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Abstract Recent clinical studies have shown that mutation of phosphatase and tensin homolog deleted

on chromosome 10 (PTEN) gene in cancer cells may be associated with immunosuppressive tumor

microenvironment (TME) and poor response to immune checkpoint blockade (ICB) therapy. Therefore,

efficiently restoring PTEN gene expression in cancer cells is critical to improving the responding rate to

ICB therapy. Here, we screened an adeno-associated virus (AAV) capsid for efficient PTEN gene delivery

into B16F10 tumor cells. We demonstrated that intratumorally injected AAV6-PTEN successfully

restored the tumor cell PTEN gene expression and effectively inhibited tumor progression by inducing

tumor cell immunogenic cell death (ICD) and increasing immune cell infiltration. Moreover, we devel-

oped an anti-PD-1 loaded phospholipid-based phase separation gel (PPSG), which formed an in situ depot

and sustainably release anti-PD-1 drugs within 42 days in vivo. In order to effectively inhibit the recur-

rence of melanoma, we further applied a triple therapy based on AAV6-PTEN, PPSG@anti-PD-1 and CpG,

and showed that this triple therapy strategy enhanced the synergistic antitumor immune effect and also

induced robust immune memory, which completely rejected tumor recurrence. We anticipate that this
un Sun).
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triple therapy could be used as a new tumor combination therapy with stronger immune activation capac-

ity and tumor inhibition efficacy.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute

of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

For the treatment of cancer, a single treatment method (radio-
therapy, chemotherapy, immunotherapy, etc.) cannot achieve
satisfactory therapeutic efficacy1. The combination of multiple
therapies is a major trend in cancer treatment2e4. In recent years,
the immune checkpoint inhibitor therapy that reactivates T cells
by blocking the immune checkpoint pathway to achieve anti-
tumor immunity has achieved great clinical success in treating
cancer5. A series of inhibitors against immune checkpoints such as
cytotoxic T lymphocyte-associated protein 4 (CTLA-4), pro-
grammed cell death 1 (PD-1) and PD-1 ligand 1 (PD-L1) have
been developed. However, there is evidence that more than two-
thirds of patients are resistant to ICB therapy6,7. Studies have
shown that this low response rate of ICB therapy is mainly caused
by the immunosuppressive environment in tumor tissues7,8.
Furthermore, ICB therapy requires multiple systemic doses,
resulting in poor patient compliance and systemic adverse re-
actions9. Developing new combination immunotherapy that can
synergistically enhance immune activation and relieve immune
suppression becomes an important challenge.

PTEN is a widely studied tumor suppressor, and the deletion of
the PTEN gene has been observed in a variety of cancers10. Recent
clinical studies have shown that the deficiency of PTEN gene
expression is an important reason for the decreased immune cell
infiltration in tumor tissues and higher resistance to anti-PD-1
therapy11e14. Further mechanism studies showed that PTEN can
inhibit tumorigenesis by causing autophagy in tumor cells15,16.
Autophagy in tumor cells may release damage-associated mo-
lecular patterns (DAMPs), including adenosine triphosphate
(ATP), high mobility frame 1 (HMGB1), heat shock proteins
(HSP), and calreticulin (CRT) expressed on cell membranes17e19.
These damage-associated molecular patterns can activate anti-
tumor immunity in cancer therapy and increase the infiltration of
immune cells in tumor tissues20e22. At the same time, tumor an-
tigens produced by tumor cell death can be presented to T cells via
mature dendritic cells (DC) for immune activation22.

Based on the above findings, we speculate that PTEN gene
restoration in tumor cells should improve the effect of ICB
treatment, and these two therapies could have a synergistic anti-
tumor effect. For PTEN therapy, it is crucial to safely and effi-
ciently deliver the PTEN gene to tumor cells in vivo. The success
of mRNA vaccines against COVID-19 showed the broad prospects
of mRNA delivery23,24 and also revealed the urgent challenges to
be solved, including improving the infection efficiency of mRNA
delivery vectors to host cells, decreasing potential inflammation
side effects, and improving the stability of the mRNA delivery
system25. AAV is an ideal vehicle for delivering the PTEN gene to
tumor cells due to their advantages including high gene delivery
efficiency, low immunogenicity, and high safety26. Clinically,
AAV has been used for gene therapy of various diseases, such as
ROCTAVIAN™, the recently approved AAV gene therapy for
hemophilia A. In addition, studies have shown that AAV has
strong tumor penetration and therefore has the potential to
effectively deliver PTEN genes into the tumors27.

Tumor recurrence has become the main reason for treatment
failure in malignant tumors27,28. For tumor recurrence, how to
effectively activate the immune system and induce tumor-specific
immune memory is very important. Tumor vaccines are an ideal
approach to eradicate tumors by inducing tumor-specific cellular
immunity as well as humoral immunity28. CpG, a Th1 immune
adjuvant, is a TLR9 agonist and has potent immunostimulatory
adjuvant activity29. Therefore, we speculate that the combination
of the released tumor antigens induced by the restoration of the
PTEN and immune adjuvants CpG may efficiently activate the
immune system to form a long-term immune memory response.

To sum, in the current study, we combined AAV-based tumor
suppressor gene delivery therapy, with ICB therapy and in situ
tumor vaccine therapy to elicit a synergistic anti-tumor immune
response. Our results showed that restoration of the PTEN gene
induced tumor cell apoptosis and ICD. Moreover, we have
developed an anti-PD-1 loaded phospholipid-based phase sepa-
ration gel capable of forming anti-PD-1 drug depots in vivo. PPSG
is composed of phospholipids (E80), soybean oil, and a small
amount of ethanol. E80 has poor water solubility, but very high
solubility in ethanol. After subcutaneous injection of PPSG around
the tumor, ethanol rapidly diffuses into the surrounding tissues.
The precipitation of E80 leads to an increase in system viscosity.
In this way, PPSG in the sol state at the time of injection trans-
formed into a semi-solid or solid gel in situ after injection. At the
same time, we used CpG as an immune adjuvant of the “in situ
tumor vaccine” in combination with the above two kinds of
therapy to induce tumor-specific cellular immunity and humoral
immunity. Finally, we evaluated the effect of this triple therapy in
a melanoma model. The results showed that this triple therapy
synergistically exerts anti-tumor immune effects and induces long-
term immune memory in experimental animals, which effectively
avoids tumor recurrence.
2. Materials and methods

2.1. Study design

The purpose of our study was to probe into whether and how the
AAV-based restoration of tumor suppressor PTEN could achieve
antitumor effects. Furthermore, we explored a synergistic tumor
combination therapy, which is a triple therapy that combines AAV
delivery of tumor suppressors, immune checkpoint inhibitor
therapy, and immunotherapy to treat tumors.

