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Background: Docetaxel (DOC) is widely used as a chemotherapy drug for various tumors,
including gastric cancer (GC), but the clinical application of DOC has been limited due to the
hydrophobicity of the drug. We aimed to formulate a multifunctional nanoparticle (NP) system
to reduce the side effects of the chemotherapy agent, to promote synergistic therapeutic effects,
and to achieve targeted delivery of the therapy.

Methods: The polyethylene glycol-poly(e-caprolactone) NPs (PEG-PCL NPs) were prepared
by a ring opening copolymerization technique and were then conjugated with a programmed
death-ligand 1 (PD-L1) monoclonal antibody (mAb). The effects of the surface coating on
particle size, size distribution, zeta potential, drug encapsulation efficiency, loading capacity,
and the drug release kinetics were investigated. By using a panel of PD-L1-expressing human
GC cell lines and PD-L1-overexpressing cells, we studied cellular uptake, cytotoxic effects,
and cellular apoptosis in the presence of PD-L1 mAb-conjugated NPs.

Results: The characterization of the structure and biological functions of DOC-PEG-
PCL-mADb NPs was investigated in vitro. X-ray photoelectron spectroscopy validated the
presence of the PD-L1 mAbs on the NP surface. The cellular uptake analysis showed that the
antibody-conjugated NPs achieved significantly higher cellular uptake. The results of an in vitro
cytotoxicity experiment on three GC lines further proved the targeting effects of the antibody
conjugation. In addition, we found that the DOC-PEG-PCL-mAb NPs induced cell apoptosis
and enhanced G2-M arrest in cancer cells, indicating the inhibition of microtubule synthesis.
When compared with the control groups, DOC-PEG-PCL-mAb NPs are more effective in
inhibiting PD-L1 expression in GC cells.

Conclusion: Our results reported here highlight the biological and clinical potential of DOC-
PEG-PCL-mAb NPs using PD-L1 mAbs in GC treatment.

Keywords: DOC, gastric carcinoma, PD-L1 monoclonal antibody, nanomedicine, drug delivery

Introduction

Gastric cancer (GC) is the second leading cause of cancer-related death worldwide,
with a high incidence in east Asia.! Along with Japan and Korea, the prevalence of
GC in China is the highest in the world.> Most cases are diagnosed at a later stage,
and the choice of treatment options is mostly limited to chemotherapy drugs, which
are associated with poor outcomes.? Currently, cytotoxic chemotherapy, particularly
taxoid-based regimens, has been widely used in the treatment of advanced GC.*?
Despite the fact that monoclonal antibody (mAb) drugs, such as trastuzumab and
ramucirumab, have resulted in modest survival improvements in HER2-positive GC
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patients and in the second-line setting,*’ there remains a need
for effective treatment options for advanced GC.

Drug delivery systems (DDSs) refer to approaches used
to deliver drugs at targeted sites inside our body. DDS may
specifically deliver a high dose of the therapeutic agent to
the cancer cells and employ a sustained drug release with
the healthy cells. Compared with the non-specific delivery
device, ligand-conjugated nanoparticles (NPs) may be the
most prospective among various DDSs. Polymeric NPs can
solve the drug hydrophobicity problem by dissolving drugs
in a polymeric matrix and providing advantages such as
high stability, long bloodstream circulation time, targeted
space activation, efficient drug load, and sustained drug
release.®’ The targeted DDS can deliver drugs in an active
way, which is achieved via coupling effector molecules to
the surface of the NPs, providing DDS for reaching and
penetrating into cells overexpressing a given receptor, before
releasing the encapsulated drugs into the target cells in a
sustained and controlled manner.'’ The candidate effector
molecules include antibodies, peptides, and affibodies.!''
Among them, the anti-programmed death-ligand 1 (PD-L1)
antibodies have had remarkable clinical benefits in various
solid tumors.!>18

PD-1 is a cell surface receptor that plays an important role
in downregulating the immune system and promoting self-
tolerance by suppressing T cell inflammatory activity. PD-1
binds two ligands, PD-L1 and PD-L2. The binding of PD-L1
to PD-1 transmits an inhibitory signal that reduces the prolif-
eration of antigen-specific T cells in lymph nodes.'** PD-L1
expression has been detected in >40% of human GC samples
in several studies, suggesting that PD-L1 expression level
is significantly upregulated following Helicobacter pylori
infection.?'2¢ The PD-L1 mAb, a promising therapy for
advanced GC, is able to specifically bind to the extracellular
domain of PD-L1 protein and thus block the interaction
between PD-1 and its ligands, being an excellent strategy
for drug targeting.

Successful synthesis of functional nanocarriers depends
on the matrix materials and surface properties. A candi-
date nanomaterial that has been identified in the literature
is polyethylene glycol-poly(e-caprolactone) (PEG-PCL)
NPs, one of the biodegradable polymers widely applied in
the drug delivery realm. The NPs consist of a PEG-coated
layer and a PCL core, thus allowing the NPs to achieve pas-
sive targeting and providing the reaction site for functional
molecular decoration. The amphiphilic NPs contain an inner
hydrophobic core containing the poorly soluble drugs and
an outer hydrophilic shell, which protects the drugs from
inactivation under biological environments.?’

