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Abstract

Background: Clinical applications of RNA interference for cancer treatment and
immune therapy require the development of simultaneous therapy and imaging
systems for microRNA. This research was performed to fabricate the miRNA34a-loaded
magnetic nanoparticles and investigate its anticancer effects against triple-negative
breast cancer (TNBC) in mice model.

Results: Using two types of polymers to improve their water dispersibility and gene
delivery, iron oxide magnetic nanoparticles were prepared for delivery of miRNA34a.
The iron oxide magnetic nanoparticles were delivered to TNBC cells, and their efficacy
was evaluated in vitro and in vivo. Delivery of miRNA34a reduced TNBC cell migra-
tion and decreased the expression of PD-L1 at the mRNA and protein levels. In animal
experiments, delivery of miRNA34a reduced tumor growth, and immunostaining and
algorithmic analysis confirmed the decrease in PD-L1 expression.

Conclusion: This study is the first to modulate PD-L1 by delivering miRNA34a with
magnetic nanoparticles, and the results suggest that miRNA34a can be delivered effec-
tively using magnetic nanoparticles and has potential as a molecular imaging contrast
agent.

Keywords: miRNA34a, PD-L1, Immune checkpoint protein, MRI, Theranostics,
Magnetic nanoparticles, Triple-negative breast cancer

Introduction

Programmed death-ligand 1 (PD-L1) is a 40-kDa type 1 transmembrane protein that
plays a major role in suppressing the immune system during events such as pregnancy,
tissue allografts, autoimmune disease, and other disease states such as hepatitis. In addi-
tion, it is known that tumors use the PD-L1 pathway to suppress the antitumor immune
response, and PD-L1 expression is directly linked to the survival of cancer patients
(Kataoka et al. 2016; Romero 2017). For example, an analysis of 196 tumor specimens
from patients with renal cell carcinoma found that high tumor expression of PD-L1 was
associated with increased tumor aggressiveness and a 4.5-fold increased risk of death
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(Thompson et al. 2004). Therefore, studies to regulate the expression of PD-L1, alone or
in combination with conventional anticancer therapies, are receiving a lot of attention,
and regulation of microRNA (miRNA)-mediated expression of PD-L1 has progressed in
recent years (Thompson et al. 2004; He et al. 2015). miRNAs are small (20-22 nucleo-
tides), endogenous, non-coding RNA molecules that act as regulators of gene expres-
sion at the post-transcriptional level through RNA interference. Mature miRNAs, which
can regulate multiple target genes, associate with the 3’-untranslated regions (3’-UTRs)
of specific target mRNAs to suppress translation and occasionally initiate degradation
(Ha and Kim 2014; He and Hannon 2004). Also, miRNAs are actively involved in a vari-
ety of cellular processes, including differentiation, proliferation, and apoptosis. Aberrant
miRNA levels affect many diseases, and in cancer, miRNAs serve as both tumor suppres-
sors and oncogenes (Calin and Croce 2006). In 2014, it was demonstrated that miR-200
inhibited PD-L1, which prevented the epithelial-to-mesenchymal transition and metas-
tasis in lung cancer (Chen et al. 2014). Cortez et al. investigated the role of miRNA34a
