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Introduction

Biocompatible mannosylated endosomal-escape
nanoparticles enhance selective delivery of short
nucleotide sequences to tumor associated
macrophages

Ryan A. Ortega,®®< Whitney J. Barham,® Bharat Kumar,? Oleg Tikhomirov,®
lan D. McFadden,® Fiona E. Yull* and Todd D. Giorgio*®®¢

Tumor associated macrophages (TAMs) can modify the tumor microenvironment to create a pro-tumor
niche. Manipulation of the TAM phenotype is a novel, potential therapeutic approach to engage anti-
cancer immunity. siRNA is a molecular tool for knockdown of specific mRNAs that is tunable in both
strength and duration. The use of siRNA to reprogram TAMs to adopt an immunogenic, anti-tumor pheno-
type is an attractive alternative to ablation of this cell population. One current difficulty with this
approach is that TAMs are difficult to specifically target and transfect. We report here successful utilization
of novel mannosylated polymer nanoparticles (MnNP) that are capable of escaping the endosomal com-
partment to deliver siRNA to TAMs in vitro and in vivo. Transfection with MNNP-siRNA complexes did not
significantly decrease TAM cell membrane integrity in culture, nor did it create adverse kidney or liver
function in mice, even at repeated doses of 5 mg kg™t Furthermore, MnNP effectively delivers labeled
nucleotides to TAMs in mice with primary mammary tumors. We also confirmed TAM targeting in the
solid tumors disseminated throughout the peritoneum of ovarian tumor bearing mice following injection
of fluorescently labeled MnNP-nucleotide complexes into the peritoneum. Finally, we show enhanced
uptake of MnNP in lung metastasis associated macrophages compared to untargeted particles when
using an intubation delivery method. In summary, we have shown that MnNP specifically and effectively
deliver siRNA to TAMs in vivo.

tumor growth and metastasis, and suppress the normal
immune response.>* Concordantly, an increase in TAMs at the

The tumor supportive stroma has been identified as an attrac-
tive target for therapeutic intervention in solid tumors. While
most tumors exhibit a large degree of cellular heterogeneity,
the tumor stroma is potentially more homogenous with
respect to local stromal cell phenotype." Macrophages, for
example, play an important trophic role in tissue development
and a growing body of evidence suggests that these trophic
roles are recapitulated in the tumor microenvironment.>
Tumor associated macrophages (TAMs) are directly involved in
establishing a pro-tumorigenic local microenvironment in
many tumor types. TAMs stimulate angiogenesis, promote
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site of tumor progression is predictive of poor prognosis and
survival in mouse models of human breast cancer and in mul-
tiple human cancers.”®

TAMs exhibit characteristics that are a blend of the two
defined categories of macrophage phenotype. Like the classi-
cally immunogenic (M(LPS) or M(LPS + IFNy)) macrophage,
TAMs produce low levels of inflammatory cytokines which
results in pro-tumorigenic, smoldering inflammation.”™ Like
the typical tissue remodeling, or alternatively activated macro-
phage, TAMSs break down the surrounding extracellular matrix,
secrete growth factors, and inhibit the adaptive immune
response.’’ Data show that TAMs are a viable therapeutic
target in cancer treatment and that ablating these cells can
have a powerful anti-tumor effect.® Rather than ablate these
important modulators of immunity, another proposed solu-
tion is to target pro-tumor macrophages with a therapeutic
agent that can alter their behavior to induce an acute, but
strong immunogenic phenotype capable of stimulating anti-
tumor immunity.'"?

This journal is © The Royal Society of Chemistry 2015
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Recent decades have bought great advances in gene therapy
technologies, specifically the emergence of siRNA. siRNAs can
be used to inhibit the translation of specific mRNAs without
significant off-target side effects by RNA interference (RNAi)."?
RNAi results in loss of target protein expression by siRNA
binding to complementary mRNA strands, leading to mRNA
degradation." The clinical translation potential of these
nucleotides has been demonstrated by the targeted delivery of
therapeutic siRNA in humans.'>'® Another advantage of siRNA
is that the degree of knockdown can be tuned to varying
degrees of specificity, potency, duration by taking advantage of
the transient nature of siRNA inhibition."” One of the current
obstacles therapeutic siRNA faces is the delivery of active
siRNA to specific cells types. Free siRNA is rapidly degraded
in vivo by circulating RNases In addition, the strong polyanio-
nic charge and significant molecular mass limits cellular entry
of unformulated nucleotides. An siRNA delivery vehicle that
provides preferential localization to particular tissues and/or
target cell types as well as superior nucleotide protection and
cellular entry is required for optimal and spatially specific
protein knockdown.

