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Abstract: Programmed death ligand-1 (PD-L1), which is highly expressed in gastric cancers,
interacts with programmed death-1 (PD-1) on T cells and is involved in T-cell immune resistance.
To increase the therapeutic safety and accuracy of PD-1/PD-L1 blockade, RNA interference
through targeted gene delivery was performed in our study. We developed folic acid (FA)- and
disulfide (SS)—polyethylene glycol (PEG)-conjugated polyethylenimine (PEI) complexed with
superparamagnetic iron oxide Fe,O, nanoparticles (SPIONSs) as a siRNA-delivery system for
PD-L1 knockdown. The characterization, binding ability, cytotoxicity, transfection efficiency,
and cellular internalization of the polyplex were determined. At nitrogen:phosphate (N:P) ratios
of 10 or above, the FA-PEG-SS-PEI-SPIONs bound to PD-L1 siRNA to form a polyplex with
a diameter of approximately 120 nm. Cell-viability assays showed that the polyplex had mini-
mal cytotoxicity at low N:P ratios. The FA-conjugated polyplex showed higher transfection
efficiency and cellular internalization in the folate receptor-overexpressing gastric cancer cell
line SGC-7901 than a non-FA-conjugated polyplex. Subsequently, we adopted the targeted
FA-PEG-SS-PEI-SPION/siRNA polyplexes at an N:P ratio of 10 for function studies. Cellular
magnetic resonance imaging (MRI) showed that the polyplex could also act as a 7,-weighted
contrast agent for cancer MRI. Furthermore, one of four PD-L1 siRNAs exhibited effective
PD-L1 knockdown in PD-L1-overexpressing SGC-7901. To determine the effects of the func-
tionalized polyplex on T-cell function, we established a coculture model of activated T cells
and SGC-7901 cells and demonstrated changes in secreted cytokines. Our findings highlight
the potential of this class of multifunctional theranostic nanoparticles for effective targeted
PD-L1-knockdown therapy and MRI diagnosis in gastric cancers.

Keywords: magnetic resonance imaging, theranostics, RNA interference, PEI, cellular

internalization

Introduction

Gastric cancer (GC) is the third-most prevalent cause of all cancer deaths and has the
highest incidence rate and mortality among some Asian, Eastern European, and Latin
American countries.!? For patients in locally advanced or metastatic stages who have
lost the opportunity for surgery, chemotherapy is the best treatment option. However,
the development of chemoresistance and the toxicity of chemotherapy have limited its
therapeutic efficacy. To meet the need to explore new therapies for GC, therapeutic targets,
such as immune checkpoints, have recently gained attention. PD-L1, which binds to PD-1
expressed on the surface of activated T cells, takes part in surveillance escape by immune
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cells in cancers.® As a ligand widely expressed on tumor cells
and tumor stroma, as well as healthy cells, PD-L1 can inhibit
T-cell responses by promoting the induction and maintenance
of T-regulatory (Treg) cells* and by binding to the costimulatory
molecule B7-1.>¢ Moreover, high expression of PD-1/PD-L1 is
observed in GC tissues,”” and for advanced GC patients, PD-L1
has been shown to be an indicator of worse prognosis.'*"
Furthermore, the pattern of PD-L1 overexpression is also char-
acterized by a molecular subtype of GC according to the Cancer
Genome Atlas Research Network.'® Given that PD-L1 plays a
pivotal role in the progression of GC, blocking the interaction
of PD-1/PD-L1 would have significant potential to reverse
immunoescape and improve the prognosis of patients.

In recent studies, monoclonal antibodies blocking the
PD-1/PD-L1 interaction have been investigated, while block-
ade using RNA interference (RNA1) with nanocarriers is rare.
RNAI is a promising strategy for therapeutic gene silencing.
Through RNAI, targeted protein expression is safely knocked
down at post-transcriptional levels without inserting exog-
enous sequences into the genome. Corresponding mRNA is
specifically targeted by the RNA-induced silencing complex,
formed in the cytoplasm by double-stranded siRNAs. The
major hurdles of this mechanism are that siRNA can easily be
degraded by enzymes in physiological circumstances and that
the intrinsic negative charge prevents siRNA from penetrat-
ing the cellular membrane. To overcome these drawbacks,
polymer nanocarriers have been utilized as siRNA-delivery
agents. PD-L1-targeted siRNA was transported to PD-L1/
folate receptor (FR)-overexpressing GC SGC-7901 cells
for PD-L1 knockdown.!” Among the nonviral gene-delivery
systems, using polyethylenimine (PEI) leads to the highest
transfection efficiency in vitro. With a high cationic charge
density, this polycation can bind negatively charged siRNA.
Most importantly, via the “proton sponge” effect, second
and tertiary amines on PEI are able to buffer protons in the
endosomes,'*! enabling PEI/siRNA polyplexes to escape
lysosomal degradation. However, PEI with high cationic
charge densities also exhibits great cytotoxicity. In this
regard, we modified PEI with disulfide (SS)-conjugated
polyethylene glycol (PEG). PEG modification lowers cyto-
toxicity and increases stabilization before cellular internaliza-
tion. In addition, the SS bond enables glutathione-sensitive
release of PEI siRNA in the cytoplasm, which enhances the
efficacy of siRNA delivery. A wide range of tumors, such as
ovary, kidney, colon, breast, and lung cancers, overexpress
FRs.?2! Folic acid (FA), an oxidized form of folate, can bind
to FRs and increase cellular uptake, which makes it a specific
ligand to target FR-overexpressing cancers. In addition,