in the regulation of PD-L1 activity using miRNA34a-loaded liposomes and identified a
novel mechanism by which tumor immune evasion is regulated by the p53/miRNA34a/
PD-L1 axis (Cortez et al. 2015). However, it is a challenge to deliver miRNA safely and
efficiently deliver in vivo, and appropriate delivery systems are lacking. In recent stud-
ies, various nonviral vectors (e.g., magnetic nanoparticles, gold nanoparticles, and
fluorescence molecules) have been investigated as promising carriers for simultane-
ous molecular imaging and gene delivery (Lee et al. 2009; Meng et al. 2010; Qian et al.
2020). The real-time monitoring of the miRNA delivery process as part of that research
showed that those vectors can improve therapeutic efficacy and tumor accumulation.
Before miRNA-mediated therapy can be used clinically, real-time imaging of gene deliv-
ery is needed. The visualization of the miRNA delivery process will enable clinicians
to verify the therapeutic efficacy, biodistribution, and tumor accumulation of miRNA-
mediated therapy. Triple-negative breast cancer (TNBC) lacks an estrogen receptor, a
progesterone receptor, and a HER2/neu receptor and accounts for 10—-20% of all breast
tumors (Bauer et al. 2007; Brenton et al. 2005). TNBC is highly heterogeneous, is known
to have multiple molecular subtypes, tends to grow aggressively, has a high probability
of metastasis, and does not respond to hormone or targeted therapy such as Herceptin
(Carey et al. 2007; Dent et al. 2007; Harris et al. 2006). About 20% of TNBC expresses
PD-L1 and requires a new treatment strategy to regulate PD-L1 expression (Mittendorf
et al. 2014). For this purpose, several inorganic formulations (e.g., magnetic nanoparti-
cles, gold nanoparticles, and quantum dots) are being evaluated as attractive materials
for miRNA delivery and imaging due to their facile surface modification, size control,
and imaging modalities. Among them, magnetic nanovectors (MNVs) enable the moni-
toring of miRNA delivery by non-invasive and real-time magnetic resonance imaging
(MRI), which can rapidly produce multi-informational high-resolution images. For such
a system, miRNAs need to be reversibly packed into MNVs for transport into the cyto-
plasm, where they can effectively fulfill their RNAi function. Several techniques can
be used to load miRNAs into MNVs, including cleavable linkers, electrostatic interac-
tions, or incorporation into polymeric matrix composites. In this study, simple MNVs
were constructed with cationic polymers for safe and effective delivery of miRNAs into
iron oxide nanoparticles, a T, MR contrast agent. The amphiphilic polymer made the
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nanoparticles water-soluble, and the cationic homopolymer poly-L-lysine (PLL) was
used to load the miRNA in the outer layer of the MNVs, producing water-dispersible,
magnetic, polycation, core—shell nanostructures. Delivery of miRNA34 using the MNVs
inhibited TNBC cell migration and PD-L1 expression in vitro. In addition, tumor growth
and PD-L1 expression were inhibited in vivo. These results demonstrate that MN'Vs with
miRNA34a have potential as an effective theranostic system that uses PD-L1 to regulate
tumor growth in cancer therapy.

