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KEYWORDS Abstract Major challenges such as nuclease degradation, rapid renal clearance, non-specific
Aptamer; delivery, poor cellular uptake and inflammatory response have limited the clinical application
Cancer; of small RNA-mediated gene silencing. To overcome these challenges, we designed a novel tar-
Micellar nanoparticle; geting small RNA delivery platform comprising of three oligonucleotides: (1) a guide RNA
MiRNA; sequence, (2) part of a passenger sequence linked to a DNA aptamer via a PEG linker, and
Target delivery (3) another passenger sequence conjugated to cholesterol, which assemble through comple-

mentary base pair annealing. Remarkably, in the presence of magnesium, this molecule self-
assembled into a nanoparticle with a hydrophobic cholesterol core, hydrophilic RNA oligonu-
cleotide shell and PEG-linked DNA aptamer flare. The nanoparticles conferred protection to
the RNA oligonucleotides against nuclease degradation, which increased bioavailability, and
reduced systemic inflammatory responses. The aptamer allowed targeted delivery of RNA ther-
apeutics through cell-specific surface markers, and once inside the cell, the nanoparticles
induced lysosomal leakage that released the RNA oligonucleotides into the cytosol to achieve
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gene silencing. We created a c-Kit-targeting miR-26a delivery particle that specifically accu-
mulated in c-Kit™ breast cancer, significantly increased T cell recruitment, and inhibited tumor
growth. Regression of large established tumors were achieved when the nanoparticle was used
in combination with anti-CTLA-4 monoclonal antibody.

© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

Introduction

The rapid expansion of available genetic data greatly
contributes to identifying the genetic roots of many dis-
eases, such as cancers, virus infections, Parkinson’s dis-
ease, Alzheimer’s disease and inherited diseases." In order
to fulfill the clinical potential of these genetic discoveries,
we need to accelerate the development of novel thera-
peutic strategies that can specifically modulate the
expression levels of disease-associated genes in target
cells in vivo. RNA interference is a conserved biological
process for neutralizing targeted messenger RNAs (mRNA).
Two types of small RNA molecules, small interfering RNA
(siRNA) and microRNA (miRNA), play central roles in RNA
interference (RNAi). siRNAs are exogenous RNA duplexes
that act primarily as inhibitors of gene transcription.
miRNAs are endogenous small non-coding RNAs that act by
regulating gene transcription and preventing translation of
many different mRNAs.”? Accumulating evidence has
demonstrated that silencing of disease-associated genes
by these RNAi mechanisms offers great therapeutic po-
tential and the ability to act on targets considered “non-
druggable” by small molecules and biologics, as they can
be designed to affect virtually any gene of interest.?™
However, major challenges such as nuclease degradation,
poor intracellular delivery, non-specific cell delivery,
rapid renal clearance, and inflammatory responses have
limited the clinical application of small RNA-mediated
gene silencing strategies.”’

Although advancement of chemical strategies have been
used to significantly improve the clinical potential of RNAi-
based therapeutics,” ’ the effective delivery of highly
charged (polyanion) RNAs into cells across the anionic
plasma membrane remains.” Once the small RNA thera-
peutics are internalized into the cells by endocytosis, they
often remain trapped in endosomal vesicles and will be
degraded in the lysosomal compartment, which is a current
limiting hurdle for the effective intracellular delivery of
RNAi-based therapeutics.’ To overcome these limitations, a
variety of carriers have been proposed for the effective
delivery of RNAi therapeutics into cells by their unique
characteristics, such as membrane fusion, pore formation,
and cell-penetrating peptides.””® However, still only a
limited number of delivery carriers have been approved for
clinical use due to their potent cytotoxicity and suboptimal
efficacy.”’

Another challenge for the clinical application of RNAi
therapeutics is delivering a therapeutic dose of RNA oligo-
nucleotides to the desired cells and tissues in vivo, except
the liver where the majority of delivery carriers localize

after systemic administration.'® Cell-specific delivery could
be achieved by attaching targeting molecules that bind to
target cell-specific surface receptors. Advancements of
aptamer research have demonstrated that DNA or RNA
aptamers can bind to specific targets with high affinity due
to their stable three-dimensional structures.'' By attaching
aptamers to the delivery carriers, the small RNA oligonu-
cleotides in the carriers can be efficiently taken up by
receptor-mediated endocytosis and deposited into endo-
somes.'® However, a major challenge is how the RNAi oli-
gonucleotides can escape endosomes and gain access to the
cytosol to modulate target gene transcription. Here we
described a cation-dependent nano-platform that not only
has extended half-life and cancer cell-targeting specificity
but also allows escape from the endosomal compartment
for efficient target silencing. Accordingly, our data have
important implications for molecular therapy.

Materials and methods
Animals

Eight-week old BALB/c mice were used for the animal
studies. All the mice were maintained in the Research An-
imal Facility at the Institute of Human Virology, University
of Maryland Baltimore. The Institutional Committee on the
Use and Care of Animal approved all procedures involving
experimental animals.

Aptamer and miRNA chimera preparation

Anti-cKIT DNA aptamer, as described in the previous
report,'? was truncated to generate a shorter sequence,
but retained its binding affinity to the cKIT receptor (5'-
ATTGGGGCCGGGGCAAGGGGGGGGTACCGTGGTAGGAC-3').

For miR-26a chimera preparation, the cKit-aptamer miR-
26a chimera was assembled from three DNA/RNA hybrid
sequences by complementary base pairing (Fig. S1). These
sequences were (1) 5- A*T*Tx*GGGGCCGGGGCAAGGGG-
GGGGTACCGTGGTAGGAC/C3  spacer/CCUAUUCU*G=G-3'
for cKit aptamer + passenger sequence 1, (2) 5-G*U=x
UACUUGCACG/TEG (triethylene glycol)-cholesterol-3’' for
RNA passenger sequence 2 + cholesterol, and (3) 5-U= U+
CAAGUAAUCCAGGAUAGG+C+U-3' for miR-26a sequence
(RNA sequences were represented as italic). The DNA
aptamer was conjugated with the passenger sequence via
three carbons spacer (C3 linker), that provides spacial
flexibility between the aptamer and double stranded RNA,
which would not interrupt binding of the aptamer to its
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target. The C3 spacer was further replaced with longer 6-
chain polyethylene glycol (PEG, — ) spacer (Spacer 18)
(Integrated DNA Technologies, Coralville, IA, USA) for
Light_PEG form. The control miRNA sequence is 5-G*G*
CUGAUCACGUCGAUAAAU+A=U-3', that is derived from
Arabidopsis thaliana with no expected binding mRNA se-
quences in mouse and human according to NIH blast search.
To prevent serum degradation, the pyrimidine bases of the
passenger RNA sequences were modified with 2’-fluoro RNA
(bold) and some purine bases were modified with 2'-O-
methyl RNA (underline). The 5'- or 3'-end of oligonucleo-
tides were modified with phosphorotioate bonds (asterisks).
These oligonucleotides were synthesized and purified by
RNase-free HPLC at Integrated DNA Technologies or TriLink
Biotechnologies (San Diego, CA).