superparamagnetic iron oxide Fe,O, (SPIO) has been encap-
sulated with a delivery agent for its known capacity as a
T,-weighted contrast agent for magnetic resonance imaging
(MRI). Tumor-targeting ability, minimal toxicity, stability
outside the cell membrane, accurate siRNA release in the cyto-
plasm, and MR-tracing ability makes the nanoparticle an effec-
tive therapeutic agent for treatment of PD-L1-positive GC.
MR-tracing ability is measured using in vitro MRI, and
knockdown efficiency measured with quantitative reverse-
transcription polymerase chain reaction (QRT-PCR) and
Western blotting. To perform function experiments, we estab-
lished a coculture model of SGC-7901 cells and T cells, and
cytokines in the coculture medium were measured using an
enzyme-linked immunosorbent assay (ELISA). To the best of
our knowledge, our work is the first to perform a PD-1/PD-L1-
checkpoint blockade in GC cells through delivery of PD-L1
siRNA transported via FA-PEG-modified PEI polymers.

Materials and methods

Materials

Most of the chemical reagents, including PEI (molecular
weight [MW] 25 kDa), monomethoxy-PEG (mPEG-OH;
2 kDa), succinic anhydride, dicyclohexylcarbodiimide
(DCC), and N-hydroxysuccinimide (NHS), were obtained
from Sigma-Aldrich Co. (St Louis, MO, USA). Hydrophobic
SPIO nanoparticles (SPIONs) measuring 6 nm in diameter
on average were synthesized following a previously reported
method with minor modifications.” a-Hydroxy-e-amino-PEG
(HO-PEG-NH,; number-average molar mass [M ] 3.6 kDa,
MW/M =1.3)was prepared according to a previously described
method with minor modifications.? PD-L1 and scrambled
siRNA (siScr) were purchased from GenePharma (Suzhou,
China). The siRNA sequences were as follows: siRNAI,
(sense) 5-GGAUCCAGUCACCUCUGAATT-3’ and (anti-
sense) 5-UUCAGAGGUGACUGGAUCCTT-3"; siRNA2,
(sense) 5'-CCAGCACACUGAGAAUCAATT-3" and (anti-
sense) 5-UUGAUUCUCAGUGUGCUGGTT-3"; siRNA3,
(sense) 5’-GGCACAUCCUCCAAAUGAATT-3" and (anti-
sense) 5-UUCAUUUGGAGGAUGUGCCTT-3"; siRNA4,
(sense) 5-GGAGAAUGAUGGAUGUGAATT-3’ and (anti-
sense) 5-UUCACAUCCAUCAUUCUCCTT-3"; and siScr,
(sense) 5’-UUCUCCGAACGUGUCACGUTT-3" and (anti-
sense) 5'-ACGUGACACGUUCGGAGAATT-3’. Human
IL10/IFNYy/TNFo/CCL22 ELISA kits were purchased from
Thermo Fisher Scientific (Waltham, MA, USA). gPCR primers
(PD-L1,sense 5-GTGGCATCCAAGATACAAACTCAA-3’
and antisense 5'-TCCTTCCTCTTGTCACGCTCA-3’;
GAPDH, sense 5~ ATGGGGAAGGTGAAGGTCG-3’ and
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antisense 5'-GGGTCATTGATGGCAACAATATC-3")
were purchased from BGI (Beijing, China). An RNAiso
Plus kit, PrimeScript RT Master Mix, and SYBR Premix Ex
Taq II were purchased from Takara Bio (Kusatsu, Japan).
Histopaque-1077 was purchased from Sigma-Aldrich Co.
The human GC cell line SGC-7901 was obtained from the
Institute of Biochemistry and Cell Biology, Chinese Academy
of Sciences (Shanghai, China) and grown in folate-free RPMI
1640 medium supplemented with 10% fetal bovine serum
(FBS) and 5% L-glutamine—penicillin—streptomycin solution
(Sigma-Aldrich Co.). Activated T cells were grown in T-cell
medium (RPMI 1640 supplemented with 10% heat-inactivated
FBS, 5% L-glutamine—penicillin—streptomycin solution).

Synthesis of delivery agents

The FA-PEG-SS-PEI block copolymer was synthesized
and activated according to a previously described method
with minor modifications.?* Briefly, to conjugate folate to
HO-PEG-NH,,” FA was dissolved in anhydrous dimethyl
sulfoxide (DMSO; 20 mL). NHS and dicyclohexylcarbodiim-
ide (DCC) were added, and the mixture was stirred overnight

at room temperature. Then, under an argon atmosphere, the
mixture was filtered using a 0.22 um filter to remove the
by-product 1,3-dicyclohexylurea (DCU), and the filtrate was
mixed with a DMSO solution of HO-PEG-NH, containing
triethylamine (pH 8). The mixture was reacted for 24 hours
at room temperature, dialyzed against deionized water (MW
cutoff [MWCO] 1,000 Da), and lyophilized. Then, 3-(2-
carboxy-ethyldisulfanyl)-propionic acid, NHS, and dim-
ethylaminopyridine (DMAP) were dissolved in anhydrous
DMSO (20 mL), and the mixture was stirred overnight at
room temperature. FA-PEG-OH was added and reacted for
24 hours. The mixture was dialyzed against deionized water
(MWCO 1,000 Da) and lyophilized. Finally, the product,
NHS, and DCC were dissolved in anhydrous DMSO (20 mL),
and the mixture was stirred overnight at room temperature.
Then, the mixture was filtered with a 0.22 um filter head to
remove the by-product DCU. Hyperbranched PEI was added
to the mixture and reacted for 24 hours at room temperature
to produce FA-PEG-SS-PEI. The mixture was purified using
membrane dialysis (MWCO 14,000 Da) in distilled water
for 3 days, and the solution was lyophilized (Figure 1A).
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Figure | Polymer and polyplex preparation.

