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KEY WORDS Abstract Tumor recurrence after surgery is the main cause of treatment failure. However, the initial
stage of recurrence is not easy to detect, and it is difficult to cure in the late stage. In order to improve

Sy?;;gltls;z:thera ) the life quality of postoperative patients, an efficient synergistic immunotherapy was developed to
o turlgo’r achieve early diagnosis and treatment of post-surgical tumor recurrence, simultaneously. In this paper,
-, two kinds of theranostic agents based on gold nanorods (AuNRs) platform were prepared. AuNRs and
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Theranostics;

Gold nanorods;

Phototherapy;

Lung metastasis;

Fluorescence resonance
energy transfer;

Carcinoembryonic antigen

quantum dots (QDs) in one agent was used for the detection of carcinoembryonic antigen (CEA), using
fluorescence resonance energy transfer (FRET) technology to indicate the occurrence of in situ recur-
rence, while AuNRs in the other agent was used for photothermal therapy (PTT), together with anti-
PDL1 mediated immunotherapy to alleviate the process of tumor metastasis. A series of assays indicated
that this synergistic immunotherapy could induce tumor cell death and the increased generation of CD3
CD4" T-lymphocytes and CD3"/CD8" T-lymphocytes. Besides, more immune factors (IL-2, IL-6, and
IFN-v) produced by synergistic immunotherapy were secreted than mono-immunotherapy. This cooper-

*

ative immunotherapy strategy could be utilized for diagnosis and treatment of postoperative tumor recur-
rence at the same time, providing a new perspective for basic and clinical research.

© 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With the development of technology, the surgical techniques have
been improved. Malignant tumor resection is one of the leading
treatment alternatives in the clinic, and has brought much hope for
patients'. While recurrence or metastasis within the next 5 years
can lead to a higher tumor mortality. Therefore, we should pay
attention to the postoperative period, in which recurrence is
probably occurred due to local residual tumor micro-infiltration
and circulating tumor cells (CTCs)* . In addition, the local
growth or tumor spread could be accelerated by perioperative
trauma-related inflammation, thus inducing tumor recurrence®’.
However, it is difficult to detect the early stage of recurrence and
cure the late stage of recurrence. What’s worse, few products are
clinically available to detect and inhibit recurrence after surgery,
which is too expensive for patients to afford. Therefore, it is
essential to develop an effective system for detecting and inhib-
iting postoperative tumor recurrence.

How to detect tumor recurrence after surgery? Tumor markers
are chemical substances that reflect the presence of tumors. Their
presence or quantitative changes may indicate the nature of the
tumor, thereby contributing to tumor diagnosis, prognosis judg-
ment, and treatment®’. There were many reports about the
detection of tumor markers, such as carcinoembryonic antigen
(CEA)'"°, alpha fetoprotein (AFP)"!, cancer antigen (CA) 125"
and so on. Among many molecular markers, CEA is one of the
tumor markers for many cancers, which can be used to indicate
postoperative tumor recurrence'”. An in situ controlled release
system'* could immobilize the detection system at the surgical site
to detect the changes in the amount of CEA. Furthermore, residual
tumor cells could spread throughout the body with blood circu-
lation, causing metastatic recurrence > Thus, it was also crucial to
monitor the progress of metastasis.

When tumors are detected from important organs or tissues
after surgery, reoperation is quite challenging and may not be
effective enough due to the high recurrence rate'®. Therefore,
cancer therapy after surgery is also important, except for detec-
tion'’. Postoperative consolidative therapy, including adjuvant
molecular chemotherapy'® and immunotherapy'®?’, is necessary
for cancer patients. At present, immunotherapy”'** has become an
increasingly appealing therapeutic strategy, which can not only
solidify the curative effects, but also inhibit the occurrence of
recurrence. Interferon-y (IFN-vy) could inhibit the growth of
cancer cells and induce cell death”**. As we know, given the
complex metastasis mechanisms after tumor surgery, a single
treatment is difficult to achieve an efficient therapeutic effect.

Therefore, synergistic immunotherapy is attractive for post-
operative cancer therapy”>. The combination of photothermal
therapy (PTT) and immunotherapy”®*’ is an attractive cancer
treatment because of its non-invasive and low side effects®®*’.
According to previous works, gold nanorods (AuNRs) were
widely used in PTT due to their strong absorption in the near
infrared region®*’'. In addition, because of its good biocompati-
bility and easy surface modification, they were also used as suit-
able drug carriers in diagnosis®> and biological imaging™. Anti-
programmed cell death-ligand 1 (anti-PDL1), an immunological
checkpoint inhibitor, has become an effective means of tumor
immunotherapy, which can block the interaction between pro-
grammed cell death-ligand 1 (PDL1) on tumor cells and its re-
ceptors programmed cell death protein 1 (PD1) expressed on T-
lymphocytes, thereby relieving immune suppression and
improving anti-cancer effects*”.

Herein, an efficient synergistic immunotherapy was developed
for detection and inhibition of postoperative tumor recurrence in
our study. This system included two parts, as shown in Fig. 1: (1)
thermoresponsive hydrogels co-loaded with interferon-y, CEA
aptamer-modified gold nanorods (AuNRs), and quantum dots
(CdTe QDs) were synthesized to detect and inhibit postoperative
recurrence in situ based on fluorescence resonance energy transfer
(FRET) technology. (2) Anti-PDL1-modified liposomes encapsu-
lated AuNRs were synthesized, which combined PTT with
immunotherapy to restrain lung metastasis. Indocyanine green
(ICG) was used to monitor postoperative lung metastatic recur-
rence. This system could kill most of the tumor cells, and
numerous tumor debris were exposed and then presented to acti-
vate T cells by activated dendritic cells (DC). What’s more, anti-
PDL1 was combined with PDLI1 highly expressed on the
remaining tumor cells, followed by relieving PDL1 blockade. At
last, immune cytokines were secreted by activating immune cells
to exert the antitumor effects. This synergistic immunotherapy
strategy could provide a new perspective for basic and clinical
research.