To assemble the chimera molecule, the cKit
aptamer + passenger sequence 1 was initially folded into
its three-dimensional structure by a short denaturation-
renaturation step (95 °C 10 min, 10 min snap-cooling on ice)
in duplex buffer (100 mM Potassium Acetate; 30 mM HEPES,
pH 7.5) (Integrated DNA Technologies) with 2.5 mM MgCl,
(Thermo Fisher Scientific, Waltham, MA). Then, the three
components were mixed in equal molar ratios and slowly
assembled through a temperature-controlled annealing
reaction (50 °C 30 min, 37 °C 60 min, and 4 °C; 0.1 °C/s) on
a thermal cycler (T-100 thermal cycler, Bio-Rad, Hercules,
CA) and stored at —20 °C. To form micelle-like nano-
particles, 6.7 uM of annealed oligonucleotide was incu-
bated with 5 mM MgCl, for 1 h at 25 °C. The particles were
further sterilized by 0.22 um filter (Millipore Sigma, Bur-
lington, MA) (Fig. S1).

Critical micelle concentration measurement

Fluorescence spectroscopy was used to estimate the crit-
ical micelle concentration (CMC) of the delivery platform
using a hydrophobic fluorescent probe following the man-
ufacturer’s protocol (CMC-535 detergent assay, G-Biosci-
ence, St. Louis, MO) at 25 °C. The fluorescence intensity of
probe versus RNA micelles concentration was measured
using a spectrafluorometer (SpectraMax iD3, Molecular
Devices, San Jose, CA) with an excitation wavelength of
535 nm and emission wavelength of 485 nm at 25 °C.

Transmission electron microscopy

The delivery platform particles were visualized by trans-
mission electron microscopy using a FEI tecnai T12 at the
Electron Microscopy Core Imaging facility in the University
of Maryland, Baltimore. The platform was loaded on a
copper grid, followed by blotting of excess liquid prior to
negative staining with 1% uranyl acetate. The grid was
visualized under the electron microscope at 80 kV and
maghnifications at 21,000 x.

Physicochemical characterization

The particle size and zeta-potential of the delivery plat-
form (6.7 uM) were measured by dynamic light scattering
(DLS) using a Nanosizer Nano ZS (Malvern Instruments, UK).
All the scattered photons were collected at a 173°-

scattering angle. The scattering intensity data was pro-
cessed using the instrumental software to obtain the hy-
drodynamic diameter and the size distribution (400 pL
25 °C). The Zeta potential of the particles was also
measured by Zetasizer Nano ZS at 25 °C.

Serum degradation assay

The various forms pM miR-26a chimera (with or without
MgCl;) at 6.7 were incubated with human serum (Sigma
Aldrich, St. Louis, MO) at 37 °C for various time periods.
These solutions were then mixed with an equal volume of
RNase-free water, incubated at 95 °C for 5 min, and
centrifuged at 4 °C. A portion of the supernatants were
used for gPCR of the miR-26a sequence and quantified with
a standard curve of dose-titrated miR-26a chimera.

Real-time PCR

Total RNA from cell lines and mouse tissues were extracted
by RNeasy Plus Mini kit (Qiagen, Valencia, CA, USA). miR-
26a levels were quantified by Tagman microRNA assay
(assay ID; 000405) that covered both human has-miR-26a-5p
and mouse mmu-miR-26a-5p (Thermo Fisher Scientific) ac-
cording to the manufacturer’s protocol. Mouse Ezh2 levels
were quantified by Tagman gene expression assays (assay
ID: Mn00468464_m1). Mouse Cxcl9 levels were quantified by
Tagman microRNA assay (assay ID; MmO00434946_m1).
Mouse (-actin (Tagman gene expression assays, assay ID;
MmO02619580_g1) was used as an endogenous control. Real-
time qPCR was performed on QuantStudio 3 (Thermo Fisher
Scientific).

Flow cytometry analysis

Anti-mouse cKit (clone 2B8) APC (Cat# 553356) (BD Bio-
sciences, San Jose, CA), and anti-mouse CD3 antibody
(clone 17A2) APC (Cat#100235) (Biolegend, San Diego, CA)
were used for flow cytometry. For binding analyses of cKit
aptamer-miR-26a chimera, the miR-26a was conjugated
with Alexa Floure (AF) 488-green fluorescent dye (Inte-
grated DNA Technologies). The cKit receptor™’~ mouse
embryonic fibroblast cell line (MEF) was collected with
Accutase cell detachment solution (Biolegend) and incu-
bated with 1 uM miR-26a chimera for 10 min in PBS buffer
containing 0.45% glucose, 100 mg/L tRNA, 0.1% BSA, 2.5 mM
MgCl,. For inflammatory cytokine analyses, the levels of IL-
6, TNF-a and IFN-y in peripheral blood were determined by
cytometric beads assay kit for mouse inflammation (BD
Bioscience). These flow cytometry analyses were per-
formed using FACS Canto Il (BD Bioscience) and the data
were analyzed by FlowJo software (FLOWJO, Ashland, OR).

