysis of STING activation in DC2.4 cells treated with different concentrations of MnCl2.

(B) WB analysis of STING activation in BMDCs treated with nanoparticles (NP) and RGD-NPs. cGAMP and MnCl2 were utilized as positive controls.

(C) Immunofluorescence staining of STING (red) and nucleus (blue) in BMDCs treated with NP and RGD-NP. Scale bar, 10 mm.

(D) Western blot analysis of p-TBK1 and PD-L1 expression in tumors treated with 0.1 mg NP or different concentrations of RGD-NP for 24, 48, or 72 h.

(E) Real-time PCR analysis of immuno-related cytokine expression treated with RGD-NP. Data are represented as mean G SEM. (ns: p > 0.05, *: p < 0.05, **:

p < 0.01, ***: p < 0.001, ****: p < 0.001).
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enhanced STING activation and improved immunotherapy, which may provide new insights into the clinical management of tumor

immunotherapy.

Several recent studies have indicated that activation of STING pathway in tumors can inhibit tumor growth by activating the

cross-presenting function of APC, followed by the infiltration of T cells in tumors and immunogenic tumor regression.2,20,23,24

Recently, an interesting study found that Mn2+ activates innate immunity via the STING pathway in mouse model.34 However, the

administration of Mn2+ was found to result in systemic toxicity. Hence, accurate tumor targeting and sufficient Mn2+ accumulation

at the tumor sites with low toxicity is needed. S. L. O’Neal and W. Zheng, 2015 found that after oral administration of 50 mg/kg

Mn2+ per day for 10 weeks in rats, the half-life of Mn2+ reached 143 days on average in the bone and between 52 and 74 days in

the brain. As a cofactor of various enzymes, changes in Mn2+ levels alter body metabolite levels. Intraperitoneal injections

of 15 mg/kg Mn2+ per day can cause Parkinson’s disease.37 Humans are more likely to develop cardiovascular toxicity with exposure

to Mn2+.38 Hence, the in vivo antitumor immunity effects of manganese-containing nanomaterials have been studied.39–43 Therefore, in

this study, we developed RGD peptide-targeted and Cy5.5-labeled RGD-MnFe2O4 nanoparticles. The FMI and MRI dual modality
6 iScience 27, 109062, May 17, 2024



Figure 4. Antitumor effects of combined RGD-NP and aPD-L1 immunotherapy

(A‒C) Tumor volume was monitored dynamically with different treatments on B16F10, CT26, and 4T1 tumors. (n = 6–10).

(D‒F) The mouse body weight in each group was measured dynamically during the treatment period.

(G andH)Quantification of tumor weights and representative images of tumors at the end of CT26 treatment. Data are represented asmeanG SEM. (ns: p > 0.05,

*: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.001).
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imaging data showed that there was more RGD-NP accumulation with longer retention at tumor sites owing to the

active targeting driving force of the RGD peptide. Moreover, the STING pathway was activated by RGD-NP in DCs both in vitro

and in vivo. RGD-NP can also reduce the expression of immunosuppressive factors and induce the expression of antitumor

cytokines such as IL-12 and IFN-b in the tumor, which illustrate the ability of RGD-NP to provide a relatively good immune-active

environment.

aPD-L1 immunotherapy shows partial response to pembrolizumab for cancer patients.8,49 One of the reasons for this is insufficient cross-

presentation betweenAPC and T cells. DCs are themost potent APCs. Tumor-derived factors like VEGF,M-CSF, and IL-1b can recruit myeloid

suppressor cells, prevent the differentiation of precursor DCs into mature DCs, and further inhibit the infiltration of cytotoxic CD8+ T cells in

tumors.50 The STING pathway is usually silenced in tumors such as colorectal carcinoma and melanoma.51,52 In our study, we found that our
iScience 27, 109062, May 17, 2024 7



Figure 5. RGD-NP promote the recruitment of tumor-infiltrating cytotoxic T lymphocytes (CTLs)

(A‒E) Flow cytometry results of tumors harvested to analyze tumor-infiltrating leukocytes with different treatments.

(F and G) Tumors and lymph nodes were lysed to obtain protein samples. Relative amounts of p-TBK1, total TBK1, and GAPDH were measured via western blot.