Targeted nanoparticles have been used in clinical trials of
siRNA therapeutics as a delivery device to reach specific cell
populations.’® The generation of a charge-neutral or near-
neutral surface of a nanoparticle carrier of siRNA improves
biocompatibility, as well as allowing for the potential attach-
ment of a targeting ligand to the surface of the particle,
improving cellular specificity. To address this, we have deve-
loped and characterized a tri-block polymer nanoparticle
capable of targeting TAMs for nucleotide delivery. The core of
the particle is comprised of a hydrophobic, pH responsive
block that triggers endosomal escape and cytoplasmic delivery
of the siRNA.'® One advantage of this core block design is its
self-assembly into particles in an aqueous solution due to its
tunable hydrophobicity.’® The second block is a poly
(DMAEMA) polymer with a polycationic charge that condenses
polyanionic oligonucleotides within the particle and serves to
carry and protect siRNA for delivery to a target cell. A distal,
azide-presenting block serves as a modular platform for
further functionalization with targeting ligands or other bio-
molecules of interest and represents novelty in the nanoparti-
cle synthesis scheme relative to our previous work.

Using ‘click’ chemistry, we previously functionalized the
surface of these nanoparticles with a mannose ligand (MnNP)
to specifically target TAMs via the mannose receptor, CD206.%°
The mannose receptor is highly specific to mature macro-
phages and has been shown previously to be upregulated on
the surface of TAMs.”'>® MnNPs are systematically designed
to condense and shield siRNA in the interior of the particle for
optimal systemic transport, enter the tumor vasculature via the
enhanced permeability and retention (EPR) effect, specifically
target TAMs in the tumor microenvironment, and escape the
low pH late endosome to deliver functional siRNA into the
cytoplasm. In this study, we build upon previously published
work to demonstrate that these MnNP are biocompatible
in vitro and in vivo at physiologically relevant doses, provide
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evidence for the efficacy of the CD206-targeting mannose
ligand on the surface of the particles, and demonstrate the
effective delivery of protected nucleotides to TAMs.

Materials and methods

Materials

Fabrication of nucleotide loaded MnNP. MnNP were fabri-
cated as previously described.? Briefly: the core of the particle
is created by RAFT polymerization of butyl methacrylate
(BMA), 2-propylacrylic acid (PAA), and 2-(dimethylamino)ethyl
methacrylate (DMAEMA) to create a hydrophobic, terpolymer
with tunable endosomal escape properties. Next, a polycationic
DMAEMA block is added by RAFT polymerization to add the
capability to condense polyanionic therapeutics onto the par-
ticle. Finally, a 2-azidoethyl methacrylate (AzEMA) block is
polymerized onto the diblock polymer to form a triblock
polymer terminated in an AzEMA block to support further
functionalization. In order to create a mannose functionalized
polymer, click chemistry is performed with alkyne - functiona-
lized mannose to attach a mannose moiety to the end of the
polymer. The completed polymer assembles into positively
charged micelles when reconstituted in an aqueous solution,
forming mannosylated nanoparticles.

For experiments using MnNP to deliver siRNA or short,
fluorescently labeled DNA strands, MnNP polymer was recon-
stituted in sterile PBS at a concentration of 4 mg ml™" and
sonicated for 10 minutes. The MnNP in aqueous solution were
used immediately or stored in aliquots at —20 °C. For com-
plexation with the MnNP, all nucleotides were diluted to 50
UM in sterile, nuclease-free water. In order to form MnNP-
nucleotide complexes with the optimal N: P ratio as described
in our previous work, the 4 mg ml™" MnNP solution was com-
bined with 50 pM nucleotide solution in a 2:1, vol:vol ratio
(160 ng of MnNP polymer per pmol of siRNA). The nucleotides
were allowed to complex with the MnNP for 1 hour at room
temperature, then used in in vivo and in vitro experiments.
Nucleotide loaded, hydroxyl-capped nanoparticles (OHNP)
were also formulated using this protocol.

