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Abstract

Increasing clinical evidence has demonstrated that the deletion or mutation of tumor suppressor 

genes such as the gene-encoding phosphatase and tensin homolog deleted on chromosome 10 

(PTEN) in cancer cells may correlate with an immunosuppressive tumor microenvironment (TME) 

and poor response or resistance to immune checkpoint blockade (ICB) therapy. It is largely 

unknown whether the restoration of functional PTEN may modulate the TME and improve the 

tumor’s sensitivity to ICB therapy. Here, we demonstrate that mRNA delivery by polymeric 

nanoparticles can effectively induce expression of PTEN in Pten-mutated melanoma cells and 

Pten-null prostate cancer cells, which in turn induces autophagy and triggers cell death–associated 

immune activation via release of damage-associated molecular patterns. In vivo results illustrated 

that PTEN mRNA nanoparticles can reverse the immunosuppressive TME by promoting CD8+ T 

cell infiltration of the tumor tissue, enhancing the expression of proinflammatory cytokines, such 

as interleukin-12, tumor necrosis factor–α, and interferon-γ, and reducing regulatory T cells and 

myeloid-derived suppressor cells. The combination of PTEN mRNA nanoparticles with an 

immune checkpoint inhibitor, anti–programmed death–1 antibody, results in a highly potent 

antitumor effect in a subcutaneous model of Pten-mutated melanoma and an orthotopic model of 

Pten-null prostate cancer. Moreover, the combinatorial treatment elicits immunological memory in 

the Pten-null prostate cancer model.

INTRODUCTION

Since ipilimumab, an antibody that targets cytotoxic T lymphocyte–associated protein 4 

(CTLA-4), became the first immune checkpoint blockade (ICB) therapy approved by the 

U.S. Food and Drug Administration for treatment of metastatic melanoma, a myriad of 

inhibitors against immune checkpoints such as programmed cell death 1 (PD-1), PD ligand 1 

(PD-L1), and CTLA-4 have been developed. Some have shown promising therapeutic effects 

in various cancers, such as melanoma, non–small cell lung carcinoma (NSCLC), and renal 

cell carcinoma (RCC) (1). However, it has also been demonstrated that less than 30% of 

patients with NSCLC, RCC, or melanoma benefit from CTLA-4 or PD-1/PD-L1 inhibitors 

(2), and patients with other cancer types have shown poor response or resistance to ICB 

therapy (2, 3). Loss or mutation of the gene-encoding phosphatase and tensin homolog 

deleted on chromosome 10 (PTEN), a widely studied tumor suppressor gene, has been 

documented in different human cancers including prostate cancer, melanoma, glioblastoma, 

and others (4). Recent clinical studies demonstrated that PTEN was directly involved in the 

regulation of antitumor immunity. For example, loss of PTEN was markedly associated with 

reduced T cell infiltration at tumor sites and poor response or resistance to PD-1 blockade 

therapy (5–8). The loss of PTEN also contributed to the accumulation of suppressive 
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immune cells, such as myeloid-derived suppressor cells (MDSCs) and regulatory T (Treg) 

cells, as well as the formation of an immunosuppressive microenvironment during tumor 

initiation and progression (9–11). In addition, it has also been confirmed that the expression 

of PTEN induced autophagy, whereas the loss of PTEN function down-regulated autophagy 

to effectively support cancer development (12, 13). In the context of tumor cell death, 

autophagy may cause the secretion of damage-associated molecular patterns (DAMPs) (14, 

15), which include “find me” signals such as adenosine triphosphate (ATP), “danger” signals 

such as chromatin-associated high-mobility group box 1 (HMGB1) and heat-shock proteins 

(HSPs), and the exposure of “eat me” signals such as calreticulin (CRT) on the plasma 

membrane (16). DAMPs have been reported to be powerful immunological adjuvants that 

trigger antitumor immunity activation in many cancer therapies (17). In addition, dead 

cancer cells may also release autophagosomes loaded with multiple tumor antigens, which 

subsequently induce dendritic cell (DC) maturation and cross-presentation to T cells (18, 

19). Despite these clinical and preclinical discoveries, it is not yet clear whether restoration 

of PTEN expression in PTEN-null or mutated tumor cells could reverse the 

immunosuppressive tumor microenvironment (TME) and trigger an antitumor immune 

response by inducing the activation of autophagy and release of DAMPs to improve ICB 

therapy.

Synthetic messenger RNA (mRNA) has recently shown promise in biomedical applications 

such as protein replacement, gene editing, and vaccination development (20–29). Unlike 

plasmid DNA, mRNA does not require nuclear envelope entry for effective transfection and 

thus has a negligible chance of integrating into the host’s genome. mRNA also provides 

more consistent and predictable protein expression kinetics than DNA therapeutics (30). 

Recently, we successfully developed a lipid-polymer hybrid nanoparticle (NP) platform for 

systemic delivery of PTEN mRNA to prostate cancer tumors (20). The restoration of PTEN 

expression by mRNA NPs markedly inhibited growth of human prostate cancer cells both in 

vitro and in vivo. To explore whether the tumor cell death induced by PTEN reactivation 

would be accompanied by the release of DAMPs that can trigger antitumor immune 

activation, we here developed a polymeric NP platform for PTEN mRNA delivery to several 

Pten-null or mutated murine tumor cells including PTEN-Cap8 and B16F10. The new PTEN 

mRNA NPs are self-assembled by methoxy poly(ethylene glycol)–poly(lactic-co-glycolic 

acid) (mPEG-PLGA) copolymers, in which the complexes of mRNA with cationic lipid–like 

material 1,2-epoxytetradecane–modified generation 0 polyamidoamine (G0-C14) (31) are 

loaded. Our results showed that these PTEN mRNA NPs not only restored the susceptibility 

of tumor cells to death but also led to the release of DAMPs and the activation of autophagy, 

which could promote the secretion of additional DAMPs and autophagosomes. In vivo 

results revealed that PTEN restoration elicited robust CD8+ T cell responses and reversed 

the immunosuppressive microenvironment by reducing the expression of Treg and monocytic 

MDSCs (Mo-MDSCs) and increasing the expression of proinflammatory cytokines. 

Furthermore, we evaluated the antitumor efficacy of the combination of PTEN mRNA NPs 

with anti–PD-1 immunotherapy in several Pten-null or mutated tumor models, 

demonstrating marked therapeutic effects and immunological memory of this combinatorial 

strategy. Our findings suggest that tumor suppressor restoration by mRNA nanomedicines 
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may improve the sensitivity of ICB therapy and provide a potent combination treatment for 

multiple malignancies.

RESULTS

Preparation and characterization of polymeric NPs for PTEN mRNA delivery to tumor cells

We prepared a new polymeric NP platform (fig. S1) composed of mPEG-PLGA (figs. S2 

and S3) and a cationic lipid–like material, G0-C14 (figs. S4 and S5), that we previously 

reported (31). The mPEG-PLGA copolymers are capable of self-assembly into NPs as a 

carrier (fig. S6), and the cationic G0-C14 was used for complexation with PTEN mRNA, 

which was then encapsulated into the core of the mPEG-PLGA NPs (mPTEN@NPs). An 

agarose gel retardation assay was performed to examine mRNA encapsulation, showing 

minimal mRNA leaching from the NPs, occurring at the G0-C14/mRNA mass ratio of 25 

(fig. S7), and supporting its use in the mRNA NP formulation. The morphology and 

hydrodynamic diameter of mPTEN@NPs were assessed using transmission electron 

microscopy (TEM) and dynamic light scattering (DLS), respectively. The spherical structure 

of the mPTEN@NPs could be observed using TEM (Fig. 1A), and the hydrodynamic size of 

mPTEN@NPs was found to be 111.8 ± 15.3 nm (Fig. 1B). In addition, the stability of the 

mPTEN@NPs in a physiological environment was confirmed using long-duration 

monitoring of their size in phosphate-buffered saline (PBS) or cell culture medium (Fig. 

1C). We also confirmed the ability of the NPs for protecting the mRNA from ribonuclease 

(RNase) degradation (fig. S8).