Notes: (A) Synthesis of FA-PEG-SS-PEI polymer; (B) formation of FA-PEG-SS-PEI-SPION/siRNA polyplex.
Abbreviations: FA, folic acid; PEG, polyethylene glycol; SS, disulfide; PEI, polyethylenimine; SPION, superparamagnetic iron oxide nanoparticle; DMAP, dimethylaminopyridine;

NHS, N-hydroxysuccinimide; DCC, dicyclohexylcarbodiimide.
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Nontargeting mPEG-SS-PEI was synthesized using the
same approach.

Preparation of nanoparticles

SPIONs encapsulated with FA-PEG-SS-PEI or mPEG-SS-PEI
were prepared by a ligand-exchange method as reported in the
literature.?® FA-PEG-SS-PEI or mPEG-SS-PEI (200 mg) was
dissolved in 2 mL of chloroform, and then SPIONs (10 mg)
were dispersed into the solution. The reaction mixture was
stirred overnight at room temperature and then precipitated
in a large amount of hexane. The precipitate was collected by
centrifugation, washed twice with hexane, and vacuum-dried
to remove organic solvent. The product thus prepared was
dispersed into double-distilled water under sonication and fil-
tered through a 220 nm membrane to remove large aggregates.

Preparation of siRNA-complexed

cationic micelles

siRNA (4 mg) and an appropriate amount of delivery agent
were dissolved separately in RNase-free water for gel-
electrophoresis assay or folate-free RPMI 1640 medium
for transfection assays. The two solutions were mixed by
vigorous pipetting, and then, the mixture was maintained at
room temperature for 60 minutes to allow complete polyplex
formation. The amount of delivery agent used to complex
siRNA was determined based on the designed experimental
nitrogen:phosphate (N:P) ratios, which were calculated as
the number of nitrogen atoms in delivery agents over those
of the phosphate groups in siRNA. For cellular transfection,
the polyplex was diluted to a siRNA concentration of 50 nM
in cell-culture medium. The formation procedure of siRNA-
complexed cationic micelles is summarized in Figure 1B.

Particle size and (-potential

measurements

PD-L1 siRNA was complexed with modified PEI in RNase-
free water at various N:P ratios. After mixing diluted siRNA
solution with diluted polymer solution, the mixture was
incubated for 1 hour at room temperature and then diluted
again using RNase-free water. Particle size and {-potential
were measured by dynamic light scattering using a Zetasizer
Nano (Malvern Instruments, Malvern, UK). Scattered light
was detected at a temperature of 25°C and an angle of 90°. All
measurements were repeated at least three times per sample,
and results are presented as mean + standard deviation.

Agarose-gel electrophoresis
The binding ability of FA-PEG-SS-PEI-SPIONs and PEG-SS-
PEI-SPIONSs with siRNA was determined with agarose-gel

electrophoresis. Complexes of PEG-SS-PEI-SPION/siRNA
and FA-PEG-SS-PEI-SPION/siRNA were formed by mixing
human siScr (GenePharma) and PEG-SS-PEI-SPIONs or
FA-PEG-SS-PEI-SPIONS at various N:P ratios in deionized
RNase-free water. The amount of siRNA was set at 10 pmol
for each sample. Complexes were subsequently incubated
for 1 hour at room temperature to form polyplexes. Then,
polyplexes were mixed with 6x agarose-gel loading buffer
and loaded onto 1% (w/v) agarose gels and run with Tris
borate-EDTA running buffer at 100 V for 20 minutes. The
siRNA bands were visualized with an ultraviolet-imaging
system (Tanon, Shanghai, China).

Cytotoxicity of polymer/siRNA

complexes

Cytotoxicity studies were performed using CellTiter 96®
Aqueous One solution (MTS) assays (Promega Corporation,
Fitchburg, WI, USA). SGC-7901 cells seeded in 96-well
plates at 5x10° cells per well were treated with polymer/siScr
complexes at a siRNA concentration of 100 nM. Then, at
72 hours post treatment, the polyplex medium was removed
and the cells incubated for 3 hours at 37°C with MTS solu-
tion in cell-culture medium. Absorbance was read using a
microplate spectrophotometer (Thermo Fisher Scientific) at
wavelengths of 490 nm. Relative cell viability was calculated
— blank Abs, )/(control Abs, — blank

490 490- 490
) X100%. Results are expressed as mean * standard

as (sample Abs
Abs490
error of mean (SEM) of at least three replicates per N:P ratio

from three independent experiments.

Flow cytometry

SGC-7901 cells were seeded in six-well plates at 2x10° cells
per well. Polymer/5-carboxyfluorescein-(FAM)-labeled siScr
polyplexes were complexed as described earlier at various
N:P ratios and added to cultured cells at 100 pmol per well.
Following 4 hours of incubation, the medium was replaced
by PBS, and the cells were analyzed with a FACSVerse flow
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).
The proportion of FAM-positive cells was represented by
transfection efficiency. The mean fluorescence index (MFI)
was represented by geometric mean FAM absorbance.