Cell culture

No cell lines used in this study were listed in the database
of cross-contaminated or misidentified cell lines suggested
by International Cell Line Authentication Committee
(ICLAC). MEF was purchased from ATCC (Manassas, VA). The
MEF cell line was cultured in DMEM medium containing 10%
FBS, 2 mM L-Glutamine, and Penicillin/Streptomycin



1078

T. Tanno et al.

(Thermo Fisher Scientific). For overexpression of mouse c-
Kit in MEF cells, a construct of mouse c-Kit (pUNO1-mKIT,
InvivoGen, San Diego, CA) was transfected by Lipofect-
amine 3000 (Thermo Fisher Scientific) following by 4 ug/mL
blasticidin selection (InvivoGen). A mouse breast cancer
cell line (TUBO) derived from BALB/c mice transgenic for
the transforming rat HER2/neu oncogene (BALB-NeuT) were
gifted from Dr. Yang-Xin Fu at the University of Texas
Southwestern Medical Center. The TUBO cell line was
cultured in DMEM medium containing 10% FBS, 2 mM L-
Glutamine, and Penicillin/Streptomycin (Thermo Fisher
Scientific).

Immunofluorescence staining

c-Kit*’" MEF cells were grown on a chamber slide (Nunc,
Lab-Tek Chamber Slide) for 2 days. Alexa Fluor 488-labeled
miR-26a chimera (1 pM) was incubated with the cells at
37 °C. After washing with PBS, the cells were fixed with 4%
formaldehyde and washed again with PBS. Magic Red sub-
strate (MR-(RR)2, Immunochemistry Technologies, Bloo-
mington, MN) or 10k MW Dextran (AF546) (Thermo Fisher
Scientific) was added with miR-26a chimera for 3 h to
measure the leakiness of endosomes in live cells according
to the manufacturer’s protocol. The fixed cells were
mounted with Prolong Gold antifade reagent containing
DAPI (Thermo Fisher Scientific). The cells were then visu-
alized by fluorescence microscope (Olympus BX51)
(Olympus, Center Valley, PA).

Magnesium measurement

After treatment of 6.7 uM miR-26a chimera under various
acidic pH conditions at 25 °C for 1 h, the solution was
neutralized with 100 mM Tris—HCL (pH7.5) right before the
free magnesium levels in the solution were measured by
magnesium assay kit (Abcam, Cambridge, MA) following the
manufacturer’s protocol. After incubation the absorbance
was read on a plate reader (SpectraMaxiD3, Molecular De-
vices) at 450 nm.

Cell viability and cytotoxicity assay

To assess the cell viability of c-Kit™ MEF cells and TUBO cell
lines treated with the delivery platform (4000 cells/well in
96 well plate), the culture medium was replaced with 0, 1,
2 and 4 uM of miR-26a chimera-containing medium. After
24 h incubation, 10 ul CCK-8 assay reagent (Cell Counting
Kit-8; Dojindo Corporation, Tokyo, Japan) was added to
each well. After 2 h at 37 °C, the absorbance at 450 nm was
determined using a plate reader (SpectraMaxiD3, Molecular
Devices). Negative (vehicle only) and positive (cells treated
with 500 uM hydrogen peroxide controls for cell death)
were run with each set of experiments. Three replicates
were prepared for each sample.

The LDH release assay was performed to assess the
cytotoxic potential of the delivery platform. The cultured
c-Kit* MEF cells were seeded in a 96-well culture plate in
100 ul of culture media. Three replicates were prepared for

each sample. The supernatant (50 plL) of the cells was
transferred to a 96-well plate. After adding the LDH reac-
tion solution (50 pL) (CyQuant LDH Cytotoxicity Assay,
Thermo Fisher Scientific) the plate was incubated for
30 min. After incubation the absorbance was read on the
plate reader (SpectraMaxiD3, Molecular Devices) at 490 nm
and 680 nm.

For calculation of the ICsq for various forms of miR-26a
chimera with TUBO cells, the culture medium in 96-well
plates was replaced with 1 uM miR-26a chimera containing
medium. After 3 days of incubation, 10 uL CCK-8 assay re-
agent was added to each well. After 2 h, the plates were
read on the plate reader (SpectraMaxiD3) at 450 nm. ICsq
values were calculated by linear approximation regression
of the percentage survival versus the drug concentration
using ED50V10 Excel add-in software (ED50Plus v1.0, Insti-
tuto Nacional de Enfermedades Respiratorias, Mexico).

Pharmacokinetics study

miR-26a chimera at 0.9 mg/kg was intravenously injected
into BALB/c mice (n = 3) for various time periods. 25 uL of
plasma prepared from peripheral blood in EDTA-treated
tubes was immediately mixed with 25 uL of RNase-free
water and incubated at 95 °C for 5 min, then centrifuged at
4 °C. The supernatants were used to determine the plasma
concentration of miR-26a chimera by RT-qPCR for miR-26a
using the standard curve of miR-26a chimera. Pharmacoki-
netics data analysis was perfumed using PKSolver software.'?

Tissue distribution analysis

For the in vivo distribution study, 2.4 mg/kg of Alexa Fluor
647-conjugated miR-26a loaded c-Kit-aptamer positive
platform (Light_PEG) or c-Kit-aptamer negative platform
(No aptamer (+Chol)) was intravenously injected into c-
Kit* TUBO tumor-bearing mice. Surface fluorescence from
mice tissues (ex vivo) harvested 24 h after injection were
visualized by in vivo fluorescence imager (IVIS) (Perki-
nElmer, Waltham, MA) set at medium binning, F-stop 1, and
auto exposure. In vivo surface fluorescence of manually
defined regions of interest was quantitated as average
radiance efficiency ([p/s/cm?/sr]/[uW/cm?]) using Living
Image software (PerkinElmer).

In vivo safety assessment

For safety assessment, complete blood counts were
measured by Hemavet 950FS (Drew Scientific, Miami Lakes,
FL). Serum concentrations of ALT (Alanine aminotrans-
ferase) were measured by Randox RX Monza clinical
chemistry analyzer (Randox, Kearneysville, WV) according
to the manufacturer’s instructions. Plasma concentrations
of BUN (Blood urea nitrogen) were measured using Urea
nitrogen direct (Stanbio, Boerne, TX) by SpectaMAX iD3
(Molecular Devices).

For histochemistry analysis, transversal sections of liver,
lung, heart and kidney were fixed with 4% para-
formaldehyde, and embedded in paraffin. The tissue
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sections were processed and stained using Harris’s H&E
(Sigma—Aldrich). Images of each tissue section were
captured by BX51 digital light microscope (Olympus).

