756

Biomacromolecules 2009, 10, 756—765

Cytosolic Delivery Mediated via Electrostatic Surface Binding of
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We recently described a strategy for intracellular delivery of macromolecules, utilizing pH-responsive “core—shell”
structured gel particles. These cross-linked hydrogel particles disrupt endosomes with low toxicity by virtue of
physical sequestration of an endosome-disrupting “proton sponge” core inside a nontoxic hydrophilic shell. Here
we tested the efficacy of this system for cytosolic delivery of a broad range of macromolecular cargos, and
demonstrate the delivery of proteins, whole viral particles, or siRNA oligonucleotides into the cytosol of dendritic
cells and epithelial cells via core—shell particles. We assessed the functional impact of particle delivery for vaccine
applications and found that cytosolic delivery of protein antigens in dendritic cells via the core—shell particles
promotes priming of CD8*% T-cells at 100-fold lower doses than soluble protein. Functional gene knockdown
following delivery of siRNA using the particles was demonstrated in epithelial cells. Based on these findings,

these materials may be of interest for a broad range of biomedical applications.

Introduction

Synthetic vectors for intracellular delivery of DNA, RNA,
or protein drugs are of interest for their low cost, ease of large-
scale production, and potential for improved safety relative to
approaches such as viral vectors.'* To this end, a variety of
polymeric systems for cytosolic drug delivery have been
developed; prominent among these are pH-sensitive polycations,
which disrupt endosomes in response to acidification of these
intracellular compartments.*”® A limitation of many such
endosome-escape materials is that there is typically a positive
correlation between the efficiency of cytosolic delivery and the
degree of toxicity of the delivery agent. In addition, “polyplex”
approaches where cationic polymers are complexed with anionic
macromolecular cargos are inherently complicated by the fact
that the choice of cationic residues simultaneously influences
both drug binding and endosomal escape properties of these
materials. To address these issues, we recently developed cross-
linked core—shell gel particles designed to physically segregate
the function of cell/drug binding (mediated by the particle shell)
from the function of endolysosomal disruption (mediated by
the core).'” Cationic particles with a shell containing primary
amines and a core composed of cross-linked poly(diethylami-
noethyl methacrylate) (PDEAEMA) were shown to elicit highly
efficient endolysosomal disruption via the “proton sponge” effect
while exhibiting minimal cytotoxicity.'®

We are particularly interested in the application of such
cytosolic delivery particles for the delivery of vaccine antigens
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and therapeutics to dendritic cells (DCs), the key antigen
presenting cells involved in initiating primary adaptive immune
responses.'! Delivery of protein to the cytosol of DCs permits
loading of peptide fragments of these antigens onto class | MHC
molecules for presentation to CD8" T-cells. Such ‘“cross
presentation” of exogenous antigen may be critical for the
development of vaccines against HIV and cancer.'>”'* In our
initial work, we demonstrated that proteins with net negative
charge could be adsorbed to the cationic shell of pH-responsive
core—shell particles (CSPs), allowing cross-presentation to
antigen-specific CD8* T-cells.

Building on these initial studies, we explored here in detail
the efficiency and limitations of this electrostatic cargo-loading
strategy for loading of several different classes of drug cargos
on CSPs. For protein delivery, we quantified the dose response
of antigen cross-presentation elicited by the model protein
antigen ovalbumin (ova) taken up by DCs in soluble form vs
bound to CSPs, and found that ova was presented at least ~100-
fold more efficiently than soluble protein antigen. To test the
delivery of more complex antigens, we demonstrated the
cytosolic delivery of whole inactivated influenza virus particles
adsorbed to CSPs. Finally, electrostatic association of double-
stranded RNA oligonucleotides with CSPs was demonstrated
to promote cytosolic delivery of siRNA and gene knockdown
in an epithelial cell line in vitro. Altogether, the data show that
cytosolic delivery of a variety of macromolecular cargos is
readily achieved via the simple approach of cargo adsorption
to the shell layer of CSPs, providing a simple and robust strategy
for drug binding and subsequent intracellular delivery.

Materials and Methods

Materials. All reagents were used as received without further
purification. 2-Diethylamino ethyl methacrylate (DEAEMA, 99%),
methyl methacrylate (MMA, 99%), 2-aminoethyl methacrylate hydro-
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Table 1. Core—Shell Particle Swelling Behavior and Surface Charge
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hydrodynamic C-potential swelling ratio® swelling ratio®

particles diameter?(pH 7.4, 37 °C) (pH 7.4, 20 °C) (pH 7.4, 37 °C) (pH 5.5, 37 °C)
PDEAEMA(PDEAEMA-core/AEMA-shell) batch 1 208 + 4 nm 37 +£1.8mV 3.7+16 23+1.9
PMMA(PMMA-core/AEMA-shell) 310 £ 10 nm n.d. 46+0.2 46+0.6

2 Determined by dynamic light scattering. ® Swelling ratio = hydrated mass/dry mass.

chloride (AEMA, 90%), calcein, and ammonium peroxodisulfate (APS)
were purchased from Sigma-Aldrich Chemical Co. Poly(ethylene
glycol) dimethacrylate (PEGDMA, MWpgo = 200 g/mol, cat. No.
00096-100, CAS No. 25852—47—5) was purchased from Polysciences
Inc. Cy5 mono-NHS ester was purchased from GE Healthcare UK
Limited.