Materials and methods

Materials

Polysorbate 80, 10-nm iron oxide nanoparticles, and PLL were purchased from Sigma-
Aldrich (MO, USA). Phosphate-buffered saline (PBS; 10 mM, pH 7.4), Dulbecco’s
modified Eagle’s medium, fetal bovine serum, and antibiotic—antimycotic solution
were purchased from Gibco (MA, USA). MDA-MB-231 cells were purchased from the
American Type Culture Collection (VA, USA). The CCK-8 assay kit was purchased
from Dojindo Laboratories (MD, USA). The miRNA34a and scrambled miRNAs were
purchased from Integrated DNA Technologies (IA, USA). All miRNAs were double
stranded. The miRNA34a sequences were sense: 5-UGGCAGUGUCUUAGCUGG
UUGU-3 and antisense: 3’-ACCGUCACAGAAUCGACCAACA-5. The scrambled
miRNA sequences were sense: 5-ACCAUAUUGCGCGUAUAGUCGC-3" and anti-
sense: 3-UGGUAUAACGCGCAUAUCAGCG-5. Ultrapure deionized water was used
for all syntheses. All other chemicals and reagents were analytical grade.

Preparation of MNVs

The MNVs were prepared from an amphiphilic polymer and cationic polymer-mediated
nanoemulsion using a previously published protocol with some modifications (Yang
et al. 2021). For this, 10 mg of iron oxide nanoparticles were dissolved in 2 mL of hex-
ane, and mixed with 40 ml of deionized water containing 200 mg of polysorbate 80.
The mixed solution was ultrasonicated for 15 min at 190 W in an ice-cooled bath. The
organic solvent was evaporated overnight at room temperature, and the products were
purified by centrifugal filtration (Centriprep YM-3, 3000 Da, Merck, MA, USA) with
three cycles at 3000 rpm for 1 h. After purification, 3 mg of PLL was added and incubated
for 15 min at room temperature, and various miRNAs were added. The surface charge of
the MNVs with PLL and miRNA34 and the hydrodynamic size of the MNVs were ana-
lyzed by dynamic laser scattering (ELS-Z; Otsuka Electronics, OKASA, Japan). T, MR
images and relaxivity coefficients were collected with a 9.4 T Bruker animal MRI sys-
tem (Biospec 94/20 USR; Bruker Medical Systems, Karlsruhe, Germany) equipped with
a 40-mm inner-diameter quadrature RF coil (RF SUC 400 1H M-BR-LIN Road; Bruker
Medical Systems, Karlsruhe, Germany). The Fe ion concentration from the nanoparti-
cles was calculated using an inductively coupled plasma-optical emission spectrometer.
The MR images were coronal T,-weighted rapid acquisitions with relaxation enhance-
ment (repetition time=2000 ms, echo time=22.2 ms, slice thickness=1.00 mm, field
of view=5.00 x 3.00 cm, flip angle=180.0°). The T, value was acquired with the follow-
ing sequence: coronal T,-weighted multi-slice-multi-echo (repetition time =2000 ms,
echo time=99 ms, slice thickness=1.00 mm, field of view=5.00 x 3.00 cm, flip
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angle=180.0°). The relaxivity values of R, were calculated using a series of T, values
plotted as 1/T, versus [Fe]. The relaxivity coefficient (mM ' s™!) was equal to the ratio of
R, (1/T, s7') to MNV concentration.

Cytotoxicity

The cytotoxicity of the MNVs to MDA-MB-231 cells was evaluated using a CCK-8 cell
proliferation assay kit (Dojindo Molecular Technologies, MD, USA). MDA-MB-231 cells
were seeded into a 96-well plate at a density of 2 x 10* cells/well and cultured at 37 °C in
a humidified atmosphere with 5% CO,. After 24 h of incubation, the cells were treated
with MNVs at various concentrations for 24 h. To test MNVs with PLL, 50 pg/mL MNVs
were incubated with PLL (1.5 pg/mL) for 5 min and serially diluted twofold into nine
aliquots that were administered to the MDA-MB-231 cells for 24 h. Next, the cells were
treated with CCK-8 solution according to the manufacturer’s instructions. Cell viability
was evaluated spectrophotometrically at 450 nm using a microplate reader (SYNERGY
H1 microplate reader, BioTek Instruments, VT, USA). All experiments were performed
in triplicate. The concentration of PLL was determined by referring to the literature (Yun
et al. 2018).

Quantitative real-time reverse transcription PCR (qRT-PCR)

The MDA-MB-231 cells were seeded in six-well plates (2.5 x 10° cells/well) and cultured
at 37 °C in a humidified atmosphere with 5% CO,. After 1 day, 3 ug/mL MNVs with 12.5,
25, or 50 pmol of miRNA34a or scrambled miRNAs were added for 24 h. The whole
cells were rinsed with warm PBS twice and then detached using a cell scraper. The whole
RNA was purified using a MasterPure” RNA purification kit (Epicentre Biotechnolo-
gies, USA) according to the manufacturer’s protocol. The RNA concentration was deter-
mined using a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, MA, USA).
cDNA was synthesized from 1000 ng of total RNA using a High-Capacity RNA-to-
c¢DNA kit (Applied Biosystems, Foster City, CA, USA). qRT-PCR was performed using
a SensiFAST™ SYBR® Lo-ROX kit (Bioline, Luckenwalde, Germany), and PCR was exe-
cuted using a ViiA 7 Real-time PCR system (Thermo Fisher Scientific, MA, USA). PCR
was performed in triplicate, and samples were normalized to glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) and B-actin expression levels. PCR was performed for
40 cycles as follows: 3 min initial denaturation at 95 °C, denaturation at 95 °C for 10 s
each, annealing at 60 °C for 30 s each, and extension at 72 °C for 30 s, followed by 72 °C
for 5 min for a final extension. The primer sequences of RT-qPCR assay were below: for-
ward sequence: ACGCATTTACTGTCACGGTTC, reverse sequence: CGGGCCCTC
TGTCTGTAGC.