We first screened the most efficient AAV serotype for B16F10
infection to deliver the PTEN gene and then assessed its trans-
duction in melanoma cells by cell viability assays, apoptosis
detection, immunofluorescence, and confocal imaging effects. For

http://creativecommons.org/licenses/by-nc-nd/4.0/
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mechanistic studies, we analyzed the induction of ICD of tumor
cells in vitro (n Z 3 replicates per group) and changes in the
phenotype/number of immune cells in vivo (n Z 5 mice per
group) by flow cytometry, ELISA, and immunofluorescence im-
aging. We prepared a sustained-release gel to deliver anti-PD-1
and characterized the properties of this gel as well as the drug
release behavior by small animal in vivo imaging and viscometer.
To evaluate the effect of triple therapy in the treatment of mela-
noma, we used a subcutaneous mouse model of melanoma to
analyze the effect of AAV-PTEN alone, the combination of any
two treatments, and the combination of three treatments (n Z 10
mice per group) antitumor effect. For mechanistic studies of the
triple therapy, we analyzed the induction of ICD and changes in
immune cell phenotype/number at tumor tissues, as well as
changes in immune cell phenotype/number in the spleen (n Z 4
mice per group) by flow cytometry, ELISA, and immunofluores-
cence. The animals were randomly assigned to unblinded treat-
ment groups.

2.2. Plasmid, drugs, and antibodies

The three plasmid systems, including target gene plasmid (pAAV-
CAG-mCherry), capsid plasmid (pAAV-6, pAAV-1, pAAV-7m8,
pAAV-7, pAAV-8, pAAV-10) and helper plasmid (pHelper), were
all purchased from Fenghui Biotechnology (Hunan, China). The
complementary DNA (cDNA) encoding the mouse PTEN gene
was synthesized from GENEWIZ (Suzhou, China). pAAV-CAG-
PTEN was obtained by replacing mCherry gene in pAAV-CAG-
mCherry with PTEN gene. Reverse the PTEN gene sequence in
pAAV-CAG-PTEN to get pAAV-CAG-PTENR.

The anti-PD-1 used in this study is AUNP-12, a polypeptide
purchased from Selleck (USA) with a purity of 99.20%. Cy5-
AUNP-12 was purchased from Guoping pharmaceutical co
(Anhui, China) with a purity of 90%. CpG was synthesized in
GENEWIZ (Suzhou, China) with 90% purity.

Antibodies for Western blot (WB) and Immunofluorescence
(IF): anti-mouse PTEN, CRT, b-actin and anti-rabbit FITC, CY3
fluorescent secondary antibodies were purchased from ABclonal
Tech (Wuhan, China). Antibodies for flow cytometry test: CD11c-
PE, CD80-FITC, CD86-APC, CD3-APC, CD8-FITC, CD4-APC-
eflour780, CD69-PE, CD274-PE, CD11b-FITC, CD206-PE-Cy7,
CD86-APC, IL-4-PE, IFN-g-APC, TNF-a-eflour450, IL-2-PE5.5,
CD4-APC-eflour780, CD44-APC, CD62L-PE were all purchased
from Invitrogen (USA).

2.3. Cells and culture

B16F10 (mouse melanoma cells), AAV293 (embryonic kidney
cells) were previously stored in our laboratory. B16F10, AAV293
were cultured in Dulbecco modified Eagle medium (DMEM)
(Gibco). All media contained 10% fetal bovine serum (Excel),
100 mg/mL streptomycin (Thermo Fisher) and 100 unit/mL
penicillin (Thermo Fisher). All cells were cultured in incubators at
37 �C with humidification and 5% CO2.

2.4. Preparation of phospholipids-based phase separation gel

PPSG was prepared by simple mixing. Mixed 70 mg of E80,
15 mg of soybean oil, and 12 mg of ethanol, and dissolved them
thoroughly at room temperature with continuous stirring. Dis-
solved 1 mg anti-PD-1 polypeptide drug in 30 mL sterile water for
injection, then added 30 mL anti-PD-1 solution dropwise to the
PPSG, and sonicated it at a power of 70 W at 4 �C until the
solution was evenly distributed in the PPSG.

2.5. Virus preparation

Recombinant AAVs were produced by triple-plasmid transduction
of AAV293 cells with polyethyleneimine30 (linear, MW 40,000;
Polysciences, USA, #24765-1). Cells were harvested 72 h after
transduction and suspended in TNE buffer (100 mmol/L Tris-HCl,
20 mmol/L EDTA, 150 mmol/L NaCl, pH 8.0) and subjected to 3
freezeethaw cycles. Crude lysates containing AAV were treated
with Benzonase and 10% deoxycholic acid for 1 h at 37 �C to
remove residual DNA and centrifuged at 10,000�g for 30 min.
Meanwhile, AAV released into the medium was recovered
by addition of PEG/NaCl solution [10% polyethylene glycol 8000
(w/v), 0.5 mol/L NaCl] and subsequent precipitation at 4 �C for
16 h. Prior to AAV purification, AAV-containing resuspension
buffer was centrifuged through an iodixanol (Sigma, USA,
#D1556) gradient followed by affinity chromatography (Thermo,
USA, POROS™ CaptureSelect™ AAVX Affinity Resin, #A36745)
Purify.

2.6. Western blot

B16F10 cells were first seeded in a 6-well plate at a density of
2 � 105 cells per well. After 4 h, the medium was discarded and
the cells were treated with 2 mL of fresh medium containing PBS,
AAV-PTENR, or AAV-PTEN [multiplicity of infection
(MOI) Z 1 � 105] for 48 h and then collected in a 2-mL tube and
resuspended with 200 mL of lysis buffer [50 mmol/L Tris-HCl (pH
7.4), 150 mmol/L NaCl, 1% NP-40, 0.1% SDS, and protease in-
hibitor]. After the protein concentration was determined by the
BCA Protein Assay Kit (Beyotime Biotechnology), a sample of
100 mg protein was run through an SDS-polyacrylamide gel
electrophoresis gel and then transferred to a nitrocellulose mem-
brane blot. Next, the membrane blots were soaked in blocking
buffer [5% (w/v) nonfat milk, TBST buffer (50 mmol/L Tris-HCl,
pH 7.6 and 150 mmol/L NaCl and 0.05% Tween 20)] for 1 h.
Membrane blots were then incubated overnight in appropriate
dilutions of primary antibody solution at 4 �C. Membrane blots
were washed 3 times with TBST buffer and incubated with
horseradish peroxidase-conjugated secondary antibody at 1:5000
dilution for 1 h at 37 �C. Finally, protein signals were detected by
an enhanced chemiluminescence detection system (Amersham/GE
Healthcare) using a Typhoon Trio variable mode imager.

2.7. Screening of AAV serotypes

B16F10 cells were first seeded in a 12-well plate at a density of
1 � 105 cells per well. After 4 h, medium was discarded and the
cells were treated with 1 mL of fresh medium containing PBS,
AAV1-CAG-mCherry, AAV7m8-CAG-mCherry, AAV6-CAG-
mCherry, AAV7-CAG-mCherry, AAV8-CAG-mCherry, AAV9-
CAG-mCherry, AAV10-CAG-mCherry (MOI Z 1 � 105) for
48 h. After 48 h, cells were first photographed by confocal mi-
croscopy and collected in 1.5-mL tubes, and resuspend with PBS
for flow cytometry test.

2.8. In vitro apoptosis evaluation

Apoptosis was also detected by flow cytometry using annexin PI/
AnnexinVeFITC double-staining assay. Briefly, the B16F10 cells



Combination of AAV-PTEN with PPSG@anti-PD-1 for Antitumor Immunity 353
were seeded in 6-well plates and then treated with PBS, AAV-
PTENR, or AAV-PTEN for 48 h. The treated B16F10 cells were
first photographed by confocal microscopy and then collected,
washed with PBS, and resuspended in PBS with PI and
AnnexinVeFITC solution and finally were analyzed by flow
cytometry.