In this study, we intended to show the feasibility of the
antibody conjugation strategy, in which the PEG-PCL NPs
were modified with a PD-L1 mAb and then loaded with
docetaxel (DOC). We also have demonstrated this modifi-
cation’s impact on cellular uptake efficiency, cytotoxicity,
and apoptosis in vitro. For the first time in the literature, we
have developed DOC-PEG-PCL-mADb NPs and studied their
physicochemical characteristics. In addition, we have dem-
onstrated that the surface density of the targeted molecules,
believed to be an important property in term of cancer cell
inhibition efficiency, showed significant difference between
cells transfected with a PD-L1 expression plasmid and
untransfected controls. The in vitro cellular uptake of NPs
was investigated qualitatively by a confocal cell laser scan-
ning microscope. The in vitro cytotoxicity was evaluated by
MTT assay. Apoptosis and cell cycle stage were analyzed by
flow cytometry. The overall performance of the designed drug
delivery carrier was evaluated in terms of consistency.

Materials and methods

Materials

DOC was purchased from Jiangsu Hengrui Medicine
Company (Jiangsu, China). Methoxy polyethylene glycol
(MePEG; M : 5,000; Sigma-Aldrich Co., St Louis, MO,
USA) was dehydrated with toluene, following vacuum
drying at 50°C for 12 hours. e-Caprolactone (e-CL; Fluka,
Shanghai, China) was purified by drying over CaH, at room
temperature (RT) and distillation under reduced pressure.
Coumarin 6, stannous octoate, dichloromethane (DCM),
chloroform, ethyl ether, sodium borate, PBS (pH 7.4), N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDAC), N-hydroxysulfosuccinimide (Sulfo-NHS), trypsin-
EDTA solution, propidium iodide (PI), dimethyl sulfoxide
(DMSO), and MTT were all provided by Sigma-Aldrich, and
polyvinyl alcohol (PVA) was purchased from Aladdin Co.
Ltd. (Shanghai, China). Methanol and acetic acid, used as
mobile phase in HPLC, were purchased from EMD Millipore
(Billerica, MA, USA). Human PD-L1/B7-H1 mAb and nega-
tive control mAb (mouse IgG1 isotype control) were sup-
plied by R&D Systems, Inc (Minneapolis, MN, USA). FBS
and DMEM were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). All other chemicals were of analytical
grade and were used without further purification. MGC803,
MKN45, and HGC27 GC cell lines were obtained from the
Shanghai Institute of Cell Biology (Shanghai, China).

Synthesis of PEG-PCL block copolymers
The PEG-PCL copolymers were synthesized via ring
opening copolymerization as described previously.?
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Briefly, a predetermined volume of MePEG or PEG (50 g,
10 mmol) was introduced into a polymerization tube contain-
ing e-CL (1.15 g), and then stannous octoate (0.05 g) was added
as a catalyst. The tube was then connected to a vacuum line,
evacuated, sealed off, and placed in a thermostat at 130°C for
48 hours. After the polymerization was complete, the result-
ing complexes were dissolved in DCM and precipitated into a
large amount of cold ethyl ether to remove the monomer and
oligomer. Then, the precipitates were filtered and washed with
water several times before being dried at reduced pressure.

PD-LI mAb conjugation and ligand density

on surface of PEC-PCL copolymers

PD-L1 mAbs were dissolved in borate buffer (pH 8.4) at a
concentration of 10 mg/mL. Freeze-dried PEG-PCL NPs
powder was re-suspended in borate buffer with a designated
volume of mAb solution. The EDAc and Sulfo-NHS were
added to conjugate the free primary amine groups on the
NPs surface with the carboxylic groups on the antibody
molecules.”” Following a 16-hour incubation at RT, the
NPs were obtained by centrifugation and washed twice in
borate buffer. The pellets were rinsed with ultrapure water
and freeze dried for further analysis. The supernatant was
collected after each centrifugation and scanned for measure-
ment of the antibody concentration. The antibody amount
bound on the NPs surface was obtained by subtracting the
amount in the supernatant from the original amount. The
negative control for mAb conjugation (PEG-PCL-IgG) NPs
was prepared in a same way with the PD-L1 mAb replaced
by a mouse IgG1 isotype control mAb.

Preparation of DOC-loaded NPs

The DOC-loaded (DOC-PEG-PCL-mAb and DOC-PEF-
PCL-IgG) NPs were formulated by a single-emulsion solvent
evaporation technique according to previously published
work with slight modifications.*® In brief, 5 mg of DOC was
dissolved in 0.5 mL of chloroform in a beaker and mixed
with 20 mg of mAb-conjugated PEG-PCL. To generate
the emulsion, the mixture was added dropwise to 1.5 mL
of a 3% (w/v) PVA solution and then sonicated (XL2000;
Misonix Inc., Farmingdale, NY, USA) for I minute (32.5 W)
to obtain an O/W emulsion. This emulsion was then emulsi-
fied in 2.5 mL of an aqueous solution containing 0.5% (W/v)
PVA by sonication for 30 seconds (26 W). The O/W emul-
sion was then gently stirred at RT in a fume hood until all
the organic solvent evaporated. The resulting solution was
filtered through a 0.45-um microporous membrane to remove
non-incorporated drugs. Blank PEG-PCL NPs were prepared
in the same manner, but without adding DOC. The fluorescent

NPs were prepared in a same way except that the DOC was
replaced with Coumarin 6.

Characterization of NPs

Size, polydispersity, zeta potential, and morphology
of NPs

The particle size, polydispersity, and zeta potential of PEG-
PCL NPs, DOC-PEC-PCL NPs, and PEG-PCL-mAb NPs
were measured by a dynamic light scattering (DLS) detector
(Brookhaven Instruments Corporation, Holtsville, NY, USA)
and ZetaPlus (Brookhaven Instruments Corporation) at RT
in ultrapure water. The values were shown as the average
of triplicate measurements for a single sample. The surface
morphology of the DOC-PEG-PCL-mAb NPs was inves-
tigated by a field emission scanning electron microscopy
system (FESEM; JEOL JSM-6700F, Japan). The samples
were prepared by dripping a single drop of the NP suspension
on a copper grip covered with nitrocellulose membrane and
air dried before observation.