RPMI 1640, Dulbecco’s Modified Eagle Medium (DMEM, with 4.5
g/L glucose), and Trypsin/EDTA (0.25% trypsin/2.21 mM EDTA in
Hanks’ balanced salt solution (HBSS) without sodium bicarbonate,
calcium, and magnesium) were purchased from Mediatech Inc. Fetal
bovine serum (FBS) was purchased from Hyclone. Alexa Fluor 488-
conjugated ovalbumin (ova) was purchased from Invitrogen. Ovalbumin
(chromatographically purified) was from Worthington Biomedical
Corporation. Recombinant murine granulocyte macrophage colony
stimulating factor (GM-CSF) was from Peprotech, Inc. Influenza A
Antigen Strain Texas from embryonated chicken eggs (strain: Texas
1/77 (H3N2)) was purchased from Meridian Life Science, Inc. Sodium
bicarbonate (pH 9.0, 1.0 M), Alexa Fluor-488 succinimidyl ester, and
dimethyl sulfoxide (DMSO) were purchased from Molecular Probes.
Recombinant human Interleukin 4 (rhIL-4), and recombinant human
granulocyte macrophage colony stimulating factor (rhGM-CSF) were
purchased from R&D Systems, Inc. Cyclophilin B siRNA, fluorophore-
conjugated anti-GFP siRNA, DNA primers, and DharmaFECT] trans-
fection reagent were purchased from Dharmacon. TagMan Universal
PCR Master Mix, TagMan Transcription Reagents, TagMan Gene
Expression Assays, and TagMan primer-probes were from Applied
Biosystems.

Core—Shell Particle Synthesis and Characterization. Core—shell
gel particles with PDEAEMA or PMMA cores and AEMA-rich shells
were synthesized as previously described.'® Briefly, 5 mmol DEAEMA
or MMA was dispersed with 0.03 mmol PEGDMA in deionized water
(9 mL) and polymerized at 70 °C by addition of 0.01 g APS. The
emulsion polymerization was allowed to proceed at 70 °C for 3 h to
grow the particle core, followed by injection of 0.24 mmol AEMA to
grow the particle shells for an additional 1.5 h. The particles were
purified as described'® and stored in PBS at 4 °C. Two different batches
of particles were prepared (batches 1 and 2), which had slightly different
mean sizes. Batch 1 was used in the swelling characterization
measurements (Table 1) and siRNA delivery studies; batch 2 was used
in all other studies. These particles differed in mean size but behaved
identically in our intracellular delivery assays. Hydrodynamic sizes of
particles and zeta potentials were measured for dilute particle suspen-
sions in pH 7.4 or pH 5.5, 100 mM PBS and 5 mM NaCl aq solutions,
respectively, using a Brookhaven 90Plus light scattering instrument.
SEM images of particles were obtained by drying particles from PBS
aq suspensions onto a substrate, coating the dried particles with 15 nm
of Au using an ion beam sputter coater (Gatan, Pleasanton, CA), and
imaging the samples using an FEI/Philips XL30 FEG ESEM with 5
kV accelerating voltage.

Intracellular Ova Protein Delivery and OT-I T-Cell Priming
Assay. Murine Dendritic Cell Culture and OT-1 T-Cell Isolation.

Animals were cared for following institute, state, and federal guidelines
under an IUCAC-approved protocol. DCs and T-cells were cultured
(1 x 10° cells/mL/well in 24-well plate) in RPMI 1640 complete
medium (10% FBS, 50 uM 2-mercaptoethanol, 5 mM L-glutamine, 10
mM HEPES, and penicillin/streptomycin). Bone marrow-derived den-
dritic cells (BMDCs) were prepared from the femur and tibias of
C57Bl/6 female mice (Jackson Laboratory) following a procedure
modified from Inaba et al." as previously described.'® DC2.4 cells, a
dendritic cell clone originally derived by Shen et al.,'” were a gift from

Prof. Kenneth Rock. Naive CD8™ ova-specific T-cells were harvested
from the spleens of OT-I TCR transgenic mice'®'? (Jackson Laboratory)
using a magnetic bead isolation kit (CD8" T-cell negative selection
kit, Miltenyi Biotec, Inc.) according to the manufacturer’s instructions.

Analysis of Endosome Disruption by Confocal Microscopy. DC2.4
cells (1.2 x 10 cells/well) were plated in Laboratory-Tek chambered
coverglasses (Nunc) for 18 h. Calcein (150 ng/mL, 0.24 mM) was added
to the cells in complete medium (RPMI 1640 with 10% FBS) for 1 h
at 37 °C. The cells were washed with warm medium and then incubated
for a second hour with complete medium alone, PDEAEMA-core
particles (25 ug/mL), or calcein and CSPs at 37 °C. After incubation
with dye/CSPs, cells were washed 3x with medium to remove
extracellular calcein/particles and imaged live by confocal laser scanning
microscopy (CLSM) at 37 °C. CLSM was performed on a Zeiss LSM
510 using 40x, 63x, or 100x lenses; the microscope stage was
enclosed by an environmental chamber maintaining 37 °C during
imaging.

Binding of Ovalbumin to Core—Shell Particles. Alexa Fluor 488-
conjugated ova (concentration as specified in the text) was mixed with
PMMA or PDEAEMA CSPs for 5 min in 200 uL of serum-free RPMI
medium to allow electrostatic binding of ova to the particles. (Kinetics
of binding were measured by incubating for times of 5—60 min.)
Unbound ova was removed by centrifugation of the particles at 15000
x g for 15 min, and the concentration of the ova remaining in the
supernatant was determined from fluorescence measurements (exc. 488
nm/em. 530 nm) using a fluorescence microplate reader (SPECTRAmax
GEMINI, Molecular Devices Corp.), calibrated to serial dilutions of a
known ova standard. Ova bound to the particles was determined by
subtracting the quantity of protein detected in the supernatant from the
quantity measured in control vials containing protein solution but no
particles. For cell delivery experiments, ova-loaded particles were
resuspended in complete medium by bath sonication for 15 min.
Sonication was employed to ensure complete dispersal of the pelleted
protein-coated particles before addition to cells.

