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Immunotherapy is gradually becoming as important as traditional therapy in the treatment of cancer, but
adverse drug reactions limit patient benefits from PD1/PD-L1 checkpoint inhibitor drugs in the treatment
of non-small cell lung cancer (NSCLC). As a chemotherapeutic drug for NSCLC, docetaxel (DTX) can
synergize with PD1/PD-L1 checkpoint inhibitors but increase haematoxicity and neurotoxicity. Herein,
anti-PD-L1 monoclonal antibody (mAb)-conjugated and docetaxel-loaded multifunctional lipid-shelled
microbubbles (PDMs), which were designed with biologically safe phospholipids to produce synergistic
antitumour effects, reduced the incidence of side effects and promoted therapeutic effects under ultra-
sound (US) irradiation. The PDMs were prepared by the acoustic-vibration method and then conjugated
with an anti-PD-L1 mAb. The material features of the microbubbles and their cytotoxic effects, cellular
apoptosis and cell cycle inhibition were studied. A subcutaneous tumour model was established to test
the drug concentration-dependent and antitumour effects of the PDMs combined with US irradiation,
and an orthotopic lung tumour model simultaneously confirmed the antitumour effect of this synergistic
treatment. The PDMs achieved higher cellular uptake than free DTX, especially when combined with US
irradiation. The PDMs combined with US irradiation also induced an increased rate of cellular apoptosis
and an elevated G2-M arrest rate in cancer cells, which was positively correlated with PD-L1 expression.

Received 28th September 2019,
Accepted 16th December 2019

DOI: 10.1039/c9bm01575b

An in vivo study showed that synergistic treatment had relatively strong effects on tumour growth inhi-
bition, increased survival time and decreased adverse effect rates. Our study possibly provides a well-con-
trolled design for immunotherapy and chemotherapy and has promising potential for clinical application

rsc.li/biomaterials-science in NSCLC treatment.

Introduction

Lung cancer is the type of cancer with the highest morbidity
and mortality worldwide," and NSCLC is the main type of lung
cancer.” Over the past few years, the most exciting antitumour
drug class has been PD1/PD-L1 checkpoint inhibitors, which

“Center of Interventional Radiology and Vascular Surgery, Department of Radiology,
Zhongda Hospital, Medical School, Southeast University, Nanjing, China.

E-mail: jinheguo@sina.com

bDepartment of Ultrasound, Zhongda Hospital, Medical School, Southeast
University, Nanjing, China

“Jiangsu Key Laboratory of Molecular and Functional Imaging, Department of
Radiology, Zhongda Hospital, Medical School, Southeast University, Nanjing, China
tElectronic supplementary information (ESI) available: Supplemental results
and methods are depicted in the ESI Table S1: Characteristics of different micro-
bubbles. Table S2: Encapsulation efficiency and drug-loading efficiency of micro-
bubbles. Fig. S1: Haemolysis tests of BMs, DMs, and PDMs. Fig. S2: Mouse body
weight (A) as well as AST (B), ALT (C), creatinine (D) and blood urea nitrogen (E)
levels were monitored over the course of treatment. Fig. S3: HE assessment of
the heart, liver, lungs, spleen, and kidneys. Fig. S4: Flow cytometry assay of C6
uptake by LLC cells treated with different formulations. ESI Fig. S5: Flow cytome-
try analysis of CD4" and CD8' TIL numbers after treatments. Fig. S6: LLC cells
with Matrigel were injected into the right lung of C57BL/6 mice under X-ray gui-
dance to establish an orthotopic tumour model. See DOI: 10.1039/c9bm01575b
{These authors contributed equally to this work.

1418 | Biomater. Sci,, 2020, 8, 1418-1430

can counteract the abilities of tumour cells to suppress the
immune system and promote self-tolerance.*” Due to its
broad application, immunotherapy has become as valid as
chemotherapy for advanced NSCLC.*’ Clinical evidence has
shown that the combination of a PD1/PD-L1 checkpoint
inhibitor with a chemotherapeutic drug can achieve better
therapeutic effects than monotherapy.®® However, in addition
to the cardiotoxicity of PD1/PD-L1 checkpoint inhibitors,'*""
this combination of free drugs also aggravates haematotoxicity,
hepatotoxicity, and neurotoxicity.'*'* Therefore, an appropri-
ate drug delivery system is needed to reduce the adverse events
of these two drugs.
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Fig. 1 Novel microbubbles combining DTX antitumour activity with PD-L1 blockade in the context of ultrasound irradiation. (A) Schematic diagram
showing the preparation of DTX and anti-PD-L1 mAb-co-loaded microbubbles. (B) Scheme of synergistic chemotherapy and immunotherapy under

ultrasound irradiation for tumour treatment.

Drug delivery systems based on microbubbles are good con-
trast agents and drug carriers and have the advantages of satis-
factory chemical stability, biodegradability, low toxicity, and
easy chemical modification."* The common components of
the microbubble shell are albumin, phospholipids, and macro-
molecular polymers. Clinical studies have shown that lung sur-
factant microbubbles increase lipophilic drug payloads for
ultrasound (US)-targeted delivery.'> The smaller size of micro-
bubbles allows extravasation from blood vessels into surround-
ing tissues, improving stability and giving longer residence
times in the systemic circulation.'® Therefore, lipid-shelled
microbubbles might be an appropriate drug delivery system
for the combination of a PD1/PD-L1 checkpoint inhibitor and
docetaxel (DTX).

As one of the most common noninvasive physical radiation
sources, US plays an important role in clinical diagnosis and
therapy. Lung US as an emerging theranostic modality exhibits
non-ionizing properties, high local resolution, real-time
imaging, and low cost."” Clinical trials have confirmed the
efficacy and safety of pulmonary US irradiation treatment com-
bined with corresponding drugs.'®'® The cavitation and sono-
poration effects are generally believed to contribute to the
therapeutic effect of US irradiation, which can ensure special-
ized targeted delivery of proteins, genes, exosomes or tra-
ditional chemotherapeutic drugs.?*>* Hence, we hypothesized
that immunochemotherapeutic phospholipid microbubbles
combined with US irradiation might enhance the efficacy and
reduce the adverse effects of the combination of a PD1/PD-L1
inhibitor and DTX.