Surface chemistry analysis

The existence of mAbs on the NPs’ surface was confirmed
by X-ray photoelectron spectroscopy (XPS; AXIS His-165
Ultra; Kratos Analytical, Shimadzu Corporation, Kyoto,
Japan). The XPS was used to investigate the surface chem-
istry of the NPs. The NPs surface was further analyzed in
terms of the specific binding energy (eV) of the elements. The
fixed transmission mode was utilized with a passing energy of
80 eV, and the binding energy spectrum was recorded from
0to 1,500 eV. The nitrogen element was analyzed under fine
mode with 0.5 eV as a step.

Drug encapsulation efficiency (EE) and loading
capacity (LC)

EE and LC of DOC-PEG-PCL-mAb NPs were analyzed by
HPLC as we previously described.?' Chromatographic separa-
tion was achieved using a Zorbax C18 column (150 X 4.6 mm,
5 um; Agilent Technologies, Santa Clara, CA, USA). The
injection volume was 20 UL, and the wavelength was set at
360 nm. The column temperature was 30°C. The mobile
phases included a mixture of methanol/water (93:7, v/v)
containing 0.1% acetic acid. The EE% and LC% were cal-

culated by equations (1) and (2), respectively:

Weight of the drug in nanoparticles
Weight of the feeding drug

EE% = x 100%. (1)

LC%
Weight of the drug in nanoparticles

=— - %x100%.(2)
Weight of the total amount of nanoparticles
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In vitro DOC release from NPs

The in vitro release of DOC from DOC-PEG-PCL-mADb NPs
was monitored by dialysis in PBS containing 0.1% Tween-80,
which improves the solubility of DOC in PBS to simulate
the sink condition. About 0.5 mL of DOC-PEG-PCL-mAb
NPs was sealed into a dialysis bag with a 14-kDa molecular
weight cutoff. The dialysis bag was immerged in a 5-mL
release medium (PBS containing 0.5% v/v Tween-80) with
gentle agitation at 37°C for 240 hours. At predetermined time
points, a volume of 5 mL of release medium was withdrawn,
and an equivalent volume of fresh medium was added. Each
sample was centrifuged at 10,000 r/min to remove the pos-
sible impurities that were mixed into the release medium
during the operating process. The samples were extracted
with DCM, vacuum dried at 37°C, and reconstituted with
methanol. The DOC was determined by HPLC analysis under
the same conditions described previously.

Cellular uptake of NPs by fluorescence

microscopy

Cellular uptake studies were performed using Coumarin 6
dye and fluorescence microscope analysis. MKN45 cells were
cultivated on 24-well plates for 1 day. After the cells reached
70% confluence, half of the cells were transfected with a PD-L1
plasmid. Next, the culture medium was changed to the suspen-
sion of Coumarin 6-loaded mAb-conjugated NPs 48 hours later
at the concentration of 0.125 mg/mL for either 1 or 2 hours of
incubation. The cells were washed with 0.5 mL PBS three times
after incubation and then fixed with 4% cold paraformaldehyde
for 20 minutes. The cells were then washed thrice with PBS,
followed by the addition of DAPI. Finally, the cells were washed
twice with PBS and imaged under a confocal laser scanning
microscope (CLSM; Olympus Fluoview FV1000; Olympus,
Tokyo, Japan). The pictures were further analyzed using ImageJ
software (National Institute of Health, Bethesda, MD, USA).

In vitro cytotoxicity

The cytotoxic effects of NPs on MGC803, MKN45, and
HGC27 cells were measured via MTT assay. The cells
were layered at a density of 5x10° cells/well (0.1 mL) in
96-well plates. After 24 hours, the cells were divided into
two groups, with or without PD-L1 plasmid transfection for
48 hours. After that, the culture medium was replaced with
prepared doses of PBS, PEG-PCL, PEG-PCL-mAb, PEG-
PCL-IgG, DOC, DOC-PEG-PCL, DOC-PEG-PCL-mAD,
or DOC-PEG-PCL-IgG for 48 hours. Next, 20 UL of MTT
(5 mg/mL) was added to each well. MTT was removed after
incubation for an additional 4 hours, and DMSO was added

to dissolve the formazan crystals in the cells. Absorbance was
measured at 570 nm using a microplate reader. Cell viability
was calculated using the following formula:

D of test
Cell viability (%) = —2DOf test group

x100%. (3)
OD of control group

All the results were derived from three independent
experiments and tested in triplicate each time.

Apoptosis assay and cell cycle analysis

For the apoptosis assay, the HGC27 cells were plated in six-
well culture plates at a density of 1x10° cells/well. After incu-
bating overnight, the cells were treated with blank PEG-PCL,
PEG-PCL-IgG, PEG-PCL-mAb, DOC, DOC-PEG-PCL-
IgG, and DOC-PEG-PCL-mAD NPs groups for 72 hours. The
cells were co-stained with 5 uL Alexa Fluor 488 annexin-V
and 1 uL 100 pg/mL PI working solution (Thermo Fisher
Scientific) to each 100 UL of cell suspension for 15 minutes,
as described in the cell apoptosis kit, and then stained cells
were analyzed by flow cytometry with a BD FACS Calibur
(BD Biosciences, San Jose, CA, USA) as soon as possible.
Green fluorescence represented apoptotic cells, cells stained
with both red and green fluorescence represented dead cells,
and live cells showed little or no fluorescence.