OT-1 T-Cell Priming Assay. Freshly dissolved ova (0.1, 10, or 100
ug/mL) was mixed with 25 ug/mL PMMA or PDEAEMA CSPs for 5
min at 20 °C to allow electrostatic binding of ova to particles as
described above followed by washing of the particles to remove
unbound protein. Soluble ova (0.1, 10, or 100 xg/mL) or ova-coated
particles were then added to day 6 BMDCs (1 x 10° cells/well in 24-
well plates) for 1 h at 37 °C in complete medium. The ova- or CSP-
pulsed BMDCs were washed 2 x with complete medium, then replated
in 96-well round-bottom plates in triplicate (1 x 10° cells/well/100
uL) for 3 h. OT-I CD8" T-cells were added to each well (5 x 10°
cells/well/100 uL), and coincubated with BMDCs for 3 days in complete
medium. Interferon gamma (IFN-y) in the supernatants of these cultures
was then quantified using an ELISA kit (murine Interferon gamma (IFN-
y) Duoset ELISA Development Kit, R&D Systems) according to the
manufacturer’s instructions.

Cytosolic Delivery of Influenza A Viral Particles in Human
Dendritic Cells. Fluorescent Labeling of Influenza A. To label Influenza
A with fluorescent dye,?® 50 uL of 1.0 M sodium bicarbonate (pH 9.0)
was added to 500 uL (~2 x 10* HA units) virus. Alexa Fluor 488
succinimidyl ester (0.005 ug/HA unit) was dissolved in 2 uL. of DMSO
and added to the virus solution. After stirring for 1 h at 20 °C in the
dark, the labeled Influenza A was dialyzed (Slide-A-Lyzer Mini Dialysis
Units 3500 MWCO, Pierce) in PBS (1.0 M, pH 7.4) at 4 °C overnight
in the dark. The volume change was recorded to calculate the final
concentration of the labeled virus.
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Human Monocyte-Derived Dendritic Cell Culture. Peripheral
blood mononuclear cells (PBMCs) were isolated from fresh buffy coats
of anonymous healthy volunteers (Research Blood Components, LLC)
via centrifugation over a Ficoll-Paque (GE Healthcare Ltd.) cushion.
Monocytes were isolated from the PBMCs using MACS beads (CD14
monocytes-positive selection kit, Miltenyi Biotec, Inc.) according to
the manufacturer’s instructions. The monocytes were suspended in
RPMI 1640 complete medium containing human IL-4 (1000 U/mL,
2.9 x 10* U/ug) and GM-CSF (1000 U/mL, 1.5 x 10* U/ug) in 24-
well plates at 1 x 10° cells/well/mL. On days 2 and 4, 80% of the
medium was replaced by fresh medium containing IL-4 and GM-CSF
to derive monocyte-derived dendritic cells (MDDCs). MDDCs were
used on days 6 and 7.

Cytosolic Delivery of Influenza A. On day 6, MDDCs were plated
in Laboratory-Tek chambers (Nunc 8-well chambered coverglasses, 1.2
x 103 cells/well) and cultured in complete RPMI 1640 medium for
18 h. Alexa Fluor 488-labeled Influenza A (1657 HA U/mL) was mixed
with 25 ug/mL PDEAEMA CSPs for 5 min in serum-free medium to
allow electrostatic binding of Influenza A to particles. Unbound
Influenza A was removed by centrifugation at 15000 x g for 15 min.
Influenza A-decorated particles were resuspended in complete medium
by sonicating for 15 min and added to cells at 25 ug/mL CSPs
(corresponding to 1000 U/mL HA, based on fluorescence measurements
quantifying the fraction of bound virus) for 1 h at 37 °C; control cells
were incubated with 1000 U/mL free influenza. After three washes with
complete medium to remove extracellular Influenza A and particles,
the cells were imaged live by CLSM at 37 °C.

Cytosolic Delivery of siRNA. Epithelial Cell Culture. The BSC-
40 cell epithelial cell line was purchased from American type Culture
Collection (ATCC). The cells were maintained in complete DMEM,
supplemented with 10% heat-inactivated FBS, 100 IU/mL of penicillin
and 100 IU/mL of streptomycin, and 2 mM L-glutamine.

Cytosolic Delivery of siRNA. Fluorophore-labeled antiluciferase
siRNA ((sense) 5'-GUGCGCUGCUGGUGCCAACUU/ 36-FAM/-3’
and (antisense) 3’-UUCACGCGACCACGGUUG-5") was used as a
model oligonucleotide to measure the kinetics and efficiency of siRNA
binding to PDEAEMA-core particles, following the same procedure
described above for measuring fluorescent ova binding to the CSPs.
Fluorophore-tagged anti-GFP siRNA ((sense) 5'-GGCUACGUCCAG-
GAGCGCAJdTAT-3" and (antisense) 3’-dTATCCGAUGCAGGUC-
CUCGCGU-5’), an siRNA sequence targeting green fluorescence
protein (GFP) mRNA, was used as a model oligo for monitoring
cytosolic delivery of siRNA. The oligos were labeled with Cy5 at the
5" end of the sense strand and/or Cy3 conjugated to the 3" of the
antisense strand. DC2.4 or BSC-40 cells were plated in Laboratory-
Tek (Nunc) chambers (1.2 x 10° cells/ well) and cultured in RPMI1640
or DMEM complete medium, respectively. Labeled siRNA (2.6 ug/
mL, 200 nM) was premixed with 25 ug/mL PDEAEMA CSPs in serum-
free medium for 5 min to allow electrostatic binding of siRNA to
particles. siRNA-decorated particles were then centrifuged and resus-
pended in complete medium by sonicating for 15 min and added to
DC2.4 or BSC-40 cells for 1 h at 37 °C. After three washes with
complete medium to remove extracellular siRNA and particles, the cells
were imaged live by CLSM at 37 °C.

