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KEY WORDS Abstract Sonodynamic therapy (SDT) can potentially induce immunogenic cell death in tumor cells,
leading to the release of ATP, and facilitating the initiation of an immune response. Nevertheless, the
enzymes CD39 and CD73 can swiftly convert ATP into immunosuppressive adenosine (ADO), result-
ing in an immunosuppressive tumor microenvironment (TME). This study introduced a nanomedicine

Sonodynamic therapy;
Immunotherapy;
Ag,S quantum dots;

POMI: (QD/POM1@NP@M) engineered to reprogram TME by modulating the CD39/CD73/ADO pathway.
Colon cancer; The nanomedicine encapsulated sonosensitizers silver sulfide quantum dots, and the CD39 inhibitor
CD39/CD73/ADO POMI1, while also incorporating homologous tumor cell membranes to enhance targeting capabilities.

pathway; This integrated approach, on the one hand, stimulates the release of ATP via SDT, thereby initiating the
Immunogenic cell death; immune response. In addition, it reduced the accumulation of ADO by inhibiting CD39 activity, which
Anti-tumor immunity ameliorated the immunosuppressive TME. Upon administration, the nanomedicine demonstrated
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substantial anti-tumor efficacy by facilitating the infiltration of anti-tumor immune cells, while
reducing the immunosuppressive cells. This modulation effectively transformed the TME from an
immunologically “cold” state to a “hot” state. Furthermore, combined with the checkpoint inhibitor
a-PDL1, the nanomedicine augmented systemic anti-tumor immunity and promoted the establishment
of long-term immune memory. This study provides an innovative strategy for combining non-invasive
SDT and ATP-driven immunotherapy, offering new ideas for future cancer treatment.

© 2025 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

Numerous non-invasive therapies, including radiation therapy and
photothermal therapy, have the potential to elicit tumor immunity
through the induction of immunogenic cell death (ICD) in tumor
cells%. Sonodynamic therapy (SDT) is especially preferred due to
its capability for deep tissue penetration and high precisionS.
However, conventional organic sonosensitizers, such as hemato-
porphyrins and photopigments, are characterized by low molec-
ular bioavailability, unstable chemical, biological properties, and
high phototoxicity, which collectively result in suboptimal thera-
peutic efficacy in SDT*. In recent years, innovative sonosensitizer
nanoparticles exhibiting stable properties and reduced phototox-
icity have been developed, showing promising acoustochemical
characteristics that address the limitations of traditional organic
sensitizers. Notably, silver sulfide quantum dots (Ag,S QDs) have
been reported to possess outstanding sonosensitizer properties,
along with excellent biocompatibility, prolonged blood circula-
tion, and imaging capabilities in the near-infrared II region™®.
These attributes position Ag,S QDs as a valuable asset with sig-
nificant advantages and potential for clinical application in SDT.

Ultrasound can accurately activate sonosensitizers at the target
site, leading to the generation of substantial quantities of reactive
oxygen species (ROS), which cause oxidative stress damage to
cells and subsequently induce ICD"*®. Cells undergoing ICD can
release damage-associated molecular patterns (DAMPs) such as
calreticulin (CRT), high mobility group box 1 (HMGB1), adeno-
sine triphosphate (ATP), tumor-associated antigens, and other
immunogenic signals’. During this process, ATP functions as a
“find me” signal that initiates T-cell immunity by promoting
macrophage polarization and facilitating the infiltration and anti-
gen presentation of dendritic cells (DCs)'*!",

In the tumor microenvironment (TME), ATP is rapidly
degraded into the immunosuppressive molecule adenosine (ADO)
by the action of two ubiquitously expressed nucleic acid exo-
nucleases, CD39 and CD73. This degradation process attenuates
the immune activation effect of ICD. CD39, also known as ecto-
nucleoside triphosphate diphosphohydrolase 1 (ENTPase 1), cat-
alyzes the hydrolysis of ATP to adenosine 5-monophosphate
5 -AMP)IZ. Subsequently, CD73, an exonuclease 5'-nucleotidase,
further converts 5'-AMP into ADO'. ADO interacts with aden-
osine receptors, such as A2A and A2B, on immune cells, eliciting
various immunosuppressive effects'®. Specifically, ADO facili-
tates the accumulation of intracellular cyclic AMP in T cells,
thereby inhibiting the proliferation of effector T lymphocytes and
the secretion of inflammatory cytokines'>. ADO can also promote
the polarization of tumor-associated macrophages (TAMs) from
an anti-tumorigenic M1-like phenotype to a tumor-promoting M2-
like phenotype. Additionally, ADO serves as a critical effector

molecule in regulatory T cells (Tregs), where it plays a role in
suppressing anti-tumor immunity by enhancing Tregs activity'®.
Unfortunately, the ectonucleotidases CD39 and CD73 are
frequently overexpressed in a variety of solid tumors'’. Conse-
quently, while SDT can induce ICD in tumor cells, the elevated
expression of these ectonucleotidases often mitigates the immu-
nogenicity of the dying tumor cells, thereby limiting the overall
efficacy of tumor treatment and potentially leading to tumor
recurrence'®.

Therefore, preserving or augmenting ATP concentrations
within the TME is crucial for sustaining the anti-tumor immune
response initiated by SDT. Presently, numerous inhibitors target-
ing the CD39/CD73/ADO pathway have been developed to revi-
talize the immune response by mitigating ADO accumulation'®.
Among these, CD39, the rate-limiting extracellular enzyme
responsible for ATP degradation, plays a crucial role in main-
taining the dynamic balance of extracellular ATP within the
TME?°. Currently, numerous drugs targeting CD39 have advanced
to clinical trial phases®'. The CD39 small molecule inhibitor,
sodium polyxotungstate (POM-1), has been shown to not only
alleviate ADO-driven immunosuppression but also stabilize ATP-
mediated immune stimulation in the TME, thereby enhancing
anti-tumor responses”>>>. CD39 receptors are extensively
distributed throughout the body. Consequently, the non-targeted
administration of potent CD39 inhibitors can disrupt immune
cell function and potentially induce immune-related adverse
effects”*?>. Advances in nano-delivery technologies have enabled
targeted drug delivery and spatiotemporal controlled release of
therapeutics®®. Thus, the development of innovative nano-delivery
strategies for the combination therapy of ICD inducers and CD39
inhibitors holds significant promise. This nano-delivery strategy
can utilize ICD inducers to effectively eradicate tumor cells and
minimize the off-target toxicity of immunosuppressants, thereby
improving therapeutic safety.

To implement this combined therapeutic strategy, a biomimetic
nanomedicine platform denoted as QD/POM1@NP@M was
engineered. In this work, poly(lactic-co-glycolic acid) (PLGA)
together with the cationic lipid 1,2-dioleoyl-3-trimethylammonium
propane (DOTAP) formed the outer shell of the nanocarrier with a
core wrapped with hydrophobic sonosensitizers Ag,S QDs and
hydrophilic CD39 inhibitor POMI1. Subsequently, homologous
tumor cell membranes were encapsulated on the surface of the
PLGA-based nanocarrier for their mimicry. After tail vein injec-
tion, QD/POM1@NP@M efficiently accumulates at the tumor site
by taking advantage of the intrinsic homing ability of homologous
tumor cell membranes. Under ultrasound irradiation, Ag,S QDs
generated large amounts of ROS causing cell death leading to
sustained release of ATP. Meanwhile, POMI1 inhibits CD39-
mediated ATP breakdown in immune cells, resulting in increased
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ATP levels within the TME. Elevated ATP levels enhance DCs
maturation and antigen presentation, ultimately activating T cell-
mediated immune responses. In addition, reduced accumulation
of immunosuppressive ADO promotes macrophage polarization
toward the M1 phenotype and attenuates Tregs activity and its
immunosuppression of T cells. Through comprehensive immune
cell regulation and TME reprogramming, QD/POM1@NP@M
facilitates the transition from a “cold” tumor to a “hot” tumor.
When combined with the immune checkpoint inhibitor PD-L1,
QD/POM1@NP@M exhibits enhanced anti-cancer efficacy and
establishes long-term immune memory protection (Fig. 1). In
conclusion, we have proposed a safe and versatile therapeutic
strategy with great potential in the clinical treatment of “cold”
tumors.