2. Materials and methods
2.1.  Materials

Thermal responsive hydrogel (PLGA-PEG-PLGA) was pur-
chased from Dai zheng Biodegradable Materials Co., Ltd. (Jinan,
China). Interferon-y (IFN-v) was obtained from PEPROTECH
(USA). 1-Ethyl-3-(3’-dimethylaminopropyl)  carbodiimide
(EDC), N-hydroxysuccinimide (NHS), glutathione (GSH),
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Figure 1  The scheme of the efficient synergistic immunotherapy for detection and inhibition of postoperative tumor recurrence. This system
included two parts: (1) Hydrogel+IFN-y+QA was used to detect and inhibit the postoperative recurrence in situ (blue). Firstly, the subcutaneous
tumor was removed by operation with 5% left. Then Hydrogel+IFN-v+QA was injected subcutaneously into the remaining tumor in the left rank.
After cellular uptake, IFN-y could inhibit tumor growth and induce tumor cells dead. Then numerous tumor debris were exposed and then
presented to activated T cells by activated dendritic cells (DC). At the same time, released IFN-vy could activate the DC directly. Finally, Activated
T cells would secrete immune cytokines to kill the remaining tumor cells. Besides, when the tumor cells grown, carcinoembryonic antigen (CEA)
would be emitted to extracellular space. Thus CEA could combine with Apl-CdTe QDs and AP2-AuNRs, causing the decrease of fluorescence
intensity due to the fluorescence resonance energy transfer (FRET) technique. (2) The aPDLI1-LA was applied to detect and inhibit the post-
operative lung metastasis (red). Firstly, aPDL1-LA was intravenously injected and then arrived at lung tumor with the targeting of aPDL1. Then,
aPDLI-LA could combine with the PDL1 on tumor cells surface, thus entering the tumor cells. The lung tissue was irradiated with an 808 nm
laser for PTT soon afterward. Hence tumor debris was exposed and then presented to activated T cells by activated DC. What’s more, aPDL1 was
combined with the remaining tumor cells, followed by relieving immunosuppression. Finally, Activated T cells would secrete immune cytokines
to kill tumors. To detect the lung tumor metastasis, aPDL1-LAI was injected through the tail vein. When the tumor cells grew, more aPDL1-LAI
would aggregate to the tumor, leading to the increase in the fluorescence intensity of lung tissue. In a word, this efficient synergistic immuno-
therapy could detect and inhibit the postoperative tumor recurrence simultaneously.

cadmium chloride (CdCl,), indocyanine green (ICG), lecithin Hoechst 33258 and 3-(4,5-dimethylthiazol-2-yl)-2,5-
and cholesterol were bought from Aladdin Reagent Co., Ltd. diphenyltetrazolium bromide (MTT) were obtained from
(Shanghai, China). Cetrimonium bromide (CTAB), gold chloride Sigma—Aldrich (Shanghai, China). Lyso Tracker Green DND-26
(HAuCly), silver nitrate (AgNOjz) and sodium borohydride was brought from Invitrogen™ (USA). CEA aptamers-modified
(NaBH,) were achieved from Sinopharm Chemical Reagent Co., with amino and thiol were synthesized by Sango Biotech,
Ltd. (Shanghai, China). Propidium iodide (PI), calcein-AM, respectively (Shanghai, China). In addition, Cy3-modified with
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CEA aptamers were also synthesized from Sango Biotech
(Shanghai, China). The Dulbecco’s modified Eagle medium
(DMEM) and trypsin were purchased from Gibco (Shanghai,
China). IL-6, IL-2, IEN-v detection kits, and Annexin V-FITC
apoptosis kit were bought from Solarbio Technology Co., Ltd.
(Beijing, China). Anti-mouse-CD11c-PE, anti-mouse-CD80-
APC, anti-mouse-CD86-FITC, anti-mouse-CD4-FITC, anti-
mouse-CD3-PE, anti-mouse-CD8-Percp were bought from Bio-
Legend, Inc. (USA). In addition, CD4, CD8 and FOXP3 used for
IHC analysis were bought from Abcam (UK).

2.2.  Preparation of CdTe quantum dots (CdTe QDs) and gold
nanorods (AuNRs)

CdTe quantum dots (CdTe QDs) were synthesized according to a
published literature”. Cadmium chloride (CdCl,-2H,O0,
0.25 mmol) and glutathione (GSH, 0.625 mmol) were dissolved in
ddH,O (100 mL) with adjusting the pH value to 8.0 subsequently.
Sodium hydrogen telluride (NaHTe, 0.0625 mmol) was added to
the solution and stirred at 100 °C for 3 days. In the end, CdTe QDs
were obtained by ultracentrifugation and re-dispersed in ddH,O.

The preparation of gold nanorods (AuNRs) was performed
according to previous methods®®. After the reaction, the product
was obtained by centrifugation and re-dispersed in ddH,O.

2.3.  Synthesis of CEA aptamer-modified CdTe QDs (AP1-QDs)
or AuNRs (AP2-AuNRs)

CdTe QDs (2 mg) was dispersed in 4 mL. MES buffer. 1.6 pumol of
1-ethyl-3-(3’-dimethylaminopropyl) carbodiimide (EDC) and
1 pmol of N-hydroxysuccinimide (NHS) were added at the same
time. The solution was stirred for 2 h to activate the carboxyl
groups of CdTe QDs, followed by centrifugation and washing with
ddH,O0 for three times. The carboxyl activated CdTe QDs were re-
dispersed with 4 mL of HEPES buffer, and then amino-modified
CEA aptamer (2 nmol, AP1) was added. The solution was stir-
red gently for 12 h. CEA aptamer-modified CdTe QDs (AP1-QDs)
were got by centrifugation, re-dispersed in Tris—HCI buffer, and
stored at 4 °C for further use.

The CEA aptamer-modified AuNRs were achieved as follows:
1 mL AuNRs solution (1 mg/mL) was reacted with 10 nmol of
thiol-modified CEA aptamer (AP2) for 24 h. After the reaction,
the solution was centrifuged and washed. The product (AP2-
AuNRs) was re-dispersed in water.

To verify whether the CEA aptamer was successfully con-
nected to CdTe QDs or AuNRs, Cy3-modified CEA aptamer was
used. The specific experimental details were the same as above
mentioned.

2.4.  Synthesis of thermal responsive hydrogels co-loaded with
API-QDs, AP2-AuNRs, and interferon-y (IFN-vy)

PLGA-PEG-PLGA hydrogel (0.2 g) was dissolved in 1 mL ice
water, and then AP1-QDs (10 mg), AP2-AuNRs (1 mg) and 10 pg
of interferon-y (IFN-v) were added, and the solution was stirred at
4 °C. At last, the solution was put at 37 °C to form hydrogels,
named as Hydrogel+IFN-y+QA. Hydrogel4+QA was obtained in
the same way.

2.5.  Synthesis of anti-PDLI-modified liposomes encapsulated
AuNRs (aPDLI-LA)

AuNRs, which had adsorption at 808 nm, were synthesized ac-
cording to a previous literature®’. Firstly, 100 pL of anti-PDLI
(10 pmol/L) was mixed with 10 mg of EDC and 8 mg of NHS
for 2 h to activate the carboxyl group, followed by centrifugation
and washing. Then 200 pL of chitosan (1%, w/v) was reacted with
activated anti-PDL1 for 12 h. After the reaction completed, the
product was achieved by ultrafiltration centrifugation
(MWCO = 10 kD) and named as aPDL1-Cs.