Transfection of Epithelial Cells by siRNA. Cyclophilin B siRNA
(human/mouse/rat) was used as a model target for siRNA-mediated
gene silencing due to its ubiquitous expression and nonessential role
in cells. The siRNA sequences were: (sense) 5-GGAAAGACUG-
UUCCAAAAAJTAT-3’ and (antisense) 5’-dTdATCCUUUCUGACAAG-
GUUUUU-5". BSC-40 cells were plated in a six-well plate (2 x 10°
cells/well) and cultured in DMEM complete medium overnight (~12
h to reach approximately 70% confluence). Cyclophilin B siRNA (2.6
ug/well, 2 mL/well at 100 nM) was premixed with 25 ug/mL
PDEAEMA CSPs for 5 min to allow electrostatic binding of siRNA
to particles. The siRNA-decorated particles were centrifuged to remove
unbound siRNA and resuspended in complete medium (2 mL/sample)
by sonicating for 15 min. As a comparative positive control, Dharma-
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FECTI, a commercial cationic lipid-based transfection reagent was used
to deliver the same amount of siRNA following the manufacturer’s
suggested protocol: siRNA (2.6 ug/well, 100 nM) and DharmaFECT]
transfection reagent (4 ul/well) were separately diluted in 200 uL/
well Opti-MEM 1 (Invitrogen) medium, and incubated for 5 min at
20 °C. The two solutions were mixed gently by pipetting, and incubated
for 20 min at 20 °C. 1600 uL/well of DMEM complete medium was
added the to solution for the final desired volume of transfection
medium (2 mL/sample). siRNA-coated particles or siRNA lipoplexes
were then added to the cells at 37 °C for 1 or 4 h, respectively. The
cells were washed with PBS 3 x and then cultured in DMEM complete
medium. A total of 24 h after the initial addition of transfection agents,
the cells were collected by trypsinization and total cellular RNA was
extracted using a RNeasy Mini Kit (Qiagen) according to the
manufacturer’s instructions. The recovered RNA concentration was
determined by UV absorbance at 260 nm and all samples had an A,sy/
Apgp ratio greater than 1.95. Functional siRNA delivery was measured
by quantifying target mRNA levels using a two-step real-time poly-
merase chain reaction (RT-PCR). Extracted total cellular RNA was
converted into cDNA using random hexamers and TagMan reverse
transcription reagents. The levels of cyclophilin B and Actin mRNA
(as a nontarget control gene) were measured using a TagMan gene
expression assay. RT-PCR was carried out using 10 ng cDNA per
sample on a PRISM 7700 sequence detection system (Perkin-Elmer
Applied Biosystems). The target mRNA concentration was evaluated
by the comparative Ct method.

Results and Discussion

Protein Cargo Loading on Endosome-Escaping Core—
Shell Particles via Electrostatic Adsorption on the Shell. We
recently reported the synthesis of core—shell particles (CSPs)
via emulsion polymerization, comprised of a cross-linked
poly(diethylaminoethyl methacrylate) (PDEAEMA) pH-respon-
sive core and an aminoethyl methacrylate (AEMA )-rich shell.'°
We demonstrated that upon internalization by cells, these
particles rupture their confining endolysosomes in response to
acidification of these compartments. In addition, we showed that
adsorption of the negatively charged model protein antigen
ovalbumin (ova) to the shell of these particles (Figure 1)
followed by incubation of the particles with dendritic cells (DCs)
allowed cytosolic delivery of the protein. Cytosolic delivery
facilitated cross-presentation of peptides derived from ova and
enhanced ova-specific CD8" T-cell activation by these particle-
loaded DCs (which we demonstrated for a single test dose of
antigen).'®

Building on these promising initial results, we sought to
determine the efficiency of protein binding to CSPs via
electrostatic association and explore in detail the mechanisms
underlying enhanced T-cell priming elicited by CSPs, again
using ova as a model protein antigen (46 KDa globular protein,
pl 4.6°"). Monodisperse CSPs were synthesized by surfactant-
free emulsion polymerization as previously described.'® Two
particle types were prepared (Table 1): pH-responsive CSPs with
a cross-linked PDEAEMA core/AEMA-rich shell, and control
particles with a poly(methyl methacrylate) (PMMA) core/
AEMA-rich shell. Both particle types have a zwitterionic surface
due to the presence of both AEMA groups and sulfate groups
from the APS free radical initiator in the shell layer.'®** Two
batches of the pH-sensitive PDEAEMA-core particles prepared
in the same manner were used in these studies: batch 1 was
used in pH-response/swelling measurements (Table 1) and the
siRNA delivery studies described below; batch 2 was used in
all other experiments reported here. As shown in the DLS data
of Table 1 and the SEM images and sizing data of Figure 1B
and C, the particle batches differed in mean diameter (batch 2
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Figure 1. Core—shell particle surface loading and particle characterization. (A) Schematic of drug cargo association with cationic core—shell
PDEAEMA particles. SEM image (B) and size histogram (C) of PDEAEMA-core particles (batch 2). Scale bar in B is 2 um.

particles were larger than batch 1) but both were relatively
uniform in size and we saw no differences in their endosome
escape properties in our studies. Note that the diameters
determined from SEM images of batch 2 particles (Figure 1C)
are overestimates as the SEM samples were coated with gold
for imaging, adding ~30 nm to the diameter observed. As we
previously reported, these particles exhibit a large change in
swelling ratio as the pH of the medium drops from extracellular
pH to endolysosomal pH (Table 1); the PMMA-core control
particles exhibited no pH sensitivity.