2. Materials and methods
2.1. Materials

Lactide: glycolide (50: 50) (PLGA, wt: 38,000—54,000), poly
(vinyl alcohol) (PVA, 86% 89% hydrolyzed, low molecular
weight); 1,2-dioleoyl-3-trimethylammonium propane (DOTAP)
(95%) were purchased from RuiXi Biochemical Co., Ltd. Dieth-
yldithiocarbamic acid silver salt (Ag (DDTC), 98%) was bought

Figure 1

from Aladdin Industrial Co., Ltd. Sodium polyoxotungstate
(POM1) was purchased from MCE Co., Ltd. Octadecene (ODE,
95%) was purchased from Macklin Biochemical Co., Ltd. 2,2,6,6-
tetramethylpiperidine (TEMP, 95%), and 2,7-dichlorofluorescin
diacetate (DCFH-DA, 97%) were purchased from Sigma—Aldrich
Co., Ltd. Singlet Oxygen Sensor Green (SOSG), Mitochondrial
membrane potential assay kit with JC-1, Reactive Oxygen Species
Assay Kit, Membrane and Cytosol Protein Extraction Kit was
purchased from Beyotime Biotechnology Co., Ltd. FITC Annexin
V Apoptosis Detection Kit was purchased from BD Biosciences
Co., Ltd. All antibodies used in flow cytometry were purchased
from Biolegand Biosciences Co., Ltd. All the reagents used in the
experiment were the analytical and used directly without
treatment.

2.2.  Preparation of Ag,S QDs, OD@NP@M, and QD/
POMI@NP@M

Ag>S QDs were synthesized according to our previous method.
QD@NP and QD/POM1@NP were synthesized utilizing the
double-emulsion technique. For the preparation of QD/
POM1@NP, POM1 (5 mg) was dissolved in 100 pL of water as
the aqueous phase. Subsequently, 60 mg of PLGA and 5 mg of
DOTAP were dissolved in 2 mL dichloromethane (DCM), and

Schematic diagram of metabolic reprogramming nanomedicines potentiate sonodynamic immunotherapy by inhibiting the CD39/

CD73/ADO pathway. (A) The synthesis route of QD/POM1@NP@M. (B) The mechanisms of sonodynamic immunotherapy mediated by
QD/POM1 @NP@M. Following intravenous injection, QD/POM1@NP@M targets the tumor via a homologous cell membrane. Upon exposure to
US irradiation, the nanoparticles induce immunogenic cell death, characterized by the release of CRT, HMGBI, and ATP. This process promotes
the maturation of DCs, which subsequently activate cytotoxic T lymphocytes to secrete cytokines and exert anti-tumor effects. Concurrently, the
CD39 inhibitor POM1, released from the nanoparticles, mitigates adenosine accumulation, thereby diminishing the immunosuppressive effects of
ADO. This reduction in ADO levels leads to a decrease in M2-TAMs and Tregs while increasing the population of M1-TAMs.
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500 pL Ag,S QDs solution was added to 2 mL DCM (organic
phase). The aqueous phase was then slowly added to the organic
phase, followed by ultrasound treatment in an ice bath for 2 min at
25% power. After the ultrasound, the emulsion was added drop-
wise into 4 mL of 2.5% PVA solution, and the ultrasound was
repeated ice bath for 1 min at 25% power. Subsequently, 36 mL of
ultra-pure water and 4 mL of 2.5% PVA solution were added
before introducing 50 mL of ultra-pure water. The removal of
DCM was carried out using a rotary evaporator. The resulting
solution was then centrifuged at 12,000 rpm for 15 min. Following
twice washing steps, the precipitate was resuspended in 500 pL of
ultra-pure water, stored at —80 °C, and freeze-dried for preser-
vation. The synthesis of QD@NP follows the same steps as QD/
POMI1@NP except that the POM1 solution was not added.

The Membrane Protein Extraction Kit was utilized for the
isolation of the cell membrane from CT26 cells. In the process of
synthesizing QD/POM1@NP@M, a mixture of cell membranes
(1 mg/mL) and QD/POM1@NP (2 mg/mL) was stirred on ice for
1 h. Subsequently, the resulting mixture was extruded through 400
and 200 nm pore-size filter membranes using an Avanti mini-
extruder for a total of 10 extrusions.

2.3.  Characterization of Ag>S ODs, QD@NP@M, and QD/
POMI@NP@M

The morphology and sizes of QD@NP@M and QD/
POM1@NP@M were captured using a transmission electron
microscope (FEI Tecnai G2 F30). The hydrated particle size and
zeta potential of QD@NP@M and QD/POM1@NP@M were
measured by Malvern Zetasizer Apparatus (Worcestershire, UK).
ESR spectra were measured by CIQTEK EPR200M with
continuous-wave X band frequency.

The levels of membrane proteins contained in the nanoparticles
were detected by SDS-PAGE. Cell lysates, cancer cell mem-
branes, and QD/POM1@NP@M protein concentrations were
determined using the BCA Protein Assay Kit. Protein extracts
were mixed with 5 x SDS-PAGE sample uploading buffer, boiled
at 95 °C for 10 min, and loaded onto 10% SDS-PAGE gels for
electrophoresis. The gel was then stained with Coomassie Brilliant
Blue for 1 h and washed repeatedly with Coomassie Blue Staining
Destaining Solution until the background was colorless. Finally,
the gel was photographed and analyzed for protein bands.

The production of single linear oxygen (‘O,) by QD/
POM1@NP@M after US irradiation was initially determined by
electron spin resonance (ESR). 50 pL. of TEMP was added to
1 mL of QD/POM1@NP@M (100 pg/mL). After US irradiation
in the dark (1 W/cm? 3 min)), the ESR spectra of TEMP were
monitored to quantify the rate of 'O, production. For comparison,
the effects of TEMP + US, and TEMP + QD/POM1@NP@M on
'0, generation were also evaluated.

Furthermore, the utilization of SOSG facilitated the quantitative
assessment of 'O, levels generated by QD/POM1@NP@M
following ultrasound irradiation. QD/POM1 @NP@M (200 pg/mL)
and SOSG solution (5 pmol/L) were sonicated (1.5 W/cm?) at
different times and then the fluorescence intensity of the resulting
mixtures was quantified.

2.4. Cell culture and animals
Murine colon cancer cell line CT26 and human colorectal adeno-

carcinoma cell lines Caco-2 were purchased from the American
Type Culture Collection (ATCC), USA. CT26 cells were cultured

in RPMI-1640 medium supplemented with 10% fetal bovine serum
(FBS) and 1% antibiotics (penicillin/streptomycin, 10,000 U/mL),
while Caco-2 cells were cultured in DMEM medium with 10%
FBS and 1% antibiotics. Both cell lines were incubated at 37 °C
under a 5% carbon dioxide (CO,) atmosphere.

Balb/c mice aged 6—8 weeks were housed in an environment set at
a temperature of 22 + 2 °C, with 50%—55% relative humidity, and a
12-h light—dark cycle. All mice had unrestricted access to food and
water throughout the experiment. The experimental procedures
strictly adhered to the guidelines provided by the Department of
Laboratory Animal Management and the Ethics Committee of Xi’an
Jiao Tong University.