2.9. Cell immunofluorescent staining

Cells were seeded into confocal plates at a density of 2 � 105 cells
per well and incubated with 1 mL of medium containing 10% FBS
for 4 h. Added 1 mL of fresh medium containing PBS, AAV-
PTENR, or AAV-PTEN to each well. After 48 h, cells were washed
with TBS buffer (50 mmol/L Tris-HCl, pH 7.6 and 150 mmol/L
NaCl) and fixed with 4% paraformaldehyde for 15 min at room
temperature. Next, cells were permeabilized with 0.1% Triton X-
100 TBS for 10 min (this step is not required for detection of
CRT) and then incubated with blocking buffer containing 5%
bovine serum albumin (BSA) for 30 min at 37 �C. Then, the
blocking buffer was discarded, and the cell samples were incu-
bated with primary antibodies (such as anti-PTEN and anti-CRT)
at 1:100 dilution overnight at 4 �C, washed 3 times with TBS, and
incubated in secondary antibodies (1:500) with FITC or Cy3 for
30 min at 37 �C. Finally, cells were covered with anti-fluorescence
quencher (Beyotime Biotechnology) containing 40,6-diamidino-2-
phenylindole (DAPI) and imaged using an Olympus CLSM
(FV1000) (Zeiss, Germany).

2.10. Animal

6-week-old C57BL/6 mice were purchased from Dashuo
Biotechnology (Chengdu, China). All animal experimental studies
followed the requirements of the National Laboratory Animal Use
Law (China). The breeding methods and environment of all
experimental animals were approved by the Institutional Animal
Care and Ethics Committee of Sichuan University (approval
number SYXK2018-113). All animal experiments were performed
under pathogen-free conditions. The experimental animals were
euthanized when their body weight dropped by more than 20%
continuously. The tumor volume of all tumor-receiving mice did
not exceed 2000 mm3.

2.11. Antitumor immune effects induced by AAV-PTEN

To construct a B16F10-bearing tumor mouse model, 4 � 105

B16F10 cells in 50 mL PBS were implanted subcutaneously in the
right flank of 6-week-old male C57BL/6 mice. Mice were
randomly divided into three groups (n Z 8 mice per group), and
on Day 7 after tumor implantation, mice were injected intra-
tumorally with PBS, AAV-PTENR, and AAV-PTEN. The mice
tumor volume and body weight were measured every two days
thereafter.

In order to detect various immune indicators of mouse tumor
tissues, the same method was used to construct a B16F10 tumor-
bearing mouse model and the same dosing regimen was imple-
mented (n Z 5 mice per group) on Day 15 after tumor implan-
tation. Mice were euthanized on Day 15 after tumor implantation
and axillary lymph nodes and tumors were divided for the number
and phenotype of each immune cell, the concentration of secreted
cytokines, and the ICD index.
2.12. Therapeutic efficacy and mechanisms of triple therapy in
the B16F10-bearing tumor mouse model

For in vivo therapeutic effects, a B16F10-bearing tumor mouse
model was constructed as described above. B16F10 tumor-bearing
mice were randomly divided into five groups (n Z 10 mice per
group): Blank group, PPSG@anti-PD-1þCpG group, PTEN group,
PTENþPPSG@anti-PD-1 group, and triple therapy group. On Day 7
after tumor implantation, mice in groups were injected intra-
tumorally with PBS or AAV-PTEN (1.5 � 1010 v.g. in 5 mL PBS
per mouse), and PPSG@anti-PD-1 (100 mg anti-PD-1 in 100 mL
PPSG per mouse) was injected subcutaneously around the tumor.
On Days 9 and 11 after tumor implantation, CpG (3 mg in 25 mL
saline per mouse) was injected subcutaneously in the right fore-
arm of mice. Tumor size was measured every 2 days, and tumor
volume was calculated according to Eq. (1):

Tumor volume Z 1/2 (Length � Width � Width) (1)

For mechanisms, the same tumor model construction protocol
as well as treatment protocol was implemented as described above
(n Z 4 mice per group). On Day 18, the mice were euthanized.
The mice were dissected, and the tumors, axillary lymph nodes
and spleen were harvested for grinding, fixation, embedding, and
lysis. The number and phenotype of immune cells in tumors,
axillary lymph nodes, and spleen were measured. The concen-
tration of cytokines in tumor tissues and the effect of ICD and the
titer of specific antibodies in blood were also measured.

2.13. Re-challenging tumor-eradicated mice with subcutaneous
B16F10 cells

On Day 90, five fresh C57BL/6 mice, two tumor-eradicated mice
in the PTEN group, four tumor-eradicated mice in the
PTENþPPSG@anti-PD-1 group, and five tumor-eradicated mice in
the triple therapy group were subcutaneously injected with
B16F10 cells (4 � 105 cells in 50 mL PBS per mouse) on the
contralateral side of the first tumor on Day 90. Tumor volume was
measured every two days when tumors could be observed.

2.14. Analysis of immune cells by flow cytometry

Tumors, axillary lymph nodes and spleen were triturated and tis-
sue homogenates were passed through a 70 mm mesh nylon cell
strainer (Biosharp) to prepare single cell suspensions. For flow
cytometric analysis of surface markers, cells were stained with
fluorescent-conjugated antibodies for 40 min at 4 �C. For staining
of intracellular markers (e.g., TNF-a), cells were pre-stimulated
with B16F10 tumor cell lysate for 6 h at 37 �C, and then
stained using an intracellular factor staining kit (BD Biosciences).
Fixed and permeabilized for 30 min at 4 �C. Then, intracellular
marker antibodies and other surface antibodies were stained for
30 min at 4 �C. Stained cells were finally detected by flow
cytometry and analyzed using FlowJo software.

2.15. HMGB1, ATP, antibody titers and cytokine detection

To examine the release of HMGB1 and ATP from B16F10 cells,
B16F10 cells were first seeded in 12-well plates at a density of
1 � 105 cells/well and incubated with 1 mL of medium containing
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10% FBS for 4 h. The medium was removed, and then added 1 mL
of fresh medium containing PBS, AAV-PTENR and AAV-PTEN
incubating for 48 h. Cell culture supernatants were collected and
measured using ATP (Beyotime Biotechnology) and HMGB1 (Rui
Xin) ELISA kits according to the kit’s instructions. To assess
intratumoral ATP, HMGB1, and cytokines such as IL-12p70,
TNF-a, IFN-g, tumor tissues were collected and homogenized
in cold PBS buffer. The supernatant of the tumor homogenate was
then assayed with an ELISA kit (cytokine kit from Invitrogen)
following the kit’s instructions. To measure cytokine release after
splenocytes were stimulated, splenocytes were seeded in 12-well
plates at a density of 1 � 107 cells/well and incubated with
1 mL of medium containing 10% FBS. B16F10 cell lysate was
added to stimulate for 6 h, and the culture was continued for 72 h.
Cell culture supernatants were collected and measured using an
ELISA kit according to the kit’s instructions.