Prussian blue staining

FA-PEG-SS-PEI-SPION or PEG-SS-PEI-SPION polymers
contain iron oxide, and can be localized using Prussian blue
staining. To confirm the cellular uptake of FA-PEG-SS-PEI-
SPION/siRNA or the nontargeted polyplex, a Prussian blue
staining experiment was conducted. First, SGC-7901 cells
were incubated in polymer/siRNA at iron concentrations
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of 0—40 ug/mL for 4 hours. Then, after removal of the
transfection medium, cells were washed and fixed with 4%
paraformaldehyde for 10 minutes at room temperature. Next,
cells were washed again with PBS three times, and Prussian
blue staining solution was added. After 30 minutes of incu-
bation at room temperature, cells were washed three times
with PBS and imaged under microscopy.

In vitro MRI

SGC-7901 cells were cultured in folate-free medium and
treated with PEG-SS-PEI-SPION/siRNA or FA-PEG-SS-
PEI-SPION/siRNA, respectively, at Fe concentrations of 0, 5,
10, 20,40, and 80 pug/mL. SGC-7901 cells were harvested at
4 hours post-transfection and rinsed three times with PBS.
After centrifugation, cells were resuspended in 500 puL of
1% (w/v) agarose/PBS solution and added to 96-well plates
for MRI. Next, in vitro MRI was performed using a clinical
1.5 T system (Intera; Philips, Amsterdam, the Netherlands)
with an 11 cm circular coil at room temperature.

Western blotting

SGC-7901 cells were seeded in six-well plates at 2x10°
cells per well and transfected with polymer/siRNA as
described earlier. Cells were harvested and lysed at 3 days
post-transfection using radioimmunoprecipitation-assay
lysis buffer (Santa Cruz Biotechnology, Dallas, TX, USA).
Then, samples were run through 12% sodium dodecyl sulfate
polyacrylamide gels and transferred onto polyvinylidene dif-
luoride (PVDF) membranes. Monoclonal rabbit anti-PD-L1
antibody (Abcam, Cambridge, UK) and polyclonal rabbit
anti-f-tubulin antibody (Cell Signaling Technology, Danvers,
MA, USA) were used for Western blotting. Protein blots on
PVDF membranes were imaged using a chemiluminescence-
detection method (Merck Millipore, Billerica, MA, USA).

gRT-PCR analysis

SGC-7901 cells were seeded and transfected with polymer/
siRNA as described earlier. RNA was extracted, purified,
and converted to cDNA using the RNAiso Plus kit and
PrimeScript RT Master Mix. qPCR was performed using
SYBR Premix Ex Taq II on a CFX96 real-time PCR detec-
tion system (Bio-Rad Laboratories, Hercules, CA, USA) and
analyzed using the 27244 method. Results are expressed as
mean = SEM of three independent experiments.

Immunofluorescence analysis
SGC-7901 cells were seeded on 14 mm glass coverslips in

24-well plates at a density of 2x10* cells per slide and treated
with FA-PEG-SS-PEI-SPION/PD-L1 siRNA2 polyplexes as

described. At 3 days post-transfection, the cells were fixed
with 4% paraformaldehyde for 10 minutes and washed three
times with PBS. Next, goat serum was added and incubated
for 30 minutes. After being washed three times with PBS, the
cells were stained with rabbit anti-PD-L1 antibody. The cells
were then washed three times and stained with Alexa Fluor
594 goat anti-rabbit secondary antibody (Thermo Fisher
Scientific). Then, cells were washed three times with PBS,
and DAPI was added for a 5-minute incubation. The cells were
washed four times with PBS, mounted on a glass slide using
ProLong Gold antifade mountant (Thermo Fisher Scientific),
and imaged using laser-scanning confocal microscopy
(AxioPlan 2; Carl Zeiss Meditec AG, Jena, Germany).

SGC-7901/T-cell coculture model

Written informed consent was obtained from participants,
and the research was approved by the Sun Yat-sen Memorial
Hospital’s Research Ethics Committee. Peripheral blood
mononuclear cells (PBMCs) from healthy human donors
were isolated by Lymphoprep density-gradient centrifugation
according to the manufacturer’s instructions. Isolated PBMCs
were seeded in 96-well plates at 2x10° cells per well and
supplemented with anti-CD3e (10 mg/mL) and anti-CD28
(2 mg/mL) antibodies for 48 hours to stimulate T-cell activa-
tion. SGC-7901 cells were transfected with FA-PEG-SS-PEI-
SPION/PD-L1 siRNA2 or FA-PEG-SS-PEI-SPION/siScr
control for 4 hours. Activated PBMCs were then harvested
and purified by Lymphoprep density-gradient centrifugation
and cocultured with SGC-7901 cells at a ratio of 10:1 for
48 hours. Coculture media were assayed for CCL22, TNFa,
IFNY, and IL10 using cytokine ELISAs.

Statistical analysis

All experiments were performed at least in triplicate. Data
are presented as mean + SEM, and statistical analysis was
performed using GraphPad Prism 5.0 (GraphPad Software
Inc, La Jolla, CA, USA). Data were analyzed with two-
tailed 7-tests, and the differences were considered significant
for P<<0.05.

Results
Formation of mPEG-SS-PEI-SPION and

FA-PEG-SS-PEI-SPION micelles

The synthesis of mPEG-SS-PEI and FA-PEG-SS-PEI was
described in detail in the “Materials and methods” section.
FA-PEG-SS-PEI-SPIONs and mPEG-SS-PEI-SPIONs were
successfully synthesized by a ligand-exchange method.
In this approach, the cationic copolymer mPEG-SS-PEI
and FA-PEG-SS-PEI replaced the hydrophobic coating of
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Figure 2 Morphology and characterization of FA-PEG-SS-PEI-SPIONs.