Western blotting

The regulation of PD-L1 protein expression by miRNA34a delivery was confirmed using
western blot analysis. MDA-MB-231 cells were seeded in six-well plates (2.5 x 10° cells/
well) and cultured at 37 °C in a humidified atmosphere with 5% CO,. After 1 day, 3 pg/
mL MNVs with 12.5, 25, or 50 pmol of miRNA34a or scrambled miRNAs were admin-
istered for 24 h. The whole cells were rinsed twice with PBS and then detached using a
cell scraper and lysed in RIPA buffer (Thermo Fisher Scientific, MA, USA). The protein
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concentration was measured using a BCA protein assay kit (Thermo Fisher Scientific,
MA, USA). Lysates were subjected to 10% SDS-PAGE gel electrophoresis, and the pro-
teins were transferred to a polyvinylidene fluoride membrane (Life Technologies, NY,
USA). The membrane was blocked with 5% bovine serum albumin for 1 h at RT and then
incubated overnight with 1 pg/ml anti-PD-L1 (ab269674, Abcam, CB, UK) and 0.1 pg/ml
anti-GAPDH (NB300-221, Novus Biologicals, CO, USA). After 3 washes with 1 x TBST
and incubation with HRP-conjugated secondary antibodies for 2 h at RT, the reaction
product was revealed with an Amersham ECL western blotting system (Cytiva, MA,
USA). The western blots were analyzed using Amersham ImageQuant 800 (Cytiva, MA,
USA).

Cell migration in the wound healing assay

To evaluate the wound healing inhibition effects of miRNA34a, MDA-MB-231 cells
were seeded in six-well plates (2.5 x 10° cells/well) and cultured at 37 °C in a humidi-
fied atmosphere with 5% CO,. After 1 day, the cells in the center part of the plate were
scraped and washed with warm PBS to remove the detached cells. Then 3 pug/mL MNVs
and 12.5 pmol of miRNA34a were added. Cell migration was observed daily using an
optical microscope (CKX41, Olympus, Tokyo, Japan). The wound widths (1z=20) were
analyzed using Image] software (NIH, Bethesda, MD, USA). Three independent experi-

ments were performed.

Mouse tumor modeling

Five-week-old female athymic Balb/c nude mice (Orient Bio, Seongnam, Korea) were
used for tumor xenograft experiments. The mice were retained in microisolator cages
under sterile conditions and observed for at least 1 week before study initiation to ensure
proper health. Temperature, lighting, and humidity were controlled centrally. Before the
experiments, all mice were anesthetized with 2% isoflurane. In the orthotopic xenograft
mouse model, 2 x 10° MDA-MB-231 cells were implanted into the right mammalian fat
pad using a 29-gauge needle. After 3 weeks, 3 pg/mL MNVs and 12.5 pmol miRNA were
injected twice a week for a total of 5 injections. The tumor volume and survival times
were recorded at least 3 times a week.