(H) Immunohistochemical staining of CD8+ T cells in CT26 tumors. Scale bar, 50 mmData are represented as meanG SEM. (ns: p > 0.05, *: p < 0.05, **: p < 0.01,

***: p < 0.001, ****: p < 0.001).
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developed RGD-NP can not only activate DCs but also can upregulate PD-L1 expression levels in tumors. Hence, we combined RGD-NP and

aPD-L1 immunotherapy. The data showed that the combined immunotherapy could effectively increase the immunotherapeutic efficacy with

effective inhibition of tumor growth, and the efficacy was validated in several tumor xenografts, such as 4T1, CT26, and B16F10 tumors. The

underlying functional mechanism for combined immunotherapy is mainly through enhancing the infiltration level and activation status of

CD8+ and CD4+ T cells and DCs. Finally, we monitored the toxicity of RGD-NP in combination with immunotherapy and found it is relatively

safe with no obvious body weight loss or major organ toxicity.

In conclusion, our study developed a multifunctional Cy5.5-RGD-NP and provided a new method for the targeted imaging

and improving tumor immunotherapy. Our developed Cy5.5-RGD-NP is multifunctional for FMI/MRI dual-modality imaging, and

can be utilized for monitoring their in vivo biodistribution. Moreover, Cy5.5-RGD-NP can activate STING signaling pathway and up-

regulating PD-L1 expression, which can synergize with aPD-L1 therapy to improve the antitumor therapeutic efficacy with no

obvious toxicity. The underlying mechanism was further analyzed and the tumor infiltrating lymphocytes were responsible for

the main antitumor immunotherapy. Moreover, it is reported that manganese-containing nanomaterials can decompose H2O2 to

produce O2 to mitigate tumor hypoxia, provide a relatively good immune microenvironment, and improve the immunotherapeutic

effect.35
8 iScience 27, 109062, May 17, 2024
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Limitations of the study

Fe3O4 nanoparticles and RGD peptides were approved by Food and Drug Administration (FDA) thanks to their unique properties in cancer

diagnosis and cancer therapy with low toxicity but we have not carried out clinical trails. We verified that combining RGD-MnFe2O4 enhance

the antitumor efficacy of aPD-L1 in several types of subcutaneous tumormodel through STINGpathway. But we cannot exclude the possibility

that there are other mechanisms in this process.
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GM-CSF PeproTech Cat# 315-03

IL-4 PeproTech Cat# 214-14

SDS Sangon Biotech Cat# A600485

DTT Sangon Biotech Cat# A620058

Bromophenol blue Sangon Biotech Cat# A602230

Tris Sangon Biotech Cat# A600194

Phosphatase inhibitors ThermoFisher Cat# A32959

Gly Sangon Biotech Cat# A610236

TBST Applygen Cat# B1009

Mounting medium Solarbio Cat# S2110

c(RGDyK) Sangon Biotech N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

Mouse 4T1 cells ATCC Cat# CRL-2539

Mouse CT26 cells ATCC Cat# CRL-2638

Mouse B16F10 cells ATCC Cat# CRL-6475

DC2.4 BLUEFBIO Corporation Cat# BFN60804347

BMDC This paper N/A

CT26-GFP Hangzhou Meiseng Technical

Corporation in China

N/A

Experimental models: Organisms/strains

Mouse: C57BL/6 Vital River Laboratory Animal

Technology Corporation

Cat# 211

Mouse: BALB/c Vital River Laboratory Animal

Technology Corporation

Cat# 213

Oligonucleotides

Primer: Arg

forward:AATGAAGAGCTGGCTGGTGT

Sangon Biotech N/A

Primer: Arg

reverse:CTGGTTGTCAGGGGAGTGTT

Sangon Biotech N/A

Primer: b-actin

forward:GGCTGTATTCCCCTCCATCG

Sangon Biotech N/A

Primer: b-actin

reverse:CCAGTTGGTAACAATGCCATGT

Sangon Biotech N/A

Primer: IFNb1

forward:GGGTGGAATGAGACTATTGTT

GTACGTCT

Sangon Biotech N/A

Primer:

IFNb1 reverse:GTGGAGAGCAGTTGAG

GACATCTC

Sangon Biotech N/A

Primer:

