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Abstract

Introduction—Nucleic acids have gained recognition as
promising immunomodulatory therapeutics. However, their
potential is limited by several drug delivery barriers, and
there is a need for technologies that enhance intracellular
delivery of nucleic acid drugs. Furthermore, controlled and
sustained release is a significant concern, as the kinetics and
localization of immunomodulators can influence resultant
immune responses. Here, we describe the design and initial
evaluation of poly(lactic-co-glycolic) acid (PLGA) micropar-
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ticle (MP) depots for enhanced retention and sustained
release of endosomolytic nanoparticles that enable the
cytosolic delivery of nucleic acids.
Methods—Endosomolytic p[DMAEMA]gxp-bl-[PAA 3-co-
DMAEMA 3-co-BMAy 4]»5kp diblock copolymers were syn-
thesized by reversible addition-fragmentation chain transfer
polymerization. Polymers were electrostatically complexed
with nucleic acids and resultant nanoparticles (NPs) were
encapsulated in PLGA MPs. To modulate release kinetics,
ammonium bicarbonate was added as a porogen. Release
profiles were quantified in vitro and in vivo via quantification
of fluorescently-labeled nucleic acid. Bioactivity of released
NPs was assessed using small interfering RNA (siRNA)
targeting luciferase as a representative nucleic acid cargo.
MPs were incubated with luciferase-expressing 4T1 (4T1-
LUC) breast cancer cells in vitro or administered intratu-
morally to 4T1-LUC breast tumors, and silencing via RNA
interference was quantified vie longitudinal luminescence
imaging.

Results—Endosomolytic NPs complexed to siRNA were
effectively loaded into PLGA MPs and release kinetics could
be modulated in vitro and in vivo via control of MP porosity,
with porous MPs exhibiting faster cargo release. In vitro,
release of NPs from porous MP depots enabled sustained
luciferase knockdown in 4T1 breast cancer cells over a five-
day treatment period. Administered intratumorally, MPs
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prolonged the retention of nucleic acid within the injected
tumor, resulting in enhanced and sustained silencing of
luciferase relative to a single bolus administration of NPs at
an equivalent dose.

Conclusion—This work highlights the potential of PLGA MP
depots as a platform for local release of endosomolytic
polymer NPs that enhance the cytosolic delivery of nucleic
acid therapeutics.

Keywords—Nucleic acid therapeutics, Local delivery, Intra-
tumoral, Immunotherapy, RNA interference, Endosomal
escape, PLGA, Biomaterial, Drug delivery depot.

ABBREVIATIONS
BMA Butyl methacrylate
DCM Dichloromethane

DMAEMA Dimethylaminoethyl methacrylate

D-PDB POly[DMAEMA]10kD-bIOCk-[PAA().3-CO
-DMAEMAO'3-C0-BMAO_4]25kD

ECT 4-Cyano-4-(ethylsulfanylthiocarbonyl)
sulfanylpentanoic acid

MP Microparticle

NP Nanoparticle

PAA Propylacrylic acid

PLGA Poly(lactic-co-glycolic) acid

PVA Polyvinyl alcohol

SEM Scanning electron microscopy

V-70 2,2’-Azobis(4-methoxy-2,4-dimethyl
valeronitrile)

INTRODUCTION

Nucleic acids have emerged as a promising class of
immunotherapeutics with potential to treat numerous
diseases, including infections, inflammation, autoim-
munity, and cancer.?%334>4337.79:85 This broad and
versatile class of biomacromolecular drugs can be
leveraged to both activate and suppress the immune
system. Notably, short-interfering RNA (siRNA) can
be utilized to selectively inhibit expression of specific
immunoregulatory proteins through RNA interference
(RNAI),6-7:68.76.79 g]lowing for precision tailoring of
immune responses. Additionally, nucleic acids that
chemically or structurally mimic pathogenic genetic
material can be harnessed to activate the innate im-
mune system by targeting various nucleic acid sensing
pathways, which have evolved to detect viral or bac-
terial invasion.'?20-3342:438485 \ycleic acids have been
widely explored as adjuvants to bolster responses to
vaccines,’” and more recently as cancer immunother-
apeutics that initiate inflammatory programs at tumor
sites to stimulate antitumor immunity."** Despite their
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immense promise as immunomodulators, the clinical
advancement of nucleic acid therapeutics has been
relatively modest due to a multitude of challenges that
hinder drug efficacy and/or patient safety.''®

Inefficient intracellular delivery is a significant bar-
rier to efficacy that is shared across virtually all types
of nucleic acid therapeutics.''3*6%6%7276 Nycleic acids
do not passively diffuse across the plasma membrane,
are cleared rapidly after administration, and are
endocytosed with relatively low efficiency. Addition-
ally, while several immunostimulatory nucleic acids
(e.g. CpG DNA, poly(I:C)) act through receptors
residing in endosomal membranes, a larger number
must access cytosolic targets to exert their
immunoregulatory effects. This includes more com-
mon classes of nucleic acid therapeutics that can be
leveraged for immunotherapy, such as siRNA, miR-
NA, and mRNA, but also an emerging family of
immunostimulatory agents that engage cytosolic pat-
tern recognition receptors (PRRs), such as RIG-I,
MDA-5, c¢cGAS, and STING."?*3! This pervasive
challenge has led to the widespread development of
synthetic nucleic acid carriers that enhance cellular
uptake and promote endosomal escape of associated
cargo.**%% Our group, and others, have recently uti-
lized  pH-responsive,  endosomolytic  polymer
nanoparticles (NPs) to enhance the cytosolic delivery
and activity of siRNA and immunostimulatory 5'-
triphosphate RNA.'*?*31%6 These NPs are assembled
using amphiphilic diblock copolymers that self-
assemble into micelles with a cationic dimethy-
laminoethyl methacrylate (DMAEMA) corona for
electrostatic complexation of nucleic acids, and a pH-
responsive, endosomolytic core comprising DMAE-
MA, butyl methacrylate (BMA), and propylacrylic
acid (PAA) (Fig. 1b)."®'” While highly efficient at
cytosolic delivery, the cationic corona has restricted
the use of such NPs to local delivery applications,
including tissue regeneration, vaccine delivery, and
intratumoral cancer immunotherapy.’*"7377