Animal MR imaging

T,-weighted MRI experiments were conducted with a 9.4 T Bruker 20-cm bore ani-
mal MRI system (Biospec 94/20 USR; Bruker Medical Systems, Karlsruhe, Germany)
equipped with a 40-mm inner-diameter quadrature RF coil (RF SUC 400 1H M-BR-LIN
Road; Bruker Medical Systems, Karlsruhe, Germany). For animal MRI, anesthesia was
induced by 3% isoflurane and maintained with 2% isoflurane in a mixture of 70% N,O
and 30% O,. The respiration rate was monitored with a small animal respiration pad
(Model 1025 Small Animal Monitoring and Gating System; SA Instruments, Inc., Stony
Brook, NY, USA), and the body temperature was supported with a warm-water tube
integrated into the animal bed. The MR images were coronal T,-weighted rapid acqui-
sitions with relaxation enhancement (repetition time=1800 ms, echo time=22.2 ms,
slice thickness =0.50 mm, acquisition matrix =274 x 200, field of view =2.50 x 1.80 cm,
flip angle =180.0°).
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Immunohistochemistry and analysis for PD-L1

Formalin-fixed, paraffin-embedded blocks were sectioned at a thickness of 1 mm and
then deparaffinized and rehydrated. Sections for PD-L1 were subjected to target retrieval
in the pre-treatment module of PT Link (Agilent Dako, CA, USA) at 95 °C for 20 min in
FLEX Target Retrieval Solution Low pH (Agilent Dako K8004, CA, USA) according to
the manufacturer’s instructions. All sections were pretreated for 10 min with 3% hydro-
gen peroxide to quench endogenous peroxidase and then washed twice with TBS. Pri-
mary antibodies directed against PD-L1 (ab213524, Abcam, CB, UK) were diluted 1:100
and incubated with the sections for 1 h at RT. All sections were rinsed in TBS (3 x 5 min)
and incubated with anti-rabbit HRP-labeled secondary antibody (Agilent Dako k4003,
CA, USA) against PD-L1 primary antibodies for 20 min at RT. Visualization of the bound
peroxidase was achieved by reaction for 5 min in Liquid DAB + Substrate (Agilent Dako,
K3468, CA, USA). Counterstaining was achieved by reaction for 10 min in hematoxy-
lin. The sections were dehydrated in graded ethanol, defatted in xylene replacement,
and covered. Digital images were acquired at 200 x magnification using an Aperio AT2
(Leica Biosystems, Wetzlar, Germany). The positive pixel count algorithm was provided
by the Aperio Image Scope program (Leica Biosystems, Wetzlar, Germany). Detailed
settings are as follows: compression quality, 30; classifier neighborhood, 0; color satura-
tion threshold, 0.04; intensity threshold (upper limit) of weak positive pixels, 220; inten-
sity threshold (lower limit) of weak positive pixels, 175; intensity threshold (lower limit)
of medium positive pixels, 100; intensity threshold (lower limit) of strong positive pixels,
0; intensity threshold of negative pixels, -1. The positivity value of PD-L1 was evaluated
as follows: positivity =number of positive (no. of weak positive + no. of positive + no. of
strong positive)/total number (no. of positive + no. of negative).

Statistical analysis

Data were analyzed using GraphPad Prism software (Version 5.0, GraphPad Software,
Inc.). Differences between two groups were analyzed by Student’s t-test. The significance
of statistical results was noted by *P<0.05, **P<0.01.