To verify our hypothesis, we designed a multifunctional
microbubble system in which the membrane was DTX loaded
and then anti-PD-L1 monoclonal antibody (mAb)-modified
(PDMs). The anti-PD-L1 mAb could block the immunosuppres-
sive PD1/PD-L1 pathway, while the PDMs directly kill tumour

This journal is © The Royal Society of Chemistry 2020

cells via DTX. Moreover, US irradiation was used to rupture the
PDMs to further increase drug concentrations in the tumour.
The cavitation and sonoporation effects improve the ability of
drugs to enter the interstitial space and tumour cells. Our
study showed that the PDMs showed excellent antitumour
activity both in vitro and in vivo. Fluorescence microscopy and
flow cytometry showed that PDM treatment led to increased
DTX uptake, which enhanced cellular apoptosis and cell cycle
inhibition. The distribution of DTX and PD-L1 in tumour
tissues was also observed by in vivo fluorescence imaging. Our
results revealed that the PDMs could not only increase the
effect of chemotherapy but also enhance the antitumour effect
by promoting the proliferation of CD4" T and CD8" T cells and
decreasing the levels of the cytokines VEGF and TGF-p. All
these outcomes indicated that the PDMs had good
antitumour efficacy.

Results and discussion
Characterization of immunochemotherapeutic microbubbles

The synthesis process of the PD-L1-mediated immunochem-
otherapeutic microbubbles is summarized in Fig. 1A. A sche-
matic diagram showing the US irradiation-enhanced drug cyto-
toxicity and immune-activating mechanism of the micro-
bubbles is presented in Fig. 1B. The round shape of the micro-
bubbles was manifested by a scanning electron micrograph
(Fig. 2A). The sizes of the microbubbles are shown in
Table S1;7 the size of the blank microbubble (BM) was initially
607.6 + 22.7 nm, the polydispersity index (PDI) was 0.234 +
0.018 and the zeta potential was —3.91 + 0.861 mV. The size of
the microbubbles later increased to 629.1 + 19.8 nm, with a
PDI of 0.259 + 0.026 and zeta potential of —8.98 + 0.693 mV
after loading DTX. The size further increased to 666.4 *
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Fig. 2 Characterization of docetaxel and anti-PD-L1 mAb-co-loaded microbubbles. (A) SEM image of PDMs, scale bar = 2 pm. (B) Particle size distri-
butions. (C) In vitro cumulative drug release by different bubbles with or without US irradiation. (D) CLSM images of docetaxel and CY5-labelled
anti-PD-L1 mAb-co-loaded microbubbles with a shell containing FITC, scale bar = 20 pm. (E) In vitro and in vivo contrast effects of microbubbles. (F)
Peak intensity of in vivo imaging of microbubbles. (G) Time to peak in vivo imaging of microbubbles. The data in 2F and 2G are expressed as the
mean + s.d.; n = 6 independent samples, analysed using one-way ANOVA with the Newman—Keuls post hoc test. ns indicates P > 0.05 compared
with the BM group. BMs (blank microbubbles), DMs (docetaxel-loaded microbubbles), PDMs (docetaxel and anti-PD-L1 mAb-co-loaded micro-

bubbles), and US (ultrasound irradiation).

35.9 nm, with a PDI of 0.298 + 0.036 and zeta potential of
—9.69 + 0.964 mV after coupling to an anti-PD-L1 mAb. These
increases were concluded to be the result of successful syn-
thesis of the antibody. The dispersions of the microbubbles
are shown in Fig. 2B. The change in size could be a sign of suc-
cessful binding of the antibody to the surface of the micro-
bubbles. The encapsulation and loading efficiency of DTX in
the DTX-loaded microbubble (DM) were 59.21 + 1.97% and
4.75 + 0.65%, respectively, and in the PDMs they were 57.34 +
2.61% and 4.45 + 0.91%, respectively (Table S27).

The profiles of the release of DTX from the microbubbles
with/without US irradiation were examined to assess the effects
of sonication on DTX release. As shown in Fig. 2C, US irradiation
significantly promoted drug release. CY5-labelled anti-
PD-L1 mAb conjugation with FITC-labelled DTX microbubbles
was observed by laser scanning confocal microscopy (LSCM)
(Fig. 2D). The microbubbles consistently maintained a round
shape and were bound with a fluorescein-labelled antibody.

The BMs, DMs, and PDMs had similar contrast imaging
capabilities in vitro and in vivo (Fig. 2E); the peak intensity and
time to peak were not significantly different among the micro-
bubbles (Fig. 2F and G). In addition to the expression on a
number of cancer cell lineages, PD-L1 was also expressed on
non-parenchymal cells and non-haematopoietic lineages.” The
distribution of PD-L1 in other organs might prevent the enhan-
cing effect of the microbubbles from being obvious over a
short period of time.

We also investigated whether BMs, DMs, and PDMs can
induce haemolysis (Fig. S1A and BY), and the results showed
that none of the formulations was haemolytic. The toxicity

1420 | Biomater. Sci,, 2020, 8, 1418-1430

study showed that no weight loss was observed, and serum bio-
chemical parameters were within the corresponding reference
ranges (Fig. S2A-Ef). HE staining showed that the free combo
group resulted in thickened alveolar walls and lymphocyte
infiltration in normal lung tissue. Our findings illustrate that
the immunochemotherapeutic microbubbles are biologically
safe and lung protective.

Microbubble cytotoxicity in vitro

The PD-L1 expression levels of one type of mouse cell (LLC)
and three types of human cells (NCI-H460, NCI-H1299, and
A549) were tested by flow cytometry. As shown in Fig. 3A and
B, the expression of LLC cells was similar to that of NCI-H460
cells, while NCI-H1299 cells had the highest expression and
A549 cells had the lowest. Free DTX and DMs had similar cyto-
toxicity in the four tumour cell lines. PDMs had higher efficacy
because of the conjugated anti-PD-L1 mAb, and this efficacy
was increased by US irradiation (Fig. 3C-F). The results
demonstrated that both anti-PD-L1 mAb targeting and US
irradiation could enhance the cytotoxicity of DTX to the target
tumour tissues.