While systemic administration of nucleic acid thera-
peutics is necessary for many applications, directed,
local delivery circumvents critical systemic delivery
barriers and ensures sufficiently high doses reach target
tissues, while also reducing systemic side effects.’>®°
Indeed, local delivery is commonly used, and often
preferred, for many immunotherapeutics, the most
salient example being vaccines, which are delivered
intradermally or intramuscularly.’*® Additionally,
image-guided, direct injection into lymph nodes (intra-
nodal), considered the “command centers” of an im-
mune response, is used clinically for treatment of
allergy.”  Finally, intratumoral injection  of
immunotherapeutics, including several different nucleic
acids, has become increasingly prevalent in recent clin-
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PLGA microparticle depots for controlled release of endosomolytic nanoparticles. (a) PLGA MP depots mediate local

nanoparticle release and subsequent intracellular delivery of nucleic acid to local cell populations. (b) Structure and composition
of the endosomolytic diblock copolymers used for cytosolic nucleic acid delivery. (c) Representative scanning electron
microscopy (SEM) images of nonporous microparticles (left) and porous microparticles (right). Scale: 3 um.

ical trials among substantial preclinical evidence that
local immunotherapy can generate systemic immunity
capable of eliminating distal, untreated tumors (e.g.
abscopal effect).**”! However, for nearly all of these
applications, multiple, repeated injections are necessary
to stimulate desired immune responses and attendant
therapeutic activitiy.”**-*° This requirement for multiple
injections can pose a significant practical challenge for
both physicians and patients and, in some cases, may not
be feasible. Additionally, the timing, dose, and
localization of immunomodulators plays a critical role
in determining the magnitude and phenotype of the
resultant immune response.”'*038182 yet  Jocally
administered biomacromolecules, including nucleic
acids, typically rapidly clear from the injection site,
which not only limits local bioavailability but can also
result in systemic distribution with an increased risk of
toxicity.>’**" These challenges have motivated the
development of delivery technologies for controlled and
sustained release of nucleic acid immunotherapeu-
tics.>33%3%:38.75 These drug delivery depots can be either
injectable or implantable scaffolds or microparticles,
and are typically composed of biodegradable materials
that release cargo in a controlled and sustained man-
ner.** Depots can also be engineered to exhibit a wide
variety of drug release profiles by altering their chemical
and physical properties.'

The NP system used here has been previously used
in sustained and controllable release scaffolds aimed
toward wound healing applications.”*>*7*> Here, we

describe an intratumorally-injectable nanoparticle-in-
microparticle strategy for controlled, localized delivery
of cytosolically-active nucleic acid therapeutics.
Poly(lactic-co-glycolic) (PLGA) microparticle (MP)
depots were designed for sustained release of endoso-
molytic NPs that can mediate the cytosolic delivery of
various nucleic acids, exemplified here by intratumoral
delivery of siRNA. Through enhanced retention, con-
trolled and sustained release, and prolonged func-
tionality of encapsulated NPs, this approach offers a
simple and potentially universally applicable strategy
for achieving enhanced spatial and temporal control of
nucleic acid delivery for applications in immunother-

apy.

MATERIALS AND METHODS

Materials

All chemicals were supplied by Sigma Aldrich unless
otherwise specified.

Synthesis of Endosomolytic Polymers

The amphiphilic diblock copolymer, poly(dimethy-
laminoethyl methacrylate)-block-[(propylacrylic
acid)g 3-co-(dimethylaminoethyl — methacrylate)q 3-co-
(butyl methacrylate)q 4] ()[DMAEMA]-b/-[PAAg 3-co-
DMAEMA 3-co-BMA4]; D-PDB) was synthesized
via reversible addition-fragmentation chain transfer
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(RAFT) polymerizations following a protocol adapted
from Convertine et al.'® Briefly, 4-cyano-4-(ethylsul-
fanylthiocarbonyl)sulfanylpentanoic acid (ECT; Boron
Molecular) was used as a chain transfer agent (CTA),
and 2,2’-azobis(4-methoxy-2,4-dimethyl valeronitrile)
(V-70; Wako Chemicals) was used as an initiator for
RAFT polymerization. Mass measurements were per-
formed using an analytical mass balance (XSE205DU
DualRange; Mettler Toledo). Gravity filtration was
employed in columns packed with aluminum oxide to
remove inhibitors from monomer solutions. For the
polymerization of the first block, DMAEMA, CTA,
and initiator were dissolved in dioxane at a molar ratio
of 100:1:0.05 at 40 wt% monomer, purged with
nitrogen gas for 30 min on ice, and reacted at 30 °C for
18 h. The resultant polymer was then purified by pre-
cipitation (6x) in cold pentane followed by dialysis
(3.5kDa MWCO) in decionized water. Poly(-
DMAEMA) was then frozen at — 80 °C and then
lyophilized for 3 days to obtain a dry powder.