Fe concentration (mM)

Notes: TEM of (A) FA-PEG-SS-PEI-SPIONs and (B) FA-PEG-SS-PEI-SPION/siRNA. (C) {-Potential of PEG-SS-PEI-SPION/siRNA and PEI-SPION/siRNA polyplexes at different
N:P ratios. (D) {-Potential and particle size of FA-PEG-SS-PEI-SPION/siRNA at various N:P ratios. (E) T, relaxivities (r,) of FA-PEG-SS-PEI-SPIONs and WSPION:S.
Abbreviations: FA, folic acid; PEG, polyethylene glycol; SS, disulfide; PEI, polyethylenimine; SPIONs, superparamagnetic iron oxide nanoparticles; TEM, transmission

electron microscopy; N:P, nitrogen:phosphate; WSPIONs, water-soluble SPIONs.

oleic acid/oleylamine on the surface of SPIONs measuring
6 nm. The dispersion of the obtained complexes FA-PEG-
SS-PEI-SPIONs and mPEG-SS-PEI-SPIONSs in water was
stable. Dynamic light-scattering measurements of the FA-
PEG-SS-PEI-SPION complex in aqueous solution at room
temperature showed an average hydrodynamic size of 58 nm
(diameter), which was consistent with transmission electron
microscopy (TEM) image data (Figure 2A).

Formation of mPEG-SS-PEI-SPION/FA-
PEG-SS-PEI-SPION/siRNA complexes

The complexation of siRNA with cationic copolymers or
micelles is due to electrostatic neutralization. To confirm the
formation of FA-PEG-SS-PEI-SPION/siRNA complexes, we
checked the retardation of siRNA mobility in agarose-gel
electrophoresis. All copolymers started to form complexes
from a low N:P ratio in this study (Figure 3). Compared
with the naked siRNA control, all the copolymers showed

siRNA 1

siRNA 1 8 10

15 20

Figure 3 siRNA binding of PEG-SS-PEI-SPIONs and FA-PEG-SS-PEI-SPIONS.
Notes: Agarose-gel electrophoresis of (A) PEG-SS-PEI-SPION/siRNA and (B)
FA-PEG-SS-PEI-SPION/siRNA at various N:P ratios. The control lane was naked
siRNA.

Abbreviations: PEG, polyethylene glycol; SS, disulfide; PEl, polyethylenimine;
SPIONs, superparamagnetic iron oxide nanoparticles; FA, folic acid; N:P,
nitrogen:phosphate.
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the capability of siRNA condensation as less siRNA ran
into the gel. mPEG-SS-PEI-SPIONSs exhibited better siRNA
complexation, as siRNAs were almost completely retarded
at an N:P ratio of 4, while some siRNA had not been com-
plexed with FA-PEG-SS-PEI-SPIONs at N:P ratios of 4-6.
At an N:P ratio of 10 or above, all the copolymers showed
complete retardation of siRNA motion, indicating full
siRNA complexation. PEG-SS-PEI-SPION/siRNA exhibited
lower {-potentials versus PEI-SPION/siRNA at identical
N:P ratios (Figure 2C). Upon siRNA complexation (N:P
ratio 10), the mean diameter of the magnetic nanoparticles
increased to approximately 120 nm (Figure 2D), which
corresponded with the TEM image (Figure 2B). More-
over, the mean diameter was still an ideal size for cellular
uptake and intravenous application. In addition, as shown in
Figure 2E, the transverse relaxivity (r,) values of the magnetic
nanoparticles were measured to highlight the capability to
enhance 7 ,-weighted contrast. The r, values were determined
by the slope of the regression line of plots indicating 1/7,
(s™") versus Fe concentrations (mM). The r, of FA-PEG-SS-
PEI-SPIONs was 135.5 mM™-s™!, much higher compared
to hydrophilic SPIONs (water-soluble SPIONs, WSPIONSs;
1,=43.1 mM"-s™").

Cytotoxicity of polymer/siRNA

complexes

The cytotoxicity of the polymer/siRNA polyplexes and the
Lipofectamine 2000/siRNA lipoplex control was evaluated
with MTS cell-viability assays. As shown in Figure 4, at low
N:P ratios, both the FA-PEG-SS-PEI-SPION/siRNA and
PEG-SS-PEI-SPION/siRNA polyplexes showed minimal
cytotoxicity compared to the lipoplex control. As the N:P
ratios rose, cell viability decreased from more than 95%
to below 60%. With N:P ratios of 20 and below, the cell
viability of SGC-7901 cells was higher than that of the
Lipofectamine-treated cells at 72 hours post treatment
with polyplex. In addition, the cytotoxicity of FA-PEG-
SS-PEI-SPION/siRNA was as low as that of the PEG-SS-
PEI-SPION/siRNA, which suggested good biocompatibility
of the FA-conjugation modification.

Transfection efficiency

siScr-FAM was used to evaluate the transfection efficiency
and quantify cellular uptake of PEG-SS-PEI-SPIONs and
FA-PEG-SS-PEI-SPIONs in SGC-7901 cells via flow
cytometry, with Lipofectamine 2000 used as the control.
Transfection was conducted at siRNA concentrations of

B FA-PEG-SS-PEI-SPION/siRNA

120 1 =3 PEG-SS-PEI-SPION/siRNA
[ Lipofectamine 2000/siRNA

100

@
o
1

Cell viability (%)
5 3

N
o
1

o
L

N:P ratios

Figure 4 Cytotoxicity of PEG-SS-PEI-SPIONs and FA-PEG-SS-PEI-SPIONs.

Note: Viability of SGC-7901 cells treated with PEG-SS-PEI-SPION/siRNA, FA-PEG-
SS-PEI-SPION/siRNA, or lipofectamine 2000/siRNA as control.