In vitro enhancement of cellular drug uptake mediated by
PD-L1

To further assess the relationship between the targeting
efficiency of PDMs and affinity of DTX for LLC cells in vitro,
the cellular uptake of DTX in different formulations was deter-
mined by fluorescence imaging and flow cytometry. C6 to indi-
cate drug uptake was contained in microbubbles at a concen-
tration equimolar to DTX. As shown in Fig. 4A and D, CLSM

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 PD-L1 expression of LLC, A549, NCI-H460, and NCI-H1299 cells and the toxicity of microbubbles to tumour cells. (A) Flow cytometry was
used to assess the PD-L1 expression profiles of cells. (B) LLC, NCI-H460, and NCI-1299 cells showed relatively high PD-L1 expression, while A549
cells showed the lowest PD-L1 expression. (C—F) A CCK-8 assay was used to determine the cell viabilities of tumour cells incubated with different
formulations for 24 h. The results in B—F are expressed as the mean + s.d.; n = 6 independent samples, analysed using one-way ANOVA with the
Newman—Keuls post hoc test. #P < 0.05 and ##P < 0.01 compared with the control group (without microbubbles); *P < 0.05 and **P < 0.01 for
comparisons among groups.
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Fig. 4 Cellular uptake, apoptosis, and cell cycle inhibition of LLC cells given different treatments. (A and D) Fluorescence images obtained after a
four-hour incubation with free C6, C6-DMs, C6-PDMs, or C6-PDMs with 30 seconds of ultrasound irradiation; DAPI, blue; C6, green; and a goat
anti-rat secondary antibody, red; scale bar = 50 um; n = 3. The data were processed using ImageJ software. (B and E) Cell apoptosis study of LLC
cells after incubation. The cells were treated with ultrasound irradiation, free DTX, DMs, PDMs, or PDMs + US, and the total apoptosis rate was ana-
lysed. (C and F) Cell cycle inhibition study of LLC cells treated with ultrasound irradiation, free DTX, DMs, PDMs, or PDMs with ultrasound irradiation
after incubation. Data are shown as the mean + s.d.; n = 6 independent samples, analysed using one-way ANOVA with the Newman-Keuls post hoc
test. #P < 0.05 and ##P < 0.01 compared with the control group (without microbubbles), *P < 0.05 and **P < 0.01 for comparisons among groups.
C6 (coumarin-6), C6-DMs (docetaxel and coumarin-6-co-loaded microbubbles), and C6-PDMs (coumarin-6, docetaxel and anti-PD-L1 mAb-co-
loaded microbubbles).
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images indicated elevated intracellular drug uptake of
C6-PDMs, especially under US irradiation. The flow cytometry
results were also consistent with the fluorescence imaging
results (Fig. S4t). Therefore, PD-L1-mediated internalization
was more efficient than passive diffusion and nonspecific
targeting. US irradiation could promote drug uptake, which
might account for the increased cellular toxicity of PDMs when
combined with US irradiation.

Apoptosis induction and cell cycle inhibition in LLC cells
in vitro
The cell apoptosis study for assessing different formulations
utilized the Annexin V-FITC/PI method to further explore
tumour Kkilling. LLC cells were treated with US irradiation, free
DTX, DMs, PDMs, or PDMs + US. After 24 h of incubation, the
total apoptosis rate was analysed by flow cytometry. As shown
in Fig. 4B and E, PDMs + US induced the highest apoptosis
rate, free DTX and DMs produced similar apoptosis rates, and
US irradiation monotherapy had no influence on apoptosis.
For cell cycle analysis, the PI/RNase method was employed
and the remaining steps were similar to the abovementioned
method. In agreement with the cytotoxicity, cellular uptake,
and apoptosis studies, the cell cycle analysis showed that cell
cycle inhibition increased in response to different formu-
lations (Fig. 4C and F). Hence, using the aforementioned data,
it can be concluded that the PDMs combined with US
irradiation increased drug uptake, inhibited the cell cycle, pro-
moted apoptosis, and enhanced drug toxicity to the cells.
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Tumour resistance to the paclitaxel family has been a
problem troubling clinicians for a long time until studies on
transcriptional and post-transcriptional mechanisms revealed
that the paclitaxel family induces the expression of PD-L1
immunosuppressive molecules through the mitogen-activated
protein kinase (MAPK) pathway.>® The evidence suggests that
patients may benefit from a synergy of docetaxel and a PD-1/
PD-L1 checkpoint inhibitor, while PD-L1 is expressed in
various tumor cells.”*

Enriched bio-distribution in melanoma tumour tissue
mediated by PD-L1 and US targeting in vivo

Therapeutic efficacy and adverse effects could be influenced by
the distribution and accumulation of various formulations in
tumours and vital organs. DiR, a lipophilic fluorescent probe,
was used to mark microbubbles directly. Free DiR, DiR-DMs,
or DiR-PDMs were injected via the tail vein. DiR-PDMs com-
bined with 10-minute US irradiation were also investigated.
The in vivo bio-distributions of different formulations were
monitored using an IVIS Spectrum system. Compared with
free DiR and DiR-DMs, DiR-PDMs exhibited an enhanced
signal in tumour tissues in vivo and ex vivo, and this signal
intensity was further enhanced under US irradiation (Fig. 5A).
The signal of DiR-PDMs combined with US irradiation was
found to be the strongest at the first hour. Among the groups,
the DiR-PDM group maintained the highest signal level. The
DiR-PDMs showed a good targeting effect, and the signal
reached a peak at 12 h. The DiR-DMs were more enriched in
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Fig. 5

IVIS images of mice treated with different formulations. (A) Fluorescence images of mice-bearing LLC melanoma at 1, 6, 12, and 24 h after

free DIR, DiR-DM, or DiR-PDM treatment with/without ultrasound irradiation. Tumours and major organs were harvested after the last imaging
session. (B) Statistical analysis of the superficial ROl average radiant efficiency. (C) Statistical analysis of the average radiant efficiency of the organs
and tumours. Data are shown as the mean + s.d.; n = 4 biologically independent mice, analysed using one-way ANOVA with the Newman-Keuls

post hoc test. *P < 0.05 and **P < 0.01 among groups.
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tumours than free DiR, which consistently exhibited a low
signal intensity (Fig. 5B).