Methods

Particle zeta potential measurements. Average nanoparticle
zeta potential ({) was determined by laser Doppler electrophor-
esis (LDE) using a Malvern Zetasizer Nano ZS (Malvern Inst.
Ltd, Malvern, UK). Briefly, siRNA oligomer solution (50 pM,
deionized water) was mixed with two times the volume of man-
nosylated nanoparticle solution (4 mg mL™", PBS) and reacted
at room temperature to allow complexation. Aliquots were
removed and diluted approximately 200-fold in molecular
biology grade water for zeta potential measurement at time
points relative to initiation of the nanoparticle-siRNA com-
plexation reaction. Zetasizer measurements were performed at
25 °C with a scattering angle of 175°.

Cell culture. Unless otherwise stated, all primary cells iso-
lated for use in this study were maintained in DMEM
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(Corning, MT-10-13-CV) with the addition of 10% (vol:vol)
FBS and 1% Pen Strep (Gibco) at 37 °C in a 5% CO, humidi-
fied atmosphere.

Rapid adhesion enrichment of TAMs. In order to enrich the
TAM population from solid mammary and ovarian tumors, the
tumors were removed and homogenized in cell culture media
with Collagenase A (5 mg ml™", Roche) and DNasel (5 mg
ml™', Roche) for 2 hours. After 2 hours of incubation with
gentle rocking, the homogenate was filtered through
70 micron filters and the cells were pelleted via centrifugation
at 1000g for 10 minutes. The pellet was then resuspended in
2 ml of ACK red blood cell lysis buffer (Gibco) for 2 minutes.
The cell suspension was then diluted to 20 ml, pelleted, and
the pellet resuspended in culture media. The tumor homogen-
ate was then added to 6- or 12-well plates with 10 million, or
3 million cells per well, respectively. The homogenate was
incubated in the welled plates for 45 minutes, and the non-
adhered cells vigorously washed from the wells with PBS
(3 washes), leaving the cells adhered to the plate at approxi-
mately 80-90% coverage.>*>°

In vitro biocompatibility measurements. An enriched TAM
population was generated by harvesting spontaneously arising
murine mammary tumors at a palpable stage from 12 week old
mice with a mammary epithelium targeted polyoma middle T
oncogene (PyMT, FVB strain background).>” A 45 minute rapid
adhesion protocol (described above) was used to isolated the
TAMs. For in vitro viability experiments, TAMs were plated in
12-well plates at a density of 300 000 cells per well. TAMs were
transfected for 24 hours at 37 °C with MnNP-siRNA complexes
with a scrambled siRNA sequence at 10 nM and 50 nM concen-
trations of siRNA with accompanying MnNP concentrations as
described above, with and without 6 hours of TNF-a stimu-
lation (10 ng m1™") following transfection. A second set TAMs
were transfected with the same siRNA using Lipofectamine
2000 (10:1, vol:vol, Lipofectamine:siRNA) (Ambion) for
24 hours with and without TNF-o stimulation. 2 minutes of
incubation with Triton x-100 was used as a negative control for
cell membrane viability. To stain cell membranes for an exclu-
sion viability assay, samples were incubated with Trypan Blue
for 5 minutes, and the number of viable and non-viable cells
were counted (over 1000 cells per sample, N = 3 for each
condition).

LAL assay on MnNP to test for the presence of endotoxin.
An LAL chromogenic Endotoxin Quantitation Kit (Pierce) was
used to test the endotoxin levels in three previously formulated
mannosylated nanoparticle batches and one newly formulated
batch. All four batches were tested in triplicate, and the
averages were compared to a standard curve. The limit of
detection for the test is 0.1 EU ml~" of endotoxin; for compari-
son, bacteriologically sterile solutions must contain less than
0.25 EU ml™" of endotoxin.