IL12 forward:CCATCACTGTCAAAGAGT

TTCTAGATGCTG

Sangon Biotech N/A

Primer:

IL12 reverse:CAAATTCCATTTTCCTTCTTGT

GGAGCAGC

Sangon Biotech N/A

Primer: IL10

forward:GTGGAGCAGGTGAAGAGTGA

Sangon

Biotech

N/A

Primer: IL10 reverse:TCGGAGAGAG

GTACAAACGAG

Sangon Biotech N/A

Software and algorithms

FlowJo v.9.9.4 FlowJo, LLC https://www.www.flowjo.com

Fiji Schindelin et al.53 https://fiji.sc

Living Image Software (IVIS

Imaging Systems)

PerkinElmer https://www.perkinelmer.com.cn/

Case Viewer 3DHistech https://www.3dhistech.com/

solutions/caseviewer/

Graphprism 6.0 Graphpad https://www.graphpad.com/resources
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Jie Tian, jie.tian@ia.

ac.cn (lead contact).

Materials availability

All unique/stable reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

� Research data are not shared.
� This paper does not report original code.
� Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse breast 4T1 tumor cells, colon carcinoma CT26 cells, and melanoma B16F10 cells were obtained from the American Type Culture

Collection (ATCC, USA). CT26-GFP tumor cells were obtained form Hangzhou Meiseng Technical Corporation in China. The cells were

cultured in RPMI1640 medium (Macgene, CM10040) with 10% fetal bovine serum (FBS) (Gibco, 10099141C) and 1% penicillin-streptomycin

(Macgene, CC004) in a 5% CO2 incubator at 37
�C. 13106 tumor cells were suspended in 0.1 mL of phosphate-buffered saline (PBS) and in-

jected subcutaneously into the right hind back of C57BL/6 or BALB/cmice (17-20 g, 4-5 weeks,male, Vital River Laboratory Animal Technology

Corporation). All animal experiments were performed in accordance with the guidelines of the Institutional Animal Care and Use Committee

(Permit No: IA21-2203-24) of the Institute of Automation, Chinese Academy of Sciences.

METHOD DETAILS

Synthesis and characterization of RGD-NPs

The MnFe2O4 nanoparticles were synthesized as shown in Figure 1A via the dynamic simultaneous thermal decomposition of iron-eruciate

and manganese-oleate precursors in the presence of oleic acid, oleyl alcohol, and benzyl ether. First, 1.0 g of iron-eruciate precursor,

0.5 g of manganese-oleate precursor, 2 mmol of oleic acid, and 6 mmol of oleyl alcohol were dispersed in 10 g of benzyl ether at 20�C. After,
themixturewas heated to 265�Cat a rate of 5�C/min and kept at 265�C for 30min under a stable argon flow. Themixturewas rapidly cooled to

20�C, and 20mL of ethanol was added to the solution. The precipitated nanoparticles were separated via centrifugation. Surfacemodification

of the MnFe2O4 nanoparticles (NP) with 3,4- dihydroxyhydrocinnamic acid (DHCA) was performed using a ligand-exchange reaction. For

carboxyl functionalization, 20 mg of NP and 50 mg of DHCA were dispersed in 5 mL of tetrahydrofuran, and the mixed system was heated

to 50�C under magnetic stirring for 3 h. Subsequently, the mixture was cooled to room temperature, 0.5 mL of NaOH (0.5 M) was added,

and the supernatant was removed via centrifugation and then the precipitates were dispersed in deionized water for further use. Then,

c(RGDyK) (Shang Hai Sangon BIotech Corporation, China) was anchored to the nanoparticles through a dehydration reaction between the

carboxylic acid and the amine. The nanoparticles were mixed with 10 mol N-(3-dimethylaminopropyl) -ethylcarbodiimide hydrochloride

(EDC-HCl) and NHS at room temperature for 24 h, and free EDC and NHS were removed using dialysis membranes (5000 Da), followed

by adding c(RGDyk) and the reaction was continued for another 2 h. Cy5.5 fluorescent dye (Xi’an Ruixi Biological Technology Corporation)

was conjugated to the RGD-NP. Shape and morphology of RGD-NP were obtained by transmission electron microscopy (Tecnia G2 F20

S-Twin, FEI). The zeta potential and hydrodynamic diameter of RGD-NPwere determinedbyMalvern Zetasizer nano-ZS dynamic light scatting

(DLS, Zetasizer Nano ZS90, Malvern Instruments, UK) instrument.