For the cell cycle analysis, the cells were analyzed using
PI/RNase buffer (BD Pharmingen, San Jose, CA, USA)
staining according to the instruction book.”> HGC27 cells
were plated in six-well plates at a density of 1x10° cells/well
overnight. Next, the cells were treated with blank PEG-PCL
NPs, PEG-PCL-IgG, PEG-PCL-mAb, DOC, DOC-PEG-
PCL-IgG, and DOC-PEG-PCL-mAD for 24 hours. The cells
were collected, fixed in 75% ethanol at —20°C for at least
2 hours, washed twice to remove the ethanol by cold PBS,
and stained with PI/RNase staining buffer for 15 minutes
at RT. Cells were then analyzed via flow cytometry within
1 hour of collection.

Western blot assay

The protein B-IIT tubulin in cell extracts was used directly
for microtubule dynamics detection. The expression of pro-
apoptotic and antiapoptotic proteins, caspase-3, caspase-8,
caspase-9, and Bcl-2, were analyzed to confirm cell death,
and cell cycle arrest was evaluated by measuring the cell
cycle markers cyclin A and cyclin B in NP-treated cells. The
HGC27 cells were seeded in six-well plates (3x10%/well)
in DMEM with 10% FBS at 37°C with 5% CO,. After
24 hours, the cells were treated with blank PEG-PCL NPs,
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PEG-PCL-IgG, PEG-PCL-mAb, DOC, DOC-PEG-PCL-
IgG, and DOC-PEG-PCL-mAD for 48 hours, and then the
cells of each group were collected and lysed using RIPA lysis
buffer (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
on ice for 30 minutes before being centrifuged at 12,000x g
for 10 minutes at 4°C. After each sample was separated by
SDS-PAGE, the protein was electrotransferred to polyvinyli-
dene difluoride membranes (EMD Millipore, Billerica, MA,
USA). The membranes were blocked using blocking buffer
for 1 hour and then incubated with primary antibodies for
2 hours at RT or overnight at 4°C. After three washes with
PBS-0.1% Tween-20 buffer, the membranes were incubated
with a secondary antibody conjugated with horseradish per-
oxidase (Cell Signaling Technology, Beverly, MA, USA)
for 1 hour at RT. After washing three times, the blots were
visualized under an enhanced chemiluminescence method
(EMD Millipore). Rabbit and mouse monoclonal antibod-
ies against B-III tubulin, caspase-3, caspase-8, caspase-9,
and Bcl-2 were purchased from Abcam (Cambridge, UK).

Statistical analyses

The data are represented as the mean+SD. The comparisons of
the mean value were performed by two-tailed Student’s #-test.
P<0.005, P<0.01, and P<<0.05 were considered significant.

Results
NPs conjugated by PD-LI mAb

Antibody-mediated targeting of GC cells was accomplished
by using precision engineering. The method was based on the
PEG-PCL NP synthesis as described in the “Materials and
methods” section. The NPs were conjugated with antibody
by an amidation reaction with EDAc and Sulfo-NHS in
aqueous phase (Figure 1A). We also investigated correla-
tion of the amount of antibody conjugated on the NP surface
with the ratio of the NPs to PD-L1 mAb. A series of weight
ratios (w/w) of NPs/mAb from 10% to 60% were designed
to prepare PEG-PCL-mADb copolymers. The final levels
of PD-L1 mAb conjugated to the NPs surface are listed in
Table 1. Therefore, the 40% wt ratio (w/w) of PEG-PCL/
PD-L1 mAb was selected to synthesize PEG-PCL-mADb
copolymers for all subsequent experiments.

The antibody conjugation of NPs was confirmed by
analyzing their surface chemistry using XPS to identify the
changes in nitrogen signal according to the specific bind-
ing energy. The antibody molecules contain a considerable
quantity of nitrogen atoms, which should respond to a stronger
signal than that from the amine groups in the PEG-PCL NPs
alone. A distinct peak of signals from the orbital of nitrogen

(N 1s) qualitatively verifies that the antibody molecules had
been conjugated to the polymeric matrix cores in the ‘PEG-
PCL + mAb + Sulfo-NHS’ group. Meanwhile, the absence
of the N 1s signal in the measurement of the control group
without the addition of Sulfo-NHS further confirmed that
the PD-L1 mAb had been successfully conjugated on the
polymer matrix (Figure 1B).

Structure characterization and surface
morphology of the NPs

The particle size and size distribution of three formulations of
the NPs were in the range of 170-200 nm with polydispersity
of 0.203-0.358 determined by DLS, an acceptably narrow
size distribution (Table 2; Figure 2A). As expected, the size
of DOC-PEG-PCL-IgG NPs and DOC-PEG-PCL-mAb NPs
was slightly larger than that of the PEG-PCL alone due to the
addition of DOC. The zeta potentials were negative, ranging
from —8.89 to —15.45 mV, and the EE and LC of the DOC-
PEG-PCL-IgG NPs were 58.6%12.5% and 46.6%10.07%
and of the DOC-PEG-PCL-mADb NPs were 48.8%+1.3% and
46.5%13.4%, respectively. These results suggested that the
NPs had high EE and narrow size distribution. In addition, the
stability data of particle sizes were determined by DLS every
2 days for 10 days to evaluate stability (Figure 2B). FESEM
was employed to image the morphology of the DOC-PEG-
PCL-mADb NPs. It was revealed that the NPs are generally
spherical in shape and that the particle size observed from
these FESEM images was in good agreement with that
determined by DLS, which facilitated the enrichment of NPs
in the tumor tissue by increasing the enhanced permeability
and retention (EPR) effect (Figure 2C).