For the polymerization of the second block, poly(-
DMAEMA) was used as a macroCTA (mCTA) and
was added to DMAEMA, PAA, and BMA
(30:30:40 mol%). PAA was synthesized as previously
described using diethyl propylmalonate as the precur-
sor.””> Using N,N-dimethylacetamide (DMAC) as the
reaction solvent, initiator was added to mCTA and
monomers at a molar ratio of 450:1:0.4 representing
total monomer, mCTA, and initiator, respectively at
40 wt% mCTA and monomer. The reaction vessel was
purged with nitrogen gas for 30 min on ice followed by
reaction for 24 h at 30 °C in an oil bath. The resultant
polymer was then purified by precipitation (6x) in
pentane:ether (80:20) followed by dialysis in acetone (4
exchanges) and subsequent dialysis in deionized water.
D-PDB was then frozen at — 80 °C and then lyophi-
lized for 3 days. All lyophilized polymer was stored at
— 20 °C until used.

The experimental degree of polymerization, polymer
composition, and theoretical molecular weight were
obtained by '"H nuclear magnetic resonance (NMR)
Spectroscopy (CDCl; with TMS, Bruker AV 400).
Experimental molecular weight and polydispersity
were determined via gel permeation chromatography
(GPC) using HPLC-grade dimethylformamide (DMF)
containing 0.1% LiBr as a mobile phase with inline
light scattering (Wyatt Technology) and refractive in-
dex (Agilent) detectors. The ASTRA V Software
(Wyatt Technology) was used for all GPC calculations.
Hydrodynamic size of the polymer micelles at physio-
logical pH 7.4 was measured via digital light scattering
(DLS) using a Zetasizer Nano ZS Instrument (Mal-
vern, USA). D-PDB used herein had a 1st block
molecular weight of 10.3 kDa, a 2nd block molecular
weight of 31.0 kDa, and a polydispersity index (PDI)
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of 1.24. The 2nd block composition was determined to
be 28:33:39 for PAA, DMAEMA, and BMA, respec-
tively. Additionally, the hydrodynamic diameter of the
D-PDB micelles was ~ 100 nm by an intensity particle
size distribution.

Formulation of Polymer Nanoparticles and Nucleic Acid
Complexes for In Vitro Experiments

Micellar nanoparticles (NPs) were formulated
according to a protocol adapted from Wilson ez al.”’
Lyophilized D-PDB was dissolved in ethanol to 50 mg/
mL and rapidly diluted in 100 mM phosphate buffer
(pH 7.0) to a concentration of 10 mg/mL to induce
self-assembly into micelles. Polymer micelles were
subsequently diluted in phosphate buffer saline (PBS;
pH 7.4, 155mM NaCl, 1.05 mM KH,PO; 4 mM
Na,HPO,, Gibco) to a concentration to 1 mg/mL. The
micelles were then added to nucleic acid solutions at
concentrations corresponding to a charge ratio (i.e. N/
P ratio: molar charge from the polymer’s tertiary
amines relative to the molar charge of phosphate from
the nucleic acid backbone) of 4:1. Note that the N:P
ratio is based on the poly(DMAEMA) first block and
assuming 50% protonation of DMAEMA groups at
pH 7.4. D-PDB micelles and nucleic acid were incu-
bated at room temperature for 20 min to ensure
complete electrostatic complexation.

Formulation of Polymer Nanoparticles and Nucleic Acid
Complexes for In Vivo Experiments

D-PDB micelles were formulated as described
above, followed by sterile filtration (0.2 um
polyethersulfone sterile filter) and subsequent concen-
tration to 30-60 mg/mL in PBS via centrifugal filtra-
tion (Amicon® Ultra 0.5 mL Centrifugal Filter Units;
Ultracel®—3 K, Regenerated Cellulose 3000 NMWL,
Millipore) following manufacturer’s instructions. The
final concentrated solution was collected, and an ali-
quot was used to determine the resultant polymer
concentration using UV—Vis spectroscopy (Synergy H1
Multi-Mode Microplate Reader, Biotek) based on an
absorbance-wavelength of 310 nm corresponding to
ECT. The solution was added to nucleic acids at con-
centrations corresponding to a charge ratio (i.e. N/P
ratio) of 4:1 as described above.