In vivo biocompatibility measurements. All animal experi-
ments were approved by the Vanderbilt University Insti-
tutional Animal Care and Use Committee. Wild type FVB mice
were i.v. injected via the retro-orbital route with MnNP-
scrambled siRNA complexes (siRNA: scrambled negative
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control sequence, Ambion) at 5 mg kg™' of particles every
24 hours for 3 doses. 24 hours after the final injection, blood
serum was taken from the mice and analyzed at the Vanderbilt
Translational Pathology Core Laboratory. Alanine transaminase
(ALT) and aspartate transaminase (AST) levels were measured
as an indicator of hepatic function and blood urea nitrogen
(BUN) and serum creatinine (CREAT) as an indicator of renal
function.

In vitro transfection of murine mammary PyMT TAMs.
Spontaneously arising murine mammary tumors were har-
vested at a palpable stage from 12 week old mice with a
mammary epithelium targeted polyoma middle T oncogene
(PyMT, FVB strain background).* TAMs were enriched into 12-
well plates with a 45 minute, rapid-adhesion protocol. After
the TAMs were enriched, they were transfected with FAM-
labeled, scrambled siRNA (Ambion) for 2 and 6 hours using
MnNP, alcohol-capped (non-targeted) endosomal escape nano-
particles (OHNP), or Lipofectamine. A control set of TAMs
were incubated with free, FAM-labeled siRNA alone. After
transfection, the cells were gently washed three times with
sterile PBS and fixed in 4% paraformaldehyde for 30 minutes
at 4 °C. FAM fluorescence was measured in each sample with a
Tecan Infinite M1000-Pro plate reader as an indicator of siRNA
delivery with 12 measurements per well in a filled circular
pattern.

Delivery of fluorescently labeled MnNP to a co-culture of
bone marrow derived macrophages and ovarian tumor cells.
Wild type bone marrow derived macrophages were cultured
with ID8 ovarian tumor cells. The ovarian tumor cell line has
constitutive expression of a GFP reporter. A 21 base pair, Cy3-
labled DNA sequence was purchased from Sigma as a plentiful
source for nucleotides for complexation with MnNP. The
sequence was designed to have the same sequence as the
scrambled siRNA, and the same charge characteristics, such
that particle complexation with the DNA sequence would not
differ from complexation with siRNA. MnNP complexed with
the Cy3 labeled DNA sequence (MnNP-DNA_Cy3) was incu-
bated with the co-culture overnight, and fixed with 4% PFA the
next morning. The cells were stained with a TO-PRO-3 nuclear
stain (Life Technologies) and imaged with an LSM 510 Meta
confocal microscope in the Vanderbilt Medical Center Imaging
Core facility.

In vivo delivery of fluorescently labeled DNA to murine
mammary PyMT TAMs. Palpable tumors from 12-week old
PyMT mice were used to examine the nucleotide delivery
efficacy of MnNP in vivo. Three ellipsoidal tumors were
selected from each mouse from three separate glands with an
average tumor volume of 5.2 + 1.9 cm®. Tumors were selected
based on their isolation from any other large tumor and on
uniformity of size and shape. One tumor from each mouse
received an injection of MnNP-DNA_Cy3 complexes into the
centroid of the tumor at a dose of 5 mg kg™', one tumor
received an equivalent dose of cy3-labeled DNA, and one
tumor received a 100 ul PBS injection. The tumors were
injected in this fashion every 24 hours for three total doses.
24 hours after the final dose, the tumors were removed,
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homogenized, and the TAM population was enriched with a
45 minute rapid adhesion protocol. Cy3 fluorescence was
measured in each sample with a Tecan Infinite M1000-Pro
plate reader as an indicator of DNA delivery with 12 measure-
ments per well in a filled circular pattern. The data are shown
after background subtracting fluorescent averages from the
tumors receiving MnNP-DNA_Cy3 complexes normalized to
the tumor samples receiving free DNA_Cy3.