Next, we examined the intracellular uptake and trafficking of the mRNA NPs in Pten-null 

prostate cancer cells (PTEN-Cap8) by confocal laser scanning microscopy (CLSM). A Cy5-

labeled–enhanced green fluorescent protein (EGFP) mRNA was used as a model mRNA and 

was loaded into the polymeric NPs (denoted as Cy5-mRNA@NPs). PTEN-Cap8 cells were 

incubated with Cy5-mRNA@NPs for 0.5, 2, 4, or 6 hours. The intracellular red signal from 

Cy5-mRNA was directly proportional to incubation time (Fig. 1D), indicating that the NPs 

could efficiently deliver mRNA into tumor cells. Our previous studies demonstrated that 

NPs containing G0-C14 had a proton-sponge effect, which may partially contribute to the 

cytosolic release of mRNA cargos (20, 29). Thus, we found that most of the red signal from 

Cy5-mRNA was not colocalized with the green signal from the endosomes or lysosomes 

when incubated for 6 hours (Fig. 1E and fig. S9), suggesting effective escape of the mRNA 

NPs into the cytoplasm. The transfection efficacy of the EGFP mRNA NPs in PTEN-Cap8 

cells is shown in fig. S10.

To further study whether mutated or deleted functional genes could be restored by mRNA 

NPs, PTEN expression in PTEN-Cap8 and B16F10 cells was investigated via Western blot, 

real-time polymerase chain reaction (RT-PCR), and immunofluorescence imaging. Cells 

were incubated with PBS, naked PTEN mRNA, control NPs, or mPTEN@NPs for 48 hours. 

The mPTEN@NPs increased PTEN protein expression in PTEN-Cap8 cells (Fig. 1, F and 

G). For Pten-mutated B16F10 cells, PTEN expression was measured by 

immunofluorescence imaging for hemagglutinin (HA), which was tagged to PTEN mRNA 

for easy separation from endogenous PTEN. Immunofluorescence microscopy showed high 

expression of HA-PTEN protein after treatment with the mPTEN@NPs (Fig. 1H). Together, 
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these findings demonstrated that our polymeric NPs effectively delivered PTEN mRNA to 

tumor cells for the restoration of PTEN expression.

PTEN restoration by mPTEN@NPs induces autophagy and immunogenic cell death

It has previously been reported that restoration of PTEN expression could inhibit growth of 

human cancer cells (20, 32, 33). Thus, we first wanted to determine whether treatment with 

mPTEN@NPs could also reduce viability of murine PTEN-Cap8 and B16F10 cells. These 

tumor cells were treated with PBS, naked PTEN mRNA, control NPs, or mPTEN@NPs at 

different doses for 48 hours, and the resulting cell growth inhibition was measured (Fig. 2A). 

Naked PTEN mRNA showed negligible toxicity against all cancer cells even at high 

concentration (1 μg/ml). Control NPs also showed limited cytotoxicity at the highest dose. 

However, after treatment with mPTEN@NPs, more dead cells were detected, and the half-

maximal inhibitory concentration value was about 0.6 μg/ml for PTEN-Cap8 and about 0.7 

μg/ml for B16F10. The morphology of PTEN-Cap8 cells was examined using conventional 

microscopic imaging after mPTEN@NP treatment, revealing increases in the number of 

spherical structures and cells experiencing shrinkage (fig. S11A). The results of an annexin 

V–fluorescein isothiocyanate (FITC)/propidium iodide (PI) assay confirmed that 

mPTEN@NPs treatment effectively promoted tumor cell apoptosis (fig. S11B). We also 

studied the expression of pro–caspase-3, cleaved caspase-3, and phospho–receptor-

interacting protein kinase 1 (RIPK1)/RIPK3/mixed-lineage kinase domain–like (MLKL) 

axis on PTEN-Cap8 cells via Western blot. mPTEN@NPs did not induce a noticeable 

change in phospho-RIPK1/RIPK3/MLKL but promoted an increase of cleaved caspase-3 

abundance (fig. S12).

To further explore the molecular mechanisms of PTEN restoration in promoting tumor cell 

death, we performed phospho-array analysis for proteins from PTEN-Cap8 cells treated with 

PBS or mPTEN@NPs. Protein change ratios and phosphorylation ratios at 157 specific 

phosphorylation sites implicated in 16 signaling pathways were calculated to determine the 

global effects of mPTEN@NP treatment. Altered phosphorylated proteins were enriched in 

phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) signaling, mitogen-activated 

protein kinase signaling, and apoptosis pathways, indicating that PTEN restoration had a 

marked regulatory effect on cell growth and metabolism, ultimately contributing to cell 

death (fig. S13). We also found increases in several autophagy-specific proteins such as 

Beclin1 and HSPs such as HSP90B, which have shown potent immunostimulatory activity 

when exposed on the plasma membrane of dying cells (34).

It has been demonstrated that PTEN activation can lead to the induction of autophagy in 

many cancer cells (35, 36). To confirm the autophagy-inducing effects of mPTEN@NPs, a 

Western blot was used to measure the expression of autophagic marker proteins light chain 

3-II (LC3-II) and p62. Naked PTEN mRNA treatment elicited no LC3-II increase, whereas 

the control NPs induced slight accumulation of LC3-II (fig. S14), which could be explained 

by the fact that various NPs could induce autophagy as reported previously (37–39). 

However, mPTEN@NPs treatment markedly increased LC3-II expression. mPTEN@NPs 

treatment also caused accumulation of p62, suggesting that mPTEN@NPs induced 

autophagosome formation and could result in their intracellular accumulation. Next, GFP-
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LC3–transfected PTEN-Cap8 and B16F10 cells were exposed to either PBS, naked PTEN 

mRNA, control NPs, or mPTEN@NPs for 48 hours before being imaged by CLSM. There 

were more GFP-LC3 dots in the tumor cells treated with mPTEN@NPs than in those treated 

with naked PTEN mRNA or the control NPs, further suggesting that mPTEN@NPs 

effectively induce autophagosome accumulation (Fig. 2B and fig. S15) (13).

The induction of autophagy could also promote the release of DAMPs and autophagosomes 

loaded with tumor antigens (16), triggering the antigen cross-presentation process and 

antitumor immune responses (40). We thus hypothesized that mPTEN@NPs might also 

induce DAMPs and tumor antigen release to elicit immunogenic cell death (ICD). To 

confirm this, three hallmark markers of ICD (41), CRT on the cell surface and release of 

either HMGB1 or ATP into the extracellular environment, were measured in PTEN-Cap8 

and B16F10 cells after treatment with mPTEN@NPs for 48 hours. The surface exposure of 

CRT on cells was confirmed by immunofluorescence via CLSM or flow cytometry. 

Treatment with mPTEN@NPs induced CRT exposure on the plasma membrane (Fig. 2C and 

fig. S16). The release of HMGB1 or ATP in the cell culture supernatant was measured by an 

enzyme-linked immunosorbent assay (ELISA). Compared to controls, there was a 

remarkable increase in HMGB1 release and ATP secretion for PTEN-Cap8 and B16F10 

cells treated with mPTEN@NPs (Fig. 2, D and E). In addition, ICD-related cytokines, such 

as interferon-α (IFN-α) and IFN-β, monocyte chemoattractant protein-1, and IFN-γ–

induced protein-10 (also known as CXCL10), were shown to increase (fig. S17). We further 

determined ICD induction in another Pten-null mouse prostate cancer cell line (BMPC) 

generated from sites of metastasis of a Pten-deleted and MYC-overexpressing transgenic 

tumor model (42). Results showed that mPTEN@NPs (250 ng/ml) induced >50% BMPC 

cell death (fig. S18) and promoted DAMP release (fig. S19). To further investigate the 

relationship between autophagy and DAMP release, we measured the CRT expression, LC3-

II expression, and ATP secretion by cotreating the tumor cells with an upstream autophagy 

inhibitor, 3-methyladenine (3-MA), and mPTEN@NPs. The results showed slightly lower 

CRT expression (Fig. 2F and fig. S20) and LC3-II expression (Fig. 2G) by tumor cells after 

cotreatment versus mPTEN@NPs treatment alone and a reduction of ATP release (Fig. 2H). 