In vitro drug release profile

The drug release profile of the DOC-loaded PEG-PCL NPs
after PD-L1 mAb conjugation was detected in vitro over
10 days. DOC presented a burst release from NPs in the first
8 hours, with nearly 35% drug released from the carriers.
Afterward, a steady sustained release was observed during
the following 10 days and is expected to provide a sustainable
drug concentration in an internal environment (Figure 3).
These results indicate that DOC-PEG-PCL-mAb NPs could
sustain a continued release of DOC for up to 10 days.

Cellular uptake analysis in vitro

To compare the delivery ability of mAb-conjugated NPs,
a fluorescent quantitative investigation was conducted by
measuring the fluorescence intensity of Coumarin 6 in
the cytoplasm of MKN45 cells. The cellular uptake of the
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Figure | Synthesis of DOC-PEG-PCL-mAb NPs and XPS spectrum results.
Notes: (A) Schematic illustrating the fabrication of PD-LI mAb-conjugated PEG-PCL NPs: the NPs comprise a PCL core with DOC loaded, a hydrophilic and stealth PEG

shell on the surface of the core, and a mAb coating. (B) Representative XPS spectrum and N |s peak of different NPs groups.
Abbreviations: DOC, docetaxel; mAb, monoclonal antibody; NP, nanoparticle; PEG-PCL, poly (ethylene glycol)-poly (e-caprolactone); XPS, X-ray photoelectron

spectroscopy.
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Table | PD-LI mAb content of the PEG-PCL-mAb NPs of various
NPs/mADb ratios used in the process

Ratio of PEG-PCL to PD-LI PD-L1 mAb content (% wiw)
mADb (% wiw)

10 4.240.23

20 9.7£0.55

30 17.6+1.21

40 22.5+0.83

50 23.1£1.43

60 22.8+1.62

Note: 40% weight ratio (w/w) of PEG-PCL/PD-LI mAb was the best choice to
synthesize PEG-PCL-mAb copolymers.

Abbreviations: mAb, monoclonal antibody; NP, nanoparticle; PD-LI, programmed
death-ligand |; PEG-PCL, poly (ethylene glycol)-poly (e-caprolactone).

Coumarin 6-PEG-PCL-mAb NPs was investigated by CLSM
after 1 hour and 2 hours of incubation in MKN45 cells with
different levels of PD-L1 ligand expression. The images
obtained from the FITC channel, which represents the pres-
ence of Coumarin 6, are shown in column “Coumarin 6”;
the DAPI channel shows the nuclei in blue fluorescence
stained by DAPI; and column “Overlay” displays the images
obtained from the merged FITC and DAPI channels. Under
the same exciting laser intensity from the same confocal
microscope, it can be seen that the fluorescence intensity
with the PD-L1 plasmid transfection group in the cytoplasm
is significantly higher than that from the untransfected group
(Figure 4). This outcome indicates that the recognition
between the PD-L1 ligand expressed on the cytomembrane
and the PD-L1 mAb on the surface of the Coumarin 6-PEG-
PCL-mADb NPs contributes to the enhancement of the uptake
of Coumarin 6 encapsulated in the NPs. Over time, the cell
uptake of Coumarin 6 increased; however, the nonspecific
uptake was also increased.

In vitro cytotoxicity

The cell killing efficacy of the NPs formulations is reflected
by their cytotoxicity in tumor cells. To simulate tumor
microenvironment in vitro, we divided the three kinds of
gastric cells into two groups, with and without a PD-L1
plasmid transfected. As shown in Figure 5A, the red curves

represent the initial expression level of PD-L1 protein in dif-
ferent GC cells and the orange curves represent the PD-L1
expression level after the plasmid was transfected. The
results indicate that we achieved PD-L1 overexpression in
our cell lines. Figure 5B illustrates the quantitative analysis
on the cytotoxicity of DOC formulated in different NP
copolymers, which are of various drug concentrations from
20 to 160 ng/mL. It can be seen that the viability of all three
GC cells decreased along drug concentration and expression
level of PD-L1 protein increased. Blank and DOC-unloaded
NPs had minimal effects on suppression of cell proliferation
in the range of our tested concentration. Compared with
the isotype IgG control-modified NPs, DOC-PEG-PCL-
mADb exhibited significantly increased cytotoxicity in the
three GC cell lines despite high drug concentrations before
PD-L1 plasmid transfection. These advantages become more
obvious after plasmid transfection. The DOC-PEG-PCL-
mAb NPs exhibited the highest mortality (ie, the highest
cytotoxicity) among all the other formulations with DOC
loading, while the DOC-PEG-PCL-mAb NPs exhibited little
cell mortality at low drug concentrations without PD-L1
plasmid transfection. This outcome may demonstrate that
PD-L1 mAb-conjugated NPs can target cells that specifically
express PD-L1 protein and exert a cytotoxic effect on those
cells. In addition, HGC27 cells seem more sensitive to drug
concentration compared with the others, and this might be
due to the relatively high initial PD-L1 expression level in
the HGC27 cell line.