2.16. Immunofluorescence and H&E staining for tissues

At the end point of treatment, the micewere 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 mm. The paraffin embedded sections were deparaffinized, rehy-
drated 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 mmol/L, 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 (CRT and PTEN) 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. ForH&E staining, sectionswere stained using an
assay kit (Vector Laboratories) according to the manufacturers’
protocols. Last, the slides were imaged using a confocal microscope
(Olympus FluoView FV1000).

3. Results

3.1. Screening and characterization of AAV capsids for efficient
PTEN gene delivery to B16F10 cells

In order to efficiently deliver the PTEN gene into B16F10 cells,
we first screened the serotype of AAV. Using mCherry as the
target gene and CAG promoter highly expressed in mammalian
cells, we packaged and purified seven kinds of AAV-CAG-
mCherry (hereafter AAV-mCherry) with different serotypes,
including AAV1-mCherry, AAV7m8-mCherry, AAV6-mCherry,
AAV7-mCherry, AAV8-mCherry, AAV9-mCherry, AAV10-
mCherry. Next, we investigated the infection efficiency of
B16F10 by AAV-mCherry of different serotypes (Fig. 1A).
B16F10 cells were treated with AAV-mCherry for 48 h at MOI,
v.g. number � cell�1 Z 1 � 105, and the expression of mCherry
was confirmed by fluorescence of CLSM (Fig. 1B). Cells were
then collected for flow cytometry analysis. The results showed that
AAV6 could infect more than 91% of B16F10 cells at
MOIZ 1 � 105 (Fig. 1C), while AAV7m8 and AAV8 could infect
no more than 44% of B16F10 cells. Other serotypes of AAV are
less efficient at infecting B16F10 cells. Finally, we chose serotype
6 of AAV to efficiently deliver the PTEN gene. Then, we pack-
aged and purified AAV6-CAG-PTEN (hereafter AAV-PTEN)
(Fig. 1D). While we reversed the PTEN gene sequence and
packaged AAV6-CAG-PTENR (hereafter AAV-PTENR) (Fig. 1D)
as a vector control. We characterized them by transmission elec-
tron microscopy (Fig. 1E) and silver staining (Supporting Infor-
mation Fig. S1), and the results showed that we obtained AAV6-
PTEN with a high purity and low empty shell rate.

3.2. PTEN restoration by AA6-PTEN induces apoptosis and
immunogenic cell death

It has been previously reported that restoring the expression of the
PTEN gene in human cancer cells could inhibit their growth31.
Therefore, we first wanted to determine whether AAV-PTEN
could efficiently restore PTEN expression in B16F10 cells
in vitro. B16F10 cells were treated with PBS (Blank), AAV-
PTENR (Vector), Polyethylenimine (PEI, MW 40k)-plasmid
complex or AAV-PTEN (PTEN) for 48h at MOI Z 1 � 105, and
the expression of PTEN was confirmed by Western blot. The re-
sults showed that AAV-PTEN significantly increased the expres-
sion of PTEN in B16F10 cells (Fig. 2D). We next wanted to
determine whether treatment with AAV-PTEN could inhibit the
growth of B16F10 cells. B16F10 cells were treated with PBS,
AAV-PTENR, AAV-PTEN at different MOI for 48 h, and then cell
viability was measured. Even at high MOI (1 � 106), AAV-PTENR

showed negligible toxicity to B16F10 cells (Fig. 2A). However,
after treatment with AAV-PTEN, more dead cells were detected,
and the IC50 was 9.7 � 104 v.g./cell (Fig. 2A). After AAV-PTEN
treatment, the morphology of B16F10 cells was examined using
conventional microscopic imaging, which showed obvious
apoptotic phenomena: cells shrunken and apoptotic bodies
appeared around the cells (Fig. 2B). We also confirmed that AAV-
PTEN treatment effectively promoted apoptosis of B16F10 cells
by measuring annexin V-fluorescein isothiocyanate (FITC)/pro-
pidium iodide (PI). The apoptosis ratio of AAV-PTENR treatment
did not increase, indicating that AAV vector did not induce
apoptosis of B16F10 (Fig. 2C). However, AAV6-PTEN treatment
significantly increased late apoptotic cells. The proportion of
apoptotic cells after AAV6-PTEN treatment increased approxi-
mately 7-fold compared to the control group (Fig. 2C).

It has been demonstrated that activation of PTEN could promote
the release of DAMPs and trigger immunogenic cell death20. To
confirm this, three hallmark markers characterizing the effect of
ICD, CRT on the cell membrane, HMGB1 and ATP released into
the extracellular milieu, were measured in B16F10 cells as well as
in the culture supernatant after 48 h treatment with PBS, AAV-
PTENR or AAV-PTEN. CRT exposure on the cell membrane was
confirmed by immunofluorescence with CLSM. Treatment with
AAV-PTEN induced a significant increase in CRT expression on the
cell membrane (Fig. 2E). The content of ATP or HMGB1 in cell
culture supernatants was measured by enzyme-linked immunosor-
bent assay (ELISA). HMGB1 and ATP release were significantly
increased in B16F10 cells treated with AAV-PTEN compared with
controls (Fig. 2F and G). These results suggest that AAV6-PTEN
treatment can induce apoptosis, while triggering ICD.

3.3. AAV-PTEN induces antitumor immune responses in vivo

The ability of AAV-PTEN to induce tumor cell apoptosis
and generate ICD in vitro inspired us to further explore whether
AAV-PTEN could induce tumor cell apoptosis and activate



Figure 1 Screening and characterization of AAV capsids for efficient PTEN gene delivery to B16F10 cells. (A) Schematic diagram of AAV

capsids screening for efficient gene delivery to B16F10 cells. (B) Confocal microscopy imaging of mCherry (red) expression in B16F10 cells

treated with different serotypes of AAV-mCherry for 48 h at MOI Z 1 � 105. Scale bar, 50 mm. (C) Flow cytometry analysis of PE-Texas Redþ

B16F10 cells treated with different serotypes of AAV-mCherry for 48 h at MOIZ 1 � 105. Data were presented as means � SD (nZ 3 replicates

per group). (D) Schematic of AAV-PTEN, AAV-PTENR and AAV-mCherry using CAG promoter highly expressed in mammalian cells. (E) TEM

image of AAV6-PTEN. Scale bar, 20 nm.
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anti-tumor immune responses in vivo. We selected C57BL/6 mice to
construct a subcutaneous B16F10 tumor model and first verified
whether AAV-PTEN could restore the expression of PTEN gene in
B16F10 tumor-bearing mice. 96 h after intratumoral injection of
PBS, AAV-PTENR or AAV-PTEN into B16F10 tumor-bearing mice,
we confirmed the expression of PTEN in tumor tissues by immu-
nofluorescence with CLSM. The results showed the tumor tissues of
mice injected with AAV-PTEN highly expressed PTEN gene
(Fig. 3D). To investigate the dose-dependence of tumor growth on
AAV-PTEN, we established the B16F10 tumor-bearing mouse
model. When the tumor volume reached 30 mm3, B16F10 tumor-
bearing mice were randomly assigned to five groups and
intratumorally injected with PBS (5 mL per mouse as the Blank
group), AAV-PTENR (Vector 1.5 � 1010 v.g. in 5 mL PBS per
mouse) or AAV-PTEN (L-PTEN 3 � 109 v.g., M-PTEN 1.5 � 1010

v.g., H-PTEN 7.5 � 1010 v.g. in 5 mL PBS per mouse). Mice tumor
volume and body weight were measured every two days. The results
demonstrated that AAV-PTEN showed a dose-dependent tumor
growth inhibition, but there was no significant increase in tumor
inhibition when the doses are higher than 1.5 � 1010 v.g. per mouse
(Supporting Information Fig. S2).