Based on previous methods™®, 5 mg of lecithin and 2.5 mg of
cholesterol were dissolved in 2 mL. CH,Cl,, and then CH,Cl, was
removed by rotary evaporation under vacuum. AuNRs solutions
and aPDL1-Cs were added to hydrate the lipid film by ultrasound
for 10 min in an ice bath. At last, the mixture was extruded
through the filter membrane (0.45 pm). The obtained aPDL1-LA
was stored at 4 °C for further use.

To study the cellular uptake and distribution of aPDLI-LA,
ICG was introduced. The product was obtained according to the
above method and named as aPDL1-LAIL

2.6. Characterization

UV—Vis absorbance was captured on a UV-2450PC Shimadzu
spectroscope (Japan). Fluorescence spectra were acquired using an
F280 fluorescence spectrometer (Beijing, China).

Dynamic light scattering (DLS, Malvern, UK) was used to
measure the size of different nanoparticles. The infrared (IR)
thermal images were captured on the Ti400 thermal imager
(Fluke, USA). Transmission electron microscope (TEM) images
were acquired by JEOL JEM100CXII at 180 kV (JEOL, Japan).

The successful conjugation of CEA aptamer to CdTe QDs and
AuNRs was confirmed by 30% agarose gel electrophoresis. 16 puL
of Cy3-modified AP1, AP1-QDs, Cy3-modified AP2, and AP2-
AuNRs were mixed with 4 pL of loading buffer (5 x ), respec-
tively. And then, all samples were subjected to 30% agarose gel
electrophoresis. Images were taken using a Bio-Rad ChemiDoc
MP system (BIO-RAD, USA).

Hydrogel+IFN-y+QA, LA and aPDLI1-LA dispersed in PBS
were stored at 4 °C for 10 days. The changes in the particle sizes
and the surface zeta potentials were monitored by DLS method.

2.7.  Gel formation

According to the manufacturer’s instructions, the optimum con-
centration range of PLGA-PEG-PLGA to form thermal responsive
hydrogel is 15%—20% (w/v). Therefore, 0.15, 0.16, 0.17, 0.18,
0.19, and 0.2 g of PLGA-PEG-PLGA were dissolved respectively
in 1 mL of ice water at 4 °C, and then the solution was put at
37 °C to form hydrogels. The gelation time was recorded.

Procedures for the CEA detection: The fluorescence spectrum
of Hydrogel+QA was recorded and treated as blank group.
Various concentrations of CEA standards were added, and fluo-
rescence spectra were recorded soon afterward.

To verify the detection of cell culture medium, different quan-
tities of murine lung cancer cells (LLC) were plated in 6-well plates.
After 48 h, the cell culture medium was collected and added to
Hydrogel+QA. The fluorescence spectra were measured using an
F280 fluorescence spectrometer (Beijing, China).
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2.8.  Invitro release of IFN-vy from Hydrogel+IFN-y+QA

Hydrogel+IFN-vy+QA were prepared at 37 °C according to above
methods. Then 5 mL of ddH,O as dissolution medium was added.
1 mL of samples was collected at certain times and equal volume
of ddH,O was supplied. The released content of IFN-y was
measured by IFN-v detection ELISA kits.

2.9.  Invitro antitumor effect of Hydrogel+IFN-y+QA

2.9.1. MTT assay

LLC cells and human embryonic lung fibroblasts lines (Helf) were
grown in DMEM supplement with 10% fetal bovine serum (FBS),
100 U/mL penicillin, and 0.1 g/mL streptomycin. Cells were
cultured in a humidified 5% CO, atmosphere at 37 °C.

The cytotoxicity of different particles was studied using MTT
assay. LLC and Helf cells were incubated with different con-
centrations of Hydrogel to evaluate the biocompatibility of drug
carriers. Besides, LLC cells were treated with various concen-
trations of IFN-y and Hydrogel+IFN-y+QA for 24 h, and then
cells were cultured with MTT solution for 4 h. At last, the
absorbance was measured by a microplate reader (Thermo,
MULTISCAN FC).

2.9.2.  AM/PI staining

Briefly, LLC and Helf cells were grown in 48-well plates and treated
with different concentrations of hydrogels for 24 h to evaluate the
safety of hydrogels. Besides, LLC cells were incubated with IFN-y
and Hydrogel+IFN-v+QA (containing 5 pg/mL of IFN-v). After
24 h, cells were cultured with 1 pumol/L calcein-AM and PI for
15 min in the dark and then imaged by an inverted fluorescence
microscope (OLYMPUS, Japan).

2.9.3.  Cell apoptosis assay

In brief, LLC cells were incubated with IFN-y and Hydro-
gel+IFN-y+QA (containing 5 pg/mL of IFN-y) for 24 h. After
that, cells were stained with Annexin V-FITC and PI following the
manufacturer’s instructions and subjected to flow cytometry
(FACSCalibur, USA).

2.10.  In vivo antitumor effects of Hydrogel+IFN-y+QA

2.10.1.  In vivo imaging
Female C57BL/6 mice (about 20 g) were purchased from Beijing
Charles River Co., Ltd. (China), and maintained in natural envi-
ronment. All animal experiments were operated following the
Guidance Suggestions for the Care and Use of Laboratory Ani-
mals and all experimental procedures were executed according to
the protocols approved by Chinese Academy of Medical Science,
Institute of Radiation Medicine Animal Care and Use Committee.
Besides, the animal experiments were carried out following the
3 R principle (replacement, reduction and refinement).

Each C57BL/6 mouse was subcutaneously injected with
2 x 107 LLC cells. After 5 days, most of the tumors were removed
surgically, with 5% left. 100 pL of Hydrogel+IFN-v+QA
(equivalence to 5 pg/mL IFN-v) was subcutaneously injected on
Day 3 after surgery. Then mice were imaged by a small animal
imaging system (Maestro, USA) to evaluate the effect of inhibit-
ing the postoperative recurrence in situ.

2.10.2.  Invivo efficacy study

Fifteen female C57BL/6 mice were randomly divided into three
groups. Each mouse was subcutaneously injected 2 x 107 LLC
cells into the axilla. Then 5% of tumor tissues were left by
operation after 5 days. PBS (100 pL), IFN-v, and Hydrogel+IFN-
v+QA (equivalence to 5 pg/mL IFN-y) were subcutaneously
injected on the third day after surgery. And then the blood of mice
was collected on Days 3, 5 and 8 after the operation to analyze the
content of IL-6, IL-2 and IFN-y with ELISA kits (Solarbio
biotech). Besides, body weight and tumor volume were measured
every other day.