2.5.  Invitro therapeutic effects

The therapeutic effect in vitro of QD/POM1@NP@M was eluci-
dated by ROS assay, apoptosis assay, MMP assay, and Calcein-
AM/PI staining assay. CT26 cells were inoculated in 12-well
plates at a density of 1x10°/well. After overnight adherence, the
cells were incubated with different materials (200 pg/mL) for 8 h.
Subsequently, the cells were washed with PBS and the cells in the
radiation group were exposed to ultrasound irradiation (1 W/cm?,
3 min). Cells were subjected to staining with DCFH-DA for the
ROS assay and Calcein-AM/PI staining for the live-dead assay
immediately after ultrasound irradiation. The staining process
lasted 30 min, followed by imaging and analysis. MMP assay was
performed by staining the cells with the JC-1 probe for 20 min at
3 h after sonication. Subsequently, cell images were captured
using fluorescence microscopy and intracellular JC-1 fluorescence
intensity was quantified by flow cytometry. To assess apoptosis,
cells were harvested 6 h after sonication exposure, stained with
Annexin V-FITC and PI, and then analyzed by flow cytometry.

2.6. Assessment of cellular ICD status

In vitro 1CD inducibility was evaluated by characterizing CRT,
HMGBI expression, and ATP secretion. CT26 cells were incubated
with different nanoparticles (200 pg/mL) for 8 h. The irradiated
group was washed with PBS and then irradiated with ultrasound
(1 W/em?, 3 min). The treated cells were further incubated for 24 h.
Cells and media were collected and intracellular and extracellular
ATP levels were measured using an ATP luciferase-based quanti-
fication kit (Beyotime, S0026) according to the method provided by
the manufacturer. The specific steps are as follows: Add 200 pL of
lysate to each well of a 6-well plate and mix thoroughly to lyse the
cells. The cells are then centrifuged at 12,000x g for 5 min at 4 °C
and the supernatant is removed for subsequent assays. Add 100 pL
of ATP assay working solution to the assay wells and allow to stand
at room temperature for 3—5 min to deplete background ATP.
20 pL of sample or standard is then added to the assay wells and
mixed quickly with a micropipette, and the fluorescence intensity is
measured with a luminometer after 10 s. Meanwhile, the cells were
stained with anti-CRT (Proteintech, Cat No. 10829-1-AP) or anti-
HMGBI1 (Proteintech, Cat No. 10829-1-AP) primary antibody
and Fluor 488 secondary antibody after fixing with 4% para-
formaldehyde. Finally, the expression of CRT and HMGBI1 on
CT26 cells was observed using fluorescence microscopy.

2.7. Assessment of mature DC

Bone marrow-derived dendritic cells (BMDCs) were obtained
based on methods reported in the literature®’. BMDCs were isolated
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from the 6- to 8-week-old female Balb/c mice. The isolated cells were
then induced to differentiate using a BMDCs medium composed of
RPMI-1640 supplemented with 1% penicillin—streptomycin, 10%
fetal bovine serum (FBS), interleukin-4 (IL-4) at a concentration of
10 ng/mL, and granulocyte-macrophage colony-stimulating factor
(GM-CSF) at 20 ng/mL. The differentiation process lasted for six
days. Then, CT26 cells were seeded into the upper chamber of the
Transwell system, incubated overnight, and then incubated with
different nanoparticles (200 pg/mL) for an additional 8 h. After
removing the nanoparticles, the CT26 cells were washed twice with
PBS. Then, the irradiated group was subjected to ultrasound irradi-
ation (1 W/cm?, 3 min). Finally, the extracted BMDCs were inocu-
lated into the lower layer of the transwell system and co-cultured with
treated CT26 cells for 24 h. BMDCs from the bottom layer were
collected and the proportion of mature BMDCs
(CD11c™CD80"CD861) was analyzed by flow cytometry after
staining with FITC anti-CD11¢, APC anti-CD80, and PE anti-CD86
antibodies.

2.8.  Assessment of biocompatibility

In vitro, biocompatibility was evaluated by MTT assay. CT26 cells
were inoculated in 96-well plates (1x10* cells/well) and incu-
bated with different concentrations of QD/POMI1@NP@M
(0—400 pg/mL) for 24 or 48 h after allowing the cells to attach to
the wall overnight. Cells were washed with PBS and MTT was
added and the cells continued to be incubated for 4 h. Then, the
crystalline violet precipitate generated by the cells was solubilized
with DMSO, and the absorbance was measured at 570 nm to
calculate the cell viability.

For in vivo evaluation of biocompatibility, fifteen mice were
divided into three groups, two of which were injected with QD/
POM1@NP@M (5 mg/kg based on POM1) through the tail vein
four times every four days, and the other group was injected with
PBS. Mice were executed on Days 15 or 30, and blood was
collected for routine blood analysis and blood biochemical in-
dexes. At the same time, major organs (heart, liver, spleen, lung,
and kidney) of mice were collected for tissue section H&E
staining to assess organ integrity.

2.9.  Invivo fluorescent imaging

After the construction of the mouse subcutaneous colon cancer
model, 100 pL DiR-labeled nanoparticles were injected intrave-
nously into mice when the tumor volume reached 200 mm®.
In vivo, fluorescence images of mice were acquired using the IVIS
imaging system at 0, 0.5, 1, 3, 6, 9, 12 and 24 h after injection.
Meanwhile, mice were executed after in vivo imaging, and major
organs (heart, liver, spleen, lungs, and kidney) and tumors were
collected for ex vivo imaging to study the tissue distribution of
nanoparticles.

2.10.  In vivo anti-tumor effect

The tumor model of mice was established by subcutaneous in-
jection of CT26 cells (2 x 10%) suspended in PBS (100 pL) into
the right rear region of the back of mice. When the tumor volume
reached 100 mm?, the mice were randomly divided into the
following six groups as follows: GIl: Control, G2:US, G3:
QD@NP@M, G4: QD@NP@M+US, G5: QD/POM1@NP@M,
and G6: QD/POM1@NP@M+US Nanoparticles (5 mg/kg based

on POM1) were injected through a tail vein followed by ultra-
sound irradiation four times every four days. Ultrasound irradia-
tion was performed at 3 h after injection. The body weight and
tumor volume of mice were recorded every 2 days. Tumor volume
was calculated according to Eq. (1):

V' =Width® x Length /2 (1)

After 15 days, mice were executed, and tumors and major
organs were collected for further analysis. Tumors were photo-
graphed, and then organs and tumors were sectioned and exam-
ined histopathologically under a microscope.

2.11.  Immune cell analysis

Single-cell suspensions were prepared from differently treated
tumor tissues for flow cytometry analysis. Tumor tissues were cut
into small pieces and incubated in dissociation buffer (100 pg/mL
deoxyribonuclease I and 1 mg/mL collagenase 1V) at 37 °C for
60 min to obtain single-cell suspensions. Single-cell suspensions
were washed with PBS buffer and then stained with the following
antibodies: APC/Cyanine7 anti-CD45, PE/Cyanine7 anti-CD8a,
FITC anti-CD11b, PerCP/Cyanine5.5 anti-CD11c, Pacific Blue™
anti-CD4, PE anti-TNF-«, APC anti-IFNy, PE anti-Foxp3, APC
anti-CD39, PE anti-CD206. The cell suspension was analyzed by
flow cytometry at the end of staining. The subsequent analysis was
conducted using Flowjo software to determine the proportions of
the following cell populations: Tregs (CD457CD4*Foxp3™), M1-
like TAMs (CD45"CDI11b"CD86%), M2-like  TAMs
(CD457CD11b"CD206"), CD8 T cells (CD45"CD8+), and CD8
T cells (CD457CD8™).

2.12.  SDT plus PD-LI blockade combination therapy

The tumor model of mice was established by subcutaneous in-
jection of CT26 cells (2 x 109 suspended in PBS (100 pL) into
the right rear region of the back of mice. When the tumor volume
reached 100 mm?, the mice were randomly divided into the
following four groups as follows: G1: Control, G2: «-PDL1, G3:
QD/POM1@NP@M+US, G4: QD/POM1@NP@M+US+a-
PDLI1. QD/POM1@NP@M nanoparticles (5 mg/kg based on
POM1) were administered to mice in G3 and G4 via tail vein
injection on Days 0, 4, 8, and 12. Subsequently, mice in the G2
and G4 experimental groups were treated with 150 pg of a-PD-L1
antibody (BioXcell, Cat No. BE0101) intraperitoneally on Days 1,
4, 7, and 10. After a 6-h interval post-injection, the mice were
exposed to ultrasound irradiation (1.5 W/em?, 3 min). The mice’s
body weight and tumor volume were recorded every other day.
Tumor volume was calculated according to Eq. (1). At the end of
treatment, tumors, and spleens of mice were collected for section
staining or flow cytometry analysis.