In vivo delivery of fluorescently labeled DNA to murine solid
ovarian tumor TAMs. ID8 cells were generously gifted by
Drs. D. Khabele and A. Wilson of the Vanderbilt Ingram
Cancer Center. Cy5-labled DNA was purchased from Sigma
(21 base pairs). ID8 cells were injected into the peritoneal
cavity of mature C57B16 female mice (10 million cells per
mouse). 60 days after ID8 cell injection, the mice began to
present with increased total mass and distended abdomens,
indicating the beginning stages of ascites development. The
mice received 2 injections, 24 hours apart of untargeted par-
ticles with DNA_cy5 (5 mg kg™, 3 mice) or mannose receptor
targeted particles with DNA_cy5 (5 mg kg™, 3 mice). 24 hours
after the last injection, the mice were euthanized and the
tumors on the peritoneum were removed and homogenized.
The TAMs were enriched with a 45 minute rapid adhesion pro-
tocol. Cy5 fluorescence was measured in each sample with a
Tecan Infinite M1000-Pro plate reader as an indicator of DNA
delivery with 12 measurements per well in a filled circular
pattern.

Imaging of ex vivo ovarian ascites TAMs. Ascites fluid was
harvested from ovarian tumor bearing mice.*® After red blood
cell lysis, TAMs were enriched with a 45 minute rapid adhesion
protocol on glass slides. MnNP-DNA_Cy3 complexes were deli-
vered to the adhered cells for 24 hours. F4/80 antibody was
purchased from Serotec (clone: CI: A3-1) and mannose recep-
tor antibody was purchased from Abcam (ab64693). The TAMs
were fixed in 4% PFA for 30 min and permeabilized in 0.4%
Triton X-100 for 10 min. The slides were then washed twice in
TBS with 0.05% Tween 20 (TBSTw, 10 min) and once with TBS
(5 min). The cells were then blocked for 1 h in 0.01M Tris-
HCL, pH7.4, 2% BSA, 2% goat serum. The samples were incu-
bated with primary antibodies overnight in blocking buffer at
4 °C, washed 3x in TBSTw, and incubated with secondary anti-
bodies for 2 h. The slides were then washed 3x with TBSTw,
once in TBS, and mounted using Molecular Probes Prolong
Gold antifade reagent (Invitrogen). Images were acquired with
an LSM 510 Meta confocal microscope in the Vanderbilt
Medical Center Imaging Core facility.

Murine lung metastasis tumor model and delivery of nano-
particles via intubation. 0.5 Million L129 PyMT tumor cells
were injected via tail vein into wild type FVB mice.>® 2 weeks
after injection, each mouse was anesthetized with isoflurane
and placed on a tilted rodent work stand in the supine
position and restrained in position by an incisor loop. The
tongue was extruded using forceps, the mouse intubated, and
given a 5 mg kg~' dose of either MnNP-DNA_Cy5 complexes
(n = 5) or OHNP-DNA_Cy5 complexes (n = 3). Control animals
received a 60 ul dose of sterile PBS. After the tubing was
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removed, the mice were observed until normal respiration
resumed.

IVIS imaging of whole lungs. Whole lungs were removed 6 h
post-injection from mice receiving MnNP-DNA_Cy5 via intuba-
tion (n = 2) or via iv. injection (n = 2), and an untreated
control mouse. All lungs were tumor bearing. Lungs were per-
fused and inflated with cold PBS and then imaged for Cy5
fluorescence using a Xenogen IVIS 200 bioluminescent and
fluorescent imaging system and Living Image software at the
Vanderbilt University Institute of Imaging Science.