2.11.  Photothermal effect of aPDLI-LA

In order to explore the optimal power intensity of 808 nm laser,
20 pg/mL of AuNRs were exposed to 1.0, 1.5, 2.0 and 2.5 W/cm?
of NIR laser for 10 min. Then temperature changes were recorded
by the Ti400 thermal imager.

AuNRs and LA solutions (containing 20 pg/mL of AuNRs)
were exposed to 808 nm irradiation (2.0 W/cm?, 10 min). PBS
solution was used as control. The images were captured by the
Ti400 thermal imager (Fluke, USA).

2.12.  Cellular uptake and lysosome escape of aPDLI-LA

aPDLI1-LAI was synthesized to study the cellular uptake and
lysosome escape of aPDL1-LA. Cells were incubated with LAI
and aPDLI1-LAI (containing 10 pg/mL of ICG) for 2 and 6 h,
followed by washing with PBS to remove excess nanoparticles.
Then cells were stained with 10 nmol/L of Lyso Tracker Green
DND-26 at 37 °C for 1 h, cultured with 1 pg/mL of Hoechst 33258
for 15 min. In the end, the samples were observed under a laser
confocal microscope (Nikon A1-ISTAR, Japan).

2.13.  Invitro antitumor effects of a PDLI-LA

Helf cells were incubated with different concentrations of LA to
evaluate the biocompatibility of LA by MTT assay and AM/PI
staining. The cytotoxicities of aPDLI1-LA with or without NIR
irradiation to LL.C cells were tested by MTT assay. Briefly, cells
were incubated with different concentrations of AuNRs, LA and
aPDLI-LA for 24 h. Then half of the cells were exposed to
808 nm laser (2.0 W/cm?) for 5 min. Each concentration was
repeated five times. The absorbance at 570 nm was measured
using a microplate reader (Thermo, MULTISCAN FC). In addi-
tion, the safety of NIR laser was also considered.

2.14.  In vivo antitumor effect of a PDLI-LA

2.14.1.  In vivo imaging

Each female C57BL/6 mouse was intravenously injected with
2 x 10° cells to establish a lung metastasis model®”. To verify the
successful establishment of the lung metastasis model, mice were
sacrificed after 15 days, and lung tissues were collected to make
frozen tissue sections, followed by staining with Hoechst 33258 and
imaging with an inverted fluorescence microscope (OLYMPUS,
Japan). Mice injected with PBS were set as the control group. To
assess the therapeutic effect, 100 pL of aPDL1-LA (containing
20 pg/mL of AuNRs) was intravenously injected on Days 1, 3 and 5.
Then lung tissues were irradiated with 2.0 W/cm? of 808 nm laser
for 5 min. Mice injected with aPDL1-LAI were imaged with a small
animal imaging system (Maestro, USA) at a certain time.
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Figure 2

Characterization of Hydrogel+IFN-y+QA and in vitro antitumor effects. (A) Synthesis of Hydrogel+IFN-y+QA; (b) The phase

transition images of thermal responsive hydrogel at 4 and 37 °C; (C) The gelation time changes with different concentrations of hydrogels
(n = 3); (D) The release profiles of IFN-v from Hydrogel+IFN-y+QA; (E) The Fluorescence spectra of CdTe QDs at Aex = 570 nm and the
UV—Vis spectra of AuNRs; (F) The Fluorescence spectra and representative images of Hydrogel+IFN-y+QA incubated with cell culture me-
dium with different amounts of LLC cells; (G) Cell viability of LLC cells treated with IFN-y and Hydrogel+IFN-y+QA for 24 h (n = 5); (H)
Calcein-AM and PI staining of LLC cells with different treatments (Scale bar = 200 um); (I) Apoptosis analysis of LLC cells treated with IFN-y
and Hydrogel+IFN-vy+QA for 24 h (n = 3). Data are presented as mean £ SD; *P < 0.05, **P < 0.01 compared with control group by ANOVA

analysis.

2.14.2.  Invivo efficacy study

C57BL/6 mice were randomly divided into five groups. The
establishment of lung metastasis was based on the above method.
LA (100 pL) and aPDLI1-LA (containing 20 pg/mL of AuNRs)
were injected via the tail vein on Days 1, 3 and 5. The lung regions
of mice were irradiated with or without 2.0 W/cm? of 808 nm laser
for 5 min at 2 h post-injection. And then the blood was collected on
Day 9 to analyze the content of IL-6, IL-2, and IFN-y with ELISA
kits. On Day 16, mice were sacrificed, and then lung tissues and
lymph nodes were collected. Lung tissues were stained with
hematoxylin-eosin for histological examination. Lymph nodes were
collected to quantitatively analyze the levels of CD3*/CD8™

T-lymphocytes and CD31/CD4" T-lymphocytes by flow cytometry
(FACSCalibur, USA). At the same time, mice weight was measured
every two days.

2.15.  In vivo synergistic therapy

Each C57BL/6 mouse (20 g) was intravenously injected with
2 x 10° LLC cells to establish a lung metastasis model. Then every
mouse was subcutaneously injected with 2 x 107 cells 3 days later.
After 5 days, most of the subcutaneous tumors were removed by
surgery. 100 pL of Hydrogel+IFN-y+QA was subcutaneously
injected on Day 0. And then, 100 pL of aPDLI-LA was
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intravenously injected and irradiated with 808 nm laser on Days 1,
3 and 5. Then blood was collected to analyze the content of the
immune factors (IL-6, IL-2 and IFN-v) on Day 9. At last, the main
organs were collected for pathological analysis. And then lymph
nodes were used to quantitatively measure the level of activated
DC, CD3"/CD8* T-lymphocytes and CD3%/CD4" T-lymphocytes
by flow cytometry (FACSCalibur, USA). At the same time, mice
weight and tumor volume were measured every two days.

2.16.  Histopathology analysis and immunohistochemistry

Main organs of mice were collected, stained with hematoxylin and
eosin (H&E) and imaged by an inverted microscope (OLYMPUS,
Japan).

In situ recurrence tumor sections from mice with different
treatments were respectively immunostained with anti-mouse
CD4, CD8 and Foxp3 proteins to analyze the content of CD4"
T-lymphocytes, CD8" T-lymphocytes and Treg cells. The sections
were observed by an inverted microscope (OLYMPUS, Japan).

2.17.  Statistical analysis

All data were expressed as the mean + SD (n > 3). Statistical
analysis was performed using ANOVA analysis. When P
value < 0.05, the differences were significant, P < 0.01, the
differences were very significant.

