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Hepatocellular carcinoma (HCC) is one of the most common malignancies worldwide, posing a global
threat to human healthcare, and current approved treatment strategies do not produce satisfactory
outcomes. Here, nanobubbles (NBs) were prepared that carried Immune Check Inhibitors (ICls), PD-L1
antibody (PD-L1 Ab) and sonodynamic agent CHLORIN E6 (Ceg); the anti-cancer properties of these NBs
were analyzed from the point of view of immune and sonodynamic therapies. The PD-L1 Ab/Ceg-NBs
could inhibit tumor growth through regulating reactive oxygen species (ROS) production, apoptosis, and
most importantly, the function of associated immunocytes, including natural killer cells and lymphocytes.
The tumor tissues highly expressed markers of immunogenic tumor cell death (ICD) in which the
expression of calreticulin (CRT) and ICD-related immune cytokines (CD80, CD86, INF-vy, and IL-2) were
increased in PD-L1 Ab/Ceg-NB treated mice. PD-L1 Ab/Ceg-NBs also promoted murine spleen
lymphocyte proliferation and cytotoxic activity, as well as CD8+ T cell infiltration in the tumor tissues,
and downregulation of the PD-L1 protein and mRNA expression. Furthermore, Bax expression was
increased and Bcl-2 was inhibited at the mRNA and protein levels in a murine subcutaneous transplanted
tumor model. These results indicate that PD-L1 Ab/Ceg-NBs can induce ROS-dependent ICD to further
boost anti-cancer immune responses under the action of targeting the PD-1/PD-L1 immune check point
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1. Introduction

Hepatocellular carcinoma (HCC) is now the fifth most common
cancer in the world and the third highest cause of cancer-
related mortality as estimated by the World Health Organiza-
tion." HCC is associated with a poor five-year survival rate,
leading to ~600 000 deaths each year and causing a global
healthcare burden to both developing and developed coun-
tries.>* As a common malignant tumor in clinics, HCC is
characterized by poor prognosis and ineffective therapeutic
options. Recently, immune checkpoint inhibitors (ICIs) under-
going Phase III clinical trials have reshaped the treatment of
advanced-stage HCC.* Programmed cell death 1 (PD-1) is an
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in the tumor microenvironment as a promising therapeutic agent for HCC.

inhibitory receptor on the surface of various immune cells. The
extracellular domain of PD-1 can be used as an ICI to block the
PD-1/programmed death-ligand 1 (PD-L1) signaling pathway,
which is one of the mechanisms by which tumor cells escape
clearance by the host immune system. PD-1 expressed on the
surface of activated T cells can interact with PD-L1, which is
expressed in the majority of tumor tissues.” Blocking the
interaction can activate tumor antigen-specific T cells, and
reduce the immune tolerance of T cells, thus enhancing T cell-
mediated anti-tumor immunity.®

HCC, as a solid tumor, presents a unique microenvironment
featuring tortuous vascularity, angiogenesis, hypoxia, and
growth-induced solid stresses, among which solid stresses from
the abnormal stromal matrix are the main limitations that
prevent drugs from penetrating the solid tumor.” Therefore,
accurate and efficient delivery of theranostic agents into tumor
lesions in a controlled manner is critical and remains a signifi-
cant challenge. However, the absence of vascular supportive
tissues in tumors results in the formation of leaky vessels with
pores (200 nm to 1.2 um in diameter) and leads to poor
lymphatic drainage, which is the structural basis of the
enhanced permeability and retention (EPR) effect.®* The EPR
effect can enhance accumulation and retention of nanobubbles
(NBs) at the tumor site.
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Sonodynamic therapy (SDT) means that after ultrasound
irradiation, sonosensitizers can produce cytotoxic substances
such as reactive oxygen species (ROS) to achieve the purpose of
killing tumor cells; SDT can also induce tumor cell apoptosis
and/or necrosis.® Furthermore, SDT can produce tumor
immunogenicity, thereby mediating an anti-tumor immune
response. Both immunotherapy and SDT have unique advan-
tages in the treatment of hepatocellular carcinoma, but they
also have disadvantages such as low target efficiency and low
drug utilization.

Considering the limitations and challenges in the treatment
of liver cancer, rational and multifunctional NBs were designed
in the current study. The sonodynamic agent chlorin e6 (Ceg)
and the ICI PD-L1 antibody (PD-L1 Ab) were modified onto the
surface of NBs. Using PD-L1 Ab, NBs can deliver Cee in a tar-
geted manner and enhance the concentration and retention of
the drug at the tumor site. Ces has higher tumor affinity and
reduced toxicity compared with other sonosensitizers. Low-
intensity ultrasound irradiation activates Ces, which then
generates reactive oxygen species (ROS).** ROS promotes tumor
cell apoptosis and can also trigger immunogenic cell death
(ICD), leading to the release of tumor-associated antigens,
which subsequently activate immune cells.” In terms of
immunotherapy, ICD can provoke the expression of tumor
antigens and activate T cells by promoting the expression of
relevant T cell effectors to enhance the sensitivity and response
rate of tumors to ICIs."”” The modified NBs (PD-L1 Ab/Ces-NBs)
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constructed in the current study were systematically evaluated
and not only efficiently inhibited tumor growth, but also
synergistically enhanced the immune response, as demon-
strated by both in vitro and in vivo experiments (Fig. 1).