In vivo tumor inhibition studies

For breast cancer models, the female BALB/c mice were
subcutaneously injected with 2 x 10° viable TUBO cells in
their right hind limbs. After the tumor grew to 5 mm in
diameter, mice were randomly divided into groups for
treatment with either the vehicle control (100 ul the duplex
buffer), or with 2.4 mg/kg miR-26a chimera or control
chimera intravenously injected through their tail veins.
During the treatment period, 100 pg of anti-mouse Ctla4
antibody (clone 9D9, BioXcell, Lebanon, NH) were intra-
peritoneally injected into the mice on day 3. Tumor sizes
were measured in two dimensions every 3 days. Tumor
volume (V) was calculated as: V = (1/2) S* x L (S, the
shortest dimension; L, the longest dimension). Plasma
concentrations of Cxcl9 were measured by mouse Cxcl9
DuoSet ELISA (R&D systems, Minneapolis, MN). The con-
centrations of Cxcl9 in tumors were measured by the Cxcl9
DuoSet using the supernatant of minced tumors (0.2 g). For
T cell infiltration analysis, fresh tumor tissues were disso-
ciated by manual mincing followed by incubation in RPMI-
1640 medium with collagenase and hyaluronidase (Stem
Cell Technologies, Cambridge, MA) for 20 min at 37 °C.
After dissociation, cell suspensions were filtered with a
100 um cell strainers and used for flow cytometry analyses.

Statistics

Data were analyzed using a Student’s t test to compare
between two groups, and two-way repeated-measures
ANOVA, followed by the Bonferroni post-hoc procedure for
follow-up pairwise comparison. Survival data were
analyzed by a Kaplan—Meier survival analysis with log-rank
test. Statistical calculations were performed using Graph-
Pad Prism software (GraphPad Software, San Diego, CA). All
data were presented as mean + standard deviation. As-
terisks denote the significant differences. "P < 0.05,
**P < 0.01.

Results

Magnesium induces assembling of nano particles for
small RNA delivery

We previously demonstrated that our delivery platform
could deliver a small RNA oligonucleotide (miR-26a) to
target cells and silence its target genes, including Ezh2 and
Bak1, in vitro and in vivo.' This platform comprises (1) a
guide strand RNA sequence (22 nt), (2) a first RNA pas-
senger strand sequence (10 nt) linked with a cell surface
receptor-targeting DNA aptamer via a three carbon linker,
and (3) a second RNA passenger strand sequence (12 nt)
conjugated to cholesterol via a triethylene glycol (TEG)
spacer (Fig. S1). These three components were mixed in
equal molar ratios and form a double strand RNA oligonu-
cleotide by temperature-controlled annealing according to

the complementary base pairing of the nucleic acid se-
quences (Fig. S2). As our platform contains hydrophobic
cholesterol covalently linked to the 3’ of the annealed
of hydrophilic oligonucleotides (Fig. S1), it creates an
amphiphilic structure with the potential to form micelle-
like particles with a hydrophobic cholesterol core sur-
rounded by a hydrophilic oligonucleotide shell."®

However, the negative charge of the oligonucleotides
may limit self-assembling.’® To overcome this limitation,
we added a grading concentration of magnesium chloride to
the oligonucleotide-cholesterol formulation and evaluated
micelle formation using a fluorescence dye (CMC-535) that
emits a fluorescent signal upon interaction with hydropho-
bicity in aqueous solutions. As shown in Figure 1A, a drastic
increase of fluorescence intensity was observed when 1 mM
of magnesium chloride was added, which indicated a major
increase in micelle-like particle formation. The increase
was dose-dependent and plateaued when 5 mM of magne-
sium was added. The critical micelle concentration (CMC)
of this particle was 3 x 10~/ M (Fig. 1B), which represents a
value 40 times more stable than Polysorbate 80
(CMC = 1.2 x 107 M) that is widely used for micellar drug
formulation.'” To evaluate the particle structure, we visu-
alized it by transmission electron microscopy and observed
spherical objects 20—40 nm in size (Fig. 1C). Dynamic light
scattering analysis demonstrated a peak particle diameter
of 30 nm with almost neutral net charge of particle
boundary (zeta-potential = —0.086 mV) (Fig. 1D). Of note,
we did not observe any major particle structures in the
absence of magnesium, confirming that magnesium is
required for particle formation. Notably, we did not
observe any aggregates even with a high concentration of
delivery platform (33 pM, turbidity <0.05 at 490 nm).
Interestingly, this magnesium-induced particle structure
significantly inhibited the susceptibility of loaded-small
RNA oligonucleotide (miR-26a) to serum nuclease degra-
dation compared to the delivery platform without magne-
sium (Fig. 1E; Fig.S3A).

To determine the functional delivery of the miR-26a by
our targeted delivery platform, we treated c-Kit" TUBO
breast cancer cells with a c-Kit-targeting miR-26a-loaded
delivery platform (miR-26a chimera) formulated with or
without magnesium chloride (Fig. 1F; Fig. S3A). Based on
the expression of Ezh2, a validated miR-26a target gene,
magnesium-induced nanoparticles provided the most
effective platform in silencing Ezh2 expression.