3. Results and discussion

3.1.  Characterization and in vitro therapy of Hydrogel+IFN-
v+0OA

In order to detect and inhibit the postoperative tumor recurrence in
situ, Hydrogel+IFN-y+QA were synthesized as illustrated in
Fig. 2A, which could be used to detect and inhibit the postoperative
tumor recurrence in situ at the same time. In order to study the
properties of the thermal responsive hydrogel, PLGA-PEG-PLGA
was dissolved in ddH,O and stored at 4 °C to accelerate the pro-
cess of dissolution. ICG was introduced for the visual observation
of phase transition. The thermal responsive hydrogels were in a
liquid state at 4 °C, while in a gel state at 37 °C (Fig. 2B). It meant
that the thermal responsive hydrogel could be subcutaneously
injectable and then fixed to the tumor site. Therefore, the gelation
time was important. As illustrated in Fig. 2C, the gelation time was
decreased (from 55 to 18 min) with the increase of PLGA-PEG-
PLGA (from 1.5% to 2.0%). 2.0% of PLGA-PEG-PLGA was
used to form hydrogels in the following experiments.

The long-term stability of Hydrogel+IFN-y+QA was charac-
terized by monitoring the changes of surface zeta potential at 4 °C
storage for 10 days. No significant changes in zeta potential were
found as shown in Supporting Information Fig. S2. In this system,
the in situ controlled release system could achieve slow drug
release, which could obtain long-term antitumor effects. The drug
release behaviors of IFN-y from Hydrogel4+IFN-v+QA were
studied (Fig. 2D). The release speed of IFN-vy was slightly slower.
The cumulative release amount at 96 h was almost 59%. These
results indicate that Hydrogel+IFN-y+QA can achieve long-term
and sustained drug release.

It is challenging to find tumor postoperative recurrence in the
early stage in the clinic. Hence the detection of tumor post-
operative recurrence is vital to patients. FRET is a powerful

technique for the application of biological assays*’. There were
some reports about FRET technology combing CdTe QDs with
AuNRs*'**?, CdTe QDs in the NIR region were obtained for better
in vivo imaging. The UV—Vis spectra demonstrated that AuNRs
had a characteristic absorption peak at 650 nm. CdTe QDs had an
emission peak at about 650 nm when excited at 570 nm. The
emission of the CdTe QDs overlapped well with the absorption of
AuNRs, indicating that CdTe QDs (the donor) and AuNRs
(acceptor) made up an efficient FRET system (Fig. 2E). Further-
more, polyacrylamide gel electrophoresis testified the successful
conjugation of CEA aptamer to CdTe QDs and AuNRs (Sup-
porting Information Fig. S1A). The emission of Ap1-QDs and the
absorption of Ap2-AuNRs were also consistent with CdTe QDs
and AuNRs (Supporting Information Fig. S1B and S1C). Based on
the above results, Hydrogel co-loaded with Ap1-QDs and Ap2-
AuNRs was established for the detection of CEA. The fluores-
cence intensity of the CdTe QDs was decreased gradually with the
increase of CEA (Supporting Information Fig. S1D). With the
proliferation of tumor cells, an increasing number of CEA was
secreted to extracellular space. Thus, cell medium with a different
number of cancer cells was added, and the quenching of the CdTe
QDs fluorescence occurred (Fig. 2F). In vitro results indicated that
FRET between the CdTe QDs in the NIR region and AuNRs was
successfully applied in sensing CEA.

The treatment of postoperative recurrence is favorable to the
prolongation of the patient’s life. MTT assay was used to evaluate
the in vitro inhibitory effects on cell proliferation of Hydro-
gel+IFN-y+QA. First of all, the safety of carriers is important in
drug delivery. The unloaded hydrogels showed promising bio-
compatibilities in LLC cells and Helf cells (Supporting Informa-
tion Figs. S3 and S4). The cell viabilities and IC50 values in
presence of Hydrogel+IFN-vy+QA were similar to IFN-y with the
same concentration (Fig. 2G and Supporting Information Table
S1). The AM/PI staining was also used to investigate the anti-
tumor effect. As shown in Fig. 2H, IFN-y showed similar red
fluorescence to Hydrogel+IFN-y+QA (containing 5 pg/mL of
IFN-v), suggesting that the loading of IFN-vy to hydrogels could
not affect the antitumor effects. The apoptosis results were in
correspondence with the MTT and AM/PI assays (Fig. 2I). LLC
Cells incubated with free IFN-y and Hydrogel+IFN-y+QA dis-
played notable apoptosis (the apoptosis rates were about 38.8%
and 33.2%, respectively).

The in vitro results demonstrated that Hydrogel+IFN-y+QA
could be applied not only the detection of CEA, but also the in-
hibition of LLC cells, which lay the foundation for in vivo
applications.

3.2.  In vivo inhibition on postoperative recurrence of
Hydrogel+IFN-y+QA

As we know, IFN-y could not only directly kill the tumor.
Furthermore, it could also induce strong tumor-specific immune
responses. The in vivo antitumor effects of Hydrogel+IFN-y+QA
were investigated in the subcutaneous LLC-bearing C57BL/6
mice model. The schematic diagram of the animal experiment
plan was shown in Fig. 3A. As illustrated in Fig. 3B, the fluo-
rescence intensity of CdTe QDs was quenched by AuNRs with the
proliferation of the remaining tumor cells after the operation.
Tumor-bearing mice were imaged to evaluate the postoperative
recurrence in situ. With the increase of tumor volume, the fluo-
rescence intensity was decreased, which was in correspondence
with in vitro results (Fig. 3C). The changes in body weight
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(Fig. 3D) were insignificant, indicating the safety of all agents.
The tumor volume in PBS group sharply increased and finally
reached 2100 mm>. The mice treated with IFN-y and Hydro-
gel+IFN-y+QA demonstrated significant tumor inhibitory effects
(Fig. 3E and F, and Supporting Information Fig. S5). The mice in
PBS group all died on Day 15. While IFN-y and Hydrogel+IFN-
v+QA could slightly extend the survival time of mice after the
operation (Fig. 3G). As shown in Supporting Information Table
S2, the median survival of Hydrogel4+IFN-y group was 16 days,
demonstrating that Hydrogel4+IFN-y could prolong the survival
time of mice in comparison with control group.