To further observe the distribution of formulations in
organs after administration, tumour-bearing mice were sacri-
ficed after the last imaging time point, and the tumours and
all the vital organs (the heart, lungs, spleen, kidneys, and liver)
were harvested for the following experiments. The ex vivo
experimental results showed increased accumulation of DiR in
tumour tissue (Fig. 5A). In addition, quantitative region of inter-
est analysis (Fig. 5C) showed that PDMs combined with US
irradiation exhibited the highest fluorescence efficiency, which
might portend enhanced therapeutic effects. As predicted, US
irradiation promoted rapid drug release in tumours, and the
active targeting by the anti-PD-L1 mAb on the surface of PDMs
promoted drug accumulation. A comparison of the distri-
butions of different drugs in major metabolic organs showed
that the distribution of free drug in the liver was distinctly lower
than that of the microbubbles. It is deduced that increasing the
time between injections might reduce liver injury, and this was
confirmed by the biotoxicity experiment.

Due to the side effects of immunochemotherapy, a variety
of materials have been used as adjuncts.”>>® The targeted
drug delivery system of ultrasonic microbubbles, coupled with
an antibody that targets a corresponding antigen over-
expressed on tumour cells, provides a promising strategy for
reducing the severe adverse effects associated with chemother-
apeutic drugs.**>° The fabricated PDMs could effectively target
the tumour tissue and thus reduce off-target toxicity. PD-L1 is
highly expressed on the surface of various tumour cells and
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helps tumour cells evade antitumour immunity. Previous studies
have indicated that anti-PD-L1 mAb-coupled drug delivery
systems can target tumour cells®® and activate the immune
system,** and this approach can synergize with chemotherapy.
Therefore, it can be concluded that PDMs combined with US
irradiation exhibited an increased drug concentration and
extended drug duration in tumours and were therefore beneficial
for therapeutic effects of increased strength and duration.

Inhibited tumour growth in a subcutaneous tumour model
after treatments with different microbubble formulations

A subcutaneous tumour model was established to evaluate the
antitumour effects of various formulations of microbubbles
in vivo. When the tumour volume reached 200 mm?®, normal
saline, free DTX, DMs, a free-drug combination, or PDMs were
injected via the tail vein; PDMs combined with US irradiation
were also investigated. Every 3 days, the mice were weighed, the
tumour volumes were measured, and blood was obtained to
assess liver and kidney functions. After all the treatments, the
mice were sacrificed for subsequent histopathological study of
the tumours and vital organs to evaluate their efficacy and safety.

As shown in Fig. 6B-D, the PDMs combined with US
irradiation group had the highest survival rate through the ter-
mination of the experiment, and this group showed the best
inhibition of tumour growth. The PDMs alone showed a better
therapeutic effect than the free-drug combination and ranked
second. In addition, the efficacy of synergistic therapy was
more obvious than that of chemotherapy. The DMs produced
slightly improved therapeutic effects on the tumour volume
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Fig. 6 Treatment with PDMs and ultrasound irradiation enhanced tumour inhibition in an LLC subcutaneous tumour model. (A) C57BL/6 mice were
subcutaneously injected with LLC cells on day 7. When the tumour volume reached 200 mm?, the mice received different therapeutic formulations.
(B) Body weight, (C) tumour volume, and (D) survival rate were analysed. The data in B and C are expressed as the mean + s.d.; n = 6 biologically
independent animals. #P < 0.05 and ##P < 0.01 compared with the control group (normal saline); *P < 0.05 and **P < 0.01 between groups com-
pared using a paired two-way Student'’s t-test. The log-rank test followed by Tukey's post hoc test was performed to determine the statistical signifi-
cance in D; n = 6 biologically independent animals. #P < 0.05 and ##P < 0.01 compared with the control group; *P < 0.05 and **P < 0.01 compared
with the control group (normal saline).
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inhibition and survival rate. The difference in body weights
was not obvious among the groups.

Apoptosis and proliferation in tumours were analysed using
the TUNEL assay and CD31 and Ki67 immunohistochemistry
(Fig. 7A-F). The data showed that the PDMs combined with US
irradiation group had the highest apoptosis rate and lowest
proliferation level. The trend in the data was in accordance
with the tumour growth observations. The results for cleaved
caspase-3, cleaved caspase-8, and cleaved caspase-9 in western
blot assays also revealed that the PDMs combined with US
irradiation group had the highest apoptosis rate (Fig. 8A-D).

It has been verified that US irradiation can enhance check-
point inhibitor therapy.*® US irradiation combined with immu-
notherapeutic nanomaterials has been studied in colorectal
cancer, B-cell lymphoma,® and breast cancer.®® US
irradiation combined with microbubble therapy for local
lesions has many advantages. The cavitation effect caused by
microbubble rupturing under US irradiation can achieve high
drug enrichment.'®?*® The sonoporation effect promotes drug
uptake and enhances the delivery of small and large
molecules.?”*® Moreover, studies of US irradiation-enhanced

A Control

Free DTX

Free combo PDMs+US
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microbubble tumour treatments indicated that this approach
could induce rapid vascular damage and shut down blood
flow.>® Our results demonstrated that PDMs combined with US
irradiation can produce a strong antitumour effect.

Immune activation and cytokine production alleviation by
microbubbles

To study the infiltration of immune cells into the tumour site
after treatment, tumor-infiltrating lymphocytes (TILs) were har-
vested from tumours and analysed by immunofluorescence and
flow cytometry on day 15 of the experimental process. The flow
cytometry results also showed that CD8" and CD4" cell infiltra-
tion was approximately 4-fold greater in the PDMs combined
with US irradiation group than in the control group (Fig. 8E and
F). Immunofluorescence staining revealed that the tumours
from the PDMs combined with US irradiation group were
remarkably infiltrated by both CD8" and CD4" T cells, while
untreated tumours exhibited limited infiltration (Fig. 8G).