2.13.  Statistical analysis

All data were analyzed using GraphPad Prism 9.0 software. The
data obtained are expressed as mean + standard deviation (SD)
with no less than three replications for each experiment. Statistical
comparisons between groups were calculated by Student’s 7-test
and ANOVA test. Reported P-values: ***P < 0.001, **P < 0.01,
*P < 0.05 were considered statistically significant.



2660

Yuanyuan Zhang et al.

3. Results and discussion

3.1.  CD39 expression and immune cell infiltration in colon
adenocarcinoma

The findings have demonstrated a significant correlation between
elevated CD39 expression and a suppressive TME, indicating that
CD39 may serve as a promising therapeutic target®®. The compo-
sition of immune cells within the TME is intricately associated with
cancer prognosis and treatment response. To explore this relation-
ship, we investigated the correlation between the expression of
CD39 and immune cell infiltration in colon adenocarcinoma
(COAD). The results demonstrate a significant positive correlation
between CD39 expression and the prevalence of pro-tumor immune
cells, including Tregs and M2-like TAMs, within the tumor
microenvironment (Fig. 2A). A pivotal component of an effective
anti-tumor immune response is the predominance of CD8™ T cells.
Importantly, existing research indicates that CD397CD8" T cells
are frequently associated with a state of immune exhaustion®*°,
Furthermore, the results indicate a positive correlation between
CD39 expression and the infiltration of CD8 T cells and CD4 T
cells within the TME (Fig. 2B). Additionally, a strong association
was observed between CD39 expression and the expression of
immune exhaustion-related genes such as PD-1 and TIM-3
(Fig. 2C). These findings suggest that targeting CD39 expression
in colon cancer TME may represent a viable therapeutic strategy to
mitigate the immunosuppressive characteristics of the TME and
enhance the efficacy of the immune response.

3.2.  Synthesis and characterization of QD/POMI1@NP@M
Firstly, Ag,S QDs were synthesized according to the previous

method developed in our lab®'. Secondly, PLGA-based polymer
nanocarrier was synthesized by double microemulsion technique

Figure 2

to achieve simultaneous encapsulation of hydrophobic Ag,S QDs
and hydrophilic drug POM1 (QD/POM1@NP). Thirdly, homolo-
gous tumor cell membranes were coated on QD/POM1@NP to
synthesize biomimetic nanocarriers (QD/POM1@NP@M) to
enhance the targeting ability of the nanocarriers and prolong their
in vivo circulation time. Representative transmission electron
microscope (TEM) images showed that the Ag,S QDs have a
uniform particle size of about 4 nm. The QD/POM1@NP showed
a uniformly sized spherical shape in which Ag,S QDs are visible
as black dots. The QD/POM1@NP@M surface showed a clear
lamellar film (Fig. 3A). Elemental mapping images showed that
Ag, S, and W elements were uniformly distributed inside the
nanocarriers, indicating that the Ag,S QDs and POM1 were suc-
cessfully encapsulated in the PLGA-based nanocarrier (Fig. 3B).
We also measured the drug encapsulation efficiency (EE) of Ag,S
QDs and POM1 by ICP—MS, which were 82.3% 4 5.43% and
18.2% + 1.75%, respectively, suggesting the effective encapsu-
lation of them in QD/POM1@NP. The dynamic light scattering
(DLS) analysis revealed that the zeta potential of QD/POM1@NP
was approximately —8.2 = 0.1 mV, with a hydrated particle size
of around 2124 + 3.5 nm (Fig. 3C and D). The QDs/
POM1@NP@M exhibited a lower zeta potential of
—22.7 £ 0.3 mV and a larger hydrated particle size of approxi-
mately 226.5 4+ 2.5 nm following cell membrane wrapped
(Fig. 3C and D). SDS-PAGE analysis showed that the protein
bands of the QD/POM1@NP@M group (III) were consistent with
that of the cell membrane (II) (Fig. 3E). The above results indi-
cated that the cell membrane had been successfully wrapped
around the PLGA-based nanocarrier, suggesting that the metabolic
reprogramming nanomedicines were successfully synthesized.
Our previous work demonstrated that Ag,S QDs are novel
sonosensitizers. Sonodynamic effects of Ag,S QDs were detected
by electron spin resonance (ESR) using the single linear oxygen
('0,) trapping agent 2,2,6,6-tetramethylpiperidine (TEMP). ESR

CD39 expression and immune cell infiltration in colon adenocarcinoma (COAD). (A) The correlations between the expression of

CD39 and the infiltration of Tregs and M2-like TAMs in COAD tissues. (B) The correlations between the expression of CD39 and the infiltration
of CD8 and CD4 T cells in COAD tissues. (C) The correlations between the expression of CD39 and the expression of TIM-3 and PD-1 in COAD

tissues.
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Figure 3

Characterization of QD/POM1@NP@M. (A) TEM images of Ag,S QDs, QD/POM1@NP, and QD/POM1@NP@M, scale bar = 10

or 50 nm. (B) Element mapping images of QD/POMI1@NPs, scale bar = 50 nm. (C) Size distribution of QD/POM1@NP, and QD/
POM1@NP@M measured by DLS. (D) Zeta potential of QD/POM1@NP, and QD/POM1@NP@M measured by DLS. (E) SDS-PAGE image. :
cell lysate, II: cancer cell membrane, I1I: QD/POM1@NP@M. (F) 0, produced by QD/POM1@NP@M under different treatments was detected
by ESR (Ultrasonic parameter: 1.5 W/em?, 3 min) (G) 'O, produced by QD/POM1@NP@M after different ultrasonic irradiation time was

detected by SOSG (Ultrasonic parameter: 1.5 W/em?).

results showed that the QD/POM1@NP@M + TEMP + US group
produced a higher 'O, characteristic signal compared to the
unstimulated and control groups, indicating the highest production
of '0, (Fig. 3F). Then, the '0,-specific fluorescent probe Singlet
Oxygen Sensor Green (SOSG) was further utilized to verify its
sonodynamic effect. With the prolongation of ultrasonic irradia-
tion time, the fluorescence intensity of SOSG gradually increased
(Fig. 3G). Taken together, these results indicate that the QD/
POM1@NP@M exhibit excellent sonodynamic properties due to
the successful integration of Ag,S QDs within them.

The stability of nanoparticles is a crucial factor for their bio-
logical applications. To assess the stability of QD/
POM1@NP@M, they were dispersed in various solutions (water,
PBS, and RPMI 1640 medium with 10% FBS), and the changes in
particle size were measured over time. As illustrated in Supporting
Information Fig. S1, both the size and polydispersity index (PDI)
of the QD/POM1@NP @M remained relatively stable over a 7-day

period. These results indicate that the QD/POM1@NP@M NPs
exhibit excellent stability.