Isolation of lung cells and flow cytometry. Lungs were per-
fused with sterile PBS and digested as described above. Single
cell suspensions were kept at 4 °C and incubated with 1% BSA
in PBS to reduce non-specific antibody binding. The panel of
antibodies used in these experiments included CD45-PE-Cy7
(clone 10-F11), Gri-Alexa Fluor 700 (clone RB6-8C5), and
CD11B-APC (clone M1/70) (all from BD Bioscience). Flow cyto-
metry was performed using a BD LSR II flow cytometer (BD
Bioscience) and data were analyzed with FlowJo software
(TreeStar) and significant differences were determined using
the Student’s T-test. To identify the myeloid cell subset in the
lung homogenate, we began by sorting cells based on CD45
expression. To further differentiate cell populations, we sorted
cells based on the presence of CD11b and the presence or
absence of Grl. We defined the macrophage population as
being CD45"/CDIIb'/Gr1~ and both monocytes and polymor-
phonuclear (PMN) cells as being CD45"/CDIIb*/Gr1".>° These
simple flow panels allowed us to isolate normal macrophages
and TAMs from other myeloid cell populations that could
uptake delivered nanoparticles through non-specific
mechanisms.*”*!

Statistical analysis. In studies with multiple factors, a two-
way analysis of variance (ANOVA) was performed to determine
if there were significant differences among the means of the
different groups. Type I error in post hoc analysis of data with
multiple factors was minimized by reducing the number of
paired comparisons using a priori knowledge of the relation-
ships between the experimental and control groups of the
study. Comparisons of sample means were performed using
two-tailed student’s T-tests. All data are expressed as means.
Error bars represent one standard deviation from the mean.

Results and discussion
Particle-siRNA complexation and biocompatibility

MnNPs were synthesized as previously reported.>® The chemi-
cal structure of the particles is shown in Fig. 1A. Commercial
transfection agents, such as Lipofectamine, possess strong,
positive surface charges which facilitate their ability to deliver
siRNA and other nucleotides into cells. This same surface
charge renders commercial transfection agents unacceptable
for in vivo use; they exhibit low biocompatibility due to aggre-
gate formation and cytotoxicity. Strongly cationic structures
have the potential to adsorb anionic serum proteins and lose
function through aggregation or become opsonized and
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Fig. 1 (A) Schematic representation of the mannosylated endosomal

escape nanoparticle illustrating the pH-responsive core (red), the siRNA
condensing block (blue), the modular ‘clickable’ surface (green), and the
mannose surface functionalization (purple). (B) Zeta potential measure-
ments of MNNP show a significantly milder surface charge as compared
to commercial transfection agent, Lipofectamine 2000. (P = 0.003,
N =3).

rapidly cleared from the blood compartment. Therefore, net
surface charge of the formulated delivery system is known to
be an important determinate of in vivo function. The cationic
charges in MnNPs are designed to be largely shielded from
surface presentation to optimize their potential for in vivo use.
The success of this shielding strategy was confirmed by the
moderately positive zeta potential of approximately +20 mV as
measured by dynamic light scattering (Fig. 1B) in comparison
with Lipofectamine 2000, a commonly used commercial trans-
fection agent with a zeta potential of more than +50 mV.
Charge-based considerations are of paramount importance in
the context of intravascular administration. Similar consider-
ations are operative for the intraperitoneal and tracheal deli-
very used in these studies. Thus, the low cationicity MnNPs
may optimize successful siRNA delivery to TAMs by the routes
of administration considered here.

Cationic charge mediates strong interactions with anionic
cell membranes to facilitate delivery of cargo in vitro, but also
may destabilize cells and be responsible for dose-limiting toxi-
city. We determined the effect of MnNP on membrane viabi-
lity in an enriched TAM population as an iz vitro measurement
of the biocompatibility of the MnNP-siRNA complexes (Fig. 2).
siRNA was delivered at low (10 nM) and high (50 nM) concen-
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Fig. 2 Transfection of TAMs in vitro with MnNP-siRNA complexes
results in no significant loss in membrane viability, even with secondary
stimulation from 10 ng ml™* TNF-« stimulation for 6 hours. There is sig-
nificant loss in viability associated with the use of Lipofectamine as a
transfection agent under these conditions. (¥, +: P < 0.05 by T-test,
N = 3 for each condition).