We also observed that the level of TNF-a, which induces
tumour cell apoptosis, was increased in the culture super-
natants of tumour tissues after synergistic treatment (Fig. 8H).

L4

e

=
1
*

TUNEL positive (AOD)
g
I

CD31 positive (AOD)

Ki67 positive (AOD)

Fig. 7 TUNEL staining and immunohistochemical staining for CD31 and Ki67 in tumour sections. (A) TUNEL-stained merged image (apoptotic cells
are shown in green) and statistical analysis of (B) the positive rate of TUNEL staining. Immunohistochemical staining for (C) CD31 and (E) Ki67 in
tumour sections; angiogenic cells and proliferating cells are shown in brown. Scale bar = 200 pm. Statistical analysis of the positive rates for (D)
CD31 and (F) Ki67 staining. Data were processed using ImageJ software and are expressed as mean + s.d.; n = 6, analysed using one-way ANOVA
with the Newman—Keuls post hoc test. #P < 0.05 and ##P < 0.01 compared with the control group (without microbubbles); *P < 0.05 and **P <

0.01 among groups.
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Fig. 8 Changes in western blot assays, TIL levels and cytokine levels at 15 days after the first treatment. (A—D) Western blot data for apoptosis-
related proteins showed the expression of proapoptotic proteins. Data were processed using ImageJ software. (E and F) Flow cytometry analysis
determined the humbers of CD4* and CD8* TILs that increased after treatments, and counts of each subset were gated from CD45* lymphocytes.
(G) Fluorescence micrographs of tumour sections showing CD4* (red) and CD8* (green) TILs and DAPI staining (blue); scale bar = 200 pm. The
levels of cytokines, including TNF-a (H), TGF-p () and VEGF (J), in tissue culture supernatants were determined. PDMs + US significantly increased
TIL numbers and improved pro-inflammatory cytokine levels. The results are expressed as mean + s.d.; n = 6 biologically independent mice, analysed
by one-way ANOVA with the Newman—Keuls post hoc test. #P < 0.05 and ##P < 0.01 compared with the control group (normal saline); *P < 0.05

and **P < 0.01 among groups.

The immunosuppressive functions of TGF-§ are correlated with
malignancy in many cancers, and the level of TGF- was downre-
gulated in response to the synergistic treatment (Fig. 8I). The
expression of TNF-a and TGF-f after treatment with different for-
mulations indicated that the synergistic treatment resulted in
the best tumour suppression. In addition, reduced levels of
VEGF were observed (Fig. 8]), which plays critical roles in angio-
genesis, tumour growth and metastasis cancer. VEGF is also an
important index for evaluating the growth of solid tumours. The
PDMs combined with US irradiation produced the lowest VEGF
expression; this result at the molecular level suggested that
synergistic treatments could limit tumour growth.

Further antitumour efficacy in an orthotopic tumour model

We established orthotopic tumour models by injecting LLC
cells into Matrigel under X-ray guidance (Fig. 9A and Fig. S67).
When the tumour volume reached 60 mm?, all the interven-
tions were investigated. Increases in tumour volumes were
obviously inhibited by PDMs combined with US irradiation
therapy at the last follow-up CT scan (Fig. 9B and C), while the
tumours in the other groups occupied almost the entire right
lung. The synergistic therapy group also had a better health
status and longer survival time than the other groups (Fig. 9D
and E). The body weight declined gradually in all the groups

This journal is © The Royal Society of Chemistry 2020

except for the PDMs combined with US irradiation group, and
this phenomenon was different from that observed in the sub-
cutaneous tumour model. The possible reason is that although
LLC cells have low invasiveness, pleural cavity occupation can
affect cardiopulmonary function and blood oxygen levels,
thereby affecting the health status of the mice.

Since the lungs are air-filled cavities, lung diseases are
often traditionally considered difficult to be treated with US
irradiation. However, clinical studies have shown that US
irradiation has obvious therapeutic efficacy in the treatment of
lung diseases'®'® due to its ability to noninvasively mediate
precise drug delivery. Here, the results of the orthotopic
tumour experiment indicated that PDMs combined with US
irradiation showed good antitumour performance not only in
subcutaneous tumour treatment but also in thoracic tumour
treatment in mice.

Hence, US irradiation combined with microbubbles would
be a promising noninvasive treatment, especially for lesions
invading the chest wall. Patients with peripheral lung cancer
are the ones most likely to benefit from this synergistic treat-
ment. With the help of endoscopic and endobronchial US
irradiation, this treatment may have a therapeutic effect on
mediastinal lesions. The therapeutic efficacy of deep lung
tumour therapy should be further explored. To our knowledge,

Biomater. Sci, 2020, 8, 1418-1430 | 1425
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Fig. 9 Different therapeutic formulations were tested in an orthotopic LLC tumour model. (A) Twenty microliters (containing 2 x 106 LLC cells with
Matrigel) were injected into the right lung of C57BL/6 mice under X-ray guidance on day 5. When the tumour volume reached 60 mm?, the mice
received different therapeutic formulations. Follow-up analyses (B) CT scanning results, (C) tumour volume, (D) body weight, and (E) survival rate.
The data in C and D are expressed as mean + s.d.; n = 6 biologically independent mice. #P < 0.05 and ##P < 0.01 compared with the control group
(normal saline); *P < 0.05 and **P < 0.01 between groups using a paired two-way Student's t-test. The log-rank test was performed followed by
Tukey's post hoc test to determine the statistical significance in E; n = 6 biologically independent mice. #P < 0.05 and ##P < 0.01 compared with

the control group (normal saline); *P < 0.05 and **P < 0.01 between groups.

this study is the first report on treating lung tumours with
nanotechnology-mediated immunochemotherapeutic micro-
bubbles combined with US irradiation.