To assess the efficiency of electrostatic adsorption for loading
of ova on the particle surfaces, we first quantified protein binding
to the cationic particles as a function of time, protein concentra-
tion, and particle concentration. Soluble fluorophore-labeled ova
was mixed with PDEAEMA CSPs in serum-free medium to
allow protein binding, followed by removal of unbound ova by
centrifugation, and the quantity of protein bound was assessed
by fluorescence measurements on the particle supernatant. We
found that in serum-free medium, ova binding equilibrated
rapidly (binding already beginning to plateau by ~5 min), as
illustrated in Figure 2A for the case of 150 ug particles incubated
with 80 ug/mL ova in 200 uL serum-free medium. We thus
fixed the incubation time for protein binding at 5 min for
subsequent experiments. We next measured binding of fixed
concentrations of ova (80 xg/mL) to varying concentrations of
particles (up to 1 mg/mL) following 5 min incubations. As
shown in Figure 2B, the total amount of ova bound was
approximately linear with particle concentration with ~15% of
the total ova bound to particles when 1 mg/mL CSPs were
added. A linear regression of the data (dashed line) showed 12
ug ova bound per mg CSPs for this fixed concentration of
soluble ova. When we instead fixed the concentration of particles
at 625 ug/mL (125 ug in 200 uL. medium) and varied the
amount of ova added (Figure 2C), binding was again linear
with ~11% of ova added binding to the particles across a
broad range of ova concentrations. The linear binding
relationships suggest that ova loading is not saturated under
these conditions, but maximum protein binding here (~12
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Figure 2. Ovalbumin adsorption to core—shell particles at pH 7.4.
(A) Kinetics of ova adsorption to PDEAEMA CSPs for 150 ug particles
incubated with 80 ug/mL ova in 200 uL of serum-free RPMI medium.
(B) Particles at varying concentration were added to ova at a fixed
concentration of 80 ug/mL for binding to particles for 5 min in 200 uL
of serum-free RPMI medium, followed by separation of particles by
centrifugation. (C) Soluble ova at varying concentrations was mixed
with 125 ug PDEAEMA CSPs in serum-free medium as in (B). Dashed
lines in (B) and (C) are linear regressions to the data. Shown are the
mean =+ SD from triplicate samples.
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Figure 3. Cytosolic delivery of ova for OT-I T cell priming. (A) BMDCs were incubated with different concentrations of soluble ova (O), ova-
coated PDEAEMA CSPs (a), or ova-coated PMMA CSPs (M) in complete medium containing 10% FBS, before being washed and mixed with
naive OT-1 ova-specific CD8" T-cells. The concentration of particles was fixed at 25 ug/mL for all ova doses. IFN-y secreted by the T-cells in
response to antigen presentation by the DCs was measured by ELISA after 3 days. Shown are mean + SD of triplicate samples. (B) BMDCs
were pulsed with ova in different forms: soluble ova (10 ug/mL) for 1 h or during an entire 3 day coculture, ova mixed with PDEAEMA or PMMA
CSPs (without prebinding to particles, ova + CSPs), or ova adsorbed to PDEAEMA or PMMA CSPs prior to addition to DCs (ova-CSPs) in
complete medium containing 10% FBS. DCs were washed following antigen pulsing and then cocultured with OT-I T-cells. IFN-y secreted by
T-cells in response to antigen presentation by the DCs was measured by ELISA after 3 days. Shown are mean + SD of triplicate samples.

ug protein/mg CSPs) was comparable to ova loading typically
achieved by protein encapsulation in biodegradable micro/
nanoparticles® 2°and also compares well to other studies
utilizing surface loading onto charged drug delivery particles.?’
Notably, colloidal stability of the particles did not appear to be
affected over this range of protein loading (no gross particle
aggregation or sedimentation was observed). Thus, simple
electrostatic adsorption allowed for rapid loading of the particles
with substantial quantities of protein cargo.

Efficiency of Cross-Priming Elicited by Particle Surface-
Bound Antigen. Protein antigens in the cytosol of DCs are
processed by the “classical” MHC class I presentation pathway,
and peptides derived from these antigens are presented by class
I MHC at the cell surface to CD8" T-cells.?® In contrast,
exogenous soluble antigens trapped in endolysosomes following
internalization are only very inefficiently presented on class I
MHC (a process termed cross-presentation).’*?° ! Thus, a
promising application of these core—shell endosome-escaping
particles is delivery of protein antigens into the cytosol of DCs,
amplifying presentation of antigenic peptides to CD8" T-cells
for in vitro screening of patient T-cell specificities and/or as
vaccine delivery agents. Having established a dose curve
delineating the amount of ova bound to particles as a function
of protein concentration during particle loading, we next
assessed the dose response for cross-presentation of ova-derived

peptides to antigen-specific CD8% T-cells, comparing DCs
loaded with soluble ova, ova bound to PDEAEMA-core CSPs,
or ova bound to PMMA-core CSPs. For soluble antigen pulsing,
murine bone marrow-derived dendritic cells (BMDCs) were
incubated with different concentrations of ova in solution. For
particle-mediated ova delivery, the same concentrations of ova
were incubated for 5 min with 25 ug/mL. PDEAEMA-core or
PMMA-core particles for surface binding, followed by pelleting
of the particles, resuspension in fresh medium, and addition of
the ova-loaded particles to DCs. For all of the cell experiments
described here, we fixed the final concentration of particles
added to cells at 25 ug/mL, a dose determined in our prior
studies to provide maximal endosome disruption in cells with
minimal cytotoxicity following a 1 h incubation of particles with
cells.'® Soluble antigen- or ova/CSP-loaded DCs were washed
into fresh medium after 1 h, allowed to process internalized
antigen for 3 h, and then cocultured with naive OT-1 CD8"
T-cells (TCR-transgenic T-cells that recognize a peptide derived
from ova presented in the context of H-2K" class I MHC
molecules).'® T-cell activation by ova-loaded DCs was detected
on day 3 of the coculture by measuring interferon-y (IFN-y), a
cytokine secreted by activated T-cells.

As shown in Figure 3A, DCs incubated with soluble ova
protein only triggered IFN-y secretion from T-cells above
background levels when the ova concentration reached 100 ug/
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mL, consistent with prior data from our laboratory and
others.'®'%32:33 Particle-mediated delivery of ova reduced the
dose of antigen required to elicit T-cell activation by at least
~100-fold compared to soluble protein uptake by DCs, and DCs
loaded with ova bound to pH-responsive CSPs elicited much
higher IFN-y levels (~9—10-fold) from T-cells at any given
ova dose. Particles alone at 25 ug/mL elicited no background
T-cell activation (as illustrated by lack of response for 0.01 ug/
mL ova dose in Figure 3A). Note that we have chosen to
conservatively plot the ova dose for antigen bound to particles
in terms of the concentration of ova mixed with particles during
binding, because the amount of protein bound to the particles
was too small to directly measure accurately. As shown in Figure
2, the amount of protein that actually binds to the particles
during the particle loading step is likely ~10% of the added
protein or less, and thus the potency of PDEAEMA-core CSP
delivery may be substantially greater than 100-fold increased
relative to soluble ova. In contrast, DCs pulsed with ova bound
to pH-insensitive PMMA-core CSPs elicited low levels of IFN-y
similar to the soluble ova control, confirming that endosomal
escape triggered by the pH-responsive DEAEMA core was
required for enhanced antigen presentation.