Then, we assessed the antitumor immune response of AAV-
PTEN in vivo using the B16F10 tumor-bearing mouse model.
First, B16F10 cells were implanted subcutaneously on the right



Figure 2 AA6-PTEN treatment induces apoptosis and immunogenic cell death. (A) Cell viability of B16F10 cells after treatment with AAV6-

PTEN for 48 h. Data were presented as means � SD (n Z 4 replicates). Statistical significance was determined using a two-tailed Student’s t test,

****P < 0.0001. (B) Conventional microscopic imaging for the morphology of B16F10 cells after indicated treatment for 48 h. (C) Apoptosis of

B16F10 cells after indicated treatment for 48 h by measuring annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI). (D) Western blot

analysis of PTEN expression in B16F10 cells after the indicated treatments for 48 h. (EeG) Measurement of ICD markers in B16F10 cells after

AAV6-PTEN treatment for 48 h. (E) Immunofluorescence imaging of CRT (green) expression on the B16F10 cells membrane. Scale bar, 50 mm.

ATP release (F) and HMGB1 release (G) were measured by ELISA. Data were presented as means � SD (n Z 3 replicates). Statistical sig-

nificance was determined using one-way ANOVA. n.s. not significant, **P < 0.01 and ***P < 0.001.
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back of mice to establish B16F10 subcutaneous tumors. When the
average tumor volume reached 30 mm3, the B16F10 tumor-
bearing mice were randomly divided into three groups and intra-
tumorally injected with PBS (5 mL per mouse), AAV-PTENR

(1.5 � 1010 v.g. in 5 mL PBS per mouse) or AAV-PTEN
(1.5 � 1010 v.g. in 5 mL PBS per mouse). Mice tumor volume
and body weight were measured every two days. Mice were
euthanized on Day 15 and axillary lymph nodes and tumors were
harvested to assess phenotype and number of immune cells and
ICD (Fig. 3A). According to the tumor growth curve and tumor
weight, AAV-PTEN showed a strong ability to inhibit tumor
growth (Fig. 3B and C). Mature DCs are thought to present
antigens to T cells and are therefore important for antitumor im-
mune responses. Therefore, we analyzed the maturation of tumor-
draining lymph node resident DCs (LNDCs) after treatment with
AAV-PTEN. The expression of various maturation markers
(including CD80, CD86) on LNDCs was up-regulated after
treatment (Fig. 3E). In addition, the proportions of mature DCs
(CD11cþ CD86þ) and M1-type macrophages (CD11bþ F4/80þ

CD86þ) were also increased in tumors (Fig. 3F and G). On the
contrary, the proportion of M2-type macrophages (CD11bþ F4/
80þ CD206þ) greatly decreased (Fig. 3H). The proportions of
activated CD8þ effector T cells as well as activated CD4þ helper
T cells were up-regulated in tumors compared with control-treated



Figure 3 AAV6-PTEN induces antitumor immune responses in vivo. (A) Schematic illustration of the treatment of B16F10 tumor-bearing

mice. S.C., subcutaneous; (B) The tumor growth curves for mice after indicated treatment. Data are displayed as means � SEM (n Z 8 mice

per group). (C) Tumor weights in B16F10 tumor-bearing mice after seven days of treatment with AAV6-PTEN. Data are displayed as mean � SD

(n Z 8 mice per group). (D) Immunofluorescence imaging of PTEN (red) expression in tumor tissues treated with AAV6-PTEN treatment. Scale

bar, 50 mm. (E) Flow cytometry analysis of percentage of mature DCs (CD11cþ CD86þ CD80þ cells) in TDLNs. (FeJ) Flow cytometry analysis

of changes in the number and phenotype of immune cells in tumor tissues. Percentage of mature DCs (CD11cþ CD86þ cells) (F). Percentage of

M1 macrophages (CD11bþ F4/80þ CD86þ cells) (G) and M2 macrophages (CD11bþ F4/80þ CD206þ cells) (H). Percentage of activated CD8þT
cells (CD3þCD8þCD69þ cells) (I) and activated CD4þT cells (CD3þCD4þCD69þcells) (J). (KeM) Analysis of ICD markers in mouse tumor

tissues after indicated treatment. (K) Analysis of the expression of CRT in tumor tissues by immunofluorescence imaging. Scale bar, 50 mm.

HMGB1 release (L) and ATP release (M) were measured by ELISA. Data were presented as means � SD (n Z 5 replicates). Statistical sig-

nificance was determined using one-way ANOVA. n.s. not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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animals (Fig. 3I and J), as assessed by flow cytometry, and the
above results indicated that AAV6-PTEN treatment increased the
infiltration of tumor immune cells and reversed the tumor
immunosuppressive TME.

We further tested generation of the ICD in vivo by ELISA and
immunofluorescence. We measured HMGB1 and ATP release in
tumor tissues by ELISA and showed that HMGB1 and ATP
release were significantly increased after mice were treated with
AAV-PTEN (Fig. 3L and M). Meanwhile, immunofluorescence
staining results also showed high expression of CRT from tumor
tissues of mice treated with AAV-PTEN (Fig. 3K). Together, these
results demonstrated that restoration of PTEN via AAV-PTEN
effectively induced ICD in vivo.

3.4. Biodistribution of AAV-PTEN after intratumoral injection

For the biodistribution study of AAV-PTEN, luciferase genes were
used as reporter genes and B16F10 tumor-bearing mice received
an intratumoral injection of PBS or AAV- Luciferase (hereafter
AAV-Luc) at a dose of 1.5 � 1010 v.g. per mouse. Three days later,
major organs and tumours were collected and fully ground using a
cryogenic grinder. The genomes of organs and tumors were
Figure 4 Biodistribution of AAV-Luciferase, characterization of PPSG

Luciferase in major organs and tumors 3 days post injection. Data are dis

fluidity of PPSG and PPSG@anti-PD-1 before and after phase transition (PP

PPSG and PPSG@anti-PD-1 before and after phase transition in vitro. Data we

PPSG@anti-PD-1 in vivo. PPSG@anti-PD-1 was injected subcutaneously into

solidification was carefully removed from the mice after 3, 6, 12 and 24 h.

subcutaneously with free Cy5-anti-PD-1 (Cy5-labeled anti-PD-1) or PPSG

from 1 h to 42 days post-injection.
extracted and purified using viral DNA/RNA extraction kits
(Accurate Biotechnology, China). Titers of the AAV-Luc were
determined by TaqMan qPCR. The results showed that more than
95% of AAV-Luc accumulated in tumor tissue after intratumoral
injection of AAV-Luc, while only a minimal amount of AAV-Luc
was found in other organs (Fig. 4A).