DOC-PEG-PCL-mAb NPs enhance
apoptosis of HGC27 cells

We measured the percentage of apoptotic cells 48 hours after
treatment with blank PEG-PCL, PEG-PCL-IgG, PEG-PCL-
mAb, DOC, DOC-PEG-PCL-IgG, and DOC-PEG-PCL-mAb
NPs. As shown in Figure 6A, cellular incorporation of DOC
alone and DOC-PEG-PCL-IgG NPs increased the fraction
of cell apoptosis compared with control (16.3%0.11%
and 17.2%20.13%, respectively). The number of apoptotic
cells following treatment with DOC-PEG-PCL-mAb NPs
exhibited an obvious increase compared with that of the

Table 2 Comparison of the characteristics of PEG-PCL, DOC-PEC-PCL-IgG, and DOC-PEG-PCL-mAbs

NPs Zeta potential (mV) | Polydispersity Diameters (nm) EE% LC%
PEG-PCL —11.54+1.35 0.203+0.004 176.314.5 - -
DOC-PEC-PCL-IgG | -8.89+0.89 0.308+0.012 182.1£5.6 58.6+2.5 46.610.07
DOC-PEG-PCL-mAb | —15.45+1.68 0.358+0.048 189.318.3 48.8%1.3 46.5+3.4

Notes: Data are represented as mean+SE, n=3. These results suggested that the DOC-PEG-PCL-IgG NPs had high EE and narrow size distribution.
Abbreviations: DOC, docetaxel; EE, encapsulation efficiency; 1gG, immunoglobulin G; LC, loading capacity; mAb, monoclonal antibody; NP, nanoparticle; PEG-PCL,

poly (ethylene glycol)-poly (e-caprolactone); SE, standard error.
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Notes: (A) The size distribution of the DOC-PEG-PCL-mAb NPs determined by DLS. (B) Stability of the DOC-PEG-PCL-mAb NPs. The diameter of the NPs was
determined by DLS, and each value represents the meantSD. (C) Representative FESEM images of the DOC-PEG-PCL-mAb NPs. Scale bar represents 500 nm and | pum.
Abbreviations: DLS, dynamic light scattering; DOC, docetaxel; FESEM, field emission scanning electron microscopy; mAb, monoclonal antibody; NP, nanoparticle;

PEG-PCL, poly (ethylene glycol)-poly (e-caprolactone).

control (37.4%0.23%). A comparison between the two
antibody-conjugated DOC-loaded groups showed that the
difference was significant. Similar trends were also observed
in Western blot analysis. The increased expression of
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Figure 3 In vitro drug release profiles of the DOC-PEG-PCL-mAb NPs in pH 7.4
PBS buffer at 37°C where the measurement was made from | hour to |10 days.
Note: The data are represented as the mean+SEM, n=3.

Abbreviations: DOC, docetaxel; mAb, monoclonal antibody; NP, nanoparticle;
PEG-PCL, poly (ethylene glycol)-poly (e-caprolactone); SEM, standard error of
the mean.

proapoptotic proteins, caspase-3, caspase-8, and caspase-9
and the decreased expression of antiapoptotic protein Bcl-2
confirmed apoptosis (Figure 6B). All of these results showed
that when combined with PD-L1 mAb, the copolymer NPs
induced more apoptosis than that of the other NPs groups.

DOC-PEG-PCL-mAb NPs enhanced
G2-M arrest

Compared with the control group, treatment with DOC contain-
ing groups induced cell cycle arrest at the G2/M phase. The
cells treated with PD-L1 mAb-conjugated NPs significantly
increased cells arrested at the G2/M phase (Figure 7A). There
were significant differences between DOC-PEG-PCL-mAb
NPs group and the other DOC containing groups (P<<0.001).
We investigated the cell cycle markers cyclin A and cyclin B
in different NP-treated cells. We found that cyclin A and
B proteins were increased in the DOC-PEG-PCL-mAD
group, which confirmed the cell cycle arrested at G2/M
phase (Figure 7B). Cells arrested in G2/M phase make them
more sensitive to the damaging effects of cytotoxic agents.
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labeled on the figures. **P<<0.01, and *P<<0.05 were considered significant.

Abbreviations: mAb, monoclonal antibody; NP, nanoparticle; PD-LI, programmed death-ligand |; PEG-PCL, poly (ethylene glycol)-poly (e-caprolactone).

The results demonstrated that DOC-PEG-PCL-mAb NPs
arrested more cells at the G2/M phase, which will allow them
to be more easily killed by radiation.

DOC-PEG-PCL-mADb NPs influence

microtubule dynamics

TUBBS3 in cell extracts was used directly for microtubule
dynamics detection. We evaluated the TUBB3 protein expres-
sion in HGC27 after 48 h cell culture with PEG-PCL, PEG-
PCL-mAb, PEG-PCL-IgG, DOC, DOC-PEG-PCL-mAD,
and DOC-PEG-PCL-IgG NPs by Western blot. As shown
in Figure 8, an evident decrease of TUBB3 expression was
observed in both PD-L1 plasmid-transfected and untrans-
fected cells, suggesting that DOC-PEG-PCL-mAb NPs
significantly influenced the dynamics of microtubules.

No differences between the PD-L1 high expression cells and
low expression cells were exhibited.

Discussion
In this study, we have developed PD-L1 antibody-mediated
NPs (PEG-PCL-mAb NPs) synergized with DOC to target
GC cells, enabling higher drug uptake, excellent sensitivity,
widespread cell apoptosis, and microtubule network
disruption. According to our knowledge, this is the first
report of chemotherapy NPs targeted to the PD-L1 immune
checkpoint as a promising agent for antitumor therapy.
DOC has demonstrated promising cytotoxic activity in GC,
both as monotherapy* and in combination with other agents.**
However, due to the extreme hydrophobicity and degradation
characteristics exhibited by this compound in vivo, the use
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of DOC is limited. Furthermore, the poor water solubility of
DOC limits the delivery characteristics of the drug to the tumor
site at an effective concentration. PD-L1-targeted monoclonal
antibodies have been approved by the FDA for the treat-
ments of different cancers. However, only part of the cancer
patients respond to the antibodies therapy due to its reliance
on high expression of PD-L1 on cancer cells.*> Meanwhile,
both transcriptional and posttranscriptional mechanisms have
been investigated that the agent paclitaxel (PTX) induced the
expression of PD-L1 immunosuppressive molecules via the
mitogen-activated protein kinase (MAPK) pathway.** This
evidence suggests a synergy if the agent PTX could colocal-
ize with the PD-L.1 mAb. PD-L1 expression is a valuable
biomarker for therapies targeting immune checkpoints, which
are expressed on various tumor cells.’” However, there is a
need for tumor-targeted delivery systems for securing both
efficacy and safety since PD-L1 is also expressed on the
normal tissues and cells.’® Above all, a NP system may be a
key technology to address above issues by offering targeted
delivery of various types of immunotherapeutics, resulting
in significant improvements in the tumor immunotherapy.
The drug carrier copolymers produced in this study
are a core shell system in which PCL chains possess a