Cytokines are a class of small molecule proteins with a wide
range of biological activities secreted by immune cells. The
immune response is modulated by binding to the respective re-

2 (IL-2) is a cytokine with numerous biological activities and
significant in regulating immune response*. And then IL-2 is
produced exclusively by activated T cells®. Interleukin-6 (IL-6)
can stimulate the proliferation, differentiation and function of
cells involved in immune response*®. IFN-y has immunomodu-
latory and antineoplastic properties®’. Sera were collected from
LLC tumor-bearing mice after 24, 72 and 144 h treatments
to measure the content of IL-2, IL-6 and IFN-vy. The amount of
IL-2, IL-6 and IFN-v induced by IFN-y was significantly higher
than Hydrogel+IFN-y+QA at 24 h. While more IL-2, IL-6 and
IFN-y were secreted in Hydrogel+IFN-y+QA group at 72 h,
demonstrating that IFN-y was slowly released from the hydrogel
(Fig. 3H). The results indicate that Hydrogel+IFN-v+QA can
induce more secretion of immune cytokines, leading to enhanced
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Figure 4  Synthesis and characterization of aPDL1-LA and in vitro inhibitory effects. (A) Schematic illustration of synthesis of aPDL1-LA and

in vivo inhibitory effects; (B) Size distribution of AuNRs and aPDL1-LA; (C) UV—Vis spectra of AuNRs and aPDL1-LA; (D) The temperature

changes of PBS, AuNRs and LA irradiated with laser at power density

of 2.0 W/cm? for 10 min. Inset: the temperature of PBS, AuNRs and LA

after 5 min of irradiation; (E) IR thermal images of PBS, AuNRs and LA; (F) Fluorescence images of LLC cells treated with LAI and aPDL1-LAI
for 2 h and 6 h to evaluate the cellular uptake and lysosome escape of aPDLI1-LAI (Scale bar = 50 pum); (G) Cell viability of LLC cells with
different treatments for 24 h. Data are presented as mean £ SD (n = 5); *P < 0.05, **P < 0.01 compared with LA group by ANOVA analysis.

3.3.  Characterization and in vitro assay of aPDLI-LA

The surviving tumor cells could enter the blood and then accu-
mulate in lung tissue with blood circulation. To inhibit the lung
metastasis after the operation, aPDL1-LA was synthesized, which
was used for synergistic PTT and immunotherapy (Fig. 4A). As
illustrated, aPDL1-LA could combine with PDL1 expressed on the
cancer cell membrane and then entered the cells. Subsequently,
the cells were irradiated with NIR laser for PTT. After that, the
cell debris as tumor antigens could activate DC and T cells.
What’s more, aPDLI1-LA, in combination with PDL1 expressed
on remaining cancer cells, could relieve PDL1 blockade to acti-
vated T cells. Finally, lung metastasis could be inhibited by PTT
and immunotherapy. DLS results demonstrated that aPDL1-LA
had an average diameter of about 90 nm (Fig. 4B and Table 1).

TEM images showed that AuNRs were uniform, while aPDL1-LA
was unevenly dispersed and aggregated (Supporting Information
Fig. S6). UV—Vis spectra suggested that AuNRs and aPDL1-LA
had characteristic adsorption peak at 780 nm, indicating that
AuNRs were encapsulated by liposomes (Fig. 4C).

To evaluate the optimal power intensity for PTT, AuNRs were
irradiated with 808 nm laser (1.0, 1.5, 2.0 and 2.5 W/cm? for
10 min). As shown in Supporting Information Fig. S7, when
AuNRs were irradiated with 2.0 and 2.5 W/cm? of 808 nm laser
for 10 min, the temperatures were increased by 26.3 and 26.9 °C,
respectively, while there were no obvious temperature changes
when the power intensities were 1.0 and 1.5 W/em®. So 2.0 W/cm?
was chosen for PTT.

In the following experiments, the temperature changes of
AuNRs and LA was recorded (Fig. 4D and E). When AuNRs and
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LA were incubated with 808 nm laser (2.0 W/cm?, 10 min), the
temperature had increased by 24.3 and 19.1 °C, respectively. It
meant that LA could also be used for PTT. What’s more, the
temperature of AuNRs irradiated for 5 min was close to that of
10 min. Hence, the optimal condition for PTT was to choose the
power intensity of 2.0 W/cm? and irradiation for 5 min. In addi-
tion, no significant changes in zeta potential and particle size of
LA and aPDLI-LA were found after 10 days’ storage at 4 °C,
demonstrating the potential stability for cancer therapy (Sup-
porting Information Fig. S8).

The biosafety of drug carriers is essential in drug delivery. LA
showed good biocompatibilities in normal cells (Supporting In-
formation Fig. S9). As we know, PDL1 was highly expressed in
several tumor cells. To investigate the results of PDL1-mediated
endocytosis, ICG was introduced to study the cellular uptake of
LA and aPDL1-LA in LLC cells. As shown in Fig. 4F, the red
fluorescence intensity of LLC cells increased with the prolonga-
tion of incubation time, indicating that both nanoparticles could
enter the cells. Besides, the red fluorescence intensity of aPDL1-
LAI was stronger than LAI, suggesting that the internalization of
aPDL1-LAI into LLC cells could be PDLI-mediated. And
aPDLI-LAI and LAI were distributed in the lysosomes after
endocytosis. The green fluorescence of Lyso Tracker Green DND-
26 decreased in cells treated with aPDL1-LAI for 6 h, indicating
the disruption of lysosomes by aPDL1-LAIL

It was reported that AuNRs with NIR light could generate heat,
which led to cell death. Therefore, the PTT effect of aPDL1-LA
was studied in LLC cells using MTT assay. When cells were
irradiated with NIR light (2.0 W/cm?, 5 min), no apparent cell
death was observed (Supporting Information Fig. S10). It was
proved that the laser we chose was safe. After NIR irradiation,
AuNRs, LA, and aPDL1-LA exhibited obvious dose-dependent
cytotoxicities, confirming the potential of AuNRs to be used for
PTT (Fig. 4G, Supporting Information Fig. S11 and Table S3).
The cell viability of aPDL1-LA+NIR was decreased comparing
with no NIR irradiation, indicating the antitumor effect of PTT.
When cells were treated with LA 4 NIR and aPDL1-LA+NIR at
a concentration equivalent to 20 pg/mL of AuNRs, the cell
viabilities were 45.7% and 12.3%, respectively. The aPDLI1-
LA+NIR exhibited remarkable therapeutic effects due to the
targeting ability and PTT effect.