Experimental

Materials

The anti-PD-L1 mAb was purchased from BioXCell, Inc.
(Lebanon, NH, USA). DTX was purchased from J & K Scientific
Co., Ltd (Beijing, China). 1,2-Dipalmitoyl-sn-glycero-3-phospho-
choline (DPPC), 1,2-dipalmitoyl-sn-glycero-3-phosphate (DPPA),
1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE), and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy
(polyethylene glycol)-2000] (DSPE-PEG-COOH) were purchased
from A.V.T. Pharmaceutical Co., Ltd (Shanghai, China).
DSPE-PEG-FITC (molecular weight (MW): 2000) was purchased
from Xi’an Ruixi Biological Technology Co., Ltd. Coumarin-6
(C6) was purchased from Yuanye Biotech, Inc. (Shanghai,
China). 1,1"-Dioctadecyl-3,3,3',3"-tetramethylindotricarbocyanine
iodide (DiR) was purchased from Aladdin Reagent Co., Ltd
(Shanghai, China). N-Hydroxysuccinimide (NHS) and N-(3-di-
methylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC)
were purchased from Adamas-beta Inc. (Shanghai, China).

1426 | Biomater. Sci, 2020, 8, 1418-1430

Cell counting kit-8 (CCK-8) assay and Annexin V-FITC/propi-
dium iodide (PI) apoptosis detection, cell cycle detection, and
VEGF, TNF-a, and TGF- enzyme-linked immunosorbent assay
(ELISA) kits were purchased from KeyGEN BioTECH Corp., Ltd
(Nanjing, China). Western blotting antibodies were purchased
from Cell Signaling Technology (Beverly, MA, USA). Flow cyto-
metry antibodies were purchased from eBioscience (Thermo
Fisher Scientific, MA, USA).

Cell lines

LLC, A549, NCI-H460 [H460], and NCI-H1299 cells were kindly
provided by Stem Cell Bank, Chinese Academy of Sciences.
LLC cells were cultured in DMEM, A549 cells were cultured in
F-12 K medium, and NCI-H460 [H460] and NCI-H1299 cells
were cultured in RPMI-1640 medium. All the media were sup-
plemented with 10% fetal bovine serum (FBS), 100 U mL™"
penicillin, and 100 pg mL™" streptomycin. The cells were incu-
bated at 37 °C with 5% CO,.

Synthesis of microbubbles

Synthesis of basic microbubbles. DPPC : DPPA : DSPE : DTX
in a weight ratio of 5.0 mg:0.7 mg:0.5 mg:1.0 mg were dis-
solved in a solution of 6.0 mL of chloroform and 4.0 mL of

This journal is © The Royal Society of Chemistry 2020
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methanol and then evenly ultrasonically mixed. The solvent
was evaporated in the flask at 0.1 MPa and 42 °C to obtain a
thin lipid film. When the residual chloroform evaporated at
room temperature, the film was eluted with PBS. After the
solution was concentrated to 1.5 mL, the dissolved gas in the
solution was removed by ultrasonic clearing. Before starting
the sonicator at 100 W and 4 °C for 10 min, we placed the
probe approximately 3 mm below the liquid level and used SF6
to completely remove air. After separation by a dispersion and
differential centrifugation method, relatively uniform DMs
were obtained, and free DTX was washed away.

Synthesis of microbubbles loaded with an anti-PD-L1 mAb
and DTX. Following the above-described method and replacing
0.5 mg of DSPE with 1.8 mg of DSPE-PEG-COOH, micro-
bubbles with a carboxyl group on the surface (DMs-COOH)
were obtained. The DMs-COOH were dissolved in MES buffer
(0.1 M, pH = 5.5), and EDC and NHS were added and incu-
bated for 30 minutes successively, so that the carboxyl term-
inal was activated. After washing the microbubbles three
times with distilled water, the mass concentration of the
DMs-COOH was determined by the freeze-drying method. We
mixed the DMs-COOH and an equimolar amount of an anti-
PD-L1 mAb in MES buffer (0.1 M, PH = 8.0) and incubated
the mixture in a shaker at 4 °C overnight. We ultimately
obtained PDMs after any unconjungated anti-PD-L1 mAb was
washed away by two rounds of centrifugation. Cé-loaded
microbubbles (C6-DMs and C6-PDMs) and DiR-loaded micro-
bubbles (DiR-DMs and DiR-PDMs) were prepared with 1 mg
of C6 or DiR added using the same method in the dark. All of
the microbubbles were stored at 4 °C after sterilization by
®Co irradiation (Jinpengyuan Irradiation Technology,
Shanghai, China).

Characterization of the microbubbles

The particle sizes, size distributions, and zeta potentials of
blank microbubbles (BMs), DMs, and PDMs were measured by
a dynamic light scattering method using a ZetaPlus instru-
ment (Brookhaven Instruments Corporation, NY, USA). The
morphological characterization of the PDMs was performed
with a scanning electron microscope (UltraPlus, Zeiss, Japan)
after 200 pL of the sample was drip-dried on silicon slices at
room temperature for 48 h.

The drug loading efficiency and in vitro DTX release beha-
viours of microbubbles were detected by high-performance
liquid chromatography (HPLC) with an Agilent 1200 HPLC
system (Agilent, USA). We used acetonitrile/water (volume ratio
of 1:1) as the mobile phase and Phenomenex C18 (4.6 mm x
250 mm, 5 um) to separate the samples. The samples were dis-
solved in the mobile phase under US irradiation, and then the
AUC was detected at 232 nm at 1 mL min~' and 30 °C.
According to our standard sample curve, we determined the
concentration of DTX in each sample. The entrapment
efficiency (EE%) and drug loading of DTX (DL%) were deter-
mined by HPLC and calculated using the following equations:

EE% = Wencapsulated DTX/Wtotal feeding DTX X 1000/0;

This journal is © The Royal Society of Chemistry 2020
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DL% - Wencapsulated DTX/Wtotal amount of microbubbles X 100%.

To investigate drug release behaviours, microbubbles and
PBS were enclosed in dialysis bags (MWCO, 8000-14 000 Da)
with shaking in 2 L of PBS at 100 rpm and 37 °C with/without
US irradiation (2.0 W cm™, 1 MHz, duty cycle: 50% for
5 minutes). After 1 mL of dialysate water was removed from
the container at predetermined intervals and stored at 4 °C for
analysis, the same volume of PBS was used to replenish the
sampled mixture. The release amount was measured by the
same HPLC method described above. Three independent
samples from each group were tested and analysed.