3.3.  Invitro therapeutic effects of QD/POMI1@NP@M

Efficient cellular uptake of nanomedicines is crucial for the suc-
cessful implementation of SDT. To determine the optimal soni-
cation duration, we investigated the endocytosis of nanoparticles
by labeling them with the fluorescent probe DiL (DiL@NP@M),
and subsequently incubating them with CT26 cells. Fluorescence
images demonstrated a time-dependent increase in intracellular
fluorescence intensity, with a significant accumulation of red
fluorescent nanoparticles observed within the cytoplasm of
CT26 cells after 8 h of co-culture (Supporting Information
Fig. S2A). These findings were further corroborated by flow
cytometry analysis, reinforcing the conclusion that nanoparticles
can be effectively taken up by CT26 cells (Fig. S2B—S2D). It is
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currently believed that the main mechanism of SDT is to cause
cell death by generating ROS*2. Therefore, the ROS levels of cells
after different treatments were first examined using the fluorescent
probe fluorescent 2’,7'-dichlorofluorescein diacetate (DCFH-DA).
The analysis of the fluorescent photographs revealed minimal
green fluorescence in the control, QD@NP, and QD/
POM1@NP@M groups, with only a slight increase observed in
the US group. Conversely, the groups exposed to Ag,S QDs under
ultrasound  stimulation (QD@NP@M + US, QD/
POM1@NP@M + US) exhibited pronounced green fluorescence.
This indicates that the sonosensitizers Ag,S QDs generate sub-
stantial quantities of ROS when subjected to ultrasound (Fig. 4A).
Flow cytometry and quantitative fluorescence statistics also
showed that the group in which Ag,S QDs were present had the
largest percentage of cells positive for green fluorescence and the
strongest fluorescence (Fig. 4B and C). Excessive ROS compro-
mise the mitochondrial respiratory chain and degrade the mito-
chondrial membrane structure, resulting in the loss of

Figure 4

mitochondrial membrane potential (MMP)*. Subsequently, the
MMP of CT26 cells subjected to various treatments was assessed
using the fluorescence probe, JC-1. CT26 cells in the control,
QD@NP@M, and QD/POM1@NP@M groups exhibited bright
red fluorescence. In contrast, cells in the QD@NP@M + US and
QD/POM1@NP@M + US groups displayed strong green fluo-
rescence, suggesting that ultrasonic irradiation resulted in the loss
of MMP in these two groups. Consequently, JC-1 was converted to
its monomeric form, which emits green fluorescence (Fig. 4D).
Flow cytometry results also showed a significant decrease in cell
MMP after ultrasonic irradiation, with the most pronounced
decrease in the QD/POM1@NP@M + US group (Fig. 4E and
Supporting Information Fig. S3A). The loss of mitochondrial
transmembrane potential constitutes an irreversible event during
the early stages of apoptosis®*. This decline in the potential dif-
ference across the mitochondrial membrane triggers the release of
apoptotic factors, initiating a cascade of apoptotic responses that
culminate in cell death. Subsequently, apoptosis was evaluated

In vitro therapeutic effects of QD/POM1@NP@M. (A) Fluorescence images of DCFH-DA staining of CT26 cells after various

treatments. Scale bar = 100 pm. (B) ROS levels in CT26 cells after different treatments were detected by flow cytometry. (C) The corresponding
fluorescence intensity of DCFH-DA in CT26 cells after different treatments. (D) MMP of CT26 cells under different treatments was assessed by
JC-1 using fluorescent staining. Scale bar = 20 um. (E) MMP of CT26 cells under different treatments was assessed by JC-1 using flow
cytometry. (F) Apoptosis of CT26 cells was assessed by Annexin V-FITC/PI staining using flow cytometry. (G) Fluorescence images of Calcein-

AMY/PI staining of CT26 cells after different treatments. Scale bar

100 pm. Data are presented as mean £ SD. (n = 3). P values were

determined using a one-way ANOVA test or Student’s #-test. Statistically significant difference: *P < 0.05, **P < 0.01, ***P < 0.001.



Nanomedicine reprograms tumor immunity by blocking the CD39/CD73/ADO axis 2663

through Annexin V/PI staining of cells subjected to various
treatments. Consistent with the aforementioned results, the QD/
POM1@NP@M + US group exhibited the highest rate of
CT26 cell apoptosis (64% =+ 3.4%) compared to the other groups
(Fig. 4F and Fig. S3B). Furthermore, the cytotoxicity of the
various treatments was assessed using Calcein-AM/PI staining. As
depicted in Fig. 4G, the red fluorescent signal was scarcely
detectable in the US group, QD@NP@M group, and QD/
POM1@NP@M group, indicating that the majority of the cells
remained viable post-treatment. In contrast, the QD/
POM1@NP@M + US group demonstrated the most intense red
fluorescence among all groups, signifying the highest efficacy in
inducing tumor cell apoptosis.

Figure 5

3.4.  In vitro immunogenic cell death triggered by QD/
POMI@NP@M

SDT can induce ICD, thereby releasing damage-associated mo-
lecular patterns (DAMPs) signals such as CRT, HMGB1, and ATP
along with tumor-associated antigens (TAAs), recruiting lym-
phocytes and activating anti-tumor immune responses't. To
investigate whether QD/POM1@NP@M can effectively initiate
ICD and promote DAMPs release, we assessed the expression of
ICD markers in vitro. Visualization analysis of CRT and HMGB1
expression in CT26 cells after different treatments was conducted
using fluorescence microscopy. Results indicated that the
expression of CRT in the QD@NP@M+US and QD/

In vitro immunogenic cell death triggered by QD/POM1@NP@M. (A, B) Immunofluorescence staining images of (A) CRT and (B)

HMGBI expression in CT26 cells after different treatments. Scale bar = 20 um. (C, D) The corresponding fluorescence intensity of (C) CRT and
(D) HMGBI is shown in Fig. 2A and B. (n = 3). (E, F) (E) Intracellular and (F) extracellular ATP levels in CT26 after different treatments. (G)
The design scheme of the BMDCs maturation experiment. (H) Effect of tumor cells treated with different treatments on BMDCs maturation. Data

are presented as mean £ SD. P values were determined using a one-way ANOVA test or Student’s -test. Statistically significant difference:
*P < 0.05, **P < 0.01, ***P < 0.001 (Fig. 5G produced from bioRender.com, with permission).
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POM1@NP@M+US groups was higher compared to other groups
(Fig. 5A). Particularly, the QD/POM1@NP@M+US group
exhibited higher CRT expression, with a 1.52-fold increase in
intracellular CRT fluorescence intensity compared to the control
group (Fig. 5C). Further observations revealed a significant
upregulation of HMGBI1 in the QD@NP@M+US group and QD/
POM1@NP@M + US, with fluorescence intensity increased by
1.33- and 1.44-fold compared to the US groups, respectively
(Fig. 5B and D). Furthermore, the levels of intracellular and
extracellular ATP in cells after different treatments were exam-
ined. In the QD@NP@M+US and QD/POM1@NP@M-+US

Figure 6

group, a decrease in intracellular ATP levels in CT26 cells was
observed, while an increase in ATP levels in the supernatant. It
indicated that ultrasound treatment resulted in partial cell death,
leading to the release of ATP into the extracellular space (Fig. SE
and F). The ATP released by tumor cells during ICD functions as a
pivotal “find me” signal, orchestrating the infiltration of immune
effector cells. Following treatment with QD/POM1@NP@M
combined with US, the extracellular ATP concentration reached
its peak, thereby facilitating the recruitment of a greater number of
immune cells to the tumor site and subsequently initiating the
host’s immune response (Fig. SF).