In these dose response experiments, ova was incubated with
DCs for only 1 h in soluble or particle-bound form. Because
ova bound to particles was internalized by DCs much faster
than soluble ova (D.J.I. and Y.H., unpublished observations),
we next tested whether the enhanced antigen presentation
achieved by PDEAEMA particle delivery of ova was simply a
kinetic effect of more rapid ova uptake. One set of DCs was
pulsed with ova for only 1 h (10 ug/mL “soluble ova (1 hr)”),
washed, and then cocultured with T-cells as before. A second
group of DCs was incubated with soluble ova (10 ug/mL)
without washing during the entire 3-day T-cell stimulation
period, to allow continuous antigen uptake. These two conditions
were compared to DCs loaded with ova bound to PDEAEMA-
core CSPs (25 ug/mL particles loaded for 5 min with 10 ug/
mL ova, then washed and applied to DCs “ova-DEAEMA CSPs
(1 hr)”). As shown in Figure 3B, we observed slightly higher
secretion of IFN-y from cocultures where soluble ova was
present in the medium for 3 days when compared to cultures
where DCs were pulsed with soluble antigen for only 1 h.
However, the degree of cross-presentation/T cell stimulation
measured was still much lower than that of detected for particle-
delivered ova, demonstrating that the enhanced response to
particle-bound ova was not simply due to a kinetic difference
in antigen uptake/processing.

In addition, we compared the effectiveness of pulsing DCs
for 1 h with ova preadsorbed on CSPs (ova-CSPs) vs simulta-
neous addition of soluble ova protein and CSPs to DCs without
an explicit adsorption step to bind ova to the particles prior to
addition to DCs (ova + CSPs). Soluble ova mixed with pH-
sensitive particles was presented to T-cells less effectively than
ova preadsorbed to the CSPs, and again, T-cell priming was
much greater with the pH-sensitive particles than control PMMA
particles lacking the pH-responsive DEAEMA core.

Pulse-Chase Analysis of Endosome Disruption. The cross-
priming studies with protein antigen delivery above suggested
that optimal cytosolic delivery of protein was achieved when
the cargo was bound directly to the particles rather than simply
being present in the medium with particles during cellular
uptake. This result prompted us to examine whether CSPs are
capable of lysing multiple endosomes in the cell or whether
the particles lyse only the endosome where they are initially
confined. Our prior studies led us to the following model of
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CSP endosome escape: (1) protons and counterions such as
chloride are pumped into the endosomal vesicle to acidify the
compartment,®* (2) the DEAEMA groups in the particles absorb
protons, becoming ionized, (3) association of counterions with
these charged DEAEMA groups in the particle core drives
osmotic swelling of the particle, and (4) the endosome is
disrupted either due to the osmotically driven uptake of water
into the endosome caused by counterion buildup in the gel
particle and the concomitant mechanical pressure of particle
swelling. (These two responses are inherently linked in the
swelling response of these polyelectrolyte gel particles.) This
mechanism is a classic proton sponge response and distinct from
osmotic/membrane-fusion-based lysis of endosomes triggered
in elegant work using polymersomes that solubilize or disas-
semble in response to endosomal pH/reductive capacity®> >’
or degradable polymersomes that undergo a vesicle-to-micelle
transition in endosomes.*®

Further evidence for the importance of associating protein
cargo with the particles to achieve efficient cytosolic delivery
came from pulse-chase experiments with CSPs, using the
membrane-impermeable fluorescent dye calcein as a tracer of
endosome disruption. The DC cell line DC2.4 was incubated
for 1 h with calcein, washed, and then incubated for a second
hour with medium alone, calcein mixed with PDEAEMA-core
CSPs, or PDEAEMA-core CSPs alone. The cells were then
washed and imaged live at 37 °C by confocal microscopy. As
shown in Figure 4A, when cells were incubated with calcein
only for 1 h, punctate green fluorescence was observed in the
cells, corresponding to endosomes containing calcein internal-
ized by the cells. When the cells were coincubated with calcein
and CSPs in the second hour, calcein was observed distributed
throughout the cytosol, due to cointernalization of calcein
molecules and CSPs into common endosomes, which were then
ruptured by the pH-sensitive particles (Figure 4B).'° However,
if DCs were serially incubated first with calcein, washed, and
then incubated in a second step with PDEAEMA-core CSPs
for 1 h, both calcein and CSPs were observed in the DCs, but
calcein remained punctate in endosomes distinct from the
particles (Figure 4C). When particles were given to cells first
followed by calcein, the results were qualitatively identical to
Figure 4C (data not shown). This experiment demonstrated that
CSPs are only able to trigger the cytosolic delivery of molecules
initially colocalized in the same endosomes as the particles; the
CSPs do not disrupt other vesicles in cells following escape
from their initial endolysosomal compartment. Thus, maximal
cargo delivery to the cytosol would only be expected if the CSPs
and cargo are physically associated during uptake, to ensure
that all cargo-containing endosomes are disrupted. Note that
single confocal optical slices are shown in Figure 4, and these
single-plane images visualize only those CSPs in the focal plane;
generally, we find particles distributed at varying depths through
the cells in z-sections. Thus, only a fraction of the total particles
in any given cell will be captured in a single focal plane and
these images underestimate the total number of particles per
cell.