In parallel, autophagy was inhibited by knocking down Beclin1 (BECN1), a central 

regulator of autophagy in mammalian cells, which resulted in a decrease in mPTEN@NPs-

induced ATP and a slight decrease in CRT expression (fig. S21). Cell viability results further 

confirmed that 3-MA or siBECN1 prevented mPTEN@NPs-induced ICD, whereas the 

mechanistic target of rapamycin (mTOR) inhibitor rapamycin, an autophagy inducer, 

promoted cell death (figs. S22 and S23). These results demonstrated that mPTEN@NPs 

triggered ICD, at least partially, through the autophagy-mediated pathway.

Antitumor immune responses are induced by mPTEN@NPs in vivo

The ability of mPTEN@NPs to induce ICD of tumor cells in vitro inspired us to further 

explore whether PTEN restoration could activate antitumor immune responses in vivo. First, 

we constructed a subcutaneous B16F10 tumor model using C57BL/6 mice and measured the 

biodistribution of Cy5-mRNA@NPs. Cy5-mRNA@NPs or naked Cy5-mRNA, which was 

used as a control, were administered to mice through the lateral tail vein. After 24 hours, the 

tumor and major organs (heart, liver, spleen, kidneys, and lungs) were harvested and imaged. 
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Mice treated with Cy5-mRNA@NPs showed higher fluorescence (fig. S24), suggesting that 

considerable Cy5-mRNA@NPs had accumulated in the tumor site. Similar biodistribution 

results in the BMPC genetically engineered mouse model (GEMM) of prostate cancer 

further confirmed NP accumulation in tumors (fig. S24). In addition, the increased tumor 

tissue expression of PTEN in the BMPC mice 48 hours after injection of mPTEN@NPs 

indicated successful delivery of PTEN mRNA to the tumor (fig. S25). The in vivo side 

effects of the mRNA NPs were assessed by hematological and histopathological analyses in 

C57BL/6 mice. Blood serum and major organs were harvested 48 hours after the last 

injection. We analyzed serum alanine aminotransferase and aspartate aminotransferase to 

assess liver function, and blood urea nitrogen to monitor kidney activity. These parameters 

were in the normal range after treatment with mPTEN@NPs (table S1). The results of 

hematoxylin and eosin (H&E) staining for major organs also showed no obvious histological 

differences between treatment with PBS and mPTEN@NPs (fig. S26).

Next, we evaluated antitumor immune responses using B16F10 melanoma tumor–bearing 

mice after mPTEN@NPs treatment. First, 4 × 105 B16F10 cells were implanted 

subcutaneously on the right flank of the mice to establish subcutaneous tumors. When the 

average tumor size had increased to ~60 mm3, the tumor-bearing mice were then randomly 

divided into three groups and treated with saline, control NPs, or mPTEN@NPs via tail vein 

injection with an mRNA dose of 700 μg/kg body weight at days 7, 10, and 13 after tumor 

cell implantation (Fig. 3A). At day 15 (2 days after the last injection), all the mice were 

euthanized and tumors and lymph nodes were harvested to assess the number and phenotype 

of immune cells and changes in secreted ATP, HMGB1, and cytokines. According to tumor 

weight, H&E staining, and terminal deoxynucleotidyl transferase–mediated deoxyuridine 

triphosphate nick end labeling (TUNEL) staining, mPTEN@NPs promoted tumor cell 

apoptosis and suppressed tumor growth (Fig. 3B and fig. S27). We also analyzed various 

stimulatory molecules expressed on lymph node–resident DCs (LNDCs) after treatment with 

mPTEN@NPs. The expression of various stimulatory markers including CD80, CD86, 

major histocompatibility complex I (MHC-I), and MHC-II on LNDCs were up-regulated 

after three cycles of treatment (Fig. 3C and figs. S28 and S29). Mature DCs are thought to 

induce antitumor immunity by engulfing and presenting tumor antigens to T cells. The 

percentage of CD3+CD8+ T cells within the tumor was increased (Fig. 3D and figs. S30 and 

S31). In addition, CD8+ effector T cells [CD8+IFN-γ+ or CD8+T-bet+ (T-box expressed in T 

cells)] in the tumor were also increased compared to saline-treated animals, as assessed by 

flow cytometry (Fig. 3E and fig. S32) and immunofluorescence staining of tumor tissues 

(Fig. 3F). Treg and MDSCs play important roles in tumor immune evasion (9), and their 

accumulation at the tumor site produces an immunosuppressive TME. Flow cytometry 

results revealed that mPTEN@NPs increased the frequency of type 1 T helper (CD4+IFN-γ
+) cells but decreased both Treg (Foxp3+CD25+CD4+) and Mo-MDSC (CD11b+Ly6C+Ly6G
−) frequency (Fig. 3, G and H, and figs. S33 to S35), indicating that mPTEN@NPs reversed 

the immunosuppressive TME. A comparison of cytokine release profiles (Fig. 3, I to K, and 

fig. S36) further suggests that mPTEN@NPs trigger antitumor immune activation and 

reverse the immunosuppressive TME.

We further tested DAMPs release in vivo using an immunofluorescent method to detect the 

expression of HA-PTEN and CRT in tumor tissues. As compared to the control group, 
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immunofluorescence from HA-PTEN was increased in the mPTEN@NPs treatment group 

(Fig. 3L). This means that mPTEN@NPs effectively delivered PTEN mRNA to the tumor 

site for PTEN restoration in vivo. We also observed LC3-II expression in tumors isolated 

from mice in the mPTEN@NP-treated group, suggesting that PTEN reactivation induced 

autophagy. In addition, quantification of ATP release in the tumor tissues by ELISA showed 

an increase after treatment of mice with mPTEN@NPs (Fig. 3M). In parallel, 

immunofluorescence staining revealed high CRT expression on tumors isolated from mice 

treated with mPTEN@NPs (fig. S37). These results collectively demonstrated that PTEN 

restoration via mPTEN@NPs effectively induce autophagy and the release of DAMPs in 

vivo.

mPTEN@NPs improve the antitumor efficacy of anti–PD-1 in a subcutaneous mouse model 
of Pten-mutated melanoma

Previous studies demonstrated that loss of PTEN led to a poor response to anti–PD-1 therapy 

in patients with melanoma or uterine leiomyosarcoma (6, 43, 44). Therefore, we explored 

whether the activation of antitumor immunity by PTEN restoration would improve the 

therapeutic efficacy of ICB in a Pten-mutated melanoma model. First, wild-type C57BL/6 

mice were inoculated subcutaneously with ~4 × 105 B16F10 tumor cells on the right limb 

and then treated intravenously on days 4, 7, and 10 with saline, control NPs, or 

mPTEN@NPs (700 μg/kg body weight, 200 μl). Some mPTEN@NPs-treated mice also 

received intraperitoneal administration of anti–PD-1 (100 μg per mouse, 100 μl) on days 5, 

8, and 11 (Fig. 4A). The combination therapy achieved greater antitumor efficacy after three 

cycles of treatment, in comparison to either mPTEN@NPs (P < 0.05) or anti–PD-1 alone (P 
< 0.01) (Fig. 4, B and C). Survival after three cycles of treatment of mPTEN@NPs + anti–

PD-1 was also longer than that of the single-agent groups (fig. S38). Meanwhile, the 

combination of mPTEN@NPs with anti–PD-1 did not induce body weight loss (fig. S38). 

Although the combination of chemotherapeutic doxorubicin (Dox) with anti–PD-1 exhibited 

potential in inhibiting tumor growth, toxicity from Dox led to an acute body weight loss as 

well as splenic contraction and loss of spleen mass (fig. S39).