Abbreviations: PEG, polyethylene glycol; SS, disulfide; PEI, polyethylenimine;
SPIONs, superparamagnetic iron oxide nanoparticles; FA, folic acid; N:P,
nitrogen:phosphate.

50 nM for different N:P ratios. Cells that internalized the
polymer/siRNA would be FAM-positive, and the MFI would
represent the amount of cellular uptake.

At N:P ratios of 4 or 5, the transfection efficiency, or
MFI, of FA-modified polyplexes was lower than that of
the non-FA group, due to incomplete complexation with
siRNA. At higher N:P ratios of 10 or 20, as the FA-modified
polymers completely bound the siRNA and the transfection
efficiency of the FA-modified polymers was as high as the
non-FA polymer group (Figure SA). However, the MFI was
significantly higher for the FA-PEG-SS-PEI-SPIONS, indi-
cating higher cellular internalization (Figure 5B). Therefore,
at N:P ratios at which the polymers completely bind siRNA,
both PEG-SS-PEI-SPIONs and FA-PEG-SS-PEI-SPIONs
showed high transfection efficiency for in vitro transfection.
In addition, the significantly high MFI showed that targeted
FA conjugation was able to facilitate cellular internalization
compared to nontargeted polyplex.

Cellular internalization of the polyplexes

To further visualize the cellular internalization of the
polyplex, Prussian blue staining assays and confocal laser
scanning were conducted. SPIONs can be stained blue by
Prussian blue staining. Following gene transfection at an
N:P ratio of 10, Prussian blue staining was performed to
visualize the cellular uptake of the nanoparticles. At low
iron concentrations (under 5 pg/mL), blue-stained particles
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Note: (A) Transfection efficiency and (B) mean fluorescence index of PEG-SS-PEI-SPION siRNA, FA-PEG-SS-PEI-SPION/siRNA, or Lipofectamine 2000/siRNA as control,

determined by flow cytometry.

Abbreviations: PEG, polyethylene glycol; SS, disulfide; PEI, polyethylenimine; SPIONSs, superparamagnetic iron oxide nanoparticles; FA, folic acid; N:P, nitrogen:phosphate.

were barely seen under microscopy (data not shown), while
at 10 ug/mL or even higher iron concentrations, blue-stained
particles appeared in the cytoplasm of most SGC-7901 cells
(Figure 6A), which verified the internalization of the delivery
agent containing SPIONS into the cells.

The uptake of the complexes was also visualized with
confocal laser-scanning microscopy. In the cells treated with
FA-PEG-SS-PEI-SPION/siScr-FAM, FAM green fluores-
cence was located in the perinuclear region of the cytoplasm.
In addition, FA-PEG-SS-PEI-SPION/siScr-FAM treated
cells internalized significantly more FAM green fluorescence
than the non-FA-modified complex-treated cells (Figure 6B).
This indicated that FA-PEG-SS-PEI-SPIONs delivered more
siRNA into SGC-7901 cells than the nontargeting complex
and have potential for better PD-L1 knockdown in vitro.

In vitro MRI

To evaluate the potential of the FA-PEG-SS-PEI-SPION as
an MRI 7 -weighted contrast agent, SGC-7901 cells were
incubated with folate-free medium supplemented with FA-
PEG-SS-PEI-SPION/siRNA or PEG-SS-PEI-SPION/siRNA
at various iron concentrations. After 4 hours of incubation,
cells were harvested and added to 96-well plates as described
in the “Materials and methods” section. As the iron con-
centration increased, the MRI 7 -signal intensity decreased
post transfection with both PEG-SS-PEI-SPION/siRNA
and FA-PEG-SS-PEI-SPION/siRNA (Figure 7A). An iron-
concentration-dependent decrease in 7, relaxation time was
observed in both FP/siScr and PP/siScr treatment groups.

In addition, SGC-7901 cells post-transfection with FA-
PEG-SS-PEI-SPION/siRNA showed significantly lower
T, values than with PEG-SS-PEI-SPION/siRNA at iron
concentrations above 5 pg/mL (Figure 7B). Results of in
vitro MRI indicated that both PEG-SS-PEI-SPIONs and
FA-PEG-SS-PEI-SPIONs acted as 7T,-weighted contrast
agents and that FA-PEG-SS-PEI-SPION/siRNA was better
than the other.

PD-LI knockdown
To perform PD-L1 knockdown, PD-L1-targeted siRNAs were
designed and examined using knockdown assays. A higher
N:P ratio than 20 of the polyplexes increased cytotoxicity to
SGC-7901 cells due to high cationic charge, according to the
cytotoxicity assays. Considering a balance of low cytotoxicity
and high transfection efficiency, an N:P ratio of 10 was used
to complex siRNA and FA-PEG-SS-PEI-SPIONS.
gRT-PCR was performed to assess levels of PD-LI
mRNA expression. Among the four designed PD-L1-targeted
siRNAs, siRNA1 and siRNA2 had an obvious effect,
knocking down PD-L1 mRNA levels by 76.53%%4.59%
and 90.93%0.79%, respectively (Figure 8A). To further
study whether PD-L1 expression on polymer/PD-L1 siRNA-
treated SGC-7901 cells was lower than that on siScr-treated
cells, Western blotting was conducted. PD-L1-expression
levels on cells treated with polymer/siRNA were in accor-
dance with the observed mRNA levels (Figure 8B). The
FA-PEG-SS-PEI-SPION/PD-L1 siRNA2 polyplex had
the most significant knockdown effect on PD-L1 protein
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Figure 6 Cellular internalization of FA-PEG-SS-PEI-SPION/siRNA polyplex.