Results

Characterization of MNVs

The hydrodynamic size of the MNVs was determined by dynamic light scattering to
be 11.7+2.3 nm (Fig. 1A). The change in surface charge of the MNVs according to
the amount of cationic polymer, PLL, can be seen in Fig. 1B. The surface charge of the
3.0 pg/mL MNVs dispersed in the aqueous phase by polysorbate 80 was -13.96 0.64,
and as the amount of added PLL increased to 1.5, 3, 6, 9, and 12 mg, the surface charges
of the particles increased to 9.06+0.38, 19.86£0.35, 20.99+0.35, 24.80+1.80, and
23.73£0.99 mV, respectively. Although the amount of PLL was doubled, the increase in
surface charge after 3 mg of PLL was small, indicating that the particle surface could be
sufficiently coated with 3 mg of PLL. Figure 1C shows the surface charge change on the
MNVs according to the use of miRNA34a. The amount of miRNA34a used was based on
the Lipofectamine RNAiMAX protocol (Thermo Fisher Scientific, MA, USA). The rec-
ommended amount of RNAIMAX for a 6-well plate was 25 pmol, and miRNA34a was
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added to the MNVs at half or double the recommended amount of RNAIMAX. The dif-
ference in surface charge between MNVs with 12.5 and 50 pmol of miRNA34a was not
large, indicating that miRNA34a was sufficiently attached to the particle surface even
when only 12.5 pmol was used. To confirm the potential magnetism of the MNVs and
evaluate their potential as an MR imaging contrast agent, their magnetic sensitivity was
evaluated using a 9.4-T animal MRI system. As the concentration of MNVs increased,
the T, relaxivity (R,) of the MNVs increased linearly, with T, relaxivity coefficients of
11.475 mM ™! s™! (Fig. 1D). R, is defined as the ratio of Fe concentration to the inverse of
the T, relaxation time and is measured using the MR signal intensity from different T,
relaxation times. These results indicate that MNVs were stably suspended in the aque-
ous phase, the PLL and miRNA34a were efficiently bound to the MNVs, and the MNVs
had sufficient potential as an MRI contrast agent.

Cytotoxicity of MNVs

PLL is a representative cationic polymer and transfection agent used to deliver genes
and magnetic nanoparticles to cells (Yang et al. 2021; Biray Avci et al. 2013). In miRNA
delivery, positively charged amine groups of PLL form a complex with anionic miRNA
to protect the miRNA from degradation and enable cellular uptake (Hobel and Aigner
2013). To determine the cytotoxicity, MDA-MB-231 cells were exposed to various con-
centrations of MN'Vs with PLL (Fig. 2). Cytotoxicity was assessed using the CCK-8 assay
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and 10 concentrations. The highest concentration was 50 pg/mL MNVs and 1.5 pg/ml
PLL. Those concentrations were diluted twofold to make nine aliquots. Up to a concen-
tration of 3.1 pg/mL, greater than 80% cell viability was confirmed.

Confirmation of PD-L1 suppression by miRNA34a delivery

The miRNA34a delivery by MNVs was confirmed by examining the mRNA and protein
expression of PD-L1 in MDA-MB-231 cells. Three concentrations of miRNA34a were
prepared for use with the same MNV concentration. Interestingly, as the amount of
miRNA34a increased, the inhibitory effect on PD-L1 decreased, as shown in Fig. 3A. The
most effective miRNA34a delivery did not necessarily deliver a large amount; 12.5 pmol
of miRNA34a was the most effective dose for PD-L1 inhibition. Delivery of 12.5 and 25
pmoL of miRNA34a using MNVs caused approximately 19% and 9.5% reductions in
PD-L1 mRNA expression, respectively. Delivery of 50 pmoL of miRNA34a using MNVs
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resulted in an increase in expression of approximately 3.5%. Western blotting also con-
firmed that delivery of 12.5 pmol of miRNA34a using MN'Vs best suppressed PD-L1 pro-
tein expression (Fig. 3B). Based on the qRT-PCR and western blotting results, 12.5 pmol
of miRNA34a on MNVs was considered to be the most effective dose, and subsequent
experiments used those conditions.