To explore the cellular basis of the improved efficacy, immunofluorescence staining for HA-

PTEN and LC3-II was performed, and the results indicated PTEN restoration and autophagy 

induction after combination treatment (Fig. 4D and fig. S40). The frequency of tumor-

infiltrating CD8+ T cells was increased in the combination group compared to the anti–PD-1 

monotherapy group (Fig. 4E and fig. S41). The flow cytometry results also demonstrated 

that the combination treatment led to an increase in the frequency of tumor-infiltrating CD3+ 

T cells, especially cytotoxic T cells (CD3+CD8+ T cells), compared to that of the saline 

group (fig. S42). The increase in frequency of activated LNDCs (CD80+CD86+) in the 

combination treatment group further confirmed the induction of an antitumor immune 

response (fig. S43). In addition, the percentage of CD11b+Gr-1+ MDSCs was lower in the 

combination treatment group compared to the anti–PD-1 group (fig. S44), suggesting that 

the immunosuppressive TME was improved. Quantification of cytokines and chemokines 

including interleukins (IL-6, IL-10, and IL-12p70), tumor necrosis factors (TNF-α and 

TNF-β), and IFN-γ also confirmed the improvement in the immunosuppressive TME by 

mPTEN@NPs with anti–PD-1 (fig. S45).
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To further investigate the effect of mPTEN@NPs on antitumor immune modulation, 

especially the infiltration of CD8 T cells, we constructed experiments to evaluate the 

antitumor efficacy of mPTEN@NPs plus anti–PD-1 on CD8 T cell–depleted 

immunocompetent mice. Three days before receiving mPTEN@NPs and anti–PD-1, each 

mouse received 500 μg of anti-CD8α, which was repeated once a week thereafter. CD8+ 

effector T cells were effectively depleted in vivo (figs. S46 and S47), which led to reduced 

antitumor efficacy of mPTEN@NPs in combination with anti–PD-1. The depletion of CD8 

T cells had no effect on mPTEN@NPs-mediated activation of LNDCs (fig. S48). In 

addition, the antitumor effect of combination treatment with anti-CD8α is comparable to 

that found in the group that received mPTEN@NPs alone (Fig. 4, B and C, and fig. S47). 

Collectively, these results suggest that, although mPTEN@NPs have direct antitumor effect, 

they can also induce cytotoxic T cell responses that are important for overall antitumor 

efficacy for the combination of mPTEN@NPs with anti–PD-1.

We also measured the ICD biomarkers of tumors. Compared to anti–PD-1 treatment, CRT 

expression (Fig. 4F and fig. S49), as well as the release of both HMGB1 and ATP (Fig. 4, G 

and H), was increased by the combination treatment. All the above results suggest that 

mPTEN@NPs not only can effectively trigger antitumor immune responses but also can 

enhance the therapeutic efficacy of anti–PD-1 therapy in Pten-mutated tumors.

mPTEN@NPs confer sensitivity to anti–PD-1 in an orthotopic mouse model of Pten-null 
prostate cancer

We further evaluated this combination strategy for treatment of Pten-null tumors that 

exhibited poor response or were intrinsically resistant to ICB therapy (5, 6, 45). Prostate 

cancer is one of the leading causes of cancer death for men, and both anti–PD-1 and anti–

CTLA-4 monotherapy have shown limited benefits for overall survival of patients with 

prostate cancer (2, 45). We established an orthotopic prostate cancer model, wherein 1 × 106 

PTEN-Cap8-Luc prostate cancer cells were surgically inoculated into the prostates of male 

C57BL/6 mice. After confirming the successful establishment of the tumor model on day 10 

by in vivo bioluminescence imaging, three cycles of treatment with mPTEN@NPs in 

combination with anti–PD-1 were administered (Fig. 5A). Tumor imaging was performed 

every 5 days from initial treatment (day 10 after tumor inoculation) until day 25 (Fig. 5B). 

On the basis of the change in bioluminescence of PTEN-Cap8-Luc cells, it was determined 

that anti–PD-1 alone inhibited tumor growth very little. In comparison, the combination 

treatment of mPTEN@NPs with anti–PD-1 markedly slowed the change in bioluminescence 

signals, suggesting that mPTEN@NPs restored tumor sensitivity to anti–PD-1 (Fig. 5C). 

Quantitative analysis of the bioluminescence signal demonstrated an about fourfold decrease 

at day 25 in the combination treatment group versus anti–PD-1 alone (Fig. 5D). We also 

evaluated PTEN restoration and autophagy induction in the combination treatment group 

using immunofluorescence staining to measure HA-PTEN and LC3-II expression in tumors. 

Both PTEN and LC3-II signals were detected in the combination treatment group, indicating 

that mPTEN@NPs effectively delivered PTEN mRNA to the tumors and restored PTEN 

function (Fig. 5E). TUNEL staining indicated that PTEN restoration by mPTEN@NPs 

induced a degree of tumor cell death (fig. S50). We further evaluated tumor tissue isolated 

from mice bearing orthotopic prostate tumors by immunofluorescence for presence of 
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HMGB1 and CRT. Both ICD markers were elevated after combination treatment with 

mPTEN@NPs and anti–PD-1, indicating that mPTEN@NPs markedly promoted tumor ICD 

(fig. S51). CD8 immunofluorescence imaging demonstrated an increase in CD8+ T cell 

infiltration into tumor tissue after combination treatment with mPTEN@NPs and anti–PD-1 

(Fig. 5, F and G). Collectively, these results suggest that mPTEN@NPs improved the 

sensitivity of anti–PD-1 in Pten-null orthotopic prostate cancer model by improving the 

immunosuppressive TME and inducing ICD. Moreover, in the BMPC model of prostate 

cancer, the results of an increase in CD8+ T cell infiltration (fig. S52) and a decrease in 

CD11b+Gr-1+ MDSCs after mPTEN@NPs treatment (fig. S53) further suggest that PTEN 

restoration could effectively improve the immunosuppressive TME and elicit antitumor 

immune responses.

To address whether mPTEN@NPs + anti–PD-1 treatment elicits immunological memory to 

prostate cancer, mice from the orthotopic tumor model that showed complete responses to 

the combination treatment were rechallenged by subcutaneous injection of 5 × 105 PTEN-

Cap8 cells (Fig. 5H). As a comparison, a naïve cohort of C57BL/6 mice that were 7 to 8 

weeks younger than the rechallenge cohort were also subcutaneously implanted with the 

same number of PTEN-Cap8 cells at day 0. Tumor growth in both groups was monitored via 

tumor size measurements taken every other day starting on day 7. The mice pretreated with 

mPTEN@NPs + anti–PD-1 showed complete rejection of the rechallenged tumor cells, 

whereas the PTEN-Cap8 tumor grew rapidly in the naïve group (Fig. 5, I and J). These 

results indicate that combination therapy of mPTEN@NPs with anti–PD-1 induced 

immunologic memory.

DISCUSSION

The recent success of immune checkpoint inhibitors such as anti–CTLA-4 and anti–

PD-1/PD-L1 as first-line therapies of choice for treatment of cancers including NSCLC and 

melanoma has revealed immunotherapy as a powerful treatment strategy (46). However, 

because of insufficient tumor immunogenicity and the immunosuppressive TME, ICB 

immunotherapy also suffers from a limited rate of antitumor response for many cancers, 

including prostate cancer (3, 47). One strategy to improve antitumor responses to ICB 

therapy is through combination with traditional therapies (48), such as chemotherapy (49, 

50), radiotherapy (51), and photodynamic therapy (PDT) (52, 53), which could also cause 

ICD of tumor cells, and thereafter initiate antitumor immunity (54–56). However, 

chemotherapy and radiotherapy have severe side effects, and a major drawback of PDT is 

the limited tissue penetration of light. Thus, there is a pressing need to develop additional 

strategies to elicit antitumor immune responses effectively and safely that synergize with 

ICB therapy.

Mutation or loss of some tumor suppressor genes in cancer cells, such as PTEN and TET2, 

resulted in poor response or resistance to ICB therapy in mouse models (5, 57). Small-

molecule inhibitors, such as PI3K inhibitors, have demonstrated a potential role in inducing 

partial restoration of tumor suppressor function by targeting their upstream or downstream 

regulators (58). However, PI3K inhibitors showed severe side effects and could not fully 

restore PTEN function. Given the advantages of synthetic mRNA for protein replacement 
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(59, 60), the use of synthetic mRNA might restore the tumor suppressor’s functions without 

inducing substantial toxicity. In parallel, autophagy is a very important cellular 

“housekeeping” process for the degradation of various misfolded proteins or cytoplasmic 

structures, including damaged organelles and engulfed pathogens. Recent evidence has 

shown that autophagy not only acts as a cell-protective mechanism against internal or 

external stresses but also played crucial roles in stimulating immune activation (61, 62). 