trations in the presence or absence of a second immunostimu-
latory cytokine, TNF-a (10 ng ml™'), a common tumor
promoter in the tumor microenvironment.*>?* After 24 hours
of incubation with MnNP-siRNA there was no significant
decrease in TAM membrane viability in samples transfected
with MnNP as measured by Trypan Blue staining.>* The high
siRNA concentration had a slight effect on TAM membrane via-
bility in the context of the addition of TNF-a, but this effect
was not significant. In contrast, in the presence of TNF-q,
transfection with the commercial agent, Lipofectamine 2000,
resulted in a significant decrease in viability (10-18%). Lipo-
fectamine is a mixture of positively charged lipids; the strongly
positive surface charge on the lipid transfection complex
results in an efficacious in vitro transfection agent, but signifi-
cantly decreased biocompatibility in vivo due to strong inter-
actions with the plasma membrane of non-targeted cells.?
MnNP-siRNA complexes possess a mildly positive surface
charge, resulting in increased biocompatibility and suitability
for in vitro and in vivo transfection. Our studies indicate that
uptake of empty MnNPs does not significantly enhance or
inhibit the immune response in macrophages and particle
samples test below the limit of detection in an LAL endotoxin
assay, indicating an endotoxin concentration less than
0.1 EUmI ™"

To test in vivo biocompatibility, wild type FVB mice were
intravenously (i.v.) injected with MnNP-scrambled siRNA com-
plexes at 5 mg kg™' once daily for 3 consecutive days. This
route of administration was chosen for the biocompatibility
study because systemic administration is expected to poten-
tially induce any off target, negative effects more strongly than
other, more spatially contained administration routes such as
intraperitoneal injection or intratracheal delivery. 24 hours
after the final injection, blood serum was analyzed for alanine
transaminase (ALT) and aspartate transaminase (AST) levels as
an indicator of hepatic function and blood urea nitrogen
(BUN) and serum creatinine (CREAT) as an indicator of renal
function. No significant change in liver or kidney function was

This journal is © The Royal Society of Chemistry 2015
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Table 1 Analysis of blood serum enzyme levels revealed no acute
changes in liver or kidney function indicating poor MNnNP biocompatibi-
lity in mice receiving three, 5 mg kg™ i.v. doses of MnNP-siRNA com-
plexes, 24 hours apart

Mouse number

1 2 3 4 Average o Normal
ALT (UL™) 37 49 73 105 66 30 26-120
AST (U L_l) 96 86 213 140 133.8 57.8  69-191
BUN (mg dL™") 21 23 27 23 235 2,51 19-34
CREAT (mgdL™) 0.4 03 03 04 035 0.05 0.4-0.6

observed following 3 sequential doses every 24 hours with
MnNP, consistent with a lack of acute, organ level toxicity
(Table 1). Average serum creatinine was slightly lower than the
normal range, but the difference is not large enough to indi-
cate renal damage.*® Since we anticipate that MnNPs will clear
the vasculature primarily through liver/spleen/reticuloendothe-
lial mechanisms and that molecular components from disas-
sembled micelles (if any) will be sufficiently small for renal
excretion, the lack of significant dysregulation in liver and
kidney characteristics suggests both nontoxicity and serum
stability. Also by utilizing spatially confined routes of adminis-
tration many of the complications potentially associated with
systemic delivery of nanoparticles can be mitigated.

MnNPs enhance delivery of fluorescently labeled siRNA to
TAMs ex vivo

Spontaneously arising murine mammary tumors were har-
vested from 12 week old mice containing a mammary epi-
thelium targeted polyoma middle T oncogene (PyMT).*”
Ex vivo TAMs were transfected with FAM-labeled siRNA for 2 or
6 hours with either MnNP, hydroxyl-capped (non-targeted)
endosomal escape nanoparticles (OHNP), or Lipofectamine
(Fig. 3) and intracellular FAM fluorescence was used as an
indicator of nanoparticle uptake in the transfected TAMs.