Notes: (A) Prussian blue staining of SGC-7901 cells treated with FA-PEG-SS-PEI-SPION/siScr at Fe concentrations of 10, 20, and 40 pug/mL, magnification 200x; (B) confocal
images of SGC-7901 cells treated with FA-PEG-SS-PEI-SPION/siScr-FAM and PEG-SS-PEI-SPION/siScr-FAM.

Abbreviations: FA, folic acid; PEG, polyethylene glycol; SS, disulfide; PEI, polyethylenimine; SPION, superparamagnetic iron oxide nanoparticle; siScr-FAM, scrambled siRNA
conjugated with 5-carboxyfluorescein; DAPI, 4,6-diamidino-2-phenylindole; PP, PEG-SS-PEI-SPIONs; FP, FA-PEG-SS-PEI-SPIONS.
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Figure 7 In vitro MRI of SGC-7901 cells.

Notes: (A) T,-weighted and color T,-mapping images and (B) T, relaxation time of SGC-7901 cells treated with PEG-SS-PEI-SPION/siScr and FA-PEG-SS-PEI-SPION/siScr
at Fe concentrations of 0, 5, 10, 20, 40, and 80 pg/mL. *P<<0.05, **P<<0.01 versus PP/siScr (n=3).

Abbreviations: MRI, magnetic resonance imaging; FA, folic acid; PEG, polyethylene glycol; SS, disulfide; PEl, polyethylenimine; SPION, superparamagnetic iron oxide
nanoparticle; siScr, scrambled siRNA; PP, PEG-SS-PEI-SPIONSs; FP, FA-PEG-SS-PEI-SPIONs.
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expression. Further, the knockdown effect lasted from day
3 to at least day 6 post transfection (Figure 8C). Moreover,
confocal images of polymer/PD-L1 siRNA-treated SGC-
7901 cells revealed much less PD-L1 expression on the
cell surface than siScr-treated cells (Figure 8D). Above all,
the knockdown assays confirmed that PD-L1 siRNA2 was the
most efficient siRNA sequence for PD-L1 knockdown, and
thus, it was used in subsequent functional experiments.

Effect of PD-L1 siRNA transfection via

polyplexes on T-cell function

To determine if siRNA delivery by the polyplexes affected
T-cell function via PD-L1-expression inhibition, we established
an SGC-7901/T-cell coculture model. We isolated PBMCs
for culture from peripheral blood samples contributed by
volunteers. After coculture, the cytokine levels in the super-
natants were determined with ELISAs. PD-L1-stimulating
IFNy and TNFo levels were increased, while secretion of
the immunosuppressive cytokine IL10 was decreased after
treatment with FA-PEG-SS-PEI-SPION/PD-L1 siRNA2
(Figure 9A—C). Consistently, incubation with functional
anti-PD-L1 antibodies had similar effects. In addition, to
elucidate whether treatments with FA-PEG-SS-PEI-SPION/
PD-L1 siRNA reduced recruitment of regulatory T cells
(T, cells, which express CCR4,% the secretion of CCL22,

a ligand of CCR4, was determined by ELISA. Figure 9D
shows that coculture with SGC-7901 cells activated T cells
to secrete more CCL22 than monocultured T cells, suggest-
ing a T _-engaged immunosuppressive microenvironment
when PIS-]/PD-Ll interactions were active. In addition,
treatment with FA-PEG-SS-PEI-SPION/PD-L1 siRNA or
anti-PD-L1 antibodies was able partially to eliminate the
increase in CCL22. Moreover, simultaneous use of FA-PEG-
SS-PEI-SPION/PD-L1 siRNA and anti-PD-L1 had the most
significant effect in reversing the increase in CCL22.

Discussion

PD-L1, a promising therapeutic target for advanced GCs, has
been demonstrated to be a prognostic biomarker, and mono-
clonal antibodies specific for PD-L1 are under Phase III pre-
clinical trials (NCT02625623, NCT02625610). Monoclonal
antibodies designed to block PD-1/PD-L1 interactions have
been approved for the treatment of advanced melanoma and
metastatic non-small-cell lung cancer. For advanced GC,
several clinical trials have confirmed that monoclonal anti-
bodies are safe and potentially efficacious.?®** However, with
broad expression on hematopoietic and nonhematopoietic
cells,**3! PD-1/PD-L1 and B7-1/PD-L1 interactions regu-
late effector T cells and functions restraining autoimmune
processes. Untargeted blockade may cause related adverse
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effects apart from antitumor effects whose mechanism is
still not fully understood. Such effects as fatigue, decreased
appetite, nausea, pruritus, dyspnea, arthralgia, and pneu-
monitis have been developed in trials of atezolizumab, a
humanized IgG, monoclonal anti-PD-L1 antibody, for other
PD-L1-positive cancers.**** In this regard, we developed a
PEI-based gene-delivery nanocarrier with SS-linked FA-PEG
modification to target GC cells precisely.!”**3

PEIs are highly developed as gene carriers that render
high transfection efficacy of PEI/RNA polyplexes.3¢37
However, as a therapeutic gene-delivery agent, unmodified
PEIs exhibit significant cytotoxicity, which restricts further
application. To solve this problem, PEGylation can be used
to create a hydrophilic exterior that shields the positive sur-
face charge and stabilizes the polymers by suppressing the
nonspecific interactions of PEI with blood components and
the extracellular matrix.'” With optimized PEG conjugation,
the cytotoxicity of the polymers was acceptable, with N:P
ratios lower than 40, while transfection efficiency remained
high. In addition, to target cancer cells, FA was introduced
into the delivery vector for receptor-mediated endocytosis.