Induction of autophagy in cancer cells could also promote the secretion of DAMPs (14, 15) 

and release of tumor-associated antigens (16). Autophagy-deficient mice fail to increase 

ATP release and cannot elicit antitumor immunity activation (63). PTEN has been shown to 

be a key regulator of the PI3K/Akt/mTOR signaling pathway, which in turn negatively 

regulates autophagy. Cumulatively, these observations suggest that reactivation of PTEN by 

mRNA NPs would elicit robust and safe antitumor immune responses by inducing tumor cell 

autophagy and release of DAMPs, thereby triggering tumor ICD and sensitizing cancers to 

ICB therapy.

In this work, we developed a polymeric NP platform for the in vivo delivery of PTEN 

mRNA to tumor cells, including Pten-null prostate cancer cells and Pten-mutated melanoma 

cells. Our results demonstrated that mPTEN@NPs successfully triggered antitumor immune 

responses by inducing autophagy activation and DAMP release. Moreover, PTEN 

reactivation diminished the immunosuppressive tumor environment and improved the 

sensitivity of Pten-null or mutated tumors to ICB therapy. We compared the antitumor 

efficacy of mPTEN@NPs alone, anti–PD-1 alone, and their combination in mouse models of 

Pten-mutated melanoma and Pten-deleted prostate cancer and validated the potent antitumor 

effect of the combinatorial strategy.

It should be noted that this study is limited to the PTEN tumor suppressor and it is not clear 

whether restoration of other tumor suppressors might have similar effects. More efforts will 

also be required to further explore the mutational status of tumor suppressors and their role 

in the immunosuppressive TME. Previous studies have also suggested that PTEN may play 

roles in the regulation of immune cells (64, 65). Thus, it would be interesting to explore the 

effects of mPTEN@NPs on the proliferation and functions of immune cells, such as T cells, 

in future studies. Moreover, clinical results regarding the effects of loss or mutation of 

different tumor suppressors on therapeutic outcomes of ICB or other immunotherapies 

remain very limited.

Overall, our study provides a robust and potent strategy for eliciting antitumor immune 

responses that may be useful against different cancer types having PTEN loss or mutation, 

and we expect that the combination of mRNA nanomedicine with ICB therapy could lead to 

development of tumor suppressor pathway–specific precision immunotherapy for effective 

and safe cancer treatment.

MATERIALS AND METHODS

Study design

The aim of our study was to explore whether and how the mRNA-based restoration of tumor 

suppressor PTEN could reverse the poor-response/resistance of PTEN-null or mutated 
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cancers to ICB therapy. We first developed a polymeric NP to deliver PTEN mRNA and then 

evaluated its transfection efficacy and antitumor effects in Pten-mutated melanoma cells and 

Pten-null prostate cancer cells using viability assays, RT-PCR, as well as 

immunofluorescence and confocal imaging. For mechanistic studies, the induction of ICD 

and autophagy of tumor cells in vitro (n = 3 replicates per group) and changes in the 

number/phenotype of immune cells in vivo (n = 3 or 4 mice per group) were analyzed by 

flow cytometry, immunofluorescence imaging, and ELISA. To further evaluate the impact of 

PTEN restoration on ICB treatment, we used the subcutaneous mouse model of Pten-

mutated melanoma and the orthotopic mouse model of Pten-null prostate cancer to analyze 

the antitumor efficacy of PTEN mRNA NPs alone, anti–PD-1 alone, and their combination 

(n = 3 to 7 mice per group). The animals were randomly assigned to treatment groups 

without blinding.

Synthesis of mPEG-PLGA copolymer

Synthesis of a block copolymer containing mPEG-PLGA with disulfide bond was performed 

by a straightforward three-step polymerization strategy. First, PLGA diols were prepared by 

the ring-opening polymerization of lactide (LA) and glycolide (GA) initiated by bis(2-

hydroxyethyl) disulfide (BHD) in the presence of a stannous octoate (SnOct2) catalyst. 

Typically, 2.88 g of LA and 2.32 g of GA were added to a dried flask, and then 100 ml of 

anhydrous toluene was added into the flask to dissolve the monomer. After that, the initiator 

BHD (0.154 g) and catalyst SnOct2 (5%) were added to initiate the polymerization at 120°C. 

After reaction for 24 hours, the solution was precipitated in diethyl ether. The crude product 

was redissolved in dichloride methylene and precipitated in dimethyl ether again. PLGA was 

dried under vacuum and obtained as a white solid. Second, the prepolymer PLGA reacted 

with the chain extenders 1,6-Dichlorhexane and BHD at 70°C for 0.5 hours. Last, mPEG 

(molecular weight: 5000) was used to terminate the polymerization at 70°C for 6 hours. The 

final mPEG-PLGA was obtained by precipitation in diethyl ether, two dissolve-precipitation 

cycles in dichloride methylene-diethyl ether, and ultimately drying in a vacuum.

Preparation of polymeric NPs for PTEN mRNA delivery

We used a self-assembly method as previously described to prepare PTEN mRNA–

encapsulating polymeric NPs (20). In brief, the copolymer of mPEG-PLGA and cationic 

molecule G0-C14 was first dissolved in 250 μl of dimethylformamide solution at a 

concentration of 4 mg/ml and 1 mg/ml, respectively. Then, 10 μg of mRNA (PTEN mRNA, 

EGFP mRNA, or Cy5-labeled EGFP mRNA) was added into the above mPEG-PLGA/G0-

C14 solution. The mixture was then quickly added dropwise to the DNA/RNase-free pure 

water (5.0 ml) under stirring (1000 rpm). After that, the mRNA-loaded NPs were formed 

instantly and were kept for 30 min under 1000 rpm stirring at room temperature. The formed 

NPs were collected and washed three times with DNA/RNase-free pure water using an 

Amicon Ultra-15 centrifugal filter (molecular weight cutoff of 100 kDa, Millipore) to 

remove the organic solvent and free compounds. The NPs were finally dispersed in 200 μl of 

fresh PBS and stored at −80°C for later use in both in vitro and in vivo studies.
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Physicochemical characterization of mRNA-encapsulated NPs and RNA loading efficiency 
study

The hydrodynamic diameter and morphological structure of mRNA-encapsulated NPs were 

determined by DLS (Brookhaven Instruments Corporation) and TEM [Tecnai G2 Spirit 

BioTWIN (FEI Company)], respectively. For TEM, the NPs were first stained with 1% 

uranyl acetate for 1 min and washed with pure water. To check the long-term in vitro 

stability of mRNA-encapsulated NPs, the NPs were incubated in PBS and cell culture 

medium solution at 37°C, and their hydrodynamic diameters were measured at various 

points (0, 2, 4, 8, 12, 24, and 48 hours). To measure the mRNA complexation ability of 

cationic G0-C14 and its loading efficiency, naked EGFP mRNA and EGFP mRNA 

complexed with different doses of G0-C14 (ratio of weight from 3.2 to 25) were run through 

an E-Gel 2% agarose (Invitrogen) gel for 30 min at 70 V. Last, the gel was imaged under 

ultraviolet (UV) light and the bands were analyzed using ImageJ software.

Cellular uptake and lysosomal escape of mRNA-encapsulated NPs

To monitor the NPs’ uptake, Cy5-mRNA@NPs were prepared. Pten-null prostate cancer 

cells (PTEN-Cap8 cells) were first seeded in confocal wells (Costar) at a density of 3 × 105 

cells per well and incubated at 37°C in 5% CO2 for 15 hours. The cells were then incubated 

with medium containing Cy5-mRNA@NPs for 0.5, 2, 4, or 6 hours, respectively. The cells 

were then washed with PBS and analyzed using an Olympus microscope. For the detection 

of colocalization of Cy5-labeled mRNA with lysosomes, the cells were first treated with 

Cy5-labeled mRNA-encapsulated NPs for 4 or 6 hours and then stained with LysoTracker 

green DND-26 (Invitrogen).