pH-dependent magnesium release, nanoparticle
disassembly and lysosomal leakage

We have recently reported the target specificity of our de-
livery platform to cancer cells and hematopoietic progenitor
cells using a c-Kit aptamer.’ To determine whether the
magnesium-induced nanoparticles still retain the specificity,
we conjugated the AF 488-green fluorescent dye to miR-26a,
assembled the nanoparticles with the fluorescent miR-26a in
the presence of magnesium, and incubated the nanoparticles
with mouse c-Kit-positive or negative MEF cells in vitro
(Fig. 2A). Flow cytometry analysis demonstrated that the
magnesium-induced nanoparticles bound to the c-Kit™ MEF
cells but barely to the c-Kit™ cells (Fig. 2A). To evaluate the
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Figure 1  Magnesium induced assembly of nanoparticles with improved resistance to degradation and miRNA function. (A) Micelle
formation under various concentrations of MgCl? detected by hydrophobic-incorporation of fluorescent dye (CMC-535). (B) Plots of
fluorescence intensity at 535 nm under various concentrations of the delivery platform. The critical micelle concentration (CMC)
was 3 x 107 M. (C) Transmission electron microscopy image of the delivery platform nanoparticles using negative staining. Scale
bar, 50 nm. Representative image of a single experiment. (D) The particle size distribution of the delivery platform with MgCl?
(+MgZ*) or without MgCl? (-Mg?") measured by dynamic light scattering. Representative image of two independent experiments.
(E) Stability of each component of the miR-26a delivery platform against serum degradation in vitro. The miR-26a chimera of
particle form (+Mg") or non-particle monomer form (-Mg?*) in various formats (Fig. S3A) was incubated with human serum for
various time periods. Stability was measured by qPCR for miR-26a. (F) Functional effect of each moiety in the delivery platform for
gene silencing by miR-26a. The c-Kit-targeting miR-26a chimera (1 pM) in various formats (Fig. S3A) with or without MgCl> were
incubated with c-Kit + TUBO cancer cells for 2 days. The expression levels of a miR-26a target gene, Ezh2, were measured by qPCR.
Asterisks denote the significant difference compared to vehicle controls. (A, B, E, F) Data shown as mean + SD of combined data
from two independent experiments, each with duplicated samples. *P < 0.05, **P < 0.01.

fate of nanoparticles after binding to c-Kit, we visualized the distribution of the loaded-miR-26a after 30 min of treatment,
cellular distribution of the AF488-conjugated miR-26a in the which suggest endocytosis of the miRNA. After 2 h, the miR-
c-Kit* MEF cells using fluorescence microscopy. As shown in 26a diffused throughout the cells, which suggest that the
Figure 2B, we observed a punctuated intracellular miRNA has escaped the endocytic compartments. Since
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endocytic compartments undergo progressive acidification,
we tested the fate of nanoparticles under different pH con-
ditions. Using the micelle-encapsulated fluorescence probe,
we evaluated micelle stability under pH that range from
extracellular pH (7.0) to those found in the lysosome
(4.5—5.0). As shown in Figure 2C, the micelles formed by the
miRNA nanoparticle were progressively disrupted at pH that
resembles late endosome or lysosome (pH 5.5—4.0), which
suggests that the magnesium-induced nanoparticles would
likely disassemble as they traffic through the endocytic-
lysosomal compartment. To understand the mechanism, we
evaluated if the magnesium is released under acidic condi-
tions. As shown in Figure 2D, progressive lowering of pH led to
a progressive increase of free magnesium. Since nanoparticle
formation depends on magnesium, the magnesium release is
consistent the nanoparticle disassembly in Figure 2C.

Disassembly of the nanoparticles exposes cholesterol
that may destabilize the endocytic compartment,'® with
the release of magnesium ions potentially building mag-
nesium salts in the endocytic compartment due to osmotic
imbalance.® Using AF647-conjugated 10k MW dextran that
is used for visualizing the endocytic compartment, vehicle
treated control cells that have received fluorescent
dextran probe show accumulation of dextran in intracel-
lular vesicles as shown in Figure 2E. In contrast, the cells
that received the miRNA chimera nanoparticles showed no
such accumulation. These data suggest disruption/leaki-
ness of the endocytic compartment. Since exposure of
cholesterol and release of magnesium was most prominent
at lysosomal pH, we hypothesize that lysosomes are likely
destabilized by the disassembly of miRNA chimera nano-
particles. To test this hypothesis, we treated the cells with
a substrate that fluoresces red upon cleavage by active
cathepsin enzymes, which is a well-known marker for ly-
sosomes.”? While we observed the punctuated distribution
of cathepsin substrate in the c-Kit™ MEF cells treated with
vehicle, miR-26a chimera treatment abrogated the lyso-
somal compartment. To test if the lysosomal disruption/
leakiness causes non-specific cell death, we examined the
cell viability and cytotoxicity using the c-Kit"™ MEF cells
treated with miR-26a chimera nanoparticles. The miR-26a
chimera treatment affected neither cell viability (Fig. S4)
nor cytolysis (Fig. 2F).

Chemical modifications of the oligonucleotides
enhance gene silencing, in vivo stability, and
reduce systemic inflammatory responses to the
nanoparticles

Nuclease-mediated degradation reduces half-life of RNAi
molecules in vivo.?' To define the best chemical modifica-
tions for our delivery platform,'* we modified the RNA oli-
gonucleotides with 2'-fluoro pyrimidines, 2’-O-methyl
purines and phosphorothioate bonds to confer resistance to
RNase (Fig. S3B—D). We found that while modifications at
the 5 and 3’ ends of the guide RNA (light mimic) allow the
molecule to remain active in gene silencing, those with
further modifications in the center region of the guide RNA
sequence (heavy mimic) significantly interrupted the gene
silencing effect of miR-26a with our delivery platform
(Fig. 3A). We also observed interruption of the gene silencing

effect by further modifications on passenger RNA sequences
with 2/-0-methyl purines (heavy 5pass and 3'pass) (Fig. 3A,
S3B, C). The growth inhibition of various forms of the miR-
26a chimera assembled into nanoparticles were assessed
using c-Kit™ TUBO cancer cells, which demonstrated the ICsq
of light mimic form was 3.4-times lower than the heavy
mimic form (Fig. 3B; Fig. S5A). These results indicated that
the modifications on the guide RNA sequence with 2'-fluoro
pyrimidines, 2’-O-methyl purines, and phosphorotioate
bonds at the 5 and/or 3’ ends, in combination with the
passenger sequences with 2’-fluoro pyrimidines and phos-
phorotioate bonds at the 5 and/or 3’ ends (light mimic),
were suitable form for our delivery platform (Fig. S3D).

Polyethylene glycol (PEG) is widely used in drug delivery
to provide “stealth” properties to the delivery particle
surface, which diminished the recognition or uptake by
macrophages.”” Replacement of the C3 linker to a low
molecular weight PEGn = 6 linker in the light mimic (Light
_PEG) did not affect its potent gene silencing effect or
growth inhibition activity (Fig. 3A, B; Fig. S3D, S5A, S5A).