3.4.  In vivo inhibitory effects of aPDLI-LA on lung metastasis

The combination of PTT with immune-agents will induce potent
immune responses”®*’. According to previous works, PDI is
expressed on immune cells, which can combine with PDLI1
(highly expressed on tumor cells). The combination could thus
reduce the activity of immune cells, thereby blocking the attack on
tumor cells. Tumor cells could hide in this way and survive.
Therefore, to study the therapeutic effects of aPDL1-LA to lung

metastasis, LLC Lung metastasis models were established by the
administration of LLC cells through the tail vein. And then, the
tumor nodules and the compact tumor cells in lung tissue (Sup-
porting Information Fig. S12) verified the successful establish-
ment of the lung metastasis model. The animal treatment schedule
was shown in Fig. 5A. The inapparent body weight changes
demonstrated the safety of the therapeutic agents (Supporting
Information Fig. S13). After 2 h intravenous injection of PBS and
aPDLI1-LA, the lung tissues of mice were exposed to NIR light
(2.0 W/cm?, 5 min), and mice were imaged by the Ti400 thermal
imager (Fluke, USA). As shown in Fig. 5B and Supporting In-
formation Fig. S14, the temperature of the lung tissue in mice
treated with aPDL1-LA+NIR increased from 34.4 to 43.1 °C,
while no noticeable temperature change was observed with PBS.
These results suggest the good in vivo photothermal effect of
aPDLI-LA. To detect the lung metastasis occurrence after the
operation, aPDL1-LA was replaced by aPDLI1-LAI. With the
proliferation of tumor cells, more aPDL1-LAI would combine
with PDL1 on tumor cells, causing the increase of fluorescence
intensity in lung tissue. As shown in Fig. 5C, with the prolonga-
tion of treatment time, the fluorescence intensity decreased
gradually, demonstrating the excellent therapeutic effects of
aPDL1-LA+NIR. After 16-days’ treatment, all tumor-bearing
mice were sacrificed, and the appearance of tumor nodules in
the lungs was observed after fixation with Bouin’s solution
(Fig. 5D). The tumor nodules in the lungs of all groups could be
clearly seen. The tumor nodules in lungs of mice treated with LA
and aPDL1-LA with NIR irradiation were decreased in compari-
son with no NIR irradiation group, illustrating the therapeutic
effect of PTT. What’s more, the tumor nodules of the lungs in
aPDL1-LA-+NIR group were the least due to the synergistic effect
of aPDL1 mediated immunotherapy and AuNRs mediated PTT.
To further assess the therapeutic effect on lung metastasis, the
lungs of five groups were observed through H&E staining
(Fig. 5D).

In the process of immunotherapy, cytotoxic T lymphocytes
(CTL) play important roles’’. CD8" cytotoxic T lymphocytes
(CD3'CD4 CD8") can instantly kill tumor cells’’. And CD3*/
CD4" T-lymphocytes (CD37CD4"CD8") can not only directly kill
tumor cells, but also show the necessity to assist CD3"/CD8" T-
lymphocytes during the process of mediating tumor regression’>.
Simultaneous activation of CD3"/CD4" T-lymphocytes and CD3*/
CD8" T-lymphocytes is an ideal strategy for immunotherapy. As
shown in Fig. 5E, no treatment and LA treated group showed no
apparent difference in the ratio of CD37/CD4" T-lymphocytes (the
rates in Control and LA group were 30.1% and 31.7%, respec-
tively). aPDL1-LA+NIR and LA + NIR showed 45.9% and 36.5%
of CD3%/CD4" T-lymphocytes, which were higher than no NIR
irradiation group (the ratios in aPDLI1-LA and LA group were
37.8% and 31.7%, respectively). Additionally, the proportion of
CD3"/CD8* T-lymphocytes in aPDL1-LA+NIR group (42.6%)

Table 1  Properties of different nanoparticles.
Sample DLS diameter (nm) Polydispersity index (PDI) Zeta potential (mV)
Hydrogel+IFN-y-+QA = = 312 £ 0.5
LA 89.1 £ 7.9 0.33 + 0.05 —38.9 + 0.1
aPDLI1-LA 92.8 +5.7 0.29 + 0.08 —38.1 +£ 0.8

Hydrogel+IFN-y+QA, thermal responsive hydrogels co-loaded with AP1-QDs, AP2-AuNRs, and interferon-y (IFN-vy); LA, liposomes-

encapsulated AuNRs; aPDL1-LA, anti-PDL1-modified liposomes-encapsulated AuNRs;

(n = 3).

—, not applicable. Data are presented as mean = SD
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Figure 5  In vivo detection and inhibition of lung metastasis after the operation. (A) Schematic diagram of animal experiments; (B) IR thermal

images of LLC Lung metastases-bearing mice injected with PBS and aPDL1-LA and then lung tissues were irradiated with 808 nm laser (2.0 W/
cm? for 5 min); (C) Fluorescence imaging of LLC Lung metastases-bearing mice on Days 1, 10 and 15 post-injection of aPDL1-LA+NIR; (D)
Images and H&E staining slices of lung tissues in LLC Lung metastases-bearing mice with different treatments (scale bar = 200 pm); (E)
Analysis of CD37/CD4 " T-lymphocytes in lymph nodes after different treatments by flow cytometry (n = 3, 1 x 10* cells measured); Lymph
nodes were collected after the treatment, disrupted, stained with anti-CD4-FITC and anti-CD3-PE. (F) Flow cytometry of CD3"/CD8" T-
lymphocytes in lymph nodes after different treatments (n = 3, 1 x 10* cells measured) Lymph nodes were collected after the treatment, disrupted,
stained with anti-CD8-Percp and anti-CD3-PE; (G) Immune cytokine levels in sera isolated from mice on Day 9 (n
mean £+ SD; *P < 0.05, **P < 0.01 compared with control group by ANOVA analysis.

3). Data are presented as



Synergistic immunotherapy for detection and inhibition of postoperative tumor recurrence

1989

was higher than that in other groups. Furthermore, NIR exposure
could also increase the level of CD3"/CD8" T-lymphocytes
(Fig. 5F). The results indicate that the combination of PTT and
immunotherapy can enhance the percentage of cytotoxic T lym-
phocytes, thus improving therapeutic effects.

Cytokines play an irreplaceable role in tumor immunotherapy.
Sera were collected from LLC Lung metastases-bearing mice after
9 days of different treatments to analyze the content of IL-2, IL-6

LA and aPDLI-LA (Fig. 5G). The results indicate that aPDL1-
LA+NIR can produce more cytokines secretion and thus
enhance antitumor effects.