In vitro cytotoxicity and apoptosis evaluation

Cancer cells were seeded in 96-well plates at a density of 3 to 5 × 104 cells per well and 

incubated with 100 μl of medium containing 10% fetal bovine serum (FBS, Gibco) for 15 

hours. Then, the old medium was removed, and 100 μl of fresh medium containing PBS, 

naked PTEN mRNA, control NPS, and mPTEN@NPs at different concentrations were 

added and incubated for 48 hours. After washing with PBS, fresh medium containing 10% 

volume of alamarBlue (Thermo Fisher Scientific) was added to each well. After a 2-hour 

incubation, the cells were measured with a microplate reader (TECAN, Infinite M200 Pro). 

The measurements of UV-visible absorptions of all samples were made at 450 and 690 nm 

(background). Cell viability (%) was calculated using the formula: (Asample − Ablank)/

(Acontrol − Ablank) × 100.

Apoptosis was also detected using annexin V–FITC/PI double-staining assay by flow 

cytometry. Briefly, the cells were seeded in six-well plates and then treated with PBS, naked 

PTEN mRNA, control NPs, or mPTEN@NPs for 48 hours. The treated cells were collected, 

washed with PBS, and resuspended in PBS with annexin V–FITC and PI solution at room 

temperature and then were analyzed by flow cytometry within 1 hour.

Western blot

Cancer cells were first seeded in a six-well plate at a density of 3 to 5 × 105 cells per well. 

After 15 hours, the cells were treated with 100 μl of medium containing PBS, naked PTEN 
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mRNA, control NPs, or mPTEN@NPs for 48 hours and then collected in a 1.5-ml tube and 

resuspended with 100 μl of lysis buffer [50 mM tris-HCl (pH 8.0), 150 mM NaCl, and 1% 

(v/v) Triton X-100 and protease inhibitor]. After the protein concentration determined by a 

bicinchoninic acid protein assay kit (Thermo Fisher Scientific), 60 μg of the samples were 

run through an SDS–polyacrylamide gel electrophoresis gel and then transferred to 

nitrocellulose membrane blots. Next, the membrane blots were incubated with blocking 

buffer [5% (w/v) nonfat milk, 0.1% (v/v) Tween 20 in 0.01 M Tris-Buffered Saline and 

Tween (50 mM tris-HCl at pH 7.4 and 150 mM NaCl, and 0.1% Tween 20)] for 1 hour and 

then incubated overnight with appropriate primary antibodies at 1:1000 dilution at 4°C. The 

membrane blot was washed with PBS three times and incubated with horseradish 

peroxidase–conjugated secondary antibodies at 1:4000 dilution at room temperature for 2 

hours. Last, protein signals were detected by enhanced chemiluminescence detection system 

(Amersham/GE Healthcare) using a Typhoon Trio Variable Mode Imager. All uncropped 

Western blot images are shown in figs. S54 to S58.

Cell immunofluorescent staining

Cells were seeded into confocal plates at a density of 3 × 105 cells per well and incubated 

with 100 μl of medium containing 10% FBS. When the cells had grown to 60 to 70% 

confluence, 100 μl of medium containing PBS, naked PTEN mRNA, control NPs, or 

mPTEN@NPs was added into each well. After 48 hours, the cells were washed with PBS 

and fixed with 4% paraformaldehyde for 15 min at room temperature. Next, the cells were 

permeabilized with 0.1% Triton X-100 PBS for 10 min and cultured with a blocking buffer 

containing 5% bovine serum albumin (BSA) for 1 hour at room temperature. Then, the cell 

samples were incubated overnight with primary antibodies, such as HA and CRT at 1:150 

dilution at 4°C, washed with PBS three times, and incubated in secondary antibody (1:250) 

with Alexa Fluor 488 for 1 hour at room temperature. Last, the cells were stained with 4′,6-

diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific), washed with PBS, and 

imaged using an Olympus CLSM (FV1000). For CRT expression analysis by flow 

cytometry, the cells were collected after treatment and stained with Alexa Fluor 488–labeled 

CRT antibody (1:50) for 1 hour at 4°C, washed with PBS three times, and stained with PI. 

Then, the cells were analyzed by flow cytometry (FACScalibur; BD Biosciences).

Animals

C57BL/6 female and male mice about 6 weeks old were purchased from the Jackson 

laboratory and used for therapeutic efficacy and antitumor immune response studies. Pten-

null orthotopic tumor model studies were performed in the animal facility of National Center 

for Nanoscience and Technology (NCNST). The BMPC mice were created in the animal 

facility of the University of Maryland Baltimore County. Other animal studies were 

performed in the animal facility of the Brigham and Women’s Hospital. All animal studies 

were performed under specific pathogen-free conditions and in accordance with National 

Institutes of Health animal care guidelines. The animal protocol was approved by the 

Institutional Animal Care and Use Committees at NCNST, University of Maryland 

Baltimore County, or Brigham and Women’s Hospital. The animals were kept in the 

standard laboratory conditions with 12-hour light/12-hour dark cycle, with temperature of 
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18° to 23°C, and with relative humidity of 40 to 60% and had free access to sterile water and 

food.

BMPC mice

The GEMM of prostate cancer was created as in previous study (42). Briefly, mice carrying 

hemizygous Hoxb13-Cre+/− were mated to mice with PtenFl/Fl (the Jackson laboratory) to 

generate offspring with Hoxb13-Cre+/−/PtenFl/+. These mice were interbred to generate 

Hoxb13-Cre+/−/PtenFl/Fl mice. Next, mice carrying Hoxb13-MYC were mated to Hoxb13-
Cre+/−/PtenFl/Fl mice to generate offspring with heterozygous Hoxb13-MYC+/−/Hoxb13-Cre
+/−/PtenFl/+. These mice were then interbred to generate triple transgenic mice with Hoxb13-
MYC+/−/Hoxb13-Cre+/−/PtenFl/Fl genotype, referred to here as BMPC mice. When prostate 

tumors were detectable and had grown to about 0.5 g, the mice were used for biodistribution 

and antitumor immune response studies. For the biodistribution study, BMPC mice received 

naked Cy5-mEGFP and Cy5-mRNA@NPs (200 μl) via tail vein injection at an mRNA dose 

of 15 μg per animal. Twenty-four hours later, the organs (heart, liver, spleen, lung, and 

kidney) and tumors were harvested and imaged using the Syngene PXi Imaging System. For 

the antitumor immune response study, the BMPC mice were randomly divided into two 

groups (n = 3 mice per group) and treated with 200 μl of saline or mPTEN@NPs via tail 

vein injection at an mRNA dose of 700 μg/kg body weight every 3 days. After three cycles 

of treatment and 2 days after the last injection, the mice were sacrificed for the harvesting of 

their tumors to examine the PTEN expression and number/phenotype of immune cells such 

as CD8 T cells and MDSCs.

Antitumor immune responses induced by PTEN mRNA NPs

To prepare the B16F10-bearing tumor mouse model, about 4 × 105 cells in 100 μl of PBS 

were implanted subcutaneously on the right flank of 6-week-old female C57BL/6 mice. The 

mice were randomly divided into three groups (n = 4 mice per group), which received 200 μl 

of saline, control NPs, or mPTEN@NPs via tail vein at an mRNA dose of 700 μg/kg of body 

weight at days 7, 10, and 13 after tumor implantation. At day 15 (2 days after the last 

injection), the mice were euthanized and the tumors and groin lymph nodes were isolated to 

examine the number and phenotype of immune cells, such as T cells, DCs, and MDSCs, and 

concentration of secreted cytokines.