Cell Culture

All cell handling procedures were performed in
accordance with published technical data sheets.
Murine mammary epithelial 4T1-LUC tumor cells
stably co-express destabilized copepod green fluores-
cent protein (cop-GFP) and firefly luciferase were
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generated using psuedotyped lentiviral particles.
Briefly, a transfection mixture consisting of pGreen-
Fire]-CMYV (System Biosciences, Cat. No. TRO11PA-
1), psPAX2 (Addgene Plasmid #12260), and pCMV-
VSV-G (Addgene Plasmid #8454) in water at a quan-
tity of 10, 10, and 1 ug, respectively, was added to a
final volume of 558 uL in Opti-MEM media (Gibco,
Cat. No. 31985062) in a polypropylene tube, followed
by the addition of 42 uLL. FuGENE 6 (Promega, Cat.
No. E2691). The tube was gently flicked to mix the
plasmids before and after the addition of FuGENE 6.
The transfection mixture was added dropwise to a T-75
tissue culture flask at approximately 50% confluency
of HEK-293-T cells in 11 mL Dulbecco’s modified
eagle medium (DMEM, Gibco) supplemented to 10%
heat-inactivated fetal bovine serum (HI-FBS) without
antibiotics. Cells were incubated at 37 °C for 18 h, and
then the media on the HEK-293-T cells was exchanged
for DMEM supplemented with 10% HI-FBS and 1%
penicillin/streptomycin (P/S). At 24 and 48 h after this
media change, the viral supernatant was removed,
clarified by centrifugation (1000xg, 5 min, room tem-
perature) and syringe filtered (0.45 ym, nylon). To
transduce 4T1 cells, viral supernatant was mixed 1:1
with fresh DMEM supplemented with 10% HI-FBS
without antibiotics and applied to cells for 24 h. Cells
were selected with 5 pug/mL puromycin for 2 weeks
then sorted into approximately equal populations of
low, medium, and high expressing cop-GFP cells using
fluorescence activated cell sorting of GFP (BD FAC-
SARIA IITu, BD Biosciences) in the Vanderbilt Flow
Cytometry Shared Resource Facility. The high
expressing cop-GFP 4T1-LUC cells were used for all
luminescent experiments herein. 4T1 and 4T1-LUC
cells were maintained in DMEM supplemented with
2 mM L-glutamine, 4.5 g/L glucose, 10% HI-FBS, and
1% P/S. Cells were kept in a humidified environment
at 37 °C with 5% CO,. Puromycin was added to 4T1-
LUC cells after every cell passage at a concentration of
1 ug/mL for the continual selection of cells.

Preparation of PLGA Microparticles Encapsulating
Micellar Nanoparticles

PLGA MPs encapsulating pH-responsive NPs were
formed using a water-in-oil-in-water (W;/O/W,) dou-
ble  emulsion  synthesis method  previously
reported.'>?74731:56 A fluorescently labelled double-
stranded DNA  (5-[6FAM]ATAGGCGTATTA-
TACGCGATTAACG-3’, negative control sequence)
was used as representative cargo to determine the ideal
conditions for the loading of NPs into PLGA MPs.
Briefly, 100 mg of poly(p,L-lactide-co-glycolide)
(PLGA, Resomer® RG 503, 50:50, ester-terminated,
MW 24,000-38,000 Da) was dissolved in 750 uL of

dichloromethane (DCM) for 30 min under continuous
shaking at room temperature. 200 uL. of NP solution
(i.e. polyplexes prepared with D-PBD and various
amounts of nucleic acid strands ranging in concentra-
tion from 1.9 nmol to 11.4 nmol) was added dropwise
to the PLGA solution at a primary aqueous phase
(W) to oil phase (O) volume ratio of 0.27. The pri-
mary emulsion (W;/O) was prepared by sonicating the
two phases for 30 s at 40% amplitude on ice using a
Sonic Dismembrator (Fisher Scientific'™ Model 120).
The secondary emulsion (W;/O/W,) was formulated
by homogenizing the primary emulsion into 15 mL of
1% polyvinyl alcohol solution (PVA) for 30 s at
20,000 rpm on ice using a T18 digital ULTRA-TUR-
RAX®, equipped with a S18N-10G dispersing tool
(IKA). The double emulsion was then transferred to a
round bottom flask and rotary evaporated for 1 h at
400 torr to allow complete evaporation of DCM. MPs
were collected by centrifugation (10,000xg, 10 min,
4 °C) and washed 3 times with sterile water. PLGA
MPs were then frozen at — 80 °C for 5 h and then
lyophilized for 3 days. The effervescent salt, ammo-
nium bicarbonate was employed as a porogen to create
porous MPs. 20 wt% NH4HCO; was incorporated
into the W; aqueous phase along with the NPs and
then emulsified with the oil phase as described. All
PLGA MPs were stored at — 20 °C until used.

The hydrodynamic diameter of the PLGA MPs was
measured by laser-diffraction size analysis using a
Mastersizer 2000 (Malvern, USA). Approximately, 10—
20 mg of PLGA MPs were dissolved in deionized
water and used for analysis. Measurements detected
within the acceptable range, between 10 and 15%
obscuration, were deemed to be reproducible data
points. Surface morphology and porosity of the PLGA
MPs were analyzed using a Zeiss Merlin scanning
electron microscope (SEM; Carl Zeiss Microscopy,
LLC, ZEISS Group, Thornwood, NY) equipped with
a GEMINI II column. SEM samples were prepared by
reconstituting PLGA MPs in deionized water at a
concentration of 2 mg/mL and then placing 20 uL of
the solution on a strip of carbon tape (Ted Pella Inc.)
adhered onto an aluminum SEM stub (J12.7 mm, Ted
Pella Inc). After drying overnight, samples were sput-
ter coated with gold—palladium for 120 s and imme-
diately imaged via SEM.