2. Materials and methods
2.1 Preparation of PD-L1 Ab/Ces-NBs

PD-L1 Ab/Ces-NBs were prepared using the thin-film hydration
method." Briefly, DPPC (Avanti, USA), DSPE-PEG2000 (Avanti),
DSPE-PEG2000-biotin (Avanti), DC-Chol (Avanti), and Ces
(Cayman Chemical, USA) were mixed with chloroform in a mass
ratio of 5 : 1:1 : 0.5 : 0.25, respectively, before being transferred
to a rotary evaporator to form a homogeneous dark lipid film.
Subsequently, PBS and glycerin were mixed in a ratio of 9: 1,
added to the bottle of lipid mixture, and suspended for 1 hour at
45 °C, before being reserved in vials at 4 °C. The air inside the
vials was replaced with C;Fg (Wuhan Newradar Special Gas Co.,
Ltd., China), and the vials were oscillated for 60 s before
standing at room temperature for 5 min for stratification, in
which the lower layer of brown liquid was the biotinylated Ce,-
NBs (biotin-Ces-NBs). Finally, biotin-Ces-NBs were incubated
with biotinylated PD-1 antibody (Ab) for 20 min at room
temperature to obtain PD-L1 Ab/Ces-NBs. The mass ratios of
DPPC, DSPE-PEG2000, DSPE-PEG2000-biotin, DC-chol, and Ce,
of other types of NBs are shown in Table 1, and other processes
were same as the production of PD-L1 Ab/Ces-NBs. The
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Fig.1 Schematic illustration of the anti-tumor effect induced by SDT combined with checkpoint blockade for effective cancer immunotherapy.
Ceg and PD-L1 Ab were loaded into NBs. With ultrasound irradiation, SDT induces ICD at the tumor site, leading to the release of tumor-
associated antigens (such as CRT). These antigens activate dendritic cells (DCs) and then elicit proliferation of tumor-specific cytotoxic CD8+ T
cells. Meanwhile, SDT markedly improves the sensitivity and response rate of ICls, thereby synergistically enhancing the effect of PD-L1 Ab in

blocking the PD-1/PD-L1 pathway.
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Table 1 Mass ratio of ingredients
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DPPC DSPE-PEG2000 DSPE-PEG2000-biotin DC-chol Ceg
NBs 5 2 0 0.5 0
Ce6-NBs 5 2 0 0.5 0.25
PD-L1 Ab-NBs 5 1 1 0.5 0
PD-L1 Ab/Ce6-NBs 5 1 1 0.5 0.25

prepared NBs were used for the detection of morphology and
size. The loading status of Ces in the PD-L1 Ab/Ces-NBs was
analyzed by using confocal microscopy and full wavelength
absorption spectroscopy. The Ce, encapsulation efficiency was
calculated as previously reported.™

2.2 Connection efficiency of biotin-PD-L1 Ab or Ceg coating
to NBs in PD-L1 Ab/Ces-NBs

Briefly, biotin-Ces-NBs were incubated with FIFC-streptavidin
for 1 h at 37 °C, then biotinylated PD-L1 Ab was added and
incubated overnight at 4 °C to prepare FITC-labeled biotinylated
PD-L1 Ab/Ces-NBs. Flow cytometry was used to detect the
connection efficiency of biotin-PD-L1 Ab or/and Ces. Confocal
microscopy was employed to observe the fluorescence on the
surface of PD-L1 Ab/Ces-NBs through the red and green
channels.

2.3 Cell culture

The murine hepatoma cell line H22 and the human hepatoma
cell line HepG2 were purchased from the China Center for Type
Culture Collection (CCTCC, Wuhan, China). All cells were
maintained in DMEM (Thermo Fisher Scientific, MA, USA)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 100 U mL™" penicillin, and 100 mg mL™" streptomycin
and were cultured in a humidified incubator with a 5% CO,
atmosphere at 37 °C.

2.4 ROS detection

HepG2 cells were seeded in 24-well plates and NBs, Free-Ce,
Ces-NBs, and PD-L1 Ab/Ceq-NBs, respectively, were added. An
ultrasound probe was coated with couplant and tightly attached
to the bottom of the 24-well plates (intensity: 1.1 W cm?; time:
30 s). Next, DCFH-DA (10 mmol L™ *) was added to each well and
incubated for 30 min. After washing with serum-free DMEM,
green fluorescence in the HepG2 cells was observed under
a fluorescence microscope (excitation wavelength, 488 nm;
emission wavelength, 525 nm)

2.5 Verification of PD-L1 Ab/Ce4-NBs targeting tumor cells in
vitro

HepG2 cells were seeded in a 6-well plate (1 x 10 per mL), and
then PD-L1 Ab/Ces-NBs or Ces-NBs were added at 37 °C for 30
min. After fixation with 4% paraformaldehyde and incubation
with DAPI, the accumulation of the above two types of NBs
around HepG2 cells was observed under a fluorescence
microscope.

© 2022 The Author(s). Published by the Royal Society of Chemistry

2.6 Contrast-enhanced ultrasound imaging

Four mice with a transplanted tumor, of which the diameter
reached 5 + 2 mm, were selected for further experiments. Mice
were narcotized through inhalation of 2% isoflurane (1.2 L
min~ ") and an electric blanket was utilized to keep them warm
during the operation. Contrast-enhanced ultrasound imaging
was conducted with a Mindray RESONA7S (Mindray Medical
International Co., Ltd. China) equipped with a 14 MHz central
frequency linear probe. Mice were injected intravenously via the
tail vein with 200 puL NBs and PD-L1-Ab/Ces-NBs to evaluate the
capability of contrast imaging in vivo, with quantitative analyses
by using Sonamath software (AmbitionT. C., China).

2.7 Fluorescence imaging in vivo

The tumor-targeting ability and histological distribution of Ceg
were evaluated with an IVIS spectrum in vivo imaging system for
small animals (Xenogen, USA). Free-Ceq, Ces-NBs, and PD-L1
Ab/Ces-NBs were intravenously injected into the mice, and the
mice were anaesthetized with isoflurane gas at an induction
dose of 2-3% and maintenance dose of 1.5-2% prior to
imaging. Next, fluorescence FL images were acquired with the
IVIS spectrum in vivo imaging system (excitation wavelength,
620 nm; emission wavelength, 670 nm) at different time points
post-injection (0, 0.5, 1, 3, 6,9, 12, 24, 36, and 48 h). At 48 h post-
injection, the mice were humanely sacrificed and tumors and
other organs, including the heart, liver, spleen, lungs, and
kidneys, were collected for fluorescence imaging. Frozen
sections of tumor tissues were prepared to observe the Ceg
fluorescence intensity by using a fluorescence microscope (Ti-
DH; Nikon Corporation). Semi-quantification was conducted
with Image J software 1.51 k (ACEA Bioscience, Inc.; Agilent
Technologies, Inc.)

2.8 Animal experiments

H22 hepatoma cells (1 x 10° per mL) were injected into the
abdomen of male Balb/c mice, and ascites fluid was collected
after 6 to 8 days. After centrifugation and washing, H22 hepa-
toma cells were diluted to 1 x 10’ per mL and injected subcu-
taneously into the right anterior armpit of the mice (200 pL per
mouse). When the diameter of the transplanted tumor reached
5 + 2 mm, the mice were involved in the following contrast-
enhanced ultrasound experiment.