3.5.  Invivo synergistic antitumor effects

To evaluate the synergistic effect of monitoring and inhibiting
postoperative recurrence by combing PTT with immunotherapy,

and IFN-vy. The amounts of IL-2, IL-6 and IFN-y produced by
LA + NIR and aPDL1-LA+NIR were significantly higher than

subcutaneous LLC and LLC Lung metastasis model was estab-
lished at the same time. Hydrogel4+IFN-vy+QA was locally
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Figure 6  In vivo synergistic detection and inhibition of postoperative tumor recurrence. (A) Schematic diagram of animal experiments; Control
group: no treatment group; Hydrogel4+IFN-y+QA group: local injection of Hydrogel+IFN-y+QA; aPDL1-LA+NIR group: intravenous in-
jection of aPDL1-LA with 808 nm laser irradiation; Hydrogel+IFN-y+QA+aPDL1-LA+NIR group: local injection of Hydrogel+IFN-y+QA at
Day 0 and intravenous injection of aPDL1-LA on Days 1, 3, and 5 with 808 nm laser irradiation; (B) Fluorescence imaging of subcutaneous LLC
and LLC Lung metastases-bearing mice, which was subcutaneously injected with Hydrogel+IFN-y+QA and injected with aPDL1-LAI through
tail vein at the same time; (C) Subcutaneous tumor growth curves of mice with different treatments. Inset: photographs of excised subcutaneous
tumors (n = 5); (D) Images and H&E staining slices of lung tissues (scale bar = 200 pum); (1): Control group; (2): Hydrogel+IFN-y+QA group;
(3): aPDL1-LA+NIR group; (4): Hydrogel+IFN-y+QA+aPDL1-LA-+NIR group. E) Analysis of CD3%/CD4" T-lymphocytes in lymph nodes
after different treatments by flow cytometry (n = 3, 1 x 10* cells measured); (F) Flow cytometry of CD3"/CD8" T-lymphocytes in lymph nodes
after different treatments (n = 3, 1 x 10* cells measured). Data are presented as mean + SD; *P < 0.05, **P < 0.01 compared with untreated
group by ANOVA analysis.
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injected to detect and inhibit the postoperative occurrence in situ.
Then aPDL1-LA was injected through the tail vein and exposed to
NIR laser to detect and inhibit the growth of lung metastasis. The
animal treatment schedule was shown in Fig. 6A. With the in-
crease of tumor volume in situ, the fluorescence intensity of tu-
mors in Hydrogel+IFN-y+QA + aPDLI-LA+NIR group was
decreased (Fig. 6B). And then, the fluorescence intensity of lung
tissue decreased with the prolongation of treatment time,
demonstrating lung cancer metastasis was alleviated. Furthermore,
the changes of body weight (Supporting Information Fig. SI5A)
and H&E staining of main organs (Supporting Information
Fig. S17) were insignificant, indicating the safety of therapeutic
agents. As demonstrated in Fig. 6C and Supporting Information
Fig. S15B, the in situ tumor volume of Hydrogel+IFN-y+QA and
Hydrogel+IFN-vy+QA + aPDL1-LA+NIR group reached to 594
and 366.2 mm®, respectively, obviously smaller than control and
aPDL1-LA+NIR group (the tumor volumes were 1683.1 and
1252.2 mm?, respectively). These results indicated that the com-
bination of Hydrogel+IFN-y+QA and aPDL1-LA+NIR exhibi-
ted evident tumor inhibition in situ. The tumor nodules in the
lungs of untreated and Hydrogel+IFN-y+QA groups could be
seen, indicating the negative effect on the inhibition of lung cancer
metastasis. While the tumor nodules in the lungs of Hydro-
gel+IFN-y+QA + aPDL1-LA+NIR group were not appreciable
(Fig. 6D). H&E staining showed no difference with this outcome.
According to previous works, activation of DC is essential for
cancer immunotherapy’”. After the treatment, lymph nodes were
collected and co-stained with CD11¢c, CD80 and CD86 antibodies.
As illustrated in Supporting Information Fig. S16, Hydrogel+IFN-
v+QA + aPDLI1-LA+NIR could induce the highest level of DC
maturation than other groups (the percentage was 78.2%). Next,
the ratios of CD3'/CD4% T-lymphocytes and CD3'/CD8"
T-lymphocytes were also measured by flow cytometry (FACS-
Calibur, USA). As shown in Fig. 6E, the rate of CD3"/CD4"
T-lymphocytes in Hydrogel4+IFN-y+QA + aPDLI1-LA+NIR
group was as high as 44.1%. However, the proportion in Hydro-
gel+IFN-y+QA and aPDLI-LA+4NIR group was only 4.47%
and 11.5%, respectively. At the same time, Hydrogel+IFN-y
+QA + aPDL1-LA+NIR group showed the highest percentage of
CD3"/CD8" T-lymphocytes (34.0%) in comparison with other
groups (Fig. 6F). These results illustrate the synergistic effect of
Hydrogel+IFN-y+QA + aPDL1-LA+NIR on the activation of
DC, generation of CD3"/CD4" and CD3"/CD8* T-lymphocytes.
In addition, immunohistochemistry (IHC) analysis was con-
ducted to measure the impact on the content of CD3"/CD4"
T-lymphocytes and CD3*/CD8" T-lymphocytes in tumor micro-
environment. As shown in Supporting Information Fig. S18,
Hydrogel+IFN-y+QA + aPDL1-LA-+NIR group had relatively
higher expression of CD4 and CD8 than other groups. Compared
with Hydrogel+IFN-y+QA, Hydrogel+IFN-y+QA + aPDLI-
LA+4+NIR could induce more activated T cells generation
in vivo. Immunosuppressive cells (Tregs) are generally recruited
into tumor microenvironment™, thus inhibiting CTLs anti-tumor
immunity and DCs activation by secreting numerous cytokines,
such as TGF-g or IL-10”°. In this study, the percentage of Tregs in
tumor microenvironment was also measured by IHC analysis to
analyze the change of Tregs (Supporting Information Fig. S19).
Sera were collected from subcutaneous LLC and LLC Lung
metastasis-bearing mice after 9 days of various treatments to
analyze the concentration of IL-2, IL-6 and IFN-vy (Supporting
Information Fig. S20). The amount of three immune factors induced
by Hydrogel+IFN-y+QA + aPDLI1-LA+4+NIR was highest,

indicating that the synergistic effect of Hydrogel+IFN-y+QA with
aPDL1-LA+NIR could induce more cytokines secretion and thus
improve the therapeutic effects on tumor postoperative recurrence,
including in sifu and lung metastasis recurrence.

4. Conclusions

In summary, an efficient synergistic immunotherapy was devel-
oped for detection and inhibition of postoperative in situ and lung
metastasis recurrence. This system could detect and inhibit the
postoperative recurrence at the same time. The in vivo results
showed that this system could exert cooperative antitumor effects
on inhibition of postoperative recurrence. All these results indicate
that this system can be a promising method for improving thera-
peutic effects.
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