Evaluation of Loading and Encapsulation Efficiency

To determine the nucleic acid loading and encap-
sulation efficiency, nucleic acids were extracted from
PLGA MPs. In brief, 7.5 mg of PLGA MPs were
dissolved in 400 uL. DCM and continuously mixed for
45 min at room temperature. 400 uL. of TE buffer
supplemented with 100 mM NaCl was added to this

BIOMEDICAL
ENGINEERING
SOCIETY



434 GARLAND et al.

mixture and vortexed vigorously for 5 min. The sus-
pension was then centrifuged (15,000xg, 10 min,
4 °C). The aqueous layer was collected into a fresh
tube, and the extraction was performed again. The two
extracted layers were combined, incubated with 1%
sodium dodecyl sulfate (SDS) for 10 min at room
temperature to disassemble the any electrostatically
associated nucleic acids, and nucleic acid concentration
was determined via fluorescence spectroscopy (excita-
tion/emission wavelengths of 495/525 nm for 6FAM-
DNA or 650/685 nm for Alexa Fluor® 647 (A647)-
siRNA). Nucleic acid loading and encapsulation effi-
ciencies were determined based on the ratio of encap-
sulated nucleic acid to PLGA MPs (ug/mg) and
percentage relative to the theoretical maximum loading
(%), respectively.

In Vitro Release of Nanoparticles from PLGA
Microparticles

To investigate the in vitro release profiles of NPs
from porous and nonporous MPs, 20 mg of PLGA
MPs was suspended 1 mL sterile PBS (pH 7.4, 0.02%
sodium azide) in microcentrifuge tubes and maintained
at 37 °C with constant rotation. At pre-determined
time intervals, tubes were centrifuged (15,000 rpm,
10 min, 4 °C), and 900 pL of supernatant was removed
for analysis, replaced by the same volume of fresh
buffer, and frozen and lyophilized for further analysis.
Each lyophilized sample was reconstituted in 220 uL
TE buffer supplemented with 100 mM NaCl, pipetted
into a UV-Star® microplate (100 uL/well), and quan-
tified by a fluorescence plate reader (Synergy H1 Hy-
brid Multi-Mode Reader, BioTek) as described above.
All samples were run in technical duplicates.

In Vivo Controlled Release of Nanoparticles
from PLGA Microparticles

Female BALB/c mice were obtained from The
Jackson Laboratory (Bar Harbor, ME) and main-
tained at the animal facilities of Vanderbilt University
under conventional conditions. The mice were anes-
thetized with isoflurane gas and maintained at 37 °C
while their flanks or abdomens were depilated and
sterilized for subcutaneous or intratumoral adminis-
tration. NPs were prepared with A647-DNA (negative
control sequence, IDT DNA) and loaded into PLGA
MPs with or without porogen for subcutaneous and
intratumoral in vivo release studies. 6-8 week old mice
were anesthetized with isoflurane gas and given a single
subcutaneous injection of porous MP (n = 5), non-
porous MP (n = 5), or NP (n = 3). For the murine
tumor studies, 10° 4T1-LUC cells were inoculated
(50 uL injection volume) into the inguinal mammary
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fatpads of 6-8 week old mice anesthetized with
isoflurane gas. Tumor volume was calculated using the
equation: Volume = (Length x Width?)/2. When
tumor volumes reached 50-100 mm>, mice were anes-
thetized with isoflurane gas and administered a single
intratumoral injection of porous MPs (n = 3), non-
porous MPs (n = 3), or NPs (n = 3). All treatments
were administered at a 10 pug dose of nucleic acid in a
100 uL injection volume. Using constant image cap-
ture settings on an I'VIS Spectrum (PerkinElmer), mice
were imaged at predetermined time intervals to quan-
tify A647 fluorescence. Relative release of NPs was
determined by measuring the total fluorescent effi-
ciency (cm?) of A647 overtime and normalizing to the
respective initial (day 0) values.

In Vitro Evaluation of Luciferase Knockdown

NPs were prepared with the siRNA oligos, siLUC
(anti-luciferase sequence, 5-CAAUUGCACUGAUA
AUGAACUCCTC[3AlexF647N]-3’; IDT DNA) or
siNC (negative control sequence, 5-[SAlexF647-
NJAUACGCGUAUUAUACGCGAUUAACGAC-
3’; IDT DNA) and encapsulated into porous MPs as
described above. 4T1-LUC cells were seeded in five
black 24-well plates (a separate plate for each day of
imaging) with clear tissue culture treated bottoms
(Sensoplate REF:662892; Greiner Bio-One) at 2000
cells per well (500 uL seeding volume). NPs were
complexed with either siLUC (siLUC/NP) or siNC
(siNC/NP) and embedded in porous MPs (siLUC/MP
and siNC/MP). Cells were treated 24 h later with free
NPs or porous MPs at a final concentration of 50 nM
nucleic acid per well. The supernatant in the free NP-
treated wells was removed from all plates at 24 h to
mimic the NP clearance observed in vivo. Every 24 h
over the course of 5 days, Pierce p-luciferin (Ther-
moFisher Scientific) was administered to all the wells
within the plate for the corresponding day to a final p-
luciferin concentration of 0.15 mg/mL. 5 min after the
addition of p-luciferin, plates were imaged for biolu-
minescent signal using an IVIS Lumina IIT (Perk-
inElmer). Images were captured at 24, 48, 72, 96, 120 h
post-treatment, and luciferase knockdown was quan-
tified for each day based on the percent decrease in
bioluminescent signal (i.e. Total Flux, photons/second)
relative to each respective negative control siRNA.