We evaluated the pharmacokinetics of the various forms
of miR-26a chimera in BALB/c mice and found that both
light and heavy modifications significantly improved their
half-life compared to other modifications on the guide RNA
sequence (Fig. 3C; Fig. S3D, S5B). Conjugation of the light
mimic to PEGn = 6 resulted in an extension of half-life. The
PEG conjugation also resulted in most significantly reduced
inflammatory response (Fig. 3D; Fig. S3D).

The safety assessments of the targeting delivery
platform in vivo

We performed safety assessments using BALB/c mice
treated with the dose-titrated delivery platform (light_PEG
form of the miR-26a chimera). Complete blood count
(white blood cells, red blood cells, and platelets), liver
enzyme (alanine aminotransferase, ALT), and blood urea
nitrogen (BUN) levels were unaffected at day 10 after
intravenous administration with the miRNA nanoparticle
(Fig. 4A—C). miRNA nanoparticles did not cause weight
changes when compared to the vehicle control (Fig. 4D).
Histopathology analysis with hematoxylin-eosin stain sec-
tions of liver, kidney, heart and spleen revealed no abnor-
malities (Fig. 4E). These results demonstrated the overall
safety over extended period of our light_PEG form miR-26a
chimera nanoparticle.

miRNA nanoparticles with potent therapeutic
effect against breast cancer

To further examine the in vivo targeting ability of the
delivery platform, the c-Kit targeting platform with AF647-
conjugated miR-26a (light_PEG form miR-26a chimera) was
injected intravenously into tumor-bearing BALB/c mice
with the c-Kit™ TUBO breast cancer cells. We observed a
significant accumulation of the c-Kit-aptamer positive
platform nanoparticles into the c-Kit* tumors (4-fold
higher accumulation), instead of liver accumulation (3-fold
less accumulation), compared to c-Kit-aptamer negative
platform by in vivo imaging, indicating that the DNA
aptamer on our targeting delivery platform enabled >12-
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Figure 3  Optimization of chemical modifications on a miRNA delivery platform in vitro. (A) The effect of various chemical
modifications on the miRNA delivery platform (miR-26a chimera) (see also Fig. S3B—D). The gene silencing effect of different
chemical modifications on the miR-26a chimera was determined by qPCR of a miR-26a target gene, Ezh2, using c-Kit™ TUBO cancer
cells treated for 2 days. Asterisks denote the significant difference compared to vehicle treatment. (B) The inhibition of tumor
growth by various miR-26a chimera compositions. The TUBO cells were cultured with miR-26a chimeras (1 uM each) for 3 days and
the cell viability was measured by CCK-8 assay. (C) Plasma concentration of various forms of the miR-26a chimera. Each miR-26a
chimera (0.9 mg/kg) was intravenously injected into BALB/c mice (n = 3) for various time periods and plasma concentrations were
determined by gPCR for miR-26a. (D) Inflammatory responses against various forms of miR-26a chimera detected by cytometric
beads assay for IL-6, TNF-o, IFN-v in plasma collected at 3 h and 24 h after intravenous administration of 0.9 mg/kg miR-26a
chimera into BALB/c mice (n = 3). Asterisks denote the significant difference compared to vehicle treatment. (A, B) Data shown as
mean + SD of combined data from two independent experiments, each with duplicate samples. (C, D) Data shown as
mean =+ standard deviation of triplicate and are representative of two independent experiments. *P < 0.05, **P < 0.01.

the target specificity of our aptamer-based delivery plat-
form. To evaluate the therapeutic potential of our delivery
platform in vivo, we treated the c-Kit* breast cancer-
bearing BALB/c mice with the miR-26a chimera (light_PEG

fold higher targeting ability to the target tissue in vivo
compared to the non-targeting platform (Fig. 5A). Notably,
the aptamer also significantly reduced non-specific kidney
accumulation of the delivery platform, further supporting
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Figure 4 Safety of the most effective miR-26a chimera in mice. (A) The numbers of white blood cells (WBC), red blood cells
(RBC), and platelets (PLT) in peripheral blood collected at day 10 from BALB/c mice intravenously treated with various doses of
optimal miR-26a chimera (n = 3). (B) The hepatic parameter of ALT in plasma collected at day 10 from the BALB/c mice treated
with various doses of miR-26a chimera. (C) The nephrotoxic parameter (BUN) in plasma collected at 10 days after the miR-26a
chimera treatment. (D) Body weight change over time after various doses of miR-26a chimera treatment. There were no significant
differences among the various doses of miR-26a chimera treatments in the figures. Data shown are mean + standard deviation of
triplicate samples and are representative of two independent experiment. *P < 0.05, **P < 0.01. (E) Histological sections (H&E
stain) of liver, kidney, heart and spleen harvested at day 15 after the miR-26a chimera treatment. Scale bar, 100 um. Repre-
sentative images of the wo independent experiments.

form miR-26a chimera). We observed significant silencing Ezh2 is a histone methyltransferase that is known to
of a validated miR-26a target gene, Ezh2, in tumors for at suppress expression of a chemokine, Cxcl9, in tumors,?
least 3 days after a single intravenous administration of suggesting that Cxcl9 is a potential biomarker for effective
miR-26a chimera (Fig. 5B). Ezh2 silencing in vivo by miR-26a chimera treatment.



Novel aptamer-based small RNA 1085

cKit-targeting cKit-apt (-) cKit-apt (+)

Platform (-)  platform platform 30 1 QcKit-apt () w )
08 . K ; o - -
LifAg 25 cKit-apt (+)
>
Heart = J
” ? 20
Liver g
B E 15 4
Spleen " E
2 10
Kidney s
o
Tumor o 5 1
Femur o N.D. N.D.
Lung Heart Liver Spleen Kidney Tumor Femur
B C
1.2 - 10,000 ~ sk
M ~ 8,000 -
S 2
2 084 5
o = 6,000 -
e =
3 06 A £
o~ =3
S £ 4,000 4
W 04 - 2 miR-26a chimera
g .
I8 | ====-Ctrl chimera
0.2 - miR-26a himera 2,000
=—=--ctrl chimera - S SR
0 0
0 1 2 3 4 0 1 2 3 4
Days after treatment Days after treatment
D 5 -
Ctrl chimera miR-26a chimera —_ %
X
1000 | 1000 i 4 4
i i o
§
800 800 o ..E 3 i
(2]
600 600 —
? 8,
%} : e
400 400 (2]
057 8
ZOO—". 200 H 1 b
0 T T T T 0 " T .w T T T
10° 10" 102 10° 10t 10° 10" 102 10° 10t 0 -
CcD3 CD3 Ctrl chimera miR-26a
chimera