A total of 42 male Balb/c mice were randomly divided into
control, NB, Free-Cegs, Ces-NB, PD-L1 Ab-NB, and PD-L1 Ab/Ce,-
NB groups. Mice except the control group received an injection
of the 200 pL corresponding NBs through the tail vein every 2
days for a total of five times, while the control group received

Nanoscale Adv, 2022, 4, 4847-4862 | 4849
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200 pL normal saline. After injection, mice were exposed to
ultrasound irradiation with the following parameters:
frequency, 1 MHz; intensity, 1.82 W cm?; time, 120 s; duty cycle,
50%. The longest (L) and shortest (S) diameters of the tumors
were measured before injection, and the tumor volume was
calculated to obtain the tumor growth curve (tumor volume = 1/
2LS%). The tumor suppression rate was calculated as:
Tumor suppression rate(%) = (1 - ﬁ+ E) x 100%
my - my

where V; is the tumor volume of the experimental group, m; is
the tumor mass of the experimental group, V, is the tumor
volume of the control group, and m, is the tumor mass of the
control group. On the last day, all mice were sacrificed, and the
tumors were dissected and collected.

The study was conducted in accordance with the ethical
standards and national and international guidelines and was
approved by the authors' institutional review board (China
Three Gorges University Laboratory Animal Management
Committee). BALB/c mice (No. 42010200004317; weight 18-20
g) were purchased from the China Three Gorges University
Experimental Animal Center (permission number: SYXK 2017-
0061). All animal experiments were carried out in accordance
with the guidelines of the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and were approved
by the China Three Gorges University Laboratory Animal
Management Committee (No. 2020B010E). To avoid suffering,
animals were sacrificed if clinical conditions were severe.

2.9 Hematoxylin & eosin (H & E)

The size of the excised transplanted tumors was measured, and
then for histopathological analysis, the tumors were fixed in 4%
paraformaldehyde and embedded in paraffin. The sections were
stained with hematoxylin & eosin (H&E) according to standard
protocols.

2.10 Histochemistry analysis

An immunohistochemistry assay was applied to evaluate the
expression level of proteins as previously described.” Briefly,
sections of tumor tissues were treated with 3% hydrogen
peroxide, blocked with 5% BSA, and incubated overnight at 4 °C
with primary antibodies for Bax, Bcl-2, and CRT (Santa Cruz, CA,
USA), respectively. Secondary antibodies were introduced and
incubated at room temperature for 1 h before being visualized

Table 2 The sequences of primers
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with diaminobenzidine. The stained sections were viewed with
an Olympus microscope (Nikon, Tokyo, Japan).

2.11 Immunofluorescence analysis

Tumor sections were fixed with 4% paraformaldehyde for 2 h
and permeabilized with 0.1% Triton X-100 for 5 min at 25 °C.
The cells were then incubated overnight at 4 °C with CD8 and
PD-L1 primary antibody (1:200) (Abcam, Cambridge, UK),
respectively. Subsequently, a FITC-conjugated anti-mouse IgG
antibody was added and incubated at 25 °C for 1 h, and then
DAPI was introduced. Images were acquired by confocal laser
scanning microscopy (Nikon, Tokyo, Japan).

2.12 Quantitative real-time PCR (qRT-PCR) analysis

The total RNA was isolated from tumor tissues of the different
groups of mice using the TRIzol reagent (Thermo Fisher Scien-
tific). cDNA was prepared using a PrimeScript RT Master Mix
(Perfect Real Time) (TaKaRa, Beijing, China), according to the
manufacturer's instructions. The expression of mRNA was quan-
tified using an Applied Biosystems real-time PCR system with
SYBR Premix Ex Taq II (Tli RNaseH Plus) (TaKaRa, Beijing, China).
The quantification results were calculated using the 2744°T
method in comparison with GAPDH as the reference mRNA. The
primer sequences (5 to 3") used for gqRT-PCR are listed in Table 2.

2.13 Spleen lymphocyte proliferation assay

The spleens were washed with a Roswell Park Memorial Insti-
tute (RPMI) 1640 medium, crushed to isolate the spleen
lymphocytes, and passed through a 200-mesh stainless steel
sieve to obtain a homogeneous cell suspension. The spleen
suspension was washed twice with an RPMI 1640-FBS medium
and the recovered spleen lymphocytes were resuspended in TAC
lysis buffer for 5 min to remove the erythrocytes. The spleen
lymphocytes were then resuspended in RPMI 1640-FBS and
seeded in 24-well plates (1 x 10’ per mL) before being incu-
bated with CFDA-SE (5 pmol L™"). Finally, the spleen lympho-
cytes were stimulated by tumor antigen (10 ug mL ") and IL-2
before flow cytometry analysis.

2.14 Cytotoxic T cell (CTL)-specific and natural killer (NK)
cell responses

Previously reported methods* were adopted for these analyses.
Briefly, for CTL-specific activity analysis, cells were stimulated

Gene Forward Reverse

GAPDH 5-GGTGGTCTCCTGTGACTTCAA-3’ 5"-CCACCCTGTTGCTGTAGCC-3’

Bax 5 TGGTTGCCCTCTTCTACTTTGC-3’ 5"-CAGACAAGCAGCCGCTCAC-3’

Bcl-2 5"-CGTCAACAGGGAGATGTCACC-3’ 5"-CAGCCAGGAGAAATCAAACAGAG-3'

CD80 5"-TCTCCACGGAAACAGCATCT-3’ 5'-CTTACGGAAGCACCCATGAT-3'

CD86 5"-GGCAAGGCAGCAATACCTTA-3’ 5-CTCTTTGTGCTGCTGATTCG-3’

INF-y 5"-CCATCGGCTGACCTAGAGAA-3’ 5"-GATGCAGTGTGTAGCGTTCA-3'

IL-2 5"-GCGAATTCATGATGTGCAAAGTACTG-3' 5"-GCGTCGACTTATTTTTGCAGATATCTCAC-3’
TGF-B 5"-TGACGTCACTGGAGTTGTACGG-3 5'-GGTTCATGTCATGGATGGTGC-3'