Flow cytometry for immune cells and antibodies

Antibodies for flow cytometry analysis were purchased from BioLegend and listed in table 

S2. Tumors and lymph nodes were washed with 1 ml of ice-cold fluorescence-activated cell 

sorting buffer (PBS plus 1% FBS) in a 1.5-ml microcentrifuge tube and then homogenized 

with a pellet pestle motor (Kontes Glass). Homogenates were then passed through a 70-μm 

mesh nylon cell strainer (BD Falcon) to form single-cell suspensions. For the flow cytometry 

analysis of surface markers, the cells were stained on ice with fluorescence-conjugated 

antibodies for 30 min according to the manufacturer’s instructions. For the staining of 

intracellular markers, such as IFN-γ, the cells were prestimulated with the cell stimulation 

cocktail (eBioscience) at 37°C for 6 hours and fixed and permeabilized using the 

intracellular staining kit (BD Biosciences) at 4°C for 30 min. Then, the cells were stained 

with anti–IFN-γ and other surface antibodies at 4°C for 30 min. Stained cells were finally 
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evaluated by flow cytometry (FACScalibur; BD Biosciences) and analyzed using FlowJo 

software.

ATP, HMGB1, and cytokine detection

To evaluate the release of ATP and HMGB1 from tumor cells, the cells were first seeded in a 

six-well plate at a density of 5 × 105 cells per well and incubated with 1.5 ml of medium 

containing 10% FBS for 15 hours. The medium was removed, and 1.5 ml of fresh medium 

containing PBS, naked PTEN mRNA, control NPs, or mPTEN@NPs was added and 

incubated for 48 hours. The cell culture medium was collected and measured using ATP 

(Invitrogen) and HMGB1 (IBL International GmbH) ELISA kits according to the 

manufacturer’s instructions. For evaluation of intratumoral ATP, HMGB1, and cytokines 

such as IL-10, IL-12p70, TNF-α, IFN-γ, IL-6, and TNF-β, tumor tissues were harvested and 

homogenized in cold PBS buffer. The supernatant from tumor homogenates was then 

measured with ELISA kits (cytokine kits purchased from BioLegend) per the manufacturer’s 

instructions.

Immunofluorescence and H&E staining for tissues

At the end point of treatment, the mice were euthanized; the tumors and various organs 

(lung, heart, liver, kidney, and spleen) were harvested and fixed with 4% paraformaldehyde. 

All organs were embedded in paraffin and sectioned into slices at a thickness of 5 μm. The 

paraffin-embedded sections were deparaffinized, rehydrated in a graded ethanol series, and 

washed in distilled water. Sample sections were then incubated in 0.3% hydrogen peroxide 

for 20 min to quench the activity of endogenous peroxidase, followed by antigen retrieval in 

citrate buffer (10 mM, pH 6) for 30 min. After washing with PBS, the samples were 

incubated in blocking buffer (1% BSA and 5% normal goat serum) for 60 min. For 

immunofluorescence staining, samples were incubated with different primary rabbit 

antibodies (HA, LC3, CRT, and CD8) at a 1:50 dilution overnight at 4°C, washed with PBS, 

and incubated with fluorescently labeled secondary antibodies (1:1000) for 60 min at room 

temperature. For H&E staining, sections were stained using an assay kit (Vector 

Laboratories) according to the manufacturers’ protocols. Last, the slides were imaged using 

a confocal microscope (Olympus FluoView FV1000).

In vivo therapeutic efficacy of mPTEN@NPs + anti–PD-1 in the B16F10-bearing tumor 
mouse model

For in vivo therapeutic efficacy, a B16F10-bearing tumor mouse model was used as 

described above. Six-week-old female C57BL/6 mice were randomly divided into five 

groups (n = 7 per group). The groups received an injection of saline, control NPs, or 

mPTEN@NPs (200 μl per mouse) via tail vein at an mRNA dose of 700 μg/kg of body 

weight at days 4, 7, and 10 after tumor implantation, and one cohort of mice receiving 

mPTEN@NPs was supplemented with intraperitoneal administration of anti–PD-1 (100 μg 

in 100 μl saline per mouse) on days 5, 8, and 11. Tumor sizes were measured every 2 days, 

and the average tumor volume was calculated according to the following formula: ½(length 

× width × width). To investigate the effect of mPTEN@NPs on antitumor immune 

modulation in the CD8 T cell–depleted mice, 6-week-old C57BL/6 mice bearing B16F10 

tumors were randomly divided into two groups (n = 10 per group). Three days before 
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receiving mPTEN@NPs and anti–PD-1, each mouse was injected intraperitoneally with 500 

μg of anti-CD8α in 200 μl of saline, repeated once a week thereafter. All mice received an 

injection of mPTEN@NPs (in 200 μl of saline) via tail vein at an mRNA dose of 700 μg/kg 

of body weight at days 4, 7, and 10 after tumor implantation, and anti–PD-1 (100 μg in 100 

μl of saline per mouse) was given intraperitoneally on days 5, 8, and 11. The tumors were 

measured every 2 days, and the average tumor volume was calculated according to the 

following formula: ½(length × width × width).

In vivo therapeutic efficacy of mPTEN@NPs + anti–PD-1 in an orthotopic mouse model of 
prostate cancer

To assess the in vivo therapeutic efficacy of mPTEN@NPs + anti–PD-1 in an orthotopic 

mouse model of prostate tumor, the orthotopic prostate tumor mouse model was developed. 

In brief, 6-week-old male C57BL/6 mice were anesthetized with isoflurane (1 to 3% for 

maintenance via nose cone). Next, 1 × 106 PTEN-Cap8-Luc cells in 15 μl of PBS were 

added into equal volumes of matrigel to create a final concentration of 1 × 106 cells/30 μl 

and then slowly injected into the anterior prostate lobes. Carefully, the injected prostate lobe 

was returned to the abdomen, and the inner and outer abdominal skins were closed. Ten days 

after implantation, the mice were administered 100 μl luciferin at a concentration of 3 mg/ml 

intraperitoneally and were monitored within 10 min for tumor using an in vivo imaging 

system (PerkinElmer). For treatment, mice with confirmed tumors were randomly divided 

into five groups (n = 3 per group) and treated with 200 μl of saline, control NPs, or 

mPTEN@NPs via tail vein at an mRNA dose of 700 μg per kg of animal weight at days 10, 

13, and 16 after tumor implantation, and some of the mPTEN@NPs-treated mice were also 

treated with intraperitoneal administration of anti–PD-1 (100 μg in 100 μl saline per mouse) 

on days 11, 14, and 17. Tumor imaging was performed every 5 days from the initial 

treatment day (day 10 after tumor inoculation) until day 25. Regions of interest were 

quantified as total flux radiance (photons per second) using an in vivo imaging system 

(PerkinElmer).

For the rechallenge study, C57BL/6 mice with orthotopic prostate cancer were first treated 

with four cycles of mPTEN@NPs with anti–PD-1 as mentioned above. Thirty-three days 

after the final treatment (or day −7 in Fig. 5H), orthotopic tumor imaging was performed, 

and four mice with complete response to the combination treatment as evaluated by 

undetectable bioluminescence signals were chosen to be rechallenged by subcutaneous 

injection of 5 × 105 PTEN-Cap8 cells. Naive C57BL/6 mice were used as controls and 

subcutaneously injected with the same number of PTEN-Cap8 cells at day 0 without any 

pretreatment. The sizes of the subcutaneous tumors were measured using a caliper every 

other day, from days 7 to 25, and the tumor volume was calculated according to the 

following formula: ½(length × width × width).