LSCM was used to show the conjugation of a CY5-labelled
anti-PD-L1 mAb with FITC-loaded microbubbles. The anti-
PD-L1 mAb was labelled with CY5 according to the operation
manual of a Lightning-Link Rapid Cyanine Dye 5 Kit
(Expedeon, Heidelberg, Germany). DMs-FITC were prepared
according to a method similar to the one described above.

To investigate the haemolytic effect of microbubbles, 50 pL
of fresh anticoagulant-treated rabbit blood was mixed with (—)
normal saline, BMs (w/v, 1 mg mL™"), DMs (w/v, 1 mg mL™"),
PDMs (w/v, 1 mg mL™"), or (+) pure water, and the samples
were incubated at 37 °C for 60 minutes before centrifugation
at 2000 rpm for 5 minutes. Then, the optical density (OD) of
each supernatant solution was measured at 540 nm using a
microplate reader (Thermo Scientific Multiskan FC, Thermo
Fisher Scientific, MA, USA).

Toxicities of different microbubble formulations

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of
Southeast University and approved by the Animal Ethics
Committee of Southeast University. C57BL/6 mice (6-8 weeks,
n = 20) were randomly assigned to five groups for the toxicity
test: the control group (normal saline), free DTX group, DM
group, combination of free DTX and anti-PD-L1 mAb group,
and PDM group. The drug was injected every three days for a
total of five times as scheduled at a DTX dose of 2 pg g~
During the experimental schedule, the body weight of each
animal was measured every three days, while blood biochemi-
cal indexes were evaluated weekly. The serum biochemical
parameters including aspartate aminotransferase (AST),
alanine aminotransferase (ALT), blood urea nitrogen (BUN),
and creatinine levels were measured using a Hitachi 7020 auto-
matic biochemical analyser.

Evaluation of contrast-enhanced US imaging

Solutions of BMs, DMs, and PDMs were ascertained by the
freeze-drying method. Next, 1.0 mL of microbubbles (w/v,
1.0 mg mL™") or normal saline (as a control) was added to the
holes in an agarose mould. One hundred microliters of BMs,
DMs, or PDMs (w/v, 1 mg mL™") was intravenously injected
into subcutaneous tumour model mice (n = 3) to evaluate the
in vivo contrast imaging capability. Contrast-enhanced US
images were obtained with an ultrasonic machine (Voluson
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E8, GE, USA) and analysed using QontraXt V3.06 (AMID-qX3,
Bracco, Italy).

Influence of microbubbles on cell viability in vitro

The PD-L1 antigen expression of LLC, NCI-H460, NCI-H1299,
and A549 cells was tested with an anti-CD274 (PD-L1, B7-H1)
mAb (MIH5) labelled with PE (eBioscience, Thermo Fisher
Scientific) using a flow cytometer (NovoCyte3000, ACEA
Biosciences, Inc., CA, USA). All the analyses were performed
using NovoExpress1.3.0 software.

The cytotoxicities of different microbubbles were measured
using the CCK-8 method according to the manufacturer’s pro-
tocol (KeyGEN BioTECH). LLC, NCI-H460, NCI-H1299, and
A549 cells were seeded in 96-well plates with the corres-
ponding incubation medium at a density of 5000 cells per well
and incubated overnight. Then, 100 pL of free DTX, BMs, DMs,
PDMs, PDMs + US (US irradiation: 0.2 W em ™2, 1 MHz, duty
cycle: 50% for 30 seconds after PDM addition) or complete
medium (control group) was added into each well so that the
final concentration of DTX was 2 pg mL™". After the cells were
incubated for 24 h at 37 °C under a 5% CO, atmosphere, the
supernatant was removed, and the cells were rinsed carefully
with PBS twice, followed by the addition of the RPMI
1640 medium (100 pL) and CCK-8 (10 pL) for 1 h. The OD was
measured at 450 nm using the microplate reader. The relative
cell viability (RCV) (%) was calculated using the equation RCV
(%) = OD¢est/ODcontrol X 100%.

Evaluation of specific DTX cellular uptake mediated by PD-L1

C6 was added to microbubbles to analyse cellular drug uptake.
LLC cells were seeded in six-well plates with the corresponding
incubation medium at a density of 5 x 10° cells per well. After
incubating overnight, the cells were washed twice with PBS
and treated with free C6, C6-DMs, C6-PDMs, or C6-PDMs + US
at 37 °C for 2 h. US irradiation was implemented as described
above. The cells were washed with PBS three times and fixed
with 4% cold paraformaldehyde for 15 min. The cells were
washed with PBS three times, and then a goat anti-rabbit IgG
(H+L) secondary antibody conjugated with CY5 (Thermo
Fisher Scientific) was added and incubated at room tempera-
ture for 1 h. After the secondary antibody was removed by
washing two times, DAPI was added to the wells and incubated
for 10 min. The cells were visualized with a fluorescence
microscope (IX71, Olympus Corp., Tokyo, Japan). Then, we
detached the cells with a trypsin solution and quantified the
uptake efficiency using the flow cytometer.

Apoptosis assay and cell cycle analysis in vitro

Apoptosis induction was detected with the flow cytometer
according to the manufacturer’s protocol for the Annexin
V-FITC/PI Reagent (KeyGEN BioTECH). LLC cells were seeded
in six-well plates at a density of 1 x 10> per well. After incubat-
ing overnight, the cells were treated with complete medium
(control), US, DTX, DMs, PDMs, or PDMs + US. Twenty-four
hours later, the cells were detached with 100 pL of EDTA-free
trypsin, stained and washed twice with PBS. Five hundred
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microliters of binding buffer was used to suspend the cells,
5 pL of Annexin V-FITC and 5 pL of PI were added and mixed,
and the mixture was incubated for 15 min before analysis by
flow cytometry.