Cytosolic Delivery of Particulate Killed Pathogen Cargo.
The enhanced cross presentation of protein antigens elicited by
these CSPs could be exploited for in vitro screening of human
immune responses to vaccination or for direct stimulation of
primary immune responses in vivo. However, many vaccines
are based on particulate protein mixtures (such as inactivated
viral particles® or whole cell lysates***') rather than single
purified proteins. Antigen associated with large particles
(500—1000 nm in diameter or greater) is known to be spontane-
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Figure 4. Cargo molecules must be localized in the same endolysosome as core—shell particles for cytosolic delivery to occur. DC2.4 cells
were incubated with calcein alone for 1 h at 37 °C in medium containing 10% FBS, washed, and then incubated a second hour at 37 °C with
serum-containing medium alone (A), with calcein and 25 ug/mL PDEAEMA CSPs simultaneously in serum-containing medium (B), or with
CSPs alone in serum-containing medium (C). Cells were washed after the second hr and imaged live at 37 °C by CLSM. Images show fluorescence
overlays of calcein (green) and Cy5-labeled particles (red). Scale bars 20 um.

ously cross-presented by DCs following particle phagocytosis,
via mechanisms that are still a matter of debate.’>**>~** Thus,
the endosome-disrupting CSPs studied here are likely irrelevant
for promoting cross-presentation of very large particulate antigen
cargos (e.g., whole yeast particle vaccines**®). However,
antigen associated with particles <500 nm in size (e.g., the size
of typical viral particles) is not cross-presented efficiently (as
demonstrated by the data in Figure 3 for PMMA particles that
lack endosome escape capabilities).>* To test whether there is
a fundamental limit to the size of cargos that can be delivered
by the CSPs and to determine whether antigens which are
themselves particles in the 100—300 nm size range can be
delivered into the cytosol of DCs, we assessed the cytosolic
delivery of whole inactivated influenza (H3N2) viral particles.
Influenza virions are spherical or rod-like lipid-enveloped
particles with mean diameters of ~100—200 nm.*” For these
experiments, we employed human monocyte-derived dendritic
cells (MDDCs) to assess the efficacy of CSP delivery in human
DCs as opposed to the murine DCs tested previously. Fluores-
cently labeled influenza virions were mixed with PDEAEMA
particles in serum-free medium to permit adsorption to the CSPs,
and the majority of free influenza A was then removed by
centrifugation and aspiration of the supernatant. Virus-coated
CSPs or virus alone were then resuspended in complete medium
and added to MDDCs for 1 h at 37 °C, followed by washing
and confocal imaging of the live cells at 37 °C (Figure 5). High
levels of intracellular fluorescence were observed for DCs
incubated with free influenza or virions bound to particles. High
background internalization of flu particles alone was expected,
due to binding of DC pattern recognition and scavenger
receptors to the viral particles as part of the normal process of
virus rec:ognition.48’49 Notably, however, fluorescence of virions
delivered by PDEAEMA-core CSPs was detected extending
throughout the cytosol, including into the dendrites of DCs
examined by 3D optical sectioning (arrows in Figure 5A),
providing evidence for cytoplasmic delivery, while fluorescence
was not detected in dendrites of DCs incubated with free virions
(e.g., arrows in Figure 5B). Instead, virion fluorescence was
confined to a dense punctate distribution in the cell body,
suggestive of endolysosomal compartmentalization of the free
viral particles. These results suggest that the pH-responsive CSPs
are capable of promoting cytoplasmic delivery of complex
biological cargos such as particulate pathogens, which are much
larger than individual proteins. Whether the virions are intact
following endosomal escape cannot be resolved by confocal

microscopy, but for the purposes of antigen delivery, intact viral
particles are not necessarily needed because the virions must
be proteolyzed by the cytosolic antigen processing machinery
for antigen presentation to occur.

Electrostatic Shell Loading and Intracellular Delivery
of siRNA. In addition to protein/antigen delivery for vaccine
purposes, cytosolic delivery of RNA oligonucleotides is of
significant interest, for gene knockdown by RNA interference
or to stimulate pro-inflammatory interferon responses in im-
munotherapy treatments.’® > Thus, in a final series of experi-
ments we tested whether electrostatic binding of double-stranded
RNA oligos could be used to promote cytosolic delivery of
siRNA for gene silencing. The kinetics and efficiency of siRNA
binding to particles were first tested with a model fluorescently
tagged 21-nucleotide dsSRNA. Similar to the adsorption of ova
to CSPs, siRNA binding to particles in serum-free medium was
very rapid, plateauing within 5 min (Figure 6A). In a second
set of experiments, a fixed quantity of particles (150 ug) was
incubated with increasing concentrations of siRNA and the oligo
binding was quantified. Similar to the ova protein binding data
of Figure 2C, binding was approximately linear versus siRNA
dose and did not saturate over the concentration range tested
(Figure 6B). At the highest siRNA concentration tested (300
nM), ~80% of the added siRNA was adsorbed to the particles,
giving ~4.4 ug siRNA bound per mg CSPs.

We employed DC2.4 cells and an epithelial cell BSC-40 (for
comparison with dendritic cell behavior), to determine whether
PDEAEMA particles could deliver siRNA to the cell cytosol
efficiently. Fluorescently labeled siRNA was adsorbed to labeled
PDEAEMA or PMMA CSPs as before for protein loading, and
then the siRNA-loaded particles were added to DC2.4 cells for
1 h at 37 °C, followed by washing and confocal imaging.
Labeled siRNA was colocalized in punctate spots with PMMA-
core CSPs in DCs (Figure 7A) but observed throughout the
cytosol and nucleus in DC2.4 cells treated with PDEAEMA-
core CSPs (Figure 7B). The fraction of cells exhibiting cytosolic
siRNA fluorescence when treated with PDEAEMA CSPs was
43.0 £ 2.3% (SD of three individual samples, n = 150 cells
scored).