PD-L1 5"-TGCTGCATAATCAGCTACGG-3' 5"-CCACGGAAATTCTCTGGTTG-3'
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Fig. 2 Characterization of PD-L1/Ceg-NBs. (A) Structure of PD-L1/Ceg-NBs. (B) PD-L1 Ab/Ceg-NBs were observed by confocal microscopy in
the white light channel, (x600 magnification), scale bar 50 um. (C and D) PD-L1 Ab/Ces-NBs were observed by scanning electron microscopy at
x10 000 magnification, scale bar 1 um (C) and x30 000 magnification, scale bar 100 nm (D). (E) Size distribution of PD-L1 Ab/Ceg-NBs. (F) Zeta
potential of PD-L1 Ab/Ceg-NBs. (G) Observation of PD-L1 Ab/Ceg-NBs in a white light channel, red light channel under a confocal microscope
(x1000 magnification), scale bar 20 pm. Excitation wavelength 488 nm, emission wavelength 561 nm. (H) Determination of the Ce6 full
wavelength absorption spectrum.
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by H22 antigen (tumor cell lysis) and IL-2 (50 U per mL) for 48 h.
Activated lymphocytes (1 x 107/mL) were then mixed with H22
cells for 3 h in an assay kit. The percentage of lactate dehy-
drogenase (LDH) cytotoxicity was determined as follows: LDH
cytotoxicity (%) = (experimental release — spontaneous
release)/(maximum release — spontaneous release) x 100%. For
NK cell activity analysis, splenic cells (effector cells) were
cultured with H22 cells (target cells) for 3 h at a ratio of 50 : 1.
Finally, NK cell activity was measured with a lactate dehydro-
genase assay kit (Beyotime Institute of Biotechnology, China).

2.15 TUNEL assay

Apoptosis was detected following the instructions of the TUNEL
apoptosis detection kit (Qiyi Biological Technology (Shanghai)
Co., Ltd., China), with observation under a fluorescence
microscope. Briefly, the sections were incubated with
proteinase K reaction solution, while sections of the positive
control group were incubated with DNase I buffer. After reacting
with TUNEL test solution, the sections were treated with DAPI
solution and then observed under a fluorescence microscope.

2.16 Statistical analysis

Statistical analyses were performed using GraphPad Prism 9.0
and SPSS 13.0. The results were compared using one-way
analysis of variance (ANOVA) and differences were considered
significant at P < 0.05. Data are presented as the mean + stan-
dard deviation (mean + SD).

3. Results
3.1 PD-L1 Ab/Ce4-NB characterization

To determine the physical and chemical properties of PD-L1 Ab/
Ces-NBs, the morphology, size, zeta potential, fluorescence, and
encapsulation efficiency of the NBs were analyzed. As shown in
Fig. 2A, the shell membrane consisted of DPPC, DSPE-PEG2000,
DSPE-PEG2000-biotin, Dc-chol, and Ceg, and the NBs were filled
with C;Fg and connected to biotin-PD-L1 Ab by the bridge of
“avidin-biotin”. Under the confocal and scanning electron
microscopes (Fig. 2B-D), PD-L1 Ab/Ces-NBs were spherical with
a smooth surface and were dispersed and uniform. The average
particle size and zeta potential of the PD-L1 Ab/Ces-NBs were
460 + 81 nm and 9.9 + 4.4 mV (Fig. 2E and F). Confocal
microscopy observations suggested that the shell membrane of
spherical PD-L1 Ab/Ces-NBs emitted uniform red fluorescence
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(Fig. 2G), indicating that Ces with spontaneous red fluorescence
had been successfully loaded into the NBs. The absorption
spectra of PD-L1 Ab/Ces-NBs and Ceqs-NBs after rupture with
methanol were consistent with the Free-Ces absorption spectra,
while the absorption spectra of NBs and methanol were nearly
coincident and showed no obvious absorption peaks. Simulta-
neously, the maximal absorption peak appeared at a wavelength
of 403 nm, and there was no obvious interference of NBs and
the methanol absorption peak in this band (Fig. 2H).
Comparing the average size, zeta potential, and Ces encapsu-
lation rate, there were no significant differences among the
different groups of NBs (Table 3).

3.2 PD-L1 Abs enhance the binding of biotin-Ce4-NBs to
tumor cells in vitro and in vivo

The positive rate of Ceg and biotin-PD-L1 Ab coating to NBs was
determined. Flow cytometry analysis suggested that in the
single staining group, the Ce, coating rate in the Ces-NB group
was 97.14 & 2.93%, and the biotin-PD-L1 Ab binding rate in the
biotin-NBs was 32.73 + 4.73%, whereas the Ceq and biotin-PD-
L1 Ab double-positive staining rate in the PD-L1 Ab/Ces-NBs was
63.37 £ 5.53%% (Fig. 3A). This suggests that Ces promotes
avidin exposure on the NB surface and enhances avidin binding
to the biotin-PD-L1 Ab. PD-L1 Ab/Ces-NBs were also observed
under a confocal microscope and orange fluorescence could be
seen in the merge function, which was the combination of red
and green fluorescence, indicating that PD-L1 Ab/Ces-NBs were
successfully loaded with Ceg on the surface and connected to
biotin-PD-L1 Ab (Fig. 3B). By immunofluorescence staining, the
surface of H22 cells emitted green fluorescence from staining
with the FITC-PD-L1 antibody, suggesting that the PD-L1
antigen was expressed on the surface of H22 cells (Fig. 3C), and
this was also supported by flow cytometry analysis (Fig. 3D). To
demonstrate the targeting capability of PD-L1 Ab/Ces-NBs,
HepG2 cells were incubated with PD-L1 Ab/Ces-NBs or Ces-NBs
before being fixed and examined by using immunofluorescence
staining and a fluorescence microscope. Ces-NBs with red
fluorescence were sparsely distributed around HepG2 cells,
whereas PD-L1 Ab/Ceq-NBs with spot-like red fluorescence were
densely distributed on the surface of HepG2 cells (Fig. 3E),
indicating the active targeting ability of PD-L1 Ab/Ces-NBs. The
modified NBs were effective as an ultrasound contrast agent in
tumors (Fig. 3F), with a higher area under the curve (AUC) and
maximum intensity (I.x) seen in the PD-L1 Ab/Ces-NB group

Table 3 Determination of the average size, zeta potential and Ceg encapsulation rate”