For cell cycle analysis, a PI/RNase Cell Cycle Kit (KeyGEN
BioTECH) was used according to the manufacturer’s protocol.
LLC cells were seeded in six-well plates at a density of 1 x 10°
per well and incubated overnight. Then, the cells were starved
in complete medium (2% FBS) for 24 h before treatment with
complete medium (control), US, DTX, DMs, PDMs, or PDMs +
US. Twenty-four hours later, the cells were collected, fixed in
75% ethanol at 4 °C overnight, washed twice with cold PBS,
and stained with PI/RNase working buffer at room temperature
for 30 min. Then, the cells were detected by flow cytometry.

Subcutaneous and orthotopic tumour models established with
LLC cells

C57BL/6 mice (6-8 weeks) without black spots on their skin
were used to establish subcutaneous tumour models. Each
mouse was subcutaneously injected with 100 pL of LLC cells (1
x 10" mL™" in PBS) in the right flank. The size of the orthoto-
pic tumour was measured every other day and calculated using
the following formula: Volume = (Length x Width?)/2.
Approximately 7 days later, when the tumour volume reached
the predetermined size of 200 mm?, all the model mice were
randomly divided into groups.

Orthotopic tumour models were established by injecting
20 pL of cell suspension into the right lung under imaging
with an X-ray machine (WeMed Medical Equipment Co., Ltd,
Beijing, China). The cell concentration was 1 x 10’ mL ™", and
the cells were mixed with basement membrane matrices
(Matrigel, BD Biosciences, NJ, USA). The injection device was
constructed with a needle from a U-40 insulin injector (B.
Braun, Melsungen AG, Germany) and an injector body from a
50 pL microsyringe (Gaoge Industrial and Trading Co., Ltd,
Shanghai, China). The orthotopic tumour size was monitored
with a Hiscan XM Micro CT platform (Suzhou Hiscan
Information Technology Co., Ltd, Suzhou, China).
Approximately 5 days later, when the tumour volume reached
the predetermined size of 60 mm?, all the model mice were
randomly divided into groups.

Assay of bio-distributions in mice treated with different
microbubbles

Tumour-bearing mice were intravenously injected with free
DiR, DiR-DMs, DiR-PDMs, or DiR-PDMs + US (n = 4 each
group). Then, real-time images were acquired at different time
points (1 h, 3 h, 6 h, 12 h, and 24 h) using the IVIS Spectrum
system (Caliper Life Sciences, PerkinElmer Inc., MA, USA) after
the mice were anaesthetized with isoflurane. Tumour tissue
and the heart, lungs, liver, spleen, and kidneys were harvested
for ex vivo imaging after the last imaging time point. The para-
meters for US irradiation were 2.0 W cm™2, 1 MHz, and a duty
cycle 50% for five minutes, which were repeatedly used in the
following in vivo experiments. The images were analysed using

This journal is © The Royal Society of Chemistry 2020
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Living Image 4.1 software (Caliper LifeSciences, PerkinElmer
Inc., MA, USA).

In vivo antitumour study

To evaluate the antitumour efficacies of microbubbles, sub-
cutaneous model mice were randomly divided into six groups
(n = 6 each group) and intravenously injected with 100 pL of
PBS, free DTX, free combination (DTX + anti-PD-L1 mAb),
DMs, PDMs, or PDMs + US at a DTX dose of 2 g g .
Treatments were performed every 3 days. The body weight and
tumour volume were measured every 3 days to observe antitu-
mour efficacy and toxicity. All of the tumours, vital organs (the
heart, liver, spleen, lungs, and kidneys), and blood were har-
vested. Tumour tissues were divided into three parts and pro-
cessed for analyses: a real-time tissue homogenate for flow
cytometry, a mass frozen at —80 °C for ELISA and western blot
analyses, and a 4% (w/v) paraformaldehyde-fixed mass for sec-
tioning were prepared.

Tumour-infiltrating lymphocyte (TIL) suspensions were
obtained by the mechanical dissociation and filtration method
and stained with fluorochrome-conjugated mAbs specific for
the cell surface markers CD4 (PE-CY5) and CD8a (PE), and an
anti-rat IgG2a kappa antibody was used as an isotype control.
The cells were analysed with the NovoCyte3000 flow cytometer
using NovoExpress 1.3.0 software. In addition, immunofluores-
cence staining was used for double validation.

The antitumour efficacies of the microbubbles in the ortho-
topic tumour models were evaluated by CT scan, body weight,
and survival rate statistics.

Statistical analysis

All statistical analyses were performed using SPSS 21.0 soft-
ware and GraphPad Prism 8 software. Data are expressed as
mean + standard deviation unless otherwise noted. An
unpaired two-tailed t-test was used to compare between two
groups. When comparing multiple groups, one-way ANOVA
with the Newman-Keuls post hoc test was performed. Kaplan-
Meier survival curves were analysed using the log-rank test
with the Tukey post hoc test. Differences were considered stat-
istically significant when P < 0.05. Statistical significance was
noted as follows: #P < 0.05 and ##P < 0.01 compared with the
control group, and *P < 0.05 and **P < 0.01 compared between
groups.

Conclusion

Here, we developed anti-PD-L1 mAb-conjugated and DTX-
loaded multifunctional lipid-shelled microbubbles and veri-
fied that the anti-PD-L1 mAb and US irradiation could
promote DTX uptake. We validated that a checkpoint inhibitor
could be integrated into a therapeutic microbubble to produce
a combination with synergistic effects. We also proved that US
irradiation-mediated immunochemotherapeutic microbubble
therapy could be used to treat lung cancer. This immunochem-
otherapeutic microbubble approach illustrates a successful

This journal is © The Royal Society of Chemistry 2020
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treatment strategy that can be extended to other combinations
based on clinically approved antibodies (e.g., anti-CTLA-4,
anti-41-BB, or anti-TIM-3 antibodies) or traditional chemother-
apeutic drugs (e.g. doxorubicin, pemetrexed, or gemcitabine).
The synergistic therapy of US combined with immunochem-
otherapeutic microbubbles might be a promising treatment
for a variety of malignancies, potentially leading to the devel-
opment of a new approach for combination immunotherapy.
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