We next tested the intracellular delivery of fluorescent siRNA
to BSC-40 epithelial cells in a similar protocol. In these
experiments, each strand of the double-stranded siRNA was
labeled with a different fluor (Cy3 or Cy5), while the CSPs
were left unlabeled and uptake of siRNA on PMMA or
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10% FBS with inactivated whole influenza virions adsorbed to CSPs (A) or flu virions alone (B), washed, and imaged live at 37 °C by CLSM.
Shown are fluorescence images of labeled influenza A (green), particles (red), and brightfield/fluorescence overlays. White arrows in A highlight
flu fluorescence accumulated in dendrites of DCs that have internalized particles, while arrows in B illustrate a corresponding lack of fluorescence
signature in the dendrites of DCs internalizing flu in the absence of CSPs. Scale bars 10 um.
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Figure 6. Kinetics and efficiency of siRNA binding to pH-sensitive core—shell particles. (A) PDEAEMA-core particles (150 ug) were incubated
with 200 nM fluorescently labeled siRNA in 200 uL of serum-free RPMI medium, then separated by centrifugation and siRNA binding was
quantified by measuring fluorescence remaining in the particle supernatants. (B) Soluble siRNA at varying concentrations was mixed with 150
ug PDEAEMA CSPs in 200 uL of serum-free medium for 5 min followed by separation of particles from free siRNA by centrifugation. Dashed
line is a linear regression to the data. Shown are the mean + SD from triplicate samples; error bars in B are smaller than the point sizes.

PDEAEMA CSP carriers was again assessed after 1 h by
confocal microscopy. As shown in Figure 7C, fluorescence from
the two siRNA strands remained colocalized and displayed a
punctuate distribution in cells receiving siRNA adsorbed to
PMMA CSPs. However, when BSC-40 cells were incubated
with siRNA-coated PDEAEMA CSPs (Figure 7D), Cy3 and
CyS5 fluorescence was observed throughout the cytosol of ~40%
of cells, indicating intracellular delivery of siRNA. To evaluate
whether the observed delivery was effective for gene silencing,
RT-PCR was used to detect the mRNA level of siRNA-
transfected cells. BSC-40 cells were transfected with cyclophilin
B-targeting siRNA electrostatically adsorbed to PDEAEMA
particles or delivered using a commercial lipid-based transfection
reagent (DharmaFECT]I). Lipoplexes were added to cells for
4 h per the manufacturer’s optimal conditions, while siRNA-
coated particles were added for 1 h to cells, then cells were
exchanged into fresh medium to minimize toxicity from either
transfection agent. Note that the 1 h time for the particles was

chosen based on our prior experience that substantial particle
uptake (as illustrated in Figures 4, 5, and 7) occurs within this
time while viability remains >90% for the cells we have tested.
Viability of the cells was comparably high in both conditions
for this comparison. Twenty-four hrs after the initial addition
of siRNA to cells, total cellular RNA was isolated and
cyclophilin B mRNA levels were assessed. As shown in Figure
7E, siRNA delivered by the commercially available cationic
lipid reduced mRNA levels to 6.3 £ 1.2% of control cell levels,
while mRNA expression in cells treated with PDEAEMA CSPs
reached 23.3 + 14.0% of untreated cells. The slightly lower
degree of gene knockdown observed for the CSPs compared to
the lipid reagent in this assay may relate to the incomplete
cytosolic distribution of siRNA observed by microscopy after
1 h, though a higher fraction of cells appears to become
transfected over time once the cells are washed at 1 h. We
currently believe that this incomplete transfection is due to
relatively slow unbinding of siRNA from the CSPs, as the
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Figure 7. pH-sensitive core—shell particles enable cytosolic siRNA delivery and gene knockdown. (A, B) CLSM images of labeled siRNA (blue)
and CSP (red) delivery in DC2.4 cells. DC2.4 cells were incubated for 1 h in complete medium (10% FBS) with siRNA adsorbed to control
PMMA CSPs (A) or pH-responsive DEAEMA CSPs (B), washed, and imaged live at 37 °C. Scale bars in A and B 10 um. (C, D) CLSM images
of labeled siRNA (blue, Cy5-labeled sense strand; red, Cy3-labled antisense strand) and CSP delivery in BSC-40 epithelial cells. Epithelial cells
were incubated in serum-containing medium with siRNA adsorbed to PMMA CSPs (C) or DEAEMA CSPs (D) for 1 h, washed, and imaged live
at 37 °C. Scale bars in C and D 20 um. (E) RT-PCR analysis of cyclophilin B mRNA downregulation at 24 h following siRNA delivery into
BSC-40 cells via DharmaFECT1 transfection reagent (siRNA/Lipid, 4 h) or siRNA adsorbed to CSPs (siRNA/DEAEMA CSPs, 1 h), relative to

untreated control cells.

particles escape endosomes extremely efficiently (we previously
showed endosome disruption occurs in >95% cells at these
particle doses'®) but may bind the electrostatically bound oligos
with high avidity and release them very slowly in the cytosol.
Modulating the siRNA release rate via altered shell chemistry
is a subject of ongoing research. Nonetheless, the instability of
lipoplexes make many lipid-based transfection reagents of
limited value for in vivo siRNA delivery, and CSPs may provide
an approach to overcome this limitation.

Conclusions

We applied pH-sensitive PDEAEMA-core/PAEMA-shell
particles as an intracellular drug delivery system and demon-
strated that these particles facilitate cytosolic delivery of a broad
range of membrane-impermeable macromolecules such as ova
protein, influenza A, or siRNA mediated by simple electrostatic
adsorption of these diverse cargos to the charged surfaces of
the CSPs. Cytosolic delivery of protein antigens by these
materials dramatically lowered the dose of antigen required to
elicit naive CD8" T-cell priming by DCs, by at least ~100-
fold compared to soluble antigen uptake by DCs. In addition,
potent gene knockdown via siRNA delivery by these particles
was observed. These particles offer the advantage of allowing
cytosolic delivery in the presence of serum (unlike unstable
lipoplexes). In addition, the uniform size and cross-linked

particle structure allow the particle physical characteristics to
be stable and better-defined under varying environmental
conditions, unlike dynamic assemblies such as vesicles or
physically bonded polyplexes. However, rational design of cargo
release from such CSPs once endosomal escape is achieved is
an area for future optimization of these materials. The ability
of these monodisperse particles to deliver a broad range of
macromolecular cargos with low intracellular toxicity may be
of interest for in vitro immune response screening and RNA
transfection, as well as in vivo gene modulation and vaccine
delivery.
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