core matrix, while PEG chains from PEG-PCL copolymers
stretch on the PCL core as the shielding shell layer, which
can enhance the hydrophilicity and assist the particle in
escaping from phagocytosis and opsonization. We con-
jugated PD-L1 monoclonal antibodies to the surface of
PEG-PCL copolymers via EDC/NHS coupling agents and
not only improved the delivery efficiency of drug but also
reduced the complexity by controlling the combination of
administration time, administration site, and dosage. NPs
can increase the solubility of hydrophobic therapeutic and
offer the proper size and surface properties to prolong blood
circulation, allowing for their selective accumulation in
tumors via the EPR effect.*® Tumor accumulation may be
further improved by modifying the particle surface with
cancer targeting ligands.*

Nonspecific interaction between nanocarriers and non-
target cells is a critical challenge that limits the therapeutic
efficacy resulting in adverse effects.*! By using Coumarin 6
dye-encapsulated PEG-PCL-mAb NPs, we monitored the
specific intracellular uptake of NPs using fluorescence
microscopy. Compared with the group not transfected with
the PD-L1 plasmid, the Coumarin 6 dye within PEG-PCL-
mADb NPs was visualized in the cytoplasm of GC cells

A MGC803 HGC27 MKN45
Sample PD-L1 positive Sample PD-L1 positive Sample PD-L1 positive
name proportion name proportion name proportion
Mock 2.34% Mock 2.31% Mock 2.71%
Untreated 2.71% Untreated 6.21% Untreated 3.91%
Plasmid transfected 17.91% Plasmid transfected 92.35% Plasmid transfected 85.62%
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Figure 5 In vitro viability of three types of gastric cancer cells treated with blank NPs, PEG-PCL, PEG-PCL-IgG, PEG-PCL-mADb, free DOC, DOC-PEG-PCL, DOC-PEG-PCL-
IgG, and DOC-PEG-PCL-mADb NPs at different drug concentrations after 48 hours of incubation.

Notes: (A) PD-L| expression level of MGC803, MKN45, and HGC27 cells before and after PD-LI plasmid transfection by flow cytometry and Western blot analysis. (B) In
vitro viability of three kinds of gastric cancer cells. Data were expressed as the mean£SD of three independent experiments. ***P<0.005, **P<0.01, and *P<<0.05 were

considered significant.

Abbreviations: APC, allophycocyanin; DOC, docetaxel; IgG, Immunoglobulin G; mAb, monoclonal antibody; NP, nanoparticle; PD-LI, programmed death-ligand |; PEG-

PCL, poly (ethylene glycol)-poly (e-caprolactone).

after plasmid transfection. The PD-L1 targeting ligand the expression of PD-L1 in cancer cells, making target cells

in the formulation contributed to improve cellular uptake = more sensitive to PD-L1 mAbs. This outcome results in the
and enhanced drug transfection efficiency in MKN45 cells DOC-PEG-PCL-mAb NPs effectively delivering DOC to
(Figure 4) via recognition of conjugated antibody on the tumor cells, causing a mortality rate up to 65% (Figure 5B),

surface of NPs. Furthermore, we evaluated the anticancer cell ~ increasing cell apoptosis (Figure 6), and causing a quantity

function of different nanoformulations. The results indicate  of cells to arrest in G2/M phase (Figure 7). On the other

that the PD-L1 protein, a potent biomarker, increases the  hand, tumor cells may also be more susceptible to immune

tumor-targeting effects. The successful treatment of GC partly  attack after exposure to chemotherapy.**** Chemotherapy can

depends on the sensitivity of cancer cells to conventional che-  change the tumor microenvironment to facilitate increased

motherapy. At the cellular level, we found that DOC increases ~ immune activity or recognition, including the formation of
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Figure 6 Apoptosis of HGC27 cells after exposure to blank PEG-PCL, PEG-PCL-IgG, PEG-PCL-mAb, DOC, DOC-PEG-PCL-IgG, and DOC-PEG-PCL-mAb NPs.
Notes: (A) Scatter plot indicating the cell populations in apoptotic and necrotic quadrants with the percentage of cancer cell death posttreatment of different NPs. (B)
Western blot data of apoptosis showing the expression of proapoptotic and antiapoptotic proteins. Data were presented as the meantSD of three independent experiments.

*#¥P<0.005, **P<<0.01, and *P<<0.05 were considered significant.