Figure 5 Optimal miR-26a chimera increased T cell infiltration into tumors. (A) Tissue distribution of targeting the delivery
platform in tumor bearing mice. (Left) The organ accumulations of AF647-conjugated c-Kit-aptamer positive or negative platform
(2.4 mg/kg) at 24 h after intravenous injection into c-Kit™ TUBO tumor-bearing mice. The images are representative of those from 3
mice per group. (Right) The quantification of organ accumulation between the c-Kit-aptamer negative and positive platforms
(n = 3). Asterisks denote the significant different between Kit-aptamer negative and positive platforms. N.D. = not detected. (B)
Gene silencing effect of the miR-26a chimera in the tumors various days after intravenous injection with 2.4 mg/kg of miR-26a
chimera into c-Kit™ TUBO tumor-bearing mice was determined by qPCR for the miR-26a target gene, Ezh2 (n = 3). Asterisks denote
significant difference compared to control chimera treatment. (C) Cxcl9 expression in the tumors after miR-26a chimera treatment
detected by ELISA using the supernatant of minced tumors (n = 3). Asterisks denote significance different compared to control
chimera treatment. (D) The miR-26a chimera treatment increased CD3™ cells in the tumors harvested at day 4. (Left) Represen-
tative data of flow cytometry analysis. (Right) Statistics of CD3™ T cell infiltration (% among CD45" cells) in the tumors after the
miR-26a chimera treatment (n = 3). Asterisks denote significant difference compared to control chimera treatment. (B—D) Data
shown as mean =+ SD of triplicate samples and are representative of two independent experiments. *P < 0.05, **P < 0.01.
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Figure 6 Optimal miR-26a chimera inhibited the growth of

breast cancer and increased mouse survival. (A) Treatment
regimen with miR-26a chimera and anti-Ctla4 antibody (aCtla4).
(B) Tumor volume over time. The c-Kit" TUBO tumor-bearing
mice were treated with 2.4 mg/kg miR-26a chimera (red allows)
and/or 100 pg anti-Ctla4 antibody (blue arrow) (n = 6). There

Consistent with this notion, we observed significant eleva-
tion of Cxcl9 in the tumors and peripheral blood after miR-
26a chimera treatment (Fig. 5C; Fig. S6). Since Cxcl9 is an
essential chemokine for T cell infiltration into tumor sites,?*
we tested whether the elevation of Cxcl9 correlated with T
cell infiltration into tumor sites. As shown in Figure 5D, we
observed a significant increase of CD3" T cells in the tumors
at 4 days after miR-26a chimera treatment compared to
control chimera treatment. Since the T cell infiltration in
tumor sites is an essential factor for successful immuno-
therapy with immune checkpoint inhibitors, the increase of
T cells in tumors prompted us to test the potential of miR-
26a chimera in improving the immunotherapeutic effect.
We treated the c-Kit™ tumor-bearing BALB/c mice with
miR-26a chimera and/or anti-Ctla4 antibody (Fig. 6A).
While both miR-26a chimera and anti-Ctla4 antibody mon-
otherapy demonstrated significant inhibition of tumor
growth compared to vehicle treatment, their combination
dramatically shrunk the tumor sizes at day 9 after the first
treatment (or 16 days after tumor cell transplantation) with
miR-26a chimera (Fig. 6B; Fig. S7), and extended overall
survival (Fig. 6C).

Discussion

We developed a targeted small RNA delivery platform based
on magnesium-induced assembly of nanoparticles with a
cholesterol core, RNA oligonucleotide shell, and DNA
aptamer flare. The platform allows delivery of a large bolus
of small RNA therapeutics into a single cell. The size of
particle (30 nm) is large enough to avoid renal clearance
(less than 5 nm) but small enough to penetrate to target
tissues.”*%¢

Recent advancement of chemical modifications to oli-
gonucleotides significantly improves the pharmacokinetic
properties of RNA therapeutics by reducing the suscepti-
bility to nuclease degradation.?””*® In our platform, modi-
fications on the 5- and/or 3’-ends of the guide RNA
sequence with 2’-fluoro-pyrimidines, 2’-O-methyl-purines
or phosphorothioate bonds, instead of full modifications on
center region of oligonucleotide, significantly improved in
vivo stability while retaining the miRNA function of miR-
26a. Of note, we used 2'-fluoro-RNA modifications in our
platform for the most of part, which would further stabilize
the particle structure due to its higher hydrophobicity, and
increase of melting temperature compared to unmodified
RNAs or 2'-O-methyl-RNA modifications.?”*° Phosphor-
othioate bonds are known to induce non-specific binding to

was a significant difference at day 3 in ctrl chimera vs. miR-26a
chimera (P = 0.012), but not between vehicle vs. aCtla4
(P = 0.066). At day 6 there were significant differences in
vehicle vs. aCtla4 (P = 0.0011), and vehicle vs. combination of
aCtla4 + miR-26a chimera (P < 0.0001). (C) Kaplan—Meier
survival curve (n = 6). There were significant differences in
ctrl chimera vs. miR-26a chimera (P < 0.0006), vehicle vs.
aCtla4 (P < 0.0006), ctrl chimera vs. combination of aCtla4 and
miR-26a chimera (P < 0.0006). Data shown as mean + SD of
combined data from two independent experiments, each with 3
mice per group.
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cell surface receptors for intracellular delivery.>' To retain
the targeting specificity of the aptamer on our delivery
platform, we used a minimum number of phosphorothioate
bonds and only at the 5- and 3’-ends of oligonucleotides.
Additionally, magnesium-induced particle structure signifi-
cantly inhibited the serum degradation of loaded-miRNA.

One of the challenges for the clinical application of RNA-
based therapeutics is the unfavorable activation of the
innate immune system.*? Our data in Figure 3 and S3
demonstrated that the chemical modifications and
replacement of the 3 carbon linker to a longer 6 chain PEG
linker significantly reduced inflammatory responses in vivo.
The PEG linker not only improves in vivo stability of micelle
particles by its hydrophilicity, but also diminished immune
responses against our delivery platform in vivo, leading to
longer circulation time and reduction of administrative
dose and frequency.??