Inhibition of tumor cell migration by miRNA34a delivery

One well-known mechanism of PD-L1 is its ability to control the invasion and migra-
tion of tumor cells. PD-L1 promotes the migration and stem cell status of renal cell car-
cinoma by regulating the expression of SREBP-1c, a transcription factor that increases
cancer cell migration (Wang et al. 2015). PD-L1 also promotes lung cancer cells growth,
migration, and invasion by targeting WIP and beta-catenin signaling (Yu et al. 2020).
In nasopharyngeal cell carcinoma, overexpressed PD-L1 activates the PI3K/AKT sign-
aling pathway to increase cancer cell migration and invasion (Fei et al. 2019). In addi-
tion, PD-L1 was reported to promote migration and invasion by upregulating Smad3
phosphorylation, which leads to activation of the TGF-B/Smad pathway and resistance
to the EGER tyrosine kinase inhibitor gefitinib in EGFR-mutant non-small cell lung can-
cer (Zhang et al. 2019). Therefore, measuring migration changes in tumor cells is a good
way to test the effectiveness of miRNA34a delivery by MNVs. As shown in Fig. 4A, cell
migration was confirmed using the wound healing assay. When miRNA34a and scram-
bled miRNA were delivered using MNVs, no significant change was observed in either
condition after 1 day. After 2 days, all the scraped areas of cells that received MNVs with
scrambled miRNA were filled with MDA-MB-231 cells. However, migration of MDA-
MB-231 cells that received MNVs with miRNA34a was inhibited. In Fig. 4B, an image
analysis of the inhibition of cell migration by miRNA34a delivery shows that about 34%
of the wound width remained. These results indicate not only that miRNA34a was well
delivered to TNBC cells using MNVs, but also that it worked well enough to affect cell
migration.

Growth inhibition of an orthotopic TNBC mouse model by miRNA34a delivery

Based on the PD-L1 inhibitory effects of miRNA34a in vitro and the high correla-
tion between PD-L1 and tumor growth, in vivo delivery of miRNA34a was expected
to decrease tumor growth. Figure 5A shows how well the delivery of miRNA34a using
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MNVs inhibited the growth of TNBC tumors. Tumors delivered with saline and scram-
bled miRNA grew to very similar sizes and reached a size requiring humane eutha-
nasia on day 37. The average tumor volumes of groups that received TNBC cells with
saline and scrambled miRNAs were 4838.6 4895 mm?® and 4768.8 +517 mm?, respec-
tively. However, the average tumor volume in the groups that received miRNA34a was
2534.2 4378 mm?, about 47.6% smaller than the saline group and 46.9% smaller than the
scrambled miRNA group. The tumor size on day 37 is confirmed by the T, MR image in
Fig. 5B. In addition, the contrast provided by the iron oxide nanoparticles was confirmed
in all the mice injected with MNVs. These results suggest that delivering miRNA34a
using MNVs effectively inhibited tumor growth and has potential as an MRI contrast

agent in vivo.

Decrease in PD-L1 expression in tumor tissue via miRNA34a delivery

In an in vivo experiment, immunohistochemistry was performed on tumor tissues to
confirm that delivery of miRNA34a by MNVs was effective in reducing the expression
of PD-L1. As shown in Fig. 6A, the expression of PD-L1 proteins (brown dots) was con-
firmed over a wide range of tumor tissue treated with saline and scrambled miRNA,
whereas it was significantly reduced in tumor tissue treated with miRNA34a. The
positive pixel count algorithm analysis provided by the Aperio Image Scope program
improves the visibility of a specific protein stain present in the immunohistochemistry
images. In the image created by the positive pixel count algorithm, PD-L1 proteins are
indicated by orange dots, and the expression was significantly reduced by delivery of
miRNA34a. After running the positive pixel count algorithm on all mouse tumor tissues
from the in vivo experiment, positivity was measured. As shown in Fig. 6B, the posi-
tivity for PD-L1 in the mouse group that received miRNA34a was lower than that in
the groups treated with saline or scrambled miRNA. The PD-L1 positivity in the saline,
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Fig. 6 Immunohistochemistry and analysis after miRNA34a delivery. A Immunohistochemistry and positive
pixel count algorithm images for PD-L1 in each tumor. The scale bar is 4 mm. B The positivity graph of each
tumor after processing by the positive pixel count algorithm (mean £ SD, n =3, **P <0.01 vs MNVs with
scrambled miRNA, vs MNVs with miRNa34a)

scrambled miRNA, and miRNA34a groups was 0.17+0.01, 0.21 £0.04, and 0.07 +0.04,
respectively. These results indicate that miRNA34a delivery with MNVs effectively sup-

pressed PD-L1 expression in vivo and reduced tumor growth.