In Vivo Evaluation of Luciferase Knockdown

Female BALB/c mice were obtained from The
Jackson Laboratory (Bar Harbor, ME) and main-
tained at the animal facilities of Vanderbilt University
under conventional conditions. Orthotopic 4T1-LUC
tumors were generated as described above. siLUC/NPs
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and siNC/NPs were prepared as described above and
loaded into porous MPs (siLUC/MP and siNC/MP).
When tumor volumes reached 50—-100 mm?, mice were
anesthetized with isoflurane gas and administered a
single intratumoral injection of free NPs or porous
MPs (n = 10 for all treatment groups). All treatments
were administered at a 10 pg oligonucleotide dose
(0.5 mg/kg) in a 100 pL injection volume. Using con-
stant image capture settings on an IVIS Lumina III
(PerkinElmer), mice were analyzed at predetermined
time intervals for fluorescence and bioluminescence.
Bioluminescence within the mice was measured 10 min
after dorsal subcutancous injection of 300 uL Pierce p-
luciferin (15 mg/mL). After 14 days mice were eutha-
nized and tumor samples were isolated postmortem for
histological analysis.

Statistical Analysis

All data analysis was performed on Graphpad
Prism (Version 7.0c). One-way analysis of variance
(ANOVA) coupled with Tukey’s post-test was used to
compare statistical significance among multiple groups
(> 2). Differences between two groups were analyzed
by unpaired ¢ tests. In vivo experiments were performed
with at least three biological replicates, with
FREED < 0.0001, **%p < 0.001, **p < 0.01,
*p < 0.05 being considered statistically significant.

RESULTS AND DISCUSSION

Design and In Vitro Characterization of PLGA
Microparticle Depots

To generate depots for controlled release of
cytosolically-active nucleic acids, we encapsulated
endosomolytic polymer NPs complexed with nucleic
acid (either double-stranded DNA or siRNA) within
MPs of PLGA, a biocompatible, hydrolytically-
degradable, and commonly used biomaterial for local
and sustained therapeutic drug deliv-
ery,|721-23.29.35.4041444574 Pl GA' MPs were synthe-
sized using DCM as a volatile organic solvent and
PVA as a surfactant in a W;/O/W, double emulsion as
previously described.'>?”*"3® Sonication and homog-
enization were employed after the primary and sec-
ondary emulsions, respectively. NPs were incorporated
into the W, aqueous phase, resulting in a drug loading
of approximately 1.8 4+ 0.05 ug nucleic acid per mg
PLGA and an encapsulation efficiency of about
75 £ 2%. To generate porous MPs with a faster re-
lease profile, the effervescent salt ammonium bicar-
bonate was added to the W aqueous phase. Following
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FIGURE 2. In vitro characterization of PLGA microparticle
depots. (a) Particle size distribution of nonporous and porous
MPs determined by laser diffraction particle sizing. (b) In vitro
release profiles of NPs from porous and nonporous MP
depots over a 15 day period. (c) Longitudinal analysis of
luciferase silencing in 4T1-LUC breast cancer cells treated
with a single administration of either free NPs or porous MPs.
The NP treatments were removed after 24 h, while MPs were
left in coculture with the cells throughout the experiment to
mimic biological residence. Luminescent signal for each
treatment group was normalized to that of an analogous
treatment containing scrambled negative control RNA
substituted for luciferase siRNA.

PLGA MP synthesis, SEM imaging was performed to
characterizec MP morphology, which confirmed that
ammonium bicarbonate was an effective porogen for
NP-loaded PLGA MPs (Fig. 1c). Laser diffraction size
analysis was used to quantitatively characterize the
particle size distribution (Fig. 2a). Nonporous MPs
and porous MPs had an average diameter of 21.21 um
and 28.33 um, respectively. An in vitro release assay
was performed to characterize the release profiles of
NPs from PLGA MP depots with varying porosity
(Fig. 2b). As expected, the addition of pores and the
associated increase in surface area within PLGA MPs
resulted in faster release of the NP cargo, likely
reflecting the shorter diffusion distance for release.
While cationic excipients, such as polyethyleneimine or
polyamines, have been incorporated into PLGA to
increase nucleic acid loading and intracellular deliv-
ery,®>? 178 this represents the first demonstration of a
PLGA MP depot used for sustained release of endo-
somolytic nanoparticles that enhance cytosolic nucleic
acid delivery.

BIOMEDICAL
ENGINEERING
SOCIETY



436 GARLAND et al.

In Vitro RNAi Luciferase Silencing

An in vitro RNAI protein knockdown assay was
performed to demonstrate that PLGA MP depots could
sustain the release and biological activity of nucleic acid-
loaded NPs (Fig. 2¢). As a model nucleic acid cargo,
siRNA specific for luciferase (siLUC) or a scrambled
negative control siRNA (siNC) were complexed with D-
PDB micelles (siRNA/NP) and loaded into porous MPs
(siRNA/MP). 4T1-LUC breast cancer cells, engineered
to constitutively express luciferase, were treated with
free NP or porous MPs each complexed to either siLUC
or siNC at 50 nM siRNA per well. Free NPs were
removed after 24 h to approximate a transient residence
time at an injected site, whereas cells were incubated with
MP depots for an additional 4 days. Bioluminescence
imaging was used to quantify luciferase expression each
day, following an administration of p-luciferin. While
comparable silencing was observed between free siLUC/
NP and siLUC/MP after 1 day (~ 75% knockdown),
continuous incubation with depots resulted in signifi-
cantly greater knockdown on days 2-5. The luciferase
expression of the cells treated for 24 h with siLUC/NP
returned to near baseline intensity within 3 days. Due to
the short doubling time of 4TIl cells, cultures
approached confluence within 5 days, which therefore
precluded evaluation of knockdown at later timepoints.
Nonetheless, these data demonstrate the capacity of
PLGA MP depots to sustain the release and silencing
activity of encapsulated siRNA/NP complexes.