Ce6 encapsulation

Average size (nm) Zeta potential (mV) rate (%)
NBs 456 + 102 10.3 £+ 3.6
Ce6-NBs 427 £ 97 11.2 £ 4.1 73.37 £ 6.09
PD-L1 Ab-NBs 537 + 119 9.7 £3.8
PD-L1 Ab/Ce6-NBs 460 + 81 9.9+ 4.4 71.22 £+ 4.26

“ (Data are presented as the mean + SEM. P > 0.05, vs. control).
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Fig. 3 Targeting verification of PD-L1Ab/Ce6-NBs. (A) Single staining binding rate of Ceg or biotin-PD-L1 Ab in NBs, biotin-Ceg-NBs, and biotin-
PD-L1 Ab-NBs, and double-staining positive rate of Ceg and biotin-PD-L1 Ab in PD-L1 Ab/Ceg-NBs obtained by flow cytometry. (B) Observation
of PD-L1 Ab/Ceg-NBs by confocal microscopy (x200 magnification), scale bar 100 um. (C) PD-L1 antigen expression on the H22 cell surface by
fluorescence microscopy (x200 magnification), scale bar 100 um. (D) Flow cytometry analysis of PD-L1 protein expression in H22 cells. (E)
Targeting of PD-L1 Ab/Ceg-NBs in vitro (x200 magnification), scale bar 100 um. (F) Contrast-enhanced ultrasound in a subcutaneous trans-
planted tumor murine model of hepatocellular carcinoma in vivo. (G) Real-time contrast ultrasound curve of NBs and PD-L1 Ab/Ceg-NBs. (H)
Analysis of quantitative parameters AUC, /,ax, and TTP of contrast-enhanced ultrasound among NB and PD-L1 Ab/Ceq-NB groups. Data are

presented as the mean + SEM. *P < 0.05, **P < 0.01 vs. NBs.

compared with the NB group, while the time to peak (TTP) had
no significance. After evaluating the imaging effect of the two
groups of NBs in the tumor area and the contrast parameters,
the contrast agent in both groups manifested a good effect of
enhanced imaging in the tumor tissue, and the AUC and I, of
the PD-L1 Ab/Ceq-NB group were significantly higher compared
with those of the NB group (Fig. 3G and H). This suggested that
both the NBs and the PD-L1 Ab/Ces-NBs can perform the
function of in vivo ultrasound imaging, among which the
cumulative concentration and maximum peak intensity of PD-
L1 Ab/Ces-NBs during the same period of time in the tumor
tissue were markedly higher.

3.3 PD-L1 Ab enhances the accumulation and retention of
biotin-Ceg-NBs at tumor sites in vivo

The distribution and intensity of Ce, red fluorescence inside the
body of different groups of mice before and after injection were
studied. The obtained images suggested that with increasing

© 2022 The Author(s). Published by the Royal Society of Chemistry

time, the fluorescence declined in organs but strengthened in
tumors, especially 6 h after injection when the fluorescence
reached its peak. The concentration of Ceg in the tumor of the
PD-L1 Ab/Ces-NB group was significantly higher compared with
that of the Free-Ces group from 3 h after tail vein injection.
Furthermore, Free-Ces and Ces-NBs disappeared at the tumor
site after 36 h, while the red fluorescence signal of the PD-L1 Ab/
Ces-NB group was sustained up to 48 h (Fig. 4A-D). These
results suggest that PD-L1 Ab/Ces-NBs can significantly enhance
the local enrichment of Ceq in tumor tissues and prolong the
metabolic time of Ceq in tumor tissues. Fluorescence imaging
suggested that the red fluorescence was strongest in the tumor
compared with the liver and kidneys. Furthermore, in terms of
the tumor, the fluorescence signal in PD-L1 Ab/Ces-NB mice was
much stronger compared with that in Free-Ces mice. A limited
amount of light red fluorescence was seen in the tumor site of
the mice in the Free-Ce, group, while the tumor tissues in the
Cee-NB group and the PD-L1 Ab/Ces-NB group exhibited sheet-
like collective red fluorescence (Fig. 4E). Moreover, the red

Nanoscale Adv., 2022, 4, 4847-4862 | 4853
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fluorescence of the PD-L1 Ab/Ces-NB group was significantly
stronger compared with that of the Free-Ces group, which also
suggested that PD-L1 Ab/Ces-NBs can significantly improve the
enrichment ability of Ceg at the tumor site (Fig. 4F).

3.4 The effects of PD-L1 Ab/Ce4-NBs on tumor progression in
a murine transplanted tumor model

Tumor growth of the control group increased exponentially,
while the tumor growth rates of the other treatment groups were
slower compared with that of the control group, with the tumor
growth curve of the PD-L1 Ab/Ces-NB mice exhibiting the
slowest growth (Fig. 5). The tumor volume inhibition rates of
Cee-NB, PD-L1 Ab-NB, and PD-L1 Ab/Ces-NB groups were
45.46%, 56.47% and 63.14%, respectively, while, the mass
inhibition rates were 36.49%, 53.15% and 67.80%, respectively.
Among them, the PD-L1 Ab/Ces-NB group manifested the best
tumor suppression effect, and the tumor suppression rate was
significantly higher compared with those of the control group
(Table 4).

3.5 SDT augments the anti-tumor effect through induction
of ICD

The generation of ROS was observed under a confocal micro-
scope and only a limited amount of dim green fluorescence was
seen in the NB group. The HepG2 cells from the Free-Ces, Ceg-
NB, and PD-L1 Ab/Ces-NB groups all showed strong green
fluorescence, with the Ces-NB and PD-L1 Ab/Ces-NB groups
showing the brightest green fluorescence and no marked
difference between these two groups (Fig. 6A). This indicates
that the Ces coating on the NBs does not reduce the ROS effect
of Ces but does, in turn, promote the accumulation of Ceg in
HepG2 cells and enhance the ROS effect.