3.5. Preparation and characterization of PPSG@anti-PD-1

In order to reduce the systemic adverse reactions of anti-PD-1 and
reduce the number of administrations, we used a novel sustained-
release anti-PD-1 delivery system, PPSG which had been devel-
oped for the sustained delivery of drugs in our laboratory
earlier32,33. In this study, PPSG was prepared by simple mixing of
E80 phospholipid, soybean oil and ethanol for subcutaneous de-
livery of anti-PD-1. The aqueous solution of anti-PD-1 was added
dropwise to PPSG to obtain PPSG@anti-PD-1. There was no dif-
ference in appearance between PPSG and PPSG@anti-PD-1,
showing a yellow transparent and flowable sol state (Fig. 4B). The
sol state of PPSG@anti-PD-1 has a low viscosity of z630 cP,
making it easier to inject subcutaneously into mice (Fig. 4C). To
simulate the phase transition of PPSG@anti-PD-1 injected into mice,
and the peptide depot effect of PPSG. (A) Biodistribution of AAV-

played as mean � SD (n Z 4 mice per group). (B) Appearance and

SG was dialyzed in PBS for 12 h at 37 �C) in vitro. (C) Viscosity of

re presented as means � SD (nZ 4 replicates). (D) Phase transition of

the back of the mice, and PPSG@anti-PD-1 with different degrees of

(E) Peptide depot effect of PPSG@anti-PD-1 in vivo. Mice were injected
@Cy5�anti-PD-1 and imaged using the IVIS Lumina III imaging system
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we used a dialysis system that mimics the in vivo environment.
PPSG@anti-PD-1 turned into a gel state with a viscosity of
z55072 cP after dialysis for 12 h at 37 �C (Fig. 4B and C), then
we investigated the phase transition of PPSG@anti-PD-1 in mice.
PPSG@anti-PD-1 was subcutaneously injected into C57BL/6 mice,
the mice were euthanized at different time points, and the gel was
removed for photography. After injection, the gel gradually so-
lidified from the outside to the inside, and the color gradually
changed from yellow to white. At 6 h after injection, the exterior
of PPSG solidified but the interior remained oil-like. At 24 h after
injection, PPSG@anti-PD-1 turned into a semi-solid gel, which could
be used as a sustainable release depot for anti-PD-1 (Fig. 4D).
PPSG and PPSG@anti-PD-1 showed good stability at 4 or 37 �C, and
no change in appearance was observed after 7 days (Supporting
Information Fig. S3).
3.6. Sustained release of PPSG in vivo

To examine the sustained release effect of PPSG in vivo, we
subcutaneously injected free Cy5-anti-PD-1 (Cy5-labeled anti-
PD-1) or PPSG@Cy5�anti-PD-1 into C57BL/mice. Mice were then
imaged in vivo at various time points from 1 h to 42 days
after injection to observe the release of Cy5-anti-PD-1 from
PPSG. We observed that in mice injected with free Cy5-anti-PD-1,
the fluorescence decayed very rapidly, and the fluorescence
almost disappeared by the seventh day. Compared with the free
Figure 5 Synergistic therapeutic effect of the triple therapy in a subcuta

triple therapy treatment in B16F10 tumor-bearing mice. (B) The tumor g

survival curves of mice treated as indicated (10 mice per group). (D) S

B16F10 cells. (E) Individual tumor volume growth curves for mice after re

treatment (two tumor-eradicated mice in the PTEN group, four tumor-e

eradicated mice in the triple therapy group were re-challenged by subcu

mouse. (F) Surviving mice in triple therapy group after re-challenged wit
group, the fluorescence decayed slowly in mice injected with
PPSG@Cy5�anti-PD-1 and was still detectable at Day 42 (Fig. 4E).
The above results show that PPSG@Cy5�anti-PD-1 has a good
sustained-release effect, which can continuously release anti-PD-1
by forming a drug depot in mice subcutaneously. The excellent
sustained-release effect of PPSG can greatly reduce the frequency
of doses and improve patient compliance with our treatment plan
on the premise of ensuring the efficacy of the drug.
3.7. Triple therapy (AAV-PTENþPPSG@anti-PD-1þCpG)
enhances antitumor effect and induces immune memory in a
subcutaneous B16F10-bearing mouse model

B16F10 tumor-bearing mice were obtained by subcutaneously
inoculating 4 � 105 B16F10 cells on the right back of C57BL/6
mice. B16F10 tumor-bearing mice were randomly divided into 5
groups (n Z 10 per group): Blank group, PPSG@anti-PD-1þCpG
group, PTEN group, PTENþPPSG@anti-PD-1 group and
PTENþPPSG@anti-PD-1þCpG (hereafter triple therapy) group
(Fig. 5A). On Day 7 after tumor implantation, mice in each group
were injected intratumorally with PBS or AAV-PTEN (1.5 � 1010

v.g. in 5 mL PBS per mouse) and PPSG@anti-PD-1 (100 mg anti-PD-
1 in 100 mL PPSG per mouse) injected subcutaneously around the
tumor. On Days 9 and Day 11, CpG (3 mg in 25 mL saline per
mouse) was injected subcutaneously into the right forearm of
mice. After treatment, tumor volume and body weight were
neous B16F10-bearing mouse model. (A) Schematic illustration of the

rowth curves for mice after indicated treatment. (C) KaplaneMeier

chematic illustration of re-challenging tumor-eliminated mice with

-challenged with B16F10 cells. Tumor-eradicated mice after indicated

radicated mice in the PTENþPPSG@anti-PD-1 group, and five tumor-

taneous injection of 4 � 105 B16F10 cells on the left back of the

h B16F10 cells.



Figure 6 Immune responses and immune memory induced by triple therapy in a subcutaneous B16F10-bearing mouse model (A) Schematic

illustration of triple therapy treatment in B16F10 tumor-bearing mice. (BeF) Flow cytometry analysis of changes in the number and phenotype of

immune cells in tumor tissues. Percentage of activated CD4þT cells (CD3þCD4þCD69þ cells) (B) and activated CD8þT cells

(CD3þCD8þCD69þ cells) (C). Percentage of M1 macrophages (CD11bþ F4/80þ CD86þ cells) (D) and M2 macrophages (CD11bþ F4/80þ

CD206þ cells) (E). Percentage of PD-1þ T cells (CD3þCD279þ cells) (F). (G) Flow cytometry analysis of percentage of mature DCs (CD11cþ

CD86þ CD80þ cells) in TDLNs. (H) Flow cytometry analysis of percentage of activated CD4þT cells (CD3þCD4þCD69þ cells) and (I) activated

CD8þT cells (CD3þCD8þCD69þ cells) in splenocytes. (JeL) Analysis of ICD markers in mouse tumor tissues after indicated treatment. HMGB1
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measured every two days, and mouse survival was monitored once
a day. Compared with the blank group, the combination of
PPSG@anti-PD-1 and CpG had a weak inhibitory effect on tumors,
which may be related to the resistance of PTEN-deficient
B16F10 cells to ICB treatment and the inability to produce ICD
to release antigens. On Day 14, 50% of the mice in the three
AAV6-PTEN-treated groups remained tumor-free. Afterwards,
some mice in the PTEN group and PTENþPPSG@anti-PD-1 group
started to have tumor recurrence, but none of the tumor-eliminated
mice in the triple therapy group had tumor recurrence (Fig. 5B and
Supporting Information Fig. S4). PTEN treatment alone effec-
tively inhibited tumor growth and eradicated tumors in two of ten
mice. Compared with the PTEN group, the combination of PTEN
and PPSG@anti-PD-1 further inhibited tumor growth and improved
the survival rate of tumor-bearing mice. PTEN and PPSG@anti-PD-1

eradicated four out of ten mice only in the tumor. The triple
therapy achieved the highest mouse survival rates, eradicating
tumors in five of ten mice (Fig. 5B and C).