The effective delivery of RNA-based therapeutics de-
pends on the expression levels of target receptors and the
activity of receptor internalization.'® Like other tyrosine
kinase receptors, the c-Kit receptor is known to be over-
expressed on cancer cells compared to normal cells, and
also rapidly internalized (1.5 x 1073/s) in the first 15 min
after interaction with its ligands.>* The target-specific
binding and effective delivery of loaded-miRNAs into the
cytosol indicate that the c-Kit receptor is an ideal delivery
target for small RNA therapeutics to cancer cells. However,
the c-Kit receptor is also known to be expressed in normal
cells, including hematopoietic stem cells.>* Since we pre-
viously demonstrated a therapeutic advantage of a c-Kit-
targeting miR-26a chimera for protecting hematopoietic
stem cells from chemotherapy-induced apoptosis by
silencing a pro-apoptotic gene, Bak1, with no apparent
adverse effects on hematopoiesis,'? at the highest doses
tested, the targeting strategy using c-Kit receptors to
deliver miR-26a to c-Kit™ cancer tissue deserves further
evaluation.

For maximizing the amount of RNA therapeutics getting
into the target cells while minimizing the administrative
doses and off-target toxicities, several targeting probes
have been investigated, such as glycol-conjugates targeting
the asialoglycoprotein receptor (ASGPR), antibodies and
aptamers. The ASGPR-based delivery system is a clinically
approved probe for effective and selective delivery of
siRNA therapeutics to hepatocytes.> For targeting to other
tissues, monoclonal antibodies are proposed as potential
targeting probes. However, there are still challenging hur-
dles for the clinical application, such as antibody-small RNA
conjugates forming multimeric aggregates rather than
defined molecular species and the difficulty of penetrating
tissues due to the large size of conjugates.>®*” Aptamers
represent another emerging strategy for the targeted de-
livery of RNA therapeutics.*®>° High affinity, target speci-
ficity, low immunogenicity and toxicity, short-term and low
production costs, reproducibility from batch to batch, and
smaller size than antibodies support aptamers as promising
targeting molecules for systemic delivery."

Although cholesterol has been known to direct the
conjugated-oligonucleotides to liver, we observed a major
accumulation of our delivery platform into tumors instead
of liver, indicating that our platform was directed to target

cells by the aptamer, but not to liver by the cholesterol. A
potential explanation is that the cholesterol has formed a
hydrophobic core that was inaccessible to cell surface
cholesterol receptors. Notably, it would be difficult to use
the negatively-charged oligonucleotide aptamers as tar-
geting molecules for polycationic polymer-based delivery
nanoparticles that electrostatically condense and hold
negatively-charged oligonucleotides inside particles. This
type of nanoparticle would physically inhibit the localiza-
tion of aptamers on the surface during the process of par-
ticle self-assembly, which would likely interrupt the
targeting capability of aptamers.*®° In our platform, the
cationic magnesium ions, electrostatically attracted to the
strong anionic field around oligonucleotides,*® would sta-
bilize the particle structure through electrostatic in-
teractions with the anionic oligonucleotides without
interrupting the localization of aptamers on the particle
surface. In addition, since magnesium ions generally sup-
port the conformational stability of aptamers,*>*' the
magnesium ions would not interrupt the targeting capa-
bility of aptamers, which was demonstrated by the target-
specific binding of the delivery platform (Fig. 2A). Our novel
type of nanoparticle carrier using aptamers for targeting
would further enhance the therapeutic potential of
aptamers for targeted delivery of small RNA therapeutics.

Magnesium ions are known to increase the melting
temperature of short RNA duplexes,’®*! which stabilizes
the core component of our delivery platform assembled by
the annealing 3 short RNA sequences. In combination with
the rich 2’-fluoro RNA modifications, our platform provides
better structural stability than FDA-approved micelle
drugs.” In contrast, the annealed short RNA duplexes
(10—12 nt) would be disassembled through the acidification
of endosomal trafficking due to the susceptibility of short
RNA to denaturing under the acidic conditions,** that would
prompt the pH-sensitive disassembling of our delivery
platform in the absence of magnesium.

While magnesium concentration in endosomes has not
been reported, the concentration in plasma is 1.5—2 mM
and its intracellular concentration is 0.5 mM.** Therefore,
the plasma magnesium and neutral pH should help to sta-
bilize the nanoparticles in the blood. Since the nano-
particles release magnesium in a pH-dependent manner, it
would likely disassemble and expose cholesterol in the
lysosome. The known effect of cholesterol on the mem-
brane of endosomes and lysosomes and the impact of
increased free magnesium on the osmotic balance of
endosomes/lysosomes could provide a plausible explana-
tion of the observed lysosomal disruption/leakiness and
effective gene silencing by our delivery platform.'”"
Further investigations would be required.

Interestingly, we found that the miR-26a chimera
significantly increased expression of a Th1 chemokine,
Cxcl9 in tumors and peripheral blood. Recent studies
demonstrated that Cxcl9 mediates the recruitment of T
cells into tumors.** In breast cancer, Cxcl9 levels are
significantly associated with lymphocyte infiltration.*>~*"
The T cell accumulation to tumor sites is significantly
correlated with therapeutic efficiency of immune check-
point inhibitors (ICls).“®*° While elevation of Cxcl9 provides
a plausible explanation for the increased T cell
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recruitment, additional studies are needed to establish
causality. Moreover, Ezh2-mediated histone modification
has known to repress the expression of Cxcl9 in cancer
cells, and subsequently decrease effector T-cell trafficking
into tumor sites.”**° Since Ezh2 is one of the miR-26a
target genes, restoration of miR-26a in cancer cells by
cancer-specific miR-26a delivery provided a valuable
approach to increase T cell recruitment by reducing Ezh2-
mediated repression of Cxcl9. Increased T cell recruitment
potentiates immunotherapy, as demonstrated by our data
using the anti-CTLA4 antibody as an example (Fig. S6).
While additional studies are needed to fully describe the
immunological mechanism of the combination therapy, our
data provided herein show the potential of our nanoparticle
to modify the tumor microenvironment to allow more
effective immunotherapy.
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