Calreticulin (CRT) is a common and highly conserved
endoplasmic reticulum calcium-binding protein that is a deci-
sive multifunctional protein for the recognition and phagocy-
tosis of apoptotic cells. SDT is induced by ROS, cavitation, and
thermal effects. Concurrent to tumor cell necrosis or apoptosis,
SDT will promote the exposure of calreticulin, as an immune
activation molecule, stimulate the immunogenicity of tumor
tissues, and facilitate DCs to improve recognition of tumor
tissues, thereby enhancing the immune killing activity of
tumors. Histochemistry analysis suggested that the expression
of CRT in each treatment group of mice showed an upregulation

Table 4 Tumor volume and mass tumor inhibition rate
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trend, which may be related to ultrasound-mediated NB
bursting, among which the Ceg treatment groups (Free-Ceg, Ceg-
NBs, and PD-L1 Ab/CesNBs) showed the most significant
increase in CRT expression (Fig. 6B and D). This indicates that
Ces can enhance the immunogenicity of tumor tissues by
promoting the expression of CRT, thus laying the foundation
for synergistically enhancing immunotherapy.

NK cells are indispensable immune cells that play a crucial
role in immune surveillance and are activated through ICD
induction. Compared with the control group, NK cell killing was
markedly enhanced in the Free-Ces, Ces-NB, PD-L1 Ab-NB, and
PD-L1 Ab/Ces-NB groups, and a significant difference was
observed in the Ces-NB, PD-L1 Ab-NB, and PD-L1 Ab/Ces-NB
groups (Fig. 6C, E and F).

Tumor-related immune cytokines that are released by acti-
vated macrophages, CTL, and NK cells, also hold the key to
tumor immunotherapy.’® INF-y shows immunoregulatory
effects such as activating macrophages, promoting the matu-
ration of CTL, and enhancing the killing activity of NK cells.
CD80 and CD86 are markers related to the maturation of DCs,
and CD80 is a costimulatory factor when CD86 activates T
lymphocytes. IL-2 can induce a series of cytokine cascades,
maintain the proliferation of CD4+ and CD8+ cells, and plays
a key role in immune regulation, while TGF-B is activated by
regulatory T cells (Tregs). The crucial factor is immunosup-
pression, which can inhibit the activation of helper T cells and
killer T cells by inducing Tregs, thereby suppressing the
immune response. Therefore, changes in the expression of INF-
v, CD80, CD86, IL-2, and TGF-B have an important impact on
the tumor immune microenvironment. As shown in Fig. 7, in
the PD-L1 Ab-NB and PD-L1 Ab/Ces-NB groups, the expression
of INF-y, CD80, CD86, and IL-2 was significantly upregulated,
while the expression of TGF-§§ was significantly downregulated,
compared with the control group.

3.6 PD-L1 Ab/Ceqs-NBs augment the anti-tumor effect
through enhancing tumor antigen-specific T cell induction

PD-L1 Ab blocked the PD-1/PD-L1 pathway and killed PD-L1
positive tumor cells. Consequently, the expression of the PD-
L1 protein and mRNA was found to be significantly down-
regulated in the PD-L1 Ab-NB and PD-L1 Ab/Ces-NB groups,
among which the latter group showed the most marked
difference (Fig. 8). This indicated that NBs can smoothly
transport PD-L1 Ab to the tumor and bind to PD-L1 on the

Volume inhibition

Weight inhibition

Group Size (mm?) rate (%) Weight (g) rate (%)
Control 1653.44 £ 697.61 0 2.22 £ 0.85 0

NBs 1404.73 + 491.44 15.04 2.15 + 0.61 3.27
Free-Ce6 1148.19 + 568.74 30.56 1.76 + 0.50 20.60
Ce6-NBs 901.77 + 664.19 45.46“ 1.41 £ 0.64 36.494
PD-L1 Ab-NBs 719.78 + 475.64° 56.47¢ 1.04 £ 0.55 53.15¢
PD-L1 Ab/Ce6-NBs 609.49 + 306.90° 63.14 0.7125 + 0.37¢ 67.80°

¢ (Data are presented as the mean &+ SEM. *P < 0.05 vs. control; **P < 0.01 vs. control).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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surface of tumor cells, thereby playing the role of an immune
checkpoint blocker and effectively blocking the PD-1/PD-L1
signal pathway and altering the expression of immune cells
and immune factors in tumor tissues to fulfill the purpose of
immunotherapy.

Lymphocyte proliferation can directly reflect the condition of
immunity. Flow cytometry analysis revealed that there was
active proliferation of splenic lymphocytes in the PD-L1 Ab-NB
and PD-L1 Ab/Ces-NB groups (Fig. 9A), especially in the former
group, which had a proliferation index that was 3.8 times that of
the control group (Fig. 9D). This indicated that PD-L1 Ab can
significantly increase the proliferation ability of splenic
lymphocytes and stimulate immunity in the body. Furthermore,

4856 | Nanoscale Adv, 2022, 4, 4847-4862

the percentage of CD8+ expression in the PD-L1 Ab-NB and PD-
L1 Ab/Ces-NB groups was approximately twice that of the
control group (Fig. 9B and E), indicating that NBs with PD-L1 Ab
can better promote the proliferation and transformation of T
cells and boost the number of CTLs to exert anti-tumor effects.
CD8+ T cells are instrumental in tumor immunotherapy and
can be activated and differentiated into CTLs through the
stimulation of tumor antigens before infiltrating into the tumor
microenvironment, and they can specifically recognize tumor
antigen peptides, thereby achieving the purpose of killing
tumor cells. Fluorescence analysis suggested that compared
with control and NB groups, green fluorescence was strength-
ened in the Free-Ceg, Ces-NB, PD-L1 Ab-NB and PD-L1 Ab/Ces-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Detection of immune-associated factors. (A) Immunofluorescence analysis of INF-y in tumor tissues (x200 magnification), scale bar 100
um. (B and C) INF-y protein and mRNA expression in tumor tissues. (D-G) CD80, CD86, IL-2 and TGF-B mRNA expression in tumor tissues. *P <

0.05, **P < 0.01 vs. control.

NB groups, with the strongest green fluorescence detected in
the PD-L1 Ab/Ces-NB group (Fig. 9C). Quantitative analysis of
the fluorescence revealed that, compared with the control
group, the expression of CD8+ T lymphocytes was significantly
increased and the highest expression was observed in the PD-L1
ADb-NB and PD-L1 Ab/Ces-NB groups (Fig. 9F). Using H22 cells as
target cells and CTLs stimulated by tumor antigens as effector
cells, CTL killing was enhanced in the Free-Ces, Ces-NB, PD-L1
Ab-NB, and PD-L1 Ab/Ces-NB groups compared with in the
control group, and the killing ratio was most significant in the
PD-L1 Ab/Ces-NB group (Fig. 9G).