To explorewhether the triple therapy can induce immunememory
againstmelanoma inB16F10 tumor-bearingmice.OnDay90, tumor-
eradicatedmice (two tumor-eradicatedmice in the PTEN group, four
tumor-eradicated mice in the PTENþPPSG@anti-PD-1 group, and five
tumor-eradicatedmice in the triple therapygroup)were re-challenged
by subcutaneous injection of 4� 105 B16F10 cells on the left back of
themouse (Fig. 5D). As a comparison, five 6-week-old fresh C57BL/
6 in the Control group were also subcutaneously implanted with the
same number of B16F10 cells on Day 0. Tumor volume and body
weight were measured every two days. The tumors of the mice in the
Blank group grew rapidly and all died on Day 16 (Fig. 5E). Mice in
group PTEN and group PTENþPPSG@anti-PD-1 had delayed tumor
recurrence and slow growth, but eventually all of the mice died
(Fig. 5E). The tumor-eliminated mice in the triple therapy group
exhibited complete rejection of the re-challenged B16F10 cells and 5
out of 5 mice remained tumor free after rechallenged with
B16F10 cells (Fig. 5E). The surviving mice were monitored for an
additional 5 months, and the mice had no tumor recurrence (Fig. 5F).

3.8. Mechanisms of the triple therapy to induce antitumor
immune responses and prevent tumor recurrence

The above results indicated that the triple therapy achieved the
best anti-tumor effect, improved the survival rate of B16F10
tumor-bearing mice and inhibited tumor recurrence. To further
explore the mechanism of the triple therapy-induced antitumor
immune response, we implanted 4 � 105 B16F10 cells subcuta-
neously on the right back of C57BL/6 mice to establish B16F10
subcutaneous tumors. Mice were treated on Days 7, 9 and 11 as
described above (Fig. 6A). On Day 18, the mice were euthanized,
and we analyzed the number and phenotype of immune cells in
tumor tissues, axillary lymph nodes, and spleen of treated mice by
flow cytometry. At the same time, we measured the specific
release (J) and ATP release (K) were measured by ELISA. (L) Analysis

imaging. Scale bar, 50 mm. (M) ELISA analysis of cytokines in mice tumor

ELISA analysis of cytokines released by splenocytes into culture supern

analysis of the percentages of memory T cells in splenocytes, including cen

T cells (CD44þCD62L� T cells) (P, Q). (SeV) Flow cytometry analysis of

(S), IFN-g in CD4þ T cells (T), IL-2 in CD4þ T cells (U), IL-4 in CD

B16F10 cell antigens in serum, including IgG. Data were presented as me

using one-way ANOVA. n.s. not significant, *P < 0.05, **P < 0.01, ***
antibody against tumor antigen in serum, cytokines and ICD in
tumor tissues by ELISA and CLSM.

First, we measured three markers of ICD in tumor tissues.
Compared with the PTEN group, the ATP and HMGB1 release of
the tumor tissues in the combined treatment group increased
(Fig. 6J and K), and the results of immunofluorescence also
showed that the expression of CRT increased after combined
treatment (Fig. 6L). Based on the above results, we speculate that
the enhanced effect of ICD in the combined treatment group may
induce stronger anti-tumor immune responses. We examined im-
mune cells in tumor tissues. The results showed that the triple
therapy increased the infiltration of activated helper T cells (CD3þ

CD4þ CD69þ) as well as effector T cells (CD3þ CD8þ CD69þ) in
tumor tissues compared with the PTEN group (Fig. 6B and C).
Compared with the control group, the triple therapy resulted in an
increase in the proportion of M1-type macrophages (CD11bþF4/
80þCD86þ) and a decrease in the proportion of M2-type macro-
phages (CD11bþF4/80þCD206þ) (Fig. 6D and E). We next
examined the levels of tumor necrosis factor-a (TNF-a), inter-
feron-g (IFN-g), and interleukin-12 (IL-12), which play important
roles in cellular immunity and host defense, mainly regulating Th1
cell-mediated immune response. Compared with PTEN mono-
therapy, PTEN combined with PPSG@anti-PD-1 increased the levels
of TNF-a and IFN-g in tumor tissues. Triple therapy induced the
highest levels of TNF-a, IFN-g and IL-12 (Fig. 6M). At the same
time, we also detected the expression of PD-1 on the surface of T
cells in tumor tissues. The results showed that the expression of
PD-1 on the surface of T cells (CD3þCD279þ) in tumor tissues
was reduced in mice treated with PTEN and PPSG@anti-PD-1

(Fig. 6F). The above results indicated that the combination of
AAV-PTEN and PPSG@anti-PD-1 better reversed the immunosup-
pressive TME, and the triple therapy group induced stronger
antitumor immune responses.

To explore the mechanism of the triple therapy inhibiting
tumor recurrence, we tested specific antibodies in the spleen,
tumor-draining lymph nodes, and blood. We speculate that the
triple therapy elicits an immune memory in mice that allows
complete rejection of re-challenged tumor cells. Mature DCs are
capable of antigen presentation, which is important for the gen-
eration of immune memory34. Therefore, we analyzed the matu-
ration of tumor-draining lymph node-resident DCs (LNDCs) after
treatment. Compared with PTEN monotherapy, the triple therapy
induced an increase in the proportion of mature DCs (Fig. 6G).
Because the specific antibodies against tumor cells in the serum
can achieve anti-tumor effect by activating the complement
pathway. Therefore, we also measured the titers of specific anti-
bodies against tumor antigens in the blood of mice after treatment
by Elisa. The results showed that the triple therapy had the highest
antibody titers (Fig. 6W and Supporting Information Fig. S5). The
spleen is the largest immune organ. A small fraction of activated
T cells in the spleen can differentiate into memory T cells. When
of the expression of CRT in tumor tissues by immunofluorescence

s (nZ 4 mice per group), including IFN-g, TNF-a, and IL-12p70. (N)

atant, including IFN-g, TNF-a, IL-4, IL-17. (OeR) Flow cytometry

tral memory T cells (CD44þCD62LþT cells) (O, R), effector memory
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4þ T cells (V). (W) ELISA analysis of levels of antibody against
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P < 0.001, ****P < 0.0001.
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the immune system is exposed to the same antigen again, the
memory T cells are rapidly converted into large numbers of
effector T cells. Memory T cells are important for preventing
tumor recurrence and achieving long-lasting protection. We
measured the proportion of effector T cells, helper T cells and
memory T cells in the spleen of mice after treatment. The results
showed that the triple therapy increased the percentage of effector
T cells as well as helper T cells (Fig. 6H and I). In addition, the
triple therapy induced the highest percentages of effector memory
T cells (CD44þCD62L� T cells) and central memory T cells
(CD44þCD62Lþ T cells) in mouse splenocytes (Fig. 6OeR). We
also detected the secretion of TNF-a and IFN-g in splenocytes
stimulated by B16F10 cell lysate. The results showed that the
levels of TNF-a and IFN-g secreted by splenocytes in the triple
therapy group were the highest (Fig. 6N). We also measured
cytokine production within T cells by flow cytometry. The results
revealed that the proportion of effector T cells (CD8þIFN-gþ)
and Th1 cells (CD4þIL2þ, CD4þIFN-gþ) in splenocytes after
triple therapy were the highest, indicating that the triple therapy
induced the strongest antitumor cellular immune response
(Fig. 6S‒U). In addition, the proportion of Th2 cells (CD4þIL-
4þ) also showed the highest in the triple therapy group, indicating
that the triple therapy can also induce specific humoral immune
responses against antigens of B16F10 cells (Fig. 6V). In
conclusion, the triple therapy achieves immune memory by
inducing a systemic immune response against melanoma in mice,
including increased memory T cells in the spleen, secretion of
specific antibodies in serum, and maturation of lymph node DCs,
thereby inhibiting tumor recurrence.