Because FA receptors are highly expressed in several cancers,
FA can be used as a targeting group and enhance internaliza-
tion by cancer cells.

SPIONS are extensively used for magnetic targeting and
MRI in cancer theranostics (therapy and diagnosis), due to
their magnetic properties and biodegradability.** *° Through
positively charged polymers, such as PEIs, negatively
charged nucleic acids can be conjugated with magnetic
nanoparticles. This characteristic of PEI and its derivatives
bridges the gap between siRNA and SPIONs, combining
the functions of target-gene silencing and MRI. Ultimately,
combined delivery of siRNA and SPIONs to tumor sites can
improve therapeutic efficacy, reduce undesirable side effects,
and provide enhanced MRI tumor contrast, which may allow
the therapeutic efficiency of the treatment to be predicted
based on the biodistribution of the nanomedicine and allow
noninvasive monitoring of cancer progression.

Before PD-L1 knockdown, we aimed to test the cytotox-
icity and transfection efficiency of various N:P ratios of the
polymer/siRNA complexes to determine a suitable N:P ratio
for complexation. The cytotoxicity of complexes with N:P
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ratios below 20 was low, and an N:P ratio of 10 balanced
low cytotoxicity and high transfection efficiency. Therefore,
we used an N:P ratio of 10 for subsequent complexation and
transfection experiments.

For siRNA transfection, based on flow cytometry,
FA- and non-FA-modified polymers showed transfection
efficiencies higher than the lipoplex control, indicating
that siRNAs delivered by the agents were well internalized
by most of the tumor cells. In addition, higher MFI values
were observed with FA-PEG-SS-PEI-SPION/siRNA than
PEG-SS-PEI-SPION/siRNA, which verified targeted uptake
into SGC-7901 cells. The cellular uptake of the internalized
siRNA was also observed using confocal microscopy and
Prussian blue staining.

For PD-L1 knockdown, the four designed PD-L1 siRNAs
were separately delivered by the nanocarriers to SGC-7901
cells. PD-L1 mRNA levels determined by qRT-PCR were
decreased obviously by approximately 80% for siRNA1 and
90% for siRNA2 treatment. PD-L1 protein levels in SGC-
7901 cells treated with polymer/siRNAT1 or siRNA2 were
much lower than those in cells treated with polymer/siScr.
Protein levels were consistent with mRNA levels, which
indicated that downregulation of PD-L1 was the result of the
delivered PD-L1 siRNA. In sum, a target ligand-modified,
T ,-weighted MR-visible polyplex, FA-PEG-SS-PEI-SPION/
PD-L1 siRNA2, was used for gene-delivery knockdown of
PD-L1 on SGC-7901 cells.

As a coinhibitory receptor expressed on activated T cells,
PD-1 interacts with PD-L1 expressed on tumor cells. In
addition, to study the change in T-cell function under
treatment with polymer/PD-L1 siRNA, a coculture model
of SGC-7901/T cells was established. We downregulated
PD-L1 expression in SGC-7901 cells and cocultured them
with activated T cells. The release of cytokines was a reflection
of'the T-cell function and the state of the immune microenvi-
ronment. In our study, the concentrations of cytokines in the
coculture supernatants were determined by ELISA. CCL22,
a CCR4-binding chemokine produced by primed CD8*
effector T cells, dominates in recruiting T, cells. Accord-
ing to our results, PBMCs, including activated T cells, were
originally a source of CCL22. However, after coculture with
PD-L1-overexpressing SGC-7901 cells, CCL22 concentra-
tion was obviously increased and could be partially reversed
by polymer/PD-L1 siRNA treatment. IFNy and TNFa can
be released by inflammatory cells, especially infiltrating
CD8" T cells, and stimulate expression of PD-L1 on tumor
cells.?” IL10 is an immunosuppressive cytokine secreted by
T cells and has been shown to be stimulated by PD-L1.41:42

This change in cytokine secretions indicated effective PD-L1
knockdown and enhanced cytotoxic T-cell function. It has
been demonstrated that CD8* T cell inflaming GCs contain
high PD-L1 expression, suggesting that adaptive immune
resistance is active in GC.'° Under such an activated PD-1/
PD-L1 interaction within tumors, effector T-cell functions
are repressed and unable to eliminate tumor invasion. This
mechanism suggested that targeting PD-1/PD-L1 interplay
by siRNA delivery with FA-PEG-SS-PEI-SPIONs could
yield effective clinical outcomes in GC.

Conclusion

We synthesized and characterized a gene-delivery system
based on SPIONs encapsulated with FA-PEG-SS-PEI
polymer and successfully delivered PD-L1 siRNA into
SGC-7901 cells. The FA-PEG-SS-PEI-SPION/siRNA
polyplex exhibited low cytotoxicity and significant cellular
uptake. The polyplex showed capability to act as a nanoprobe
for cancer MRI and enhance cellular 7,-weighted contrast.
In addition, cellular internalization of the polyplex resulted in
PD-L1 downregulation at both the mRNA and protein levels,
and thus affected cytokine-secretion levels of cocultured
T-cells. In summary, the FA-PEG-SS-PEI-SPION/PD-L1
siRNA polyplex shows MRI tracing capability and efficient
PD-1/PD-L1 blockade in vitro, which highlights the sig-
nificant theranostic potential of these nanocarriers and their
potential ability to restore T-cell immune response in GCs.
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