Discussion

PD-L1 expression in cancerous conditions depends on the type of tumor and is intri-
cately regulated at both the transcriptional and post-transcriptional levels. At the tran-
scriptional level, transcription factors such as HIF-1, STAT3, NF-«B, and AP-1 regulate
expression (Noman et al. 2014). In addition, PD-L1 is closely related to p53, a tumor sup-
pressor gene. In NSCLC with a p53 mutation, a study showed that decreased miRNA34a
expression increases PD-L1 expression. Most of the regulation of PD-L1 by miRNA34a
targets the 3° UTR of the CD274 gene encoding PD-L1. Therefore, when miRNA34a
expression is restored by delivering miRNA34a, the efficacy of radiation therapy and
T-cell immunity in the tumor microenvironment are improved (Fei et al. 2019). Based on
the results of several studies that showed miRNA34a to be involved in PD-L1 expression,
this study created MNVs using magnetic nanoparticles and a cationic polymer, PLL, to
deliver miRNA34a to TNBC cells. For decades, magnetic nanoparticles have been used
as MRI contrast agents, drug carriers, and gene carriers. Because magnetic nanoparticles
are generally solid, the material to be delivered is often attached to the outside of the par-
ticle. The MNVs in this study were treated with a classical and convenient method using
cationic polymers to allow them to electrically carry miRNA34a. In an in vitro experi-
ment, MNVs with miRNA34a reduced TNBC mobility and decreased PD-L1 expression
at the mRNA and protein levels. At the beginning of the experiment, it was expected
that as much miRNA34a as possible should be delivered to maximize the reduction in
PD-L1 expression. However, delivery of too much miRNA34a was not effective in reduc-
ing PD-L1 expression. The exact mechanism for this finding is not understood. Perhaps
excessive delivery of miRNA34a stimulated another signaling mechanism to maintain
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PD-L1 expression in the cell. In the in vivo experiment, 5 intratumoral doses of MNVs
with miRNA34a reduced tumor growth by about 47% and decreased the expression of
PD-L1 protein in the tumor. It is expected that a more effective antitumor effect could
be obtained by increasing the number of MNVs delivered. MNV delivery was limited
to intratumoral injections, and that method needs improvement. Although it was con-
firmed that MN'Vs could regulate the expression of PD-L1 at the cellular level, it was dif-
ficult to estimate how many MNVs would accumulate in the tumor if the particles were
delivered into a blood vessel. In this study, intratumoral delivery was used to confirm the
concept of MNVs. Further studies on intravenous delivery of MNVs will be needed to

advance and diversify therapeutic and application studies.

Conclusion

Since the discovery of PD-L1, an immune checkpoint protein, research to control its
expression, alone or in combination with known treatments, has been conducted in
many fields. miRNA34a, which was a potential tumor suppressor, is now considered a
very good candidate for genetically modulating PD-L1. To deliver miRNA34a simply
and efficiently, 10-nm iron oxide nanoparticles were selected. An amphiphilic polymer
was used to improve the aqueous phase dispersibility of the nanoparticles, and a cationic
polymer (PLL) was used together to make a magnetic nanovector for miRNA34a deliv-
ery. The most efficient amount of miRNA34a was verified through cell experiments. The
delivery of an appropriate amount of miRNA34a suppressed the expression of PD-L1
mRNA and protein and the migration of MDA-MD-231 TNBC cells. In animal stud-
ies, delivery of miRNA34a using MNVs reduced tumor growth by approximately 47%
compared with the delivery of scrambled miRNA. The immunohistochemistry results
confirmed that PD-L1 expression inside the tumor was greatly reduced by miRNA34a
delivery. This study showed that delivery of miRNA34a using MNVs can modulate
PD-L1 expression and reduce tumor growth. Recently, many studies on PD-L1 have
tested various treatment methods, such as radiation or chemotherapy, in combination
with PD-L1 modulation. Using MNVs to deliver miRNA34a will have high utility value
as a tool for tumor imaging and PD-L1 suppression in combination therapies.
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