3.9. Safety profile of the triple therapy in vivo

To evaluate the in vivo toxicities of the triple therapy, various
organs and blood of mice were collected on Day 7 after the last
injection (Day 18). Organs were sectioned and stained with he-
matoxylin and eosin (H&E). The results showed that there was no
significant difference in the tissues of the heart, liver, lung and
kidney between the blank group and each treatment group, indi-
cating that the triple therapy had no obvious toxicity to each organ
of the mice (Supporting Information Fig. S6). For the hemato-
logical analysis, we tested blood routine and blood biochemical
parameters. The blood routine results showed that after the triple
therapy, there were no significant changes in red blood cells, white
blood cells, platelets, granulocytes, monocytes, and lymphocytes
in the blood of mice (Supporting Information Fig. S7). At the
same time, the results of blood biochemistry showed that pa-
rameters such as Aspartate aminotransferase, alanine amino-
transferase, total protein 2, uric acid 2 did not change significantly
(Supporting Information Fig. S8). In addition, the triple therapy
did not cause weight loss in mice (Supporting Information
Fig. S9). The above results together indicate that our proposed
triple therapy does not produce side effects in vivo.
4. Discussion

ICB therapy has gradually become one of the first-line therapies
for cancer treatment35. However, due to tumor immunosuppres-
sion TME, ICB therapy alone often has relatively poor antitumor
effect due to the poor responsive rate on many cancers including
melanoma7,8. As a result, ICB therapy is usually combined with
traditional therapy1 to treat tumors, such as radiotherapy3 and
chemotherapy2. However, these traditional remedies have serious
side effects, including damage to tissues, low blood counts and
hair loss36. In the current study, we innovatively combined AAV-
delivered PTEN gene therapy with ICB therapy and in situ tumor
vaccine therapy. Our triple therapy has shown a prominent
synergistic anti-tumor effect. First, we showed that AAV-
delivered PTEN gene therapy induced apoptosis of tumor cells
without substantial toxicity. Meanwhile, the reversed immuno-
suppressed TME by AAV-delivered PTEN gene therapy in turn
enhanced the immunomodulatory effect of ICB therapy. In
addition, AAV-delivered PTEN gene therapy caused tumor cells
to produce ICD and release multiple tumor antigens. The
released tumor antigens were combined with the strong adju-
vanticity of CpG, in the form of in situ tumor vaccine, to induce
DC maturation and cross-presentation to T cells. At the same
time, ICB therapy blocked the suppressive effect of the tumor on
T cells, thereby increasing the percentage of activated T cells.
The combination therapy finally effectively inhibited tumor
progression and recurrence. Our results revealed the strong
clinical translation potential of this novel triple therapy for
cancer immune therapy.

Previous studies have shown that the deletion of tumor sup-
pressor gene PTEN leads to drug resistance to ICB therapy11,37.
As a negative regulator of PI3K/AKT signaling, PTEN plays an
important role in suppressing tumor growth. Therefore, PI3K in-
hibitors were developed to treat tumors38. However, PI3K in-
hibitors cause severe side effects and they cannot fully restore the
function of the PTEN gene39. Therefore, it is crucial to safely and
efficiently deliver PTEN gene to tumor cells in vivo. PTEN-
delivery for the treatment of melanoma and use of AAV as a
vector for gene delivery to melanoma remains underreported. In
this work, we innovatively selected AAV as a vector to deliver
PTEN gene for the treatment of melanoma and we screened AAV
serotype 6 that can efficiently transduce B16F10 through in vitro
infection experiments (AAV6 can efficiently transduce 91% of
B16F10 cells). We further investigated the ability of AAV-PTEN
to infect tumor cells in vivo. Although non cancer cells are also
an important component of the cancer ecosystem, current research
shows that the proportion of cancer cells exceeds 80% in mela-
noma40. Our results showed that AAV-PTEN could efficiently
restore the expression of PTEN gene in tumor tissues of B16F10
tumor bearing mice. Moreover, AAV-based PTEN gene delivery
requires only a single dose to achieve efficient tumor transduction,
whereas a non-viral vector-based PTEN gene delivery requires
more than three doses31. Our results suggest that AAV-based
restoration of the PTEN gene in tumor cells exerts excellent
anti-tumor immunity by causing tumor cell apoptosis and inducing
tumor cell ICD.

It is well known that ICB therapy requires multiple doses of
long-term systemic administration, which leads to poor patient
compliance and may lead to systemic adverse reactions9. In this
work, our developed PPSG@anti-PD-1 can form an in situ depot in
mice that can sustainably release anti-PD-1 drugs within 42 days.
Thus, a single dose can play a long-term role in regulating the
TME. Because PPSG@anti-PD-1 is injected around the tumor, it also
reduced systemic adverse reactions. Our results demonstrate that
AAV-based restoration of the PTEN gene in tumor cells reverses
the tumor immunosuppressive TME and improves melanoma
responsiveness to ICB therapy.

Melanoma is a very complex and highly malignant solid tumor,
and the recurrence of melanoma is the root cause of cancer failure
in many patients41e43. In order to effectively inhibit the recurrence
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of melanoma, we have successfully developed the triple therapy
for melanoma. We introduced CpG on the basis of AAV6-PTEN
combined with ICB treatment. CpG is a TLR9 agonist with
potent immunostimulatory adjuvant activity and induction of Th1-
type immune responses. The combination of immune adjuvants
CpG and the released tumor antigens induced by the restoration of
the PTEN efficiently activated the immune system. In the current
study, 50% of the mice in the triple therapy group had complete
tumor elimination and exhibited complete rejection of the re-
challenged B16F10 cells. Although the combination of PTEN
and PPSG@anti-PD-1 could well suppress the first tumor, it could
not induce immune memory and failed to suppress tumor recur-
rence. In comparison, the triple therapy exerted a powerful anti-
tumor immune effect and effectively inhibited melanoma
recurrence. Our results showed that the triple therapy induced
tumor antigen-specific cellular and humoral immunity and formed
long-term immune memory response.
5. Conclusions

In conclusion, we have developed a combination therapy strategy
that elicits powerful and potent antitumor immune effects. Our
results show that AAV-based PTEN gene delivery combined with
ICB sustained-release therapy and in situ tumor vaccine therapy
achieved synergistic anti-tumor immune effects. This triple ther-
apy has great potential in eradicating malignant tumors and
inhibiting tumor recurrence. We anticipate that this triple therapy
could be developed for tumor-specific precision immunotherapy.
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