© 2022 The Author(s). Published by the Royal Society of Chemistry

3.7 PD-L1 Ab/Ces-NBs augment the anti-tumor effect
through promoting apoptosis

Both Ces and PD-L1 Ab along with NBs induced tumor cell
apoptosis. Therefore, the pathological conditions of tumor
tissues were examined by HE staining. In the control group, the
tumor cells were arranged in a disorderly manner, with no
obvious area of necrosis, and there was obvious heterogeneity,
large and dark nuclei, and a high nucleoplasmic ratio. In the
other treatment groups, the number of tumor cells was reduced,
with nuclear pyknosis and dissolution, and homogenous
degeneration and necrotic areas; the PD-L1 Ab/Ces-NB group
manifested the most obvious pathological features (Fig. 10A).

Nanoscale Adv., 2022, 4, 4847-4862 | 4857
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Fig. 8 Detection of PD-L1 in tumors. (A) Immunofluorescence analysis of PD-L1 in tumors (x200 magnification), scale bar 100 pm. (B) Relative
expression of PD-L1 in tumors. (C) mRNA expression of PD-L1 in tumors. **P < 0.01 vs. control.

To further quantify the degree of apoptosis in the tumors, the
formation of apoptotic cells was analyzed by TUNEL assay.
Green fluorescence for TUNEL staining was observed in each
group, among which the Ces-NBs and PD-L1 Ab/Ces-NBs man-
ifested the brightest green fluorescence, and the highest
apoptosis rate was observed in the PD-L1 Ab/Ces-NB group
(Fig. 10B and C).

To further study the mechanism of the pro-apoptotic effect
of NBs on tumor cells, the protein and mRNA expression levels
of Bax and Bcl-2 were examined in the different experimental
groups. Compared with the control group, the expression of the
Bax protein and mRNA in each treatment group was upregu-
lated, while the expression of the Bcl-2 protein and mRNA was
downregulated, with the most significant difference observed in
the PD-L1 Ab/Ces-NB group (Fig. 11).

4. Discussion

In this study, we designed and prepared lipid nanobubbles
carrying Ces and PD-L1 Ab (PD-L1 Ab/Ces-NBs), and the average
particle size and zeta potential of the PD-L1 Ab/Ces-NBs were
460 £+ 81 nm and 9.9 + 4.4 mV, respectively. PD-L1 Ab/Ces-NBs
had uniform particle sizes, good dispersion, high Ces

4858 | Nanoscale Adv,, 2022, 4, 4847-4862

entrapment efficiency, and met the requirements of a molec-
ular-targeted ultrasound contrast agent. As a solid tumor, HCC
provides a unique tumor microenvironment, with features such
as a lack of vascular tissue support, the frequent formation of
porous channels between tumor vascular endothelial cells, and
avascular endothelial space of approximately 1 um."” Therefore,
the NBs with a particle size of approximately 500 nm prepared
in the current study are theoretically sufficient to pass through
the vascular endothelial space of HCC by EPR.*®

The change of immune microenvironment are involved in
almost the whole process of HCC, and ICI-based strategies are
a potential major approach in anti-cancer treatment for
advanced-stage HCC." However, it is difficult for ICIs to accu-
mulate in solid tumors, which results in low antibody
bioavailability and a poor curative effect. To tackle this problem,
some scholars have tried to combine ICIs with nanoparticle
delivery systems to enhance the accumulation of medications in
diseased tissues and reduce adverse reactions including off-
target effects.”* Ishijima et al.** prepared an EREG monoclonal
antibody-phase change nano-microbubble complex (9E5-NBs)
that could target tumor cells, and in vitro experiments proved
that the delivery rate of 9E5-NBs to tumor sites was as high as
97.8%, and when combined with ultrasound irradiation,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.9 Detection of splenic lymphocytes and CD8+ T cells. (A and B) Flow cytometry analysis of the spleen lymphocyte proliferation index and
percentage of CD8+ T lymphocytes. (C) Immunofluorescence detection of CD8+ T lymphocytes in tumor tissues (x200 magnification), scale
bar 100 um. (D) Spleen lymphocyte proliferation index. (E) Percentage of CD8+ T cells in the spleen. (F) Relative expression of CD8+ T cells in

tumor tissues. (G) CTL killing ratio. *P < 0.05, **P < 0.01 vs. control.

approximately 57% of tumor cells were killed. Inspired by this
result, we attempted to connect the biotinylated PD-L1 Ab
ligand to the surface of the biotinylated NB shell membrane
through the “avidin-biotin” bridge to achieve a combination of
ICIs and SDT in the current study. Ces and biotin-PD-L1 Ab had
a high connection rate to NBs in PD-L1 Ab/Ce¢-NBs. In addition,
PD-L1 Ab could enhance Ces accumulation and retention at
tumor sites.

Targeted therapy for cancer can be significantly enhanced by
selective tissue localization, but the predominant limited ther-
apeutic effect of this approach is antigen expression on hepa-
toma cells.>®*** Therefore, the PD-L1 protein expression level in
HCC cells was analyzed and found to be 40.56 + 3.82%, and PD-
L1 Ab/Ces-NBs showed an effective targeting ability to HCC cells
in vitro and in vivo. The immunotherapy strategy can also be

© 2022 The Author(s). Published by the Royal Society of Chemistry

limited by changes in the tumor immune microenvironment.
Some associated cytokines can significantly inhibit the immu-
nogenicity of tumor cells and affect the therapeutic efficacy of
ICIs. For example, indoleamine 2, 3-dioxygenase (IDO), inter-
leukin-10 (IL-10), and TGF-B can inhibit the maturation of DCs,
leading to the attenuation of tumor-associated antigens
(TAAs).>* Meanwhile, tumor cells can also reduce the immune
response by downregulating the expression of major histo-
compatibility complex I (MHC-I).2**” Therefore, improving the
specific response rate of the body to ICIs and strengthening the
immunogenic exposure of tumor cells are key to improving the
efficacy of immunotherapy.