Fluorescence molecular imaging (FMI) of the biodistribution of Cy5.5-MnFe2O4 (Cy5.5-NP) or Cy5.5-RGD-MnFe2O4 (Cy5.5-

RGD-NP)

The dynamic biodistribution of Cy5.5-NP or Cy5.5-RGD-NP was observed using non-invasive in vivo FMI with IVIS (In vivo imaging system). Six

mice were divided into two groups, and FMI data were obtained from 0 to 48 h after tail vein injection of Cy5.5-RGD-NP at the indicated time

points (Ex = 683 nm, Em= 703 nm) with Cy5.5-NP as control. Themicewere sacrificed via cervical dislocation at 48 h after intravenous injection

of nanoparticles, and major organs, including the tumor, liver, heart, spleen, kidney, and brain, were further imaged ex vivo. The signal-to-

background ratio (SBR) was calculated with following formula: SBR = Fluorescence light intensitytumor/Fluorescence light intensitybackground.

CT26 subcutaneous tumor model was further used for MRI. After intravenous injection of 0.1 mL of 1 mg/mL RGD-NP or MnFe2O4, the mice

were imaged using a 7T MRI scanner (Bruker BioSpec 70/20 USR, Billerica, MA, USA) at indicated time points.

Tumor treatment experiment in subcutaneous tumor models

To evaluate the ability of RGD-MnFe2O4 to enhance the antitumor efficacy in aPD-L1 treatment, we established subcutaneous tumor models

(13106 tumor cells for the 4T1, CT26, and B16F10 models). Nanoparticles and aPD-L1 were administered when the tumor volume reached

50 mm3. 0.1 mg RGD-MnFe2O4 in 0.1 mL of PBS was injected intravenously, and 0.2 mg of aPD-L1 in 0.2 mL PBS was injected intraperitoneally
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alone or 12 h after RGD-MnFe2O4 injection. These treatments were given once every 3 days. The tumor volume was calculated using formula:

V = length3width2/2.

Bone marrow-derived dendritic cell (BMDC) isolation

We obtained BMDCs from the bone marrow of 8–10-week-old C57BL/6 mice. Briefly, the mice were sacrificed by cervical dislocation and

immersed in 75% alcohol. The tibia and femur were rinsed with RPMI1640 medium without FBS. After removing the red blood cells with

red blood cell lysis buffer (Solarbio, R1010), bonemarrow cells were placed in a 24-well plate at a density of 53105 cells per well. We prepared

culture medium for inducing immature BMDCs, which contained 20 ng/mL of recombinant murine GM-CSF (PeproTech, 315-03) and 10 ng/

mL of recombinant murine IL-4 (PeproTech, 214-14). Half of the culture medium was removed on days 2, 4, and 6, followed by adding equal

volume of fresh medium, and immature BMDCs were obtained on day 7.

Evaluation of STING pathway activation

STING pathway activation was detected via western blotting and immunofluorescence. To obtain protein samples, cells were collected and

lysed in 1x sodium dodecyl sulfate (SDS) lysis buffer (3% SDS, 0.03% bromophenol blue, 0.1 M DTT, 50 mM Tris-HCl pH = 6.8, and 1% phos-

phatase inhibitors) at 99�C for 10 min. Protein samples were resolved using 12% SDS-polyacrylamide gel electrophoresis. The proteins were

transferred to polyvinylidene difluoridemembranes (Solarbio,Millipore, HATF00010), whichwere rinsed in 1x TBST (Applygen, B1009) with 5%

skimmed milk. After incubation with antibodies against GAPDH (1:1000 dilution; CST, 60004-1-Ig), TBK1 (1:1000 dilution; CST, 38066), and

p-TBK1 (1:1000 dilution; CST, 5483) for 4 h at RT, the membrane was rinsed three times with TBST and incubated with horseradish peroxidase

(HRP)-conjugated goat anti-mouse secondary antibodies (1:4000 dilution; Proteintech, SA00001-1) or goat anti-rabbit IgG (H+L) (1:4000 dilu-

tion; Proteintech, SA00001-2) for 30 min at RT.