Biocompatibility of QD/POM1@NP@M. (A, B) The cell viability of CT26 cells (A) and Caco-2 cells (B) treated with different

concentrations of QD/POM1@NP@M for 24 and 48 h (n = 5). (C) Hemolysis rate of blood cells co-incubated with different concentrations of
QD/POM1@NP@M for 6 h. (D, E) (D) The routine blood test parameters and (E) biochemical parameters of the blood of mice following three
injections of QD/POM1@NP@M or saline for 15 and 30 days (n = 5). (F) The H&E staining images of mice organs after three injections of QD/
POM1@NP@M or saline for 15 and 30 days. Data are presented as mean £ SD. P values were determined using a one-way ANOVA test or
Student’s #-test. Statistically significant difference: *P < 0.05, **P < 0.01, ***P < 0.001.
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The substantial release of DAMPs during ICD can stimulate
dendritic cells (DCs) maturation, thereby further promoting the
activation, proliferation, and tumor infiltration of cytotoxic T
lymphocytes (CTLs)*. Subsequently, the efficacy of ICD under
different conditions was assessed by determining the maturation
levels of bone marrow-derived dendritic cells (BMDCs) in vitro.
BMDCs were co-cultured with CT26 cells treated differently, and
after 24 h, the maturation level of BMDCs was evaluated. The
design scheme of the BMDCs maturation experiment is shown in

Figure 7

Fig. 5G. As expected, when BMDCs co-cultured with CT26 cells
irradiated by US only, the proportion of mature DCs
(CD11CTCD80"CD86") slightly increased compared to the
control group. The maturation of BMDCs in the
QD@NP@M+US group further increased to 14.4% =+ 0.4%, with
the highest average BMDCs maturation rate observed in the QD/
POM1@NP@M+US group at 183% + 0.5% (Fig. SH and
Supporting Information Fig. S4). The findings suggest that the
activation of BMDCs in the QD/POM1@NP+US group is the

Biodistribution of QD/POM1@NP@M. (A, B) (A) Fluorescence image and (B) flow cytometry analysis of CT26 cells incubated with

DIL@NP and DIL@NP@M at 8 h. Scale bar = 20 pm. (C, D) (C) Fluorescence image and (D) flow cytometry analysis of Caco-2 cells and
CT26 cells incubated with DIL@NP@M at 8§ h. Scale bar = 20 um. (E) Fluorescence images of CT26 tumor-bearing mice, organs, and tumors at
indicated time points after injection of QD/POM1@NP@M. (F) Quantification of fluorescence intensity of major organs at different time points
after tail vein injection of QD/POM1@NP@M (G) Quantification of fluorescence intensity of tumor at different time points after tail vein in-

jection of QD/POM1@NP@M. Data are presented as mean + SD.
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most efficacious, highlighting the synergistic effects of SDT and
POMI. These results substantiate that SDT can effectively induce
ICD and that the DAMPs released by ICD, in conjunction with
POMI1, collectively enhance DC maturation, thereby initiating
host anti-tumor immunity.

3.5.  Biocompatibility of QD/POMI1@NP@M
The biocompatibility of the QD/POM1@NP@M was further
evaluated, laying the groundwork for subsequent in vivo therapies.

First, the toxicity of different concentrations of the QD/
POM1@NP@M on CT26 cells and Caco-2 cells was evaluated at

Figure 8

the cellular level through an MTT assay. The results demonstrated
that after incubation with 400 ng/mL QD/POM1@NP@M for 24 h
(Fig. 6A) and 48 h (Fig. 6B), the majority of CT26 cells and Caco-
2 remained viable. In addition, hemolysis assay results showed that
the hemolysis rate of 400 pg/mL. QD/POM1@NP@M was still
minimal after 6 h of incubation with blood cells (Fig. 6C). Sub-
sequently, the biocompatibility of the QD/POM1@NP@M was
further evaluated in mice. Blood and organs from the mice were
collected 15 and 30 days after intravenous injection of the QD/
POM1@NP@M for biocompatibility evaluation. Routine blood
tests showed no significant difference between the PBS-treated
group and the drug-treated group at 15 and 30 days after

In vivo anti-tumor effect of QD/POM1@NP@M. (A) The schematic illustration of the in vivo anti-tumor experiment. (B—D) (B)

Body weight, (C) average tumor volume, and (D) tumor weight of CT26 tumor-bearing mice after different treatment groups (n = 5). (E) Tumor
growth curves in individual animals in different treatment groups. (F—G) (F) H&E staining, (G) TUNEL immunofluorescence staining, and (H)
Ki67 immunofluorescence staining images of tumor tissue of mice in different treatment groups. G1: Control, G2: US, G3: QD@NP@M, G4:
QD@NP@M + US, G5: QD/POM1@NP@M, and G6: QD/POM1@NP@M + US. Scale bar = 100 pm. Data are presented as mean + SD. P
values were determined using a one-way ANOVA test or Student’s f-test. Statistically significant difference: *P < 0.05, **P < 0.01,

P < 0.001.
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Figure 9  The impact of QD/POM1@NP@M on the tumor immune microenvironment. (A) Flow cytometry plots of CD45™" cells and their
respective quantitative percentages in tumor tissues of mice in different treatment groups (n = 4). (B) Flow cytometry plots of CD8 T cells
(CD457CD8") and CD4 T cell (CD45"CD4™") and their respective quantitative percentages in tumor tissues of mice in different treatment groups
(n = 4). (C, D) Quantitative percentage of (C) CD8 TFNy™ T cells and (D) CD8 TNFa " T cells in tumor tissues of mice in different treatment
groups (n = 4). (E—F) Quantitative percentage of (E) M1-like TAMs (CD45"CD11b"CD86™) and (F) M2-like TAMs (CD45"CD11b* CD206™)
in tumor tissues of mice in different treatment groups (n = 4). (G) Flow cytometry plots of Tregs (CD45"CD4*Foxp3™) and their respective
quantitative percentages in tumor tissues of mice in different treatment groups (n = 4). (H) Flow cytometry plots of CD457CD39" cells and their
respective quantitative percentages in tumor tissues of mice in different treatment groups (n = 4). (I) Flow cytometry plots of CD8"CD39" T
cells (CD45"CD8"CD39") and their respective quantitative percentages in tumor tissues of mice in different treatment groups (n = 4). Gl:
Control, G2: US, G3: QD@NP@M, G4: QD@NP@M + US, G5: QD/POM1@NP@M, and G6: QD/POM1@NP@M + US. Data are presented
as mean £ SD. P values were determined using a one-way ANOVA test or Student’s r-test. Statistically significant difference: *P < 0.05,
#*pP < 0.01, ¥**P < 0.001.
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injection (Fig. 6D). Additionally, liver function evaluation markers
Glutamic-pyruvic transaminase/aspartate transaminase (ALT/AST)
and kidney function evaluation markers creatinine/urea nitrogen
(CRE/UREA) showed no abnormalities, indicating no impact of
the QD/POM1@NP@M on the liver and kidney functions of the
mice (Fig. 6E). Meanwhile, the H&E staining results of each organ
section showed that the physiological structure of organs was
intact, the cell morphology was normal, and there were no obvious
pathological changes (Fig. 6F). These findings confirm that QD/
POM1@NP@M exhibits no significant adverse drug reactions,
making it suitable for biomedical applications.

3.6.  Biodistribution of QD/POMI1@NP @M

The nanocarriers camouflaged with the membrane of homologous
cancer cells exhibit similar cell adhesion molecules to those of the
source cells, such as E-cadherin and Galectin-3, thereby enabling
homotypic cell targeting®>. In addition, the uptake of homologous
cell membrane-modified nanocarriers was high due to the
self—recognition properties of tumor cells*®. Nanoparticles were
labeled and tracked using the red fluorescent dye DiL to elucidate
the targeting effect. The results in Fig. 7A indicated that
membrane-modified nanoparticles (DIL@NP@M) exhibited
significantly enhanced cellular uptake compared to bare nano-
particles (DiL@NP). Flow cytometry analysis revealed that
28.7% £ 1.4% of cells in the DiL@NP incubation group showed
red fluorescence, while an impressive 94.3% =+ 1.6% of cells in
the DiL@NP@M exhibited red fluorescence (Fig. 7B, Supporting
Information Fig. S5A and S5B). These findings suggest that
membrane modification substantially improves the efficiency of
nanoparticle internalization in cellular environments. Next, the
specific homologous targeting of nanoparticles to different cells
was explored in different colon cancer cell lines. The results
showed that CT26 cells cultured with homologous cell membrane-
mimicking particles emitted brighter red fluorescence compared to
Caco-2 cells (Fig. 7C). This was also demonstrated by flow
cytometry results (Fig. 7D). After incubation with DIL@NP@M
for 8 h, the proportion of DiL" Caco-2 cells was 7.5% =+ 0.7%,
while the proportion of DiL* CT26 cells reached 96.8% =+ 0.3%
(Fig. S5C and S5D). The above results provide evidence that cell
membrane camouflage enhances the specific targeting of
nanoparticles.