Abbreviations: Bcl-2, B-cell lymphoma 2; DOC, docetaxel; IgG, immunoglobulin G; mAb, monoclonal antibody; NP, nanoparticle; PEG-PCL, poly (ethylene glycol)-poly

(e-caprolactone).

additional neo-antigens, the infiltration of cytotoxic T cells,
and the reduction in inhibitory T-regulatory cells.*
PD-L1 mAb conjugated with PEG-PCL NPs showed
TUBB3 expression inhibition similar to the DOC-PEG-
PCL-mAb NPs in HGC27 cells, which suggests that the
antibody activity was retained even after NP synthesis, as
shown in Figure 8. The cellular uptake results indicate that
the drug can be ingested to a certain extent even in cells
with low PD-L1 expression. Low concentration of NPs
will contribute to TUBB3 expression inhibition. This also

indicates that the linked antibodies have good biological
activity. In addition, according to our research, the inhibi-
tion might be caused by the PD-L1 mAb and thus further
increases the drug sensitivity of DOC. The synergy between
PD-L1 mAb and DOC has been reported in the literature,*4
and the mechanism may be that the PD-L1 antibody leads to
TUBB3 expression inhibition. The advantages of our DOC-
PEG-PCL-mADb NPs in terms of cytotoxicity might be mainly
due to cellular uptake superiority and synergy between the
PD-L1 mAb and DOC. The efficacy of DOC-PEG-PCL-mADb

28 submit your manuscript

Dove

International Journal of Nanomedicine 2019:14


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

PD-LI mAb-conjugated nanoparticles enhance chemotherapy efficacy

A Blank PEG-PCL-IgG PEG-PCL-mAb
500 A 600 |
600
400
= 3004 = 47 2 400 - P=0.0007
g 3 3 0, v
200 1 o o = P=0.0004
200 200 ~N Hokk
100 O 30/
U
)
0 T T Y T T 0 T T T T T 0 T T T T T Q
0 50K 100 K 150 K 200 K 250 K 0 50K 100K 150 K 200 K 250 K 0 50K 100K 150 K 200 K 250 K ()] 20
PE-A PE-A PE-A ..g
poc DOC-PEG-PCL-IgG DOC-PEG-PCL-mAb 3 101
400 500 500 E
400 & 0-
300 600 Q;\?’& ¢§9 é\?‘g OOO QO 6\‘?9
‘g’ ‘g ‘g 300 4 OO QO\’ Q(}/
200 ] ¢ & ICACY
3 3« 8 o] & & OQ‘(/ &
100 + 200 | 100 4 OO QO
0 T T T T T 0 T T T T T 0 T T Y T T
0 50K 100K 150 K 200 K 250 0 50K 100K 150 K 200 K 250 0 50K 100K 150 K 200 K 250 K
PE-A PE-A PE-A
B 209 ¢ o |
35 ' X .
25 154
® = 15 ok
= —_—
0 c
1™
9 10
o 4 o g
&) @v c®
) N 2 5 8
o Ve @) (@) O g 5- T
OQ o& ' ’ > X
\ \ < (< O3
L L % © |mmm 0770 BTN
\'b‘& & & &Ff & s § & &F ¢ &
Q 4 R Q Q Q F Y S 9 Y O\;‘Q
. & Y (e} 3
- —— — W — _— Cycl'nA QQ/ Q@O O/Q/ Q/O
S
OO QO
. . sk |
s s sses W  Cyclin B 51° -
o T ' o |
23 41
= O
[ ok
-—— e e s s <> GAPDH AR Y L —
1= o ]
<9 )
@ .
=0
> g 1
°s N
0 J
PN RN
T o NS O
L O L L0
[} OQ (¢} &
& & & &
< K
O oo
MR

Figure 7 DOC-PEG-PCL-mAb NPs enhance G2/M arrest.

Notes: (A) The influence of cell cycle was analyzed using PI/RNase buffer. Compared with control group, DOC-PEG-PCL-mAb NPs significantly induced cell cycle arrest at
the G2/M phase. (B) Cyclin A and B protein accumulated in the DOC-PEG-PCL-mAb NPs-treated group. ***P<<0.005 and **P<<0.0| were considered significant.
Abbreviations: DOC, docetaxel; IgG, immunoglobulin G; mAb, monoclonal antibody; NP, nanoparticle; PE-A, phycoerythrin-A; PEG-PCL, poly (ethylene glycol)-poly

(e-caprolactone); Pl, propidium iodide.

NPs in targeting gastric tumors in vivo will be investigated
in future studies.

Before the advent of immune checkpoint antibodies,
many clinical studies have shown that the combination of
immunotherapy drugs and traditional chemotherapy drugs

reveal better therapeutic effects.*®*’ Nevertheless, the addition
of the mAb on the NPs loaded with DOC is a better solution
for anticancer efficacy, as well as the reduction in the side
effects. Moreover, this system can be applied to not only
GC cells but also to other PD-L1 expressing cancer cells.
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were considered significant.

Abbreviations: DOC, docetaxel; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IgG, immunoglobulin G; mAb, monoclonal antibody; NP, nanoparticle; PEG-PCL,

poly (ethylene glycol)-poly (e-caprolactone); TUBB3, tubulin beta-3k.

We believe that the development of novel theranostic NPs
and their facile surface chemistries will provide tremendous
opportunities for controlling antitumor immunity and improv-
ing immunotherapy efficacy.

Conclusion

This research reconstructed NPs (PEG-PCL NPs) for sur-
face coating by PD-L1 monoclonal antibodies for targeted
delivery of anticancer drugs for GC treatment. Such a NP
system for drug delivery is multifunctional, providing a way
to formulate anticancer drugs with no use of harmful adju-
vants, reducing the side effects of the formulated anticancer
drug, promoting synergistic therapeutic effects with cancer
immune checkpoints, and achieving targeted delivery of the
therapy. The PD-L1 mAb-conjugated DOC-PEG-PCL NPs
have the potential to be applied for targeted chemotherapy
for PD-L1-positive cancer. These results should be further
confirmed by in vivo experiments.
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