In addition, we performed immunofluorescence to determinewhether the STINGprotein accumulated around the nucleus after activation.

Cells were seeded on coverslips and treated with nanoparticles. The samples were fixed and permeated with cold methanol for 15 min and

rinsed three times with PBS. After blocking with 5% goat serum, the coverslips were incubated with STING antibody (1:500 dilution; Protein-

tech, 19851-1-AP) for 4 h at RT. The coverslips were washed three times with PBS, and Alexa Fluor647-conjugated goat anti-rabbit antibody

was applied to the coverslips for 1 h in a moist, dark environment. Finally, the coverslips were covered on microscope slides with antifade

Mounting medium (Solarbio, S2110) and examined under a fluorescence microscopy.

Tumor-infiltrating lymphocyte (TIL) analysis

The percentage of TILs was analyzed via fluorescence-activated cell sorting (FACS) using a BD Canto II flow cytometer (BD Biosciences). Tu-

mor samples from all groups were harvested if there was a mouse with a tumor size of 1500 mm3. The tumors were collected in 1640 medium

with 1% FBS and minced. Followed by enzymolysis reaction with 0.25 mg/mL of collagenase IV (Merck, C4-28) and 50 ug/mL of ghDNaseI

(Merck, 260913) at 37�C for 30 min and filtration through a 100-mm strainer. Then red blood cells were lysed with RBC lysis buffer (Solarbio,

R1010). The cells were washed and incubated with fluorescence-labelled antibodies for 30 min, and then washed with PBS and analyzed via

flow cytometer. The gates and quadrants were set based on the isotype control. TILs were defined as CD45+ cells and were normalized to the

total number of analyzed cells. CD8+ T cells were defined as CD45+ CD3+ CD8+ TILs. CD4+ T cells were defined as CD45+ CD3+ CD4+ TILs.

ActivatedCD8+ andCD4+ T cells were defined as CD8+CD69+ andCD4+CD69+ cells, respectively. The activatedDCswere defined as CD45+

CD11+ CD86+ cells.

Cytotoxicity assays

In vitro cytotoxicity assays were performed using the CCK8 assay. 4T1, B16F10, and CT26 cells were seeded in 96-well plates and incubated

overnight with different doses of nanoparticles. Then, the original mediumwas discarded and replaced with a culturemedium containing 0.1,

0.5, 1, 2, 5, 10, 20, or 40 mg/mL of RGD-NP, and the cells were incubated for 24 or 48 h. Subsequently, cytotoxicity was evaluated using Cell

Counting Kit-8 assay (Solarbio, CA1210) according to the manufacturer’s instructions.

Alanine transaminase (ALT) and aspartate transaminase (AST) analyses

The toxicity of RGD-NP in vivo was evaluated by measuring ALT and AST levels. Blood was sampled from the orbital sinus and allowed to

stand for 2 h at 4�C. The blood samples were then centrifuged at 3500 rpm at 4�C for 15 min, and the supernatant was collected to obtain

serum samples. Finally, the serum samples were analyzed using an automatic biochemical analyzer (Hitachi, SOP7600P).

Histology of major organs

Organs were fixed overnight in 4% of paraformaldehyde. The samples were removed and dehydrated using a gradient of ethanol and xylene.

After embedding the samples in paraffin overnight, paraffin sections were prepared using a rotarymicrotome. The sections were kept at 65�C
for 15 min, followed by a rinse in xylene for 10 min, this step was repeated in fresh xylene, and the sections were rehydrated using gradient

ethanol. The sectionswere rinsedwith hematoxylin (Solarbio, G1120) for 10 s, destained in acidic ethanol, and rinsed in tapwater. The sections

were stainedwith eosin (Solarbio, G1120) for 30 s and transferred to distilledwater. The dehydration stepwas repeated, and the sections were

mounted with sufficient neutral balsam and examined with a slice scanning machine.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed with GraphPad Prism (version 6.0, San Diego, CA). T-test was used for analyzing differences between

groups. The mean valuesGSEM was showed in figure, and statistically signifcant differences marked with * indicate P<0.05 , ** indicate

P<0.01, *** indicate P<0.001 and **** indicate P<0.0001.
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