Because the accumulation of nanomaterials at the tumor site is a
prerequisite for in vivo therapy, the tumor-targeting ability of the
QD/POM1 @NP@M was next evaluated at the in vivo level. DiR-
labeled nanocarriers were injected into CT26 tumor-bearing mice
via the tail vein, and then mice and isolated organs were imaged at
a series of time points (0—24 h) using the in vivo imaging system.
(IVIS). In vivo imaging results showed that nanoparticles selec-
tively accumulated in the tumor, and the fluorescence intensity in
the tumor reached a maximum at 3 h, followed by a gradual
decrease (Fig. 7E and G). This suggested that the highest nano-
particle content in the tumor site after intravenous injection occurs
at 3 h, which was considered the optimal time for ultrasound
therapy. In ex vivo organs, the fluorescence signal was predomi-
nantly enriched in the liver. In isolated organs, the fluorescence
signal was mainly enriched in the liver (Fig. 7E and F). This may be
due to the fact that the liver is the main metabolic organ and
nanoparticles can be gradually eliminated from the body via the
hepatic metabolic pathway. In conclusion, the above results
demonstrated that QD/POM1@NP@M has good targeting of tumor
cells, which lays the foundation for subsequent anti-tumor therapy.

3.7.  Invivo anti-tumor effect of QD/POMI1@NP@M

Encouraged by the remarkable in vitro anticancer effects and satis-
factory tumor targeting ability of QD/POM1@NP@M, the in vivo
anti-tumor efficacy of QD/POM1@NP@M was evaluated using
CT26 tumor-bearing Balb/c mice. CT26 tumor-bearing mice with
tumor volume of approximately 100 mm? were randomly divided into
six groups (Gl: Control, G2: US, G3: QD@NP@M, G4:
QD@NP@M+US, G5: QD/POM1@NP@M, and G6: QD/
POM1@NP@M+US). The mice were treated with ultrasound irra-
diation after tail vein injection of different drugs for 3 h, repeated four
times (Fig. 8A). The body weight and tumor volumes of mice were
recorded every two days. There was no significant difference in the
body weights of the mice in each group during the treatment, indi-
cating that the dose of the therapeutic drug selected was appropriate
(Fig. 8B). Tumor growth in tumor-bearing mice was monitored by
measuring tumor volume (Fig. 8C). The US group did not induce
significant tumor growth inhibition compared to the control group.
The QD@NP@M+US group exhibited only partial tumor suppres-
sion, indicating that the therapeutic efficacy of SDT alone may be
compromised by the immunosuppressive tumor microenvironment.
Compared with QD@NP@M+US and QD/POM1@NP@M, QD/
POM1@NP@M-+US had superior anti-tumor efficacy and signifi-
cantly inhibited tumor growth, supporting a significant synergistic
effect between SDT and CD39 inhibitors (Fig. 8C and E). At the end
of the treatment, the tumors were dissociated, photographed, and
weighed. As shown in Fig. 8D and Supporting Information Fig. S6,
the trends of differences in tumor size and tumor weight were
consistent with the tumor growth curves. In addition, representative
hematoxylin and eosin (H&E), TdT-mediated dUTP Nick-End La-
beling (TUNEL), and Ki67 stained tumor tissue sections were con-
ducted. H&E staining results showed that the tumor tissues in the US
group were slightly affected, while the tumor tissues in the
QD@NP@M+US group were partially damaged. In contrast, most
of the tumor tissues were damaged in the QD/POM1@NP@M+US
group, indicating a significant tumor ablation ability (Fig. 8F). In
addition, the most TUNEL green fluorescence signals were observed
in the QD/POM1@NP@M+-US group, indicating the highest rate of
apoptosis in the tumor tissues of QD/POM1@NP@M+US-treated
mice (Fig. 8G). In contrast, Ki67 immunohistochemical staining
showed that QD/POM1@NP@M-+US had the lowest cell prolifer-
ation rate (Fig. 8H).

3.8.  The impact of QD/POMI1@NP@M on the tumor immune
microenvironment

Next, the effect of QD/POM1@NP@M on the TME in the colon
cancer model was explored. To reveal the in vivo ICD-inducing
ability of QD/POM1@NP@M, we used immunofluorescence
staining to detect the expression of CRT in tumor tissues after
different treatments. As shown in Supporting Information Fig. S7,
the CRT expression in the QD/POM1@NP@M+US group was
significantly higher than that in the other groups, and the differ-
ences between groups were consistent with the in vitro results.
Next, the effects of nanoparticles on different immune cells in
the TME were further evaluated. The flow cytometry gating
strategy used to analyze immune cells was displayed in
Supporting Information Fig. S8. The proportion of total immune
cells (CD45%) in tumor tissues was first assessed. The findings
demonstrated a notable rise in the percentage of CD45" leuko-
cytes within the QD/POM1@NP@M+US group, registering at
73.5% £ 5.1%. This marked an enhanced level of 38% when
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Figure 10 QD/POM1@NP@M plus PD-L1 immune checkpoint blockade combination therapy. (A) The schematic illustration of the QD/
POM1@NP@M plus PD-L1 immune checkpoint blockade combination therapy. (B—D) (B) Body weight, (C) average tumor volume, and
(D) tumor weight of CT26 tumor-bearing mice after different treatment groups (n = 5). (E) H&E staining of tumor tissue of mice in different
treatment groups. Scale bar = 100 um. (F) Flow cytometry plots of CD8 T cells (CD457CD8™") and their respective quantitative percentages in
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compared with the control group (Fig. 9A). Extracellular ADO has
been reported to disable the cytotoxic effector function of CD8' T
cells, leading to immune evasion of tumor cells®’. Therefore,
T-cell infiltration = was next evaluated. The QD/
POM1@NP@M-+US group had the highest CD8" T cells per-
centage (CD45YCDS8™, 22.6% + 2.7%), much higher than the
other groups (Fig. 9B). In addition, the QD/POM1@NP@M-+US
group also had the most CD4" T cells (CD457CD4",
5.9% =+ 0.5%), with a nearly 2.3-fold increase compared to the
PBS group (2.6% =+ 0.5%) (Fig. 9B). The cytotoxic function of
CD8™ T cells is mainly dependent on the expression of cytotoxic
cytokines, with IFN-y and TNF-« playing a major role. Thus, the
proportion of IFN-yTCD8™ T cells (CD45+CD8+IFN-y™) and
TNF-a"CD8" T cells (CD45"CD8 " TNF-a") was further evalu-
ated. The levels of IFN-y"CD8" T cells and TNF-a"CD8" T
cells demonstrated a notable increase in the QD/POM1@NP@M
and QD/POM1@NP@M+US groups in comparison to other
group, aligning with the observed alterations in CD8" T cells
(Supporting Information Fig. S9A and S9B). Particularly, the QD/
POM1@NP@M+US group exhibited the most elevated levels of
IFN-y*CD8™T cells (64.1% 4 1.0%) and TNF-a"CD8" T cells
(46.1% =+ 11.0%) among all groups (Fig. 9C and D).

In the immunosuppressive TME, a large number of tumor-
associated macrophages (TAM) are converted to an M2-like
phenotype, which protects tumor cells from immune surveillance.
Meanwhile, Tregs can accumulate in the TME, impairing T effector
cell function and promoting tumorigenesis and progression’®. To
elucidate whether QD/POM1@NP@M could reverse immunosup-
pressive TME, we further analyzed the expression of TAMs and
Tregs in tumors by flow cytometry. As shown in Fig. 9E and
Fig. SOC, the number of M1-like TAMs (CD457CD11b"CD86™)
was most significantly increased in the tumors of the QD/
POM1@NP@M+US group (39.4% + 1.9%). Consistently, the
number of M2-like TAMs (CD457CD11b"CD206%) in tumors
decreased from 56.3% =+ 89% in the control group to
43.0% + 8.5% in the QD/POM1@NP@M+-US group (Fig. 9F and
Fig. S9D). The number of Tregs (CD457CD4 Foxp3™) in tumors
was also further measured in vivo. The results showed that QD/
POM1@NP@M+US treatment significantly reduced the percent-
age of Tregs in tumor-infiltrating lymphocytes to 15.5% + 1.0%
compared to 3.8% =+ 1.6% in mice treated with PBS (Fig. 9G).