Statistical analysis

All experiments were performed in triplicate unless otherwise noted specifically, and all 

results are presented as the means ± SD or means ± SEM. A Student’s t test or Mann-

Whitney test was used for two-group comparisons, and a one-way analysis of variance 

(ANOVA) with Tukey’s correction for multiple comparisons was used to compare more than 
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two groups. All statistical analyses were carried out using GraphPad Prism 7 software, and 

statistical significance is indicated as *P < 0.05, **P < 0.01, and ***P < 0.001. n.s. indicates 

no significant difference.
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Fig. 1. Characterization of PTEN mRNA NPs (mPTEN@NPs) and expression of the tumor 
suppressor PTEN by treatment with mPTEN@NPs in vitro.
(A) TEM image of mPTEN@NPs. Scale bar, 100 nm. (B) The size distribution of 

mPTEN@NPs detected by DLS. (C) The size of mPTEN@NPs in PBS or medium did not 

change during evaluation over 24 hours. Data shown are representative of three independent 

experiments. (D) Cellular uptake of Cy5-mRNA@NPs (red) was characterized at different 

time points. (E) Cy5-mRNA@NPs (red) escape from endo/lysosomes (green). Nucleus were 

stained with DAPI (blue) before evaluated by confocal microscopy. (F) RT-PCR for PTEN 

mRNA in PTEN-Cap8 cells after indicated treatments for 48 hours. Cells without treatment 

(Ctrl) served as the background. Data shown are representative of three independent 

experiments. (G) Western blot analysis of PTEN expression in PTEN-Cap8 cells after the 

indicated treatments for 48 hours. Bottom: The quantitative analysis results for PTEN 
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expression that were calculated by normalizing PTEN protein band intensity at each 

condition to that of β-actin by ImageJ software. (H) Immunofluorescence imaging of 

hemagglutinin (HA)–tagged PTEN (green) expression in B16F10 cells treated with naked 

PTEN mRNA, NPs, or mPTEN@NPs for 48 hours. Cells without treatment served as the 

control (Ctrl). Scale bars, 20 μm.
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Fig. 2. mPTEN@NP treatment induces ICD of cancer cells in vitro.
(A) Cell viability of PTEN-Cap8 and B16F10 cells after treatment with mPTEN@NPs for 

48 hours. Data are presented as means ± SD (n = 3 replicates). Statistical significance was 

calculated using a two-tailed Student’s t test, ***P < 0.001. (B) Confocal laser scanning 

microscopy (CLSM) imaging for cells transfected with GFP-LC3. (C to E) Analysis of ICD 

markers in PTEN-Cap8 and B16F10 cells after mPTEN@NPs treatment for 48 hours. (C) 

CRT expression on PTEN-Cap8 and B16F10 cells was evaluated by CLSM. ATP release (D) 

and HMGB1 release (E) were evaluated by ELISA. (F) CRT expression was assessed by 

CLSM on PTEN-Cap8 and B16F10 cells that were cotreated with mPTEN@NPs and the 

autophagy inhibitor, 3-MA. (G) Western blot analysis for PTEN and LC3-II expressions 

when cotreated with mPTEN@NPs and 3-MA for 48 hours. Bottom: The quantitative 

analysis results for LC3-II expression that performed on LC3-II protein bands intensities at 

each condition were normalized with β-actin. (H) ATP release after treatment with 

mPTEN@NPs and 3-MA for 48 hours was evaluated by ELISA. Data in (D), (E), and (H) 

are presented as means ± SD (n = 3 replicates per group) and were calculated via one-way 

ANOVA with a Tukey post hoc test. **P < 0.01 and ***P < 0.001. Scale bars, 20 μm.
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Fig. 3. mPTEN@NPs induce antitumor immune responses in the Pten-mutated B16F10 tumor–
bearing mouse model.
(A) Experimental timeline for treatment of B16F10 tumor–bearing mice. S.C., 

subcutaneous; iv, intravenous. (B) Tumor weights of B16F10 tumor–bearing mice treated 

with PTEN@NPs. Data are presented as means ± SD (n = 4 mice per group). (C to E) Flow 

cytometry analysis results of the percentage of CD11c+MHC-II+ LNDCs (C), and the 

percentage of CD3+CD8+ T cells (D) and IFN-γ+CD8+ T cells (E) isolated from the tumor. 

Data are presented as means ± SEM (n = 4 mice per group). (F) Immunofluorescence 

imaging from Pten-mutated B16F10 tumor tissues shows CD8+ T cell infiltration (green) 

after treatment with saline, NPs, or mPTEN@NPs. DAPI (blue) stains nuclei. Scale bars, 50 

μm. (G and H) Flow cytometry analysis result of the percentage of Foxp3+CD25+CD4+ T 

cells (G) and Mo-MDSCs (H) gating on CD11b+Ly6C+Ly6G− cells. Data are presented as 
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means ± SEM (n = 4 mice per group). (I to K) ELISA analysis results of cytokine in the 

supernatant of excised tumors from mice (n = 3 mice per group), including TNF-α (I), 

IL-12p70 (J), and IL-10 (K). (L) Immunofluorescence imaging of PTEN (green) and LC3-II 

(red) expression in Pten-mutated B16F10 tumor tissues after the indicated treatments. (M) 

Analysis of ATP release in the supernatant of excised tumors from mice treated with saline, 

NPs, or mPTEN@NPs (n = 3 mice per group). Statistical significance was calculated via 

one-way ANOVA with a Tukey post hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 4. mPTEN@NPs increase the therapeutic efficacy of anti–PD-1 in the Pten-mutated B16F10 
tumor–bearing mouse model.
(A) Experimental timeline for treatment of B16F10 tumor–bearing mice. (B) Individual 

growth curves for mice treated as indicated. (C) The average tumor growth curves for mice 

treated as indicated. Data are represented as means ± SD (n = 7 mice per group). Statistical 

significance was calculated in (C) using a one-way ANOVA with a Tukey post hoc test. *P < 

0.05, **P < 0.01, and ***P < 0.001. (D) Immunofluorescence imaging of tumor tissues 

showing expression of HA-PTEN (green) and LC3-II (red) after treatment with 

mPTEN@NPs with or without anti–PD-1. (E) Immunofluorescence staining of tumors for 

CD8+ T cell infiltration (green) after treatment with saline, NPs, or mPTEN@NPs. (F) 

Immunofluorescence staining of tumors for CRT expression (red) after indicated treatments. 

(G and H) ELISA analysis of ICD markers HMGB1 (G) and ATP (H) in the supernatant of 

tumors excised from mice treated as indicated. Data are presented as means ± SD (n = 3 

mice per group). Statistical significance was calculated in (G) and (H) via one-way ANOVA 

with a Tukey post hoc test. *P < 0.05 and **P < 0.01. Scale bars, 50 μm.
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Fig. 5. Therapeutic efficacy and immunological memory of mPTEN@NPs with anti–PD-1 in the 
orthotopic mouse model of Pten-null prostate cancer.
(A) Experimental timeline for treatment of Pten-null orthotopic prostate tumor–bearing 

mice. (B) In vivo bioluminescence imaging of Pten-null orthotopic prostate tumors from 

mice treated as indicated. Tumor imaging was obtained every 5 days from the initial 

treatment day (day 10 after tumor inoculation) until day 25. (C) The fold change in 

bioluminescence signals from baseline at day 10 of PTEN-Cap8-Luc tumors. (D) 

Quantitative analysis of the fold change in bioluminescence signals from baseline of PTEN-

Cap8-Luc tumors at day 25. Data in (C) and (D) are presented as means ± SD (n = 3 mice 

per group). Statistical significance was calculated via one-way ANOVA with a Tukey post 

hoc test. *P < 0.05. (E) Immunofluorescence staining of tumors for PTEN (red) and LC3-II 

(green) expression at day 25 after the indicated treatments. Scale bar, 100 μm. (F) 
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Immunofluorescence staining of tumors for CD8+ T cell infiltration (green) at day 25 after 

the indicated treatments. Scale bar, 100 μm. (G) Quantitative analysis of mean fluorescent 

intensity from (F). Data are presented as means ± SD (n = 3 mice per group). Statistical 

significance was calculated via one-way ANOVA with a Tukey post hoc test. ***P < 0.001. 

(H) Experimental timeline for treatment of Pten-null orthotopic prostate tumor–bearing mice 

and S.C. rechallenge. In the naive group, C57BL/6 mice were subcutaneously implanted 

with PTEN-Cap8 cells at day 0 without any pretreatment. (I) Representative photograph of 

mice from the naive group and the combination treatment group at day 25. Note that the 

mice in the naive group are about 7 to 8 weeks younger than those in the combination 

treatment group. (J) The subcutaneous tumor growth profile for the naive group and the 

combination treatment group (mPTEN@NPs + anti–PD-1). Data are presented as means ± 

SEM (n = 4 mice per group).
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