Cytotoxicity is a well-established challenge of all
polycationic nucleic acid delivery platforms that can
indeed limit their utility in local delivery applications.
However, this may be advantageous or detrimental
depending on the intended application of the system;
for example, in an intratumoral setting, some toxicity
can galvanize cancer cell antigen release and may
therefore be beneficial toward priming an anti-cancer
immune response. Notably, we observed similar
expression of bioluminescence in both the NP and MP
negative control groups, suggesting that there is no
difference in cell viability between the various treat-
ments and that the PLGA used to entrap the NPs does
not contribute to cellular toxicity, which is consistent
with its high cytocompatibility.

In Vivo Nanoparticle Release from PLGA Microparticle
Depots

To monitor NP release and retention in vivo, NPs
were electrostatically complexed with a fluorescently-
labeled double-stranded DNA (dsDNA/NP) and then
loaded into PLGA MP depots (dsDNA/MP). Fluo-
rescent dSDNA was used as representative cargo as it is
a cost-effective analog to other nucleic acid sequences
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of similar length such as fluorescent siRNA. Free
dsDNA/NP, nonporous dsDNA/MP, and porous
dsDNA/MP were administered subcutaneously (s.c.) at
a dose of 10 ug DNA (0.5 mg/kg) into BALB/c mice,
and fluorescence was monitored with an in vivo imag-
ing system (IVIS) to track the retention of dsDNA at
the injection site (Figs. 3a and 3c). Free dSDNA/NP
rapidly cleared the injection site, with > 50% clear-
ance within 24 h and undetectable levels present by
5 days. By contrast, both MP depots enhanced reten-
tion and sustained release of dSDNA/NP, with porous
depots demonstrating faster release than analogous
nonporous depots, particularly within the first week of
administration. Gradual release from both depots was
observed over the following month with significant
fluorescence still evident at day 56.

We also evaluated NP retention in the context of
intratumoral (i.t.) delivery, which is increasing in use
both preclinically and clinically as an administration
route for cancer immunotherapeutics, including several
nucleic acid drugs.®'**® Here, we administered free
dsDNA/NP, nonporous dsDNA/MP, and porous
dsDNA/MP into 50 mm® 4T1 tumors growing in the
inguinal mammary fat pad, fluorescence was moni-
tored within the tumor over time with intravital fluo-
rescence imaging via IVIS. Similar to the release
profiles observed with s.c. administration, MP depots
enabled sustained release of dASDNA/NP over a 2-week
period, the longest possible time-frame based on the
endpoint tumor volume (~ 1500 mm?®). Again, the
porous MP depots exhibited faster release with ~ 75%
of cargo cleared within 2 weeks, whereas minimal re-
lease from nonporous MPs was observed (Figs. 3a and
3b). Notably, despite their cationic surface charge, free
dsDNA/NP drained quickly with > 60% of nucleic
acid cleared from the tumor site within 24 h. This rapid
clearance may in part explain the need for multiple
injections when using these or similar NPs for localized
intratumoral delivery of siRNA or 5’ppp-RNA ligands
of RIG-1.**!" Moreover, these data add to a large
body of evidence indicating that the fate of most
intratumorally administered nanoparticles and/or
macromolecular therapeutics is a short and often
suboptimal intratumoral half-life followed by ultimate
systemic clearance. This also further motivates the
design of implantable or injectable depots for intratu-
moral administration'®® or the incorporation of li-
gand to tether agents to local cells and/or extracellular
matrix. %8

In Vivo RNAi Luciferase Silencing

Based on their capacity to release ~ 50% of NP
cargo into tumors within 1 week, we evaluated the
ability of porous MP depots to sustain activity of a
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FIGURE 3. In vivo retention and release of nanoparticles from PLGA microparticles. In vivo analysis of injection site localization
of free NPs, nonporous MP depots, and porous MP depots in BALB/c mice. (a) Relative fluorescence of Alexa Fluor® 647(A647)-
labelled dsDNA cargo injected subcutaneously and monitored over 56 days. (b) Relative fluorescence of A647-labelled dsDNA
cargo, releasing from an intratumoral injection site over 14 days. The fluorescent efficiency of each mouse was captured by IVIS
imaging and was normalized to the respective initial (day 0) fluorescence. (c) Representative IVIS images of mice bearing
subcutaneously administered particles containing fluorescent dsDNA (Red). (d) Representative IVIS images of the mice treated

intratumorally with particles containing fluorescent dsDNA (Red).