CD39 is expressed on numerous immune cells and its catalytic
product, ADO, can exert negative regulatory effects on a wide range
of immune cells. After treatment by QD/POM1@NP@M+-US, we
observed a significant decrease in the percentage of CD45"CD39™"
cells (Fig. 9H). More importantly, studies have reported that
CD39*CD8" T cells from colon tumors show characteristics of
immune-depleted cells both phenotypically and functionally®. In
contrast, CD39"CD8'T cells (CD45"CD8"CD39") decreased
significantly after QD/POM1@NP@M+US treatment, which
indicated that the proportion of immune exhausted T cells
decreased significantly, namely, the treatment produced more T
cells with sustained killing function (Fig. 9I).

The aforementioned findings demonstrate that the utilization of
QD/POM1@NP@M+-US in therapy remodeled the ratio of immune

cell population subsets within the TME. This restructuring was
characterized by an elevation in the levels of cytotoxic immune cells
CD4 T cells, CD8 T cells, and M 1-like TAMs, alongside a reduction
in the presence of suppressive immune cells Tregs and M2-like
TAMs. Moreover, the treatment was successful in mitigating CD8
T cell depletion. The intervention of QD/POM1@NP@M+US
successfully alters the immune microenvironment to facilitate the
transition from a “cold” tumor to a “hot” tumor.

3.9. OD/POMI@NP@M plus PD-LI immune checkpoint
blockade combination therapy

The prognosis of cancer patients and their response to immune
checkpoint blockade (ICB) is severely hampered by a suppressive
TME***! Utilizing nanocarriers has demonstrated a notable
enhancement in modulating the immune microenvironment to-
wards a more conducive state, potentially leading to the conver-
sion of a cold tumor to a hot tumor*?. This transformation may
mean a better immune response to immune checkpoint thera-
pies®'. Previous research has demonstrated that the combined
treatment of anti-CD39 and anti-PD1 exhibits superior efficacy in
combating tumors compared to monotherapy approaches?>*.
Therefore, we further explored the therapeutic effect of QD/
POM1@NP@M combined with «-PDL1. CT26 tumor-bearing
mice with tumor volume of approximately 100 mm® were
randomly divided into four groups (G1: Control, G2: «-PDL1, G3:
QD/POM1@NP@M+US, G4: QD/POM1@NP@M+US + «-
PDL1). The treatment procedure is shown in Fig. 10A. After 15
days of treatment, tumors were collected, weighed, and photo-
graphed. As shown in Fig. 10B, there was no significant difference
in the body weights of the mice in each group during the treat-
ment. Tumor weighing and photographic results were consistent
with the tumor growth curves (Supporting Information Figs. SI0A
and S10B). a-PDL1 treatment alone presented only weak inhibi-
tory effects on the tumors, suggesting that the efficacy of immune
checkpoint therapy alone was not satisfactory. In contrast, QD/
POM1@NP@M treatment significantly suppressed tumors. The
combination of QD/POM1@NP@M+US and aPD-L1 produced
the most significant tumor suppression (Fig. 10C and D). The
results of H&E staining of tumor tissue sections also showed that
the tumor tissue of the QD/POM1@NP@M+US+aPD-L1 group
was sparse and the cellular structure was disrupted (Fig. 10E).
To further investigate the synergistic anti-tumor immune ef-
fects of QD/POM1@NP@M and aPD-L1, the proportion of im-
mune cells in the TME was evaluated. The flow cytometry gating
strategy used to analyze immune cells was displayed in
Supporting Information Fig. S11. We first quantified total immune
cells (CD45™) in tumor tissues. Consistent with the trend in tumor
volume, the combined treatment group had the highest proportion
of total immune cells (Supporting Information Fig. S12). Next,
CDS8 T cells (CD457CD8") were assessed in the tumor. The re-
sults showed that the proportion of toxic CD8* T cells in tumor
tissues increased from 10.2% =+ 2.5% in the Control group to
14.2% =+ 3.6% in the QD/POM1@NP@M+US group. When QD/
POM1@NP@M+US was combined with an anti-PDL1 antibody,

tumor tissues of mice in different treatment groups (n = 4). (G) Flow cytometry plots of CD8 T (CD457CD8™) cells and their respective
quantitative percentages in the spleen of mice in different treatment groups (n = 4). (H) Flow cytometry plots of TEM
(CD45"CD8CD44"CD62L"), TCM (CD45"CD8"CD44"CD62L"), and naive T cells (CD45"CD8"CD44 CD62L") and their respective
quantitative percentages in the spleen of mice in different treatment groups (n = 4). G1: Control, G2: «-PDL1, G3: QD/POM1@NP@M + US,
G4: QD/POM1 @NP@M + US+a-PDLI. Data are presented as mean = SD. P values were determined using a one-way ANOVA test or Student’s
t-test. Statistically significant difference: *P < 0.05, **P < 0.01, ***P < 0.001.
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the proportion of CD8" T cells continued to increase to
21.1% =+ 2.4%, indicating a significant increase in local infiltra-
tion of toxic T cells (Fig. 10F).

Next, immune activation in the spleen, a central immune organ,
was further examined. Similarly, the percentage of CD8™ T cells in
the spleen was significantly enhanced in the QD/POM1 @NP@M+-a-
PDL1 group. The percentage of CD8™ T cells in the spleen in the QD/
POM1@NP@M+US+a-PDL1 group (46.5% =+ 2.1%) was 1.4
times higher than that in the QD/POM1@NP@M-+US group, 1.7
times higher than that in the «-PDL1 group, and 2 times higher than
that in the Control group (Fig. 10G).

To assess the immune memory response induced by the
combination treatment, changes in effector memory T cells
(TEM, CD45"CD8"CD62L~CD44™), central memory T cells
(TCM, CD45"CD8*CD62L*CD44%) and naive T cells
(CD45TCDS8TCD62LTCD44 ™) were detected by flow cytometry
in the spleens of mice. TEM was significantly higher in the
spleens of mice in the QD/POM1@NP@M+US+a-PDL1 group
than in the other groups, whereas TCM and naive cells were
significantly lower (Fig. 10H). It has been reported that TCM,
which is mainly found in secondary lymphoid tissues, can exert
an immunocidal effect only after the process of amplification,
differentiation, and migration; whereas TEM, which is located in
both lymphoid and non-lymphoid tissues, can protect the or-
ganism by producing a variety of cytokines immediately upon a
second exposure to the antigen. Thus, the above results suggest a
shift of CD8 T cells from TCM and naive cell phenotypes to
TEM, producing a potent immunoprotective effect.

4. Conclusion

This work designed metabolic reprogramming nanomedicines to
deliver ICD inducers and CD39 inhibitors for combined cancer
sonodynamic immunotherapy. The mentioned QD/POM1@NP@M
induced cellular ICD through SDT and inhibited the catabolism of
ATP released from ICD with the aid of the CD39 inhibitor POM1.
This action inhibited the accumulation of adenosine, thereby
amplifying the immune response driven by ATP. Under ultrasound
irradiation, QD/POM1@NP@M effectively activated CD8 T cells,
enhanced cytokine secretion, promoted macrophage polarization
toward the M1 phenotype, and reduced the proportion of Tregs, thus
reversing the suppressive immune microenvironment. In addition,
the QD/POM1@NP@M converted cold tumors into hot tumors,
significantly enhancing the immune checkpoint inhibitor response.
When coupled with PD-L1 immune checkpoints blockade, they not
only enhanced the systemic immune response but also triggered
long-term immune memory. This study provides an innovative and
feasible strategy for the combination of non-invasive SDT and ATP-
driven immunotherapy in cancer treatment, offering new ideas for
future cancer treatment.
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