Ce, is a sonosensitizer that has specific accumulation and
retention at the tumor site and can be excited by ultrasound to
maximize sono-sensitivity,® a process called SDT. Data from the

Nanoscale Adv., 2022, 4, 4847-4862 | 4859
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Fig. 10 Necrosis of tumor tissues. (A) HE-stained sections. (B and C) TUNEL detection of tumor tissues (x200 magnification), scale bar 100 pm.

**P < 0.01 vs. control.

current study indicated that PD-L1 Ab/Ces-NBs can significantly
upregulate the expression of Bax, a pro-apoptotic protein, and
downregulate the expression of Bcl-2, an anti-apoptotic protein,
thereby promoting apoptosis, which is closely related to the
release of ROS by SDT. Furthermore, SDT can trigger immune
responses by ICD.* During the process of ICD, CRT everts and is
exposed, and as an immune activation molecule, CRT can
promote the activation and maturation of DCs and phagocytose
tumor cells to produce immune killing activity against tumors
with the Consequently, CRT 1is an

same markers.*

Control Free-Ce6

indispensable factor in SDT to initiate an anti-tumor immune
response. To verify how PD-L1 Ab and Ce¢ in the PD-L1 Ab/Cee-
NBs elicit a synergistic anti-tumor effect, the expression of CRT
in tumor tissues was examined. The Ces-NBs markedly
increased the expression of the CRT protein, compared with the
control groups, suggesting that Ces-mediated SDT can cause
CRT eversion, leading to immunogenic death and stimulating
an immune response. These results were consistent with the
report of Hodge et al.,** and this is a reasonable explanation of
why the PD-L1 Ab/Ces-NBs showed enhanced mediation in the

Ceb6-NBs PD-L1 Ab-| NBS PD-L1 Ab/CeG NBs
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Fig. 11 Apoptosis-associated protein and gene detection. (A) Histochemistry detection of Bax and Bcl-2 proteins in tumor tissues (x200
magnification), scale bar 100 um. (B and C) Protein and mRNA expression of Bax. (D and E) Protein and mRNA expression of Bcl-2. *P < 0.05, **P

< 0.01 vs. control.
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immune microenvironment in tumor tissues compared with
the PD-L1-NB group. SDT can induce the immunogenic death of
tumor cells, thereby enhancing the response rate of ICIs.** The
PD-L1 Ab/Ces-NBs exhibited a good anti-HCC therapeutic effect
in vivo, with tumor volume and mass inhibition rates of 63.14%
and 67.80%, respectively.

PD-L1 Ab/Ces-NBs predominantly exert their anti-HCC
effects through the following processes: (1) targeting mecha-
nism. First, NBs can pass through the gap of the tumor vascular
endothelial cells due to the EPR effect to achieve the purpose of
passively targeting tumor tissue; EPR is the main driving force
of NB aggregation in the tumor. Secondly, PD-L1 is highly
expressed on the surface membrane of hepatoma cells, and NBs
carrying PD-L1 Ab showed an enhanced targeting ability to
hepatoma cells compared with control NBs, thereby promoting
the accumulation of medications at the tumor site. (2) Ultra-
sound-targeted microbubble destruction (UTMD): UTMD can
cause the oscillation and rupture of NBs by local ultrasound,
resulting in a series of biological effects such as cavitation,
sonoporation, and acoustic radiation force, which can worsen
the damage of tumor capillaries, enhance the permeability of
the vascular endothelial cell membrane, and promote the
accumulation of Ces and PD-L1 Ab at tumor tissues. (3)
Ameliorated immune tolerance in the tumor microenviron-
ment: after PD-L1 Ab/Ceq-NBs accumulate at the tumor site, PD-
L1 Ab can function as an ICI, specifically blocking the PD-1/PD-
L1 pathway. In addition, PD-L1 Ab can activate CD8+ T cells and
induce their differentiation into CTLs, promoting the secretion
of immunoregulatory factors CD80, CD86, IL-2, and INF-y in
tumor tissues, while inhibiting the production of immuno-
suppressive factor TGF-B. (4) Tumor cell apoptosis induced by
PD-L1 Ab/Ceq-NBs: this study demonstrated that PD-L1 Ab/Ceg-
NBs can accumulate in tumor tissues more effectively and for
a longer period of time, and can generate a large amount of ROS
under ultrasound irradiation, which in turn induced tumor cell
apoptosis and necrosis. Moreover, PD-L1 Ab/Ces-NBs can
exaggerate the killing ability against tumor cells by boosting the
proliferation and function of NK cells and CD8+ T cells. (5)
Immune regulation and synergistic anti-tumor activity with
SDT: internal CRT is exposed on the surface of tumor cells by
SDT, which activates DCs and increases the infiltration of CD8+
T cells at the tumor site. In addition, SDT can cause tumor
immunogenic death, which facilitates T cell recognition,
thereby markedly improving the sensitivity and response rate of
ICIs. Lin et al.*® prepared TiO,-Ces-CpG, which not only effec-
tively inhibited tumor growth, but also enhanced the function
of the immune system, the mechanism of which mainly lies in
the fact that TiO,—-Ces can promote the effect of SDT and the
immune response through CpG, an immune adjuvant.
Furthermore, Yue et al.®* utilized liposomes as a carrier to
encapsulate the sound sensitizer hematoporphyrin mono-
methyl ether (HMME) and imiquimod (R837), an immune
adjuvant, to prepare HMME/R837@Lip. Their study demon-
strated that the combination of sono-sensitive nano-platforms
and PD-L1 antibody significantly strengthened the anti-tumor
effect, which markedly inhibited progression of the primary
tumor and provided a long-term immune memory function to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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reduce tumor recurrence. Data in the current study were
consistent with those in the above two reports.

In summary, this study demonstrated that PD-L1 Ab/Ces-NBs
can target the specific tumor site, and the permeability of tumor
endothelial cells can be enhanced by ultrasonic bursting of the
NBs, thereby promoting the local enrichment of Ces and PD-L1
Ab at the tumor. Simultaneously, Ces generated a large amount
of ROS through ultrasound irradiation to promote apoptosis
and immunogenic death of hepatoma cells, ameliorating
immune tolerance of the tumor microenvironment and boost-
ing the effect of PD-L1 Ab on immunotherapy. The findings
from this study showing the cooperation of the anti-tumor
properties of ICIs and SDT provide a potential insight for the
treatment of HCC.
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