nucleic acid therapeutic, here, siRNA targeting luci-
ferase. Inspired by several ongoing clinical trials
exploring intratumoral immunotherapy,®'>?** intra-
tumoral injections were employed for protein knock-
down studies to demonstrate the utility of PLGA MP
depots in a cancer setting. While subcutaneous injec-
tions are undoubtedly easier for physicians to perform,
recent advances in surgical intervention have made
intratumoral injections more practical, as almost every
site in the human body can be biopsied and therefore
injected.*” Thus, both administration routes explored
within the retention studies have potential for clinical
translation. To evaluate luciferase knockdown, mice
with 4T1-LUC tumors growing in the inguinal mam-
mary fat pad were intratumorally administered a single
10 ug siRNA dose (0.5 mg/kg) of siLUC/NP either

free or loaded into depots (siLUC/MP); siNC/NP and
siNC/MP were used as negative controls. IVIS imaging
of both luminescence and fluorescence demonstrated a
qualitatively high degree of co-localization between
siLUC/NP and tumor cells (Fig. 4b), and MPs could
also be identified within cyrosections of resected
tumors (Fig. 4a). Using longitudinal IVIS imaging, we
also quantified bioluminescence to determine the de-
gree of luciferase knockdown from the anti-luciferase
siRNA cargo 14 days post-intratumoral injection
(Fig. 4c). We found that porous MP depots loaded
with siLUC/NP resulted in ~ 50% reduction in lumi-
nescent signal relative to analogous depots loaded with
siNC/NP control complexes. By contrast, at a 10 ug
siRNA dose, no luciferase knockdown was observed
using free siLUC/NP, potentially reflecting the rela-
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FIGURE 4. In vivo activity of PLGA microparticle depots for siRNA delivery. In vivo activity of free NP and porous MPs delivering
Alexa Fluor® 647 siRNA cargo was investigated in an orthotopic 4T1-LUC breast cancer model. (a) Fluorescent (top) and overlaid
fluorescent and bright field (bottom) images of cyrosections of tumor tissue following intratumoral injection of porous MPs. Scale:
75 um. (b) Representative IVIS images of mice bearing luciferase-expressing 4T1-LUC cells (Blue), treated intratumorally with
fluorescent RNA (Red). (¢) Longitudinal analysis of luciferase silencing in a 4T1-LUC breast cancer tumor model treated with a
single intratumoral injection of either free NPs or porous MPs. Luminescent signal for each treatment group was normalized to that
of an analogous treatment containing scrambled negative control RNA substituted for luciferase siRNA.

tively short half-life of NPs within the tumor after local
administration. Collectively, these data demonstrate
that increasing intratumoral residence time of nucleic
acid therapeutics via sustained release can enhance and
prolong biological activity.

In these studies, we utilized PLGA MPs as a depot
for siRNA/NP owing to their favorable biocompati-
bility and tunable biodegradability. However, ineffi-
cient loading of hydrophilic cargo during the W;/O/W,
emulsion synthesis is a known limitation of PLGA
depots, which we found to be the case as well for the
loading of NPs (~ 1.8 ug oligonucleotide per mg
PLGA). This necessitates delivery of a relatively high
volume of MPs to obtain relevant doses of NPs in the
context of RNAI, which may restrict the applications
of this approach. While we achieved ~ 50% luciferase
silencing over 3 days using a single dose of MPs, fur-
ther enhancements may be achieved using doses higher
than those employed herein, which were restrained by
the volume of MPs that could be physically injected
into 4T1 tumors. Therefore, for cancer therapy appli-
cations, PLGA MP depots for NP release may be
better suited for localized delivery into tumor resection
cavities that can be filled with a larger volume of MPs.
To establish proof-of-concept, we used siRNA as a
well-established model nucleic acid cargo throughout
our investigations, but in principle this approach can
be used for local and sustained delivery of any
cytosolically-active nucleic acid, including immunos-
timulatory agonists such as 5ppp-RNA RIG-I
ligands®' or immunostimulatory DNA ligands of
cGAS." However, exploration of these promising
immunotherapeutics is at a stage of relative infancy,
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and therefore much remains to be elucidated regarding
dose and treatment regimens that result in optimal
efficacy. Nonetheless, PLGA MP depots for release of
endosomolytic NPs offer a promising strategy for
enhancing the cytosolic delivery of such nucleic acids
and locally sustaining their bioavailability and
immunostimulatory activity in vivo.

CONCLUSION

Localized delivery of cytosolically-active nucleic
acids offers a promising approach for spatiotemporal
modulation of immune responses with broad potential
applicability in the treatment of many diseases. How-
ever, efficacy in this setting is limited by inefficient
cytosolic delivery as well as rapid clearance from the
administration site. To address these challenges, we
developed a nano-in-microparticle delivery platform
using PLGA MPs as a depot for the controlled release
of endosomolytic NPs that promote cytosolic delivery
of electrostatically complexed nucleic acid cargo.
Using siRNA as a model therapeutic, we demonstrated
that the rate of release of siRNA/NP complexes both
in vitro and in vivo could be increased using ammonium
bicarbonate as a porogen during the fabrication pro-
cess. Importantly, we found that release of siRNA/NP
complexes from PLGA MP depots resulted in sus-
tained protein silencing in vitro as well as in an
orthotopic murine breast cancer model via intratu-
moral administration. The observed 50% protein
knockdown in breast cancer tumors may indeed be
sufficient for delivery of an immunomodulatory agent
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where only a portion of cells within a tumor need to be
stimulated in order to produce a more immunogenic
tumor microenvironment. Collectively, these studies
demonstrate that controlled release of endosomolytic
nanoparticles from porous MP depots may offer an
enabling strategy for controlled and localized delivery
of nucleic acid therapeutics that target cytosolic
immunoregulatory machinery. While this technology
holds promise for local administration, improved per-
formance could be achieved with a higher degree of
drug loading and more tightly controlled kinetics of
drug release that might enable sustained silencing and/
or enhanced cytosolic delivery of siRNA or innate
immune agonists. Additionally, co-administering
chemotherapy or radiotherapy to ablate the majority
of the tumor cells and allow for decreased tumor
burden at the site of injection would likely synergize
well with this platform.
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