After 6 hours of transfection, TAMs exposed to MnNP-
siRNA_FAM had significantly higher FAM fluorescence than
TAMs transfected with Lipofectamine (1.6-fold increase in
FAM fluorescence vs. 1.25-fold increase). Furthermore, fluo-
rescence measured in TAMs transfected with the non-targeted
OHNP was not significantly different than the fluorescence
measured in TAMs transfected with the highly cationic Lipo-
fectamine (also possessing no specificity for TAMs). For all
samples, siRNA delivery increased from 2 to 6 hours, with the
greatest increase occurring in the MnNP transfected samples.
The rate of MnNP uptake by the TAMs is also increased at the
2 hour time point compared to the untargeted transfection
agents. We observed a burst effect in delivery during the first
few hours in the MnNP transfected samples indicating rapid,
mannose-mediated uptake. This burst effect was not observed
with the other transfection agents, which had more steady
rates of delivery following the first hours of transfection.

Without the aid of transfection complexes, a small amount
of free siRNA is taken up by the TAMs. This is likely due to

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 (A) In vitro transfection of TAMs isolated from murine mammary
PyMT tumors with MnNP results in greater uptake of FAM labeled siRNA
as compared to other transfection agents. MnNP creates a significantly
greater increase in FAM fluorescence in the TAMs from the 2 hto the 6 h
time point as compared to Lipofectamine or the non-targeted OHNP
(ANOVA, P < 0.05) (*,1, {: P < 0.05, by T-test) and the high rate of change
of FAM fluorescence in these cells indicates a rapid burst effect in deliv-
ery using MnNP. The two non-targeted agents have similar delivery
efficacies. (B & C) Wild type macrophages and ID8 ovarian tumor cells
(green) in co-culture with Cy3 labeled MnNP (red). Particles cane be
seen in macrophages, but not in the tumor cells.

phagocytosis of the siRNA molecules by the macrophages fol-
lowing binding of serum proteins to the siRNA. It is important
to note that while unmodified siRNA may be taken up by cells
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in a non-specific manner both in vitro and in vivo, siRNA deli-
vered in this fashion exhibits little to no activity. The transfec-
tion efficacy of the untargeted nucleotide, OHNP and
Lipofectamine, are similar. Previously, we have demonstrated
enhanced siRNA delivery to murine bone marrow derived
macrophages (BMDMs) ex vivo by MnNPs to be mannose
dependent. Results of this study, with TAMs, are consistent
with earlier findings confirming MnNP recognition by CD206
in BMDMs.>’

To confirm that the MnNPs are taken up by macrophages
rather than tumor cells in the tumor environment, we co-
cultured wild type macrophages with and GFP expressing, ID8
ovarian tumor cell line. MnNP were complexed with a Cy3
labeled DNA sequence with a base pair arrangement matching
the scrambled siRNA sequence used previously. After overnight
incubation with the MnNP_DNA-Cy3 complexes, confocal
imaging of the co-cultured cells (Fig. 3b & c¢) shows that there
is no uptake of the MnNP by the ID8 tumor cells (green) and
the Cy3 labeled MnNP (red) are visible in the macrophages.
The images show high intensity Cy3 signal in large volumes of
the macrophages’ cytoplasm, likely indicative of MnNP clusters
or aggregates inside the cells following release from the endo-
somes. The images also show more diffuse, punctate Cy3
signal, possibly showing the early stages of particle uptake in
intact endosomes.

MnNPs deliver fluorescently labeled nucleotides to murine
TAMS in vivo

In order to test the in vivo efficacy of the TAM-targeted MnNP,
we delivered MnNP carrying fluorescently-tagged, scrambled
DNA strands to murine tumors in several tumor models. PyMT
mice have spontaneously developed palpable mammary
tumors with dimensions >1 cm at 12 weeks and the tumors
have a necrotic core with significant immune cell infiltration
and TAM population.’”*® Due to the poorly vascularized
nature of this tissue, cells and fluid entering the tumor are
retained in the local microenvironment longer than they
would be retained in normal tissue.>**® We directly injected
MnNP-DNA conjugates into the center of the tumor for a well
contained depot of particles that would co-localize with TAMs
(Fig. 4A). We observed no adverse effects of multiple, direct
MnNP injections.

Formulation with MnNPs significantly increased DNA_Cy3
delivery to TAMs in murine breast tumors (Fig. 4B). Intratu-
moral injection of a fluorescently labeled DNA mimic of siRNA
resulted in nearly 2-fold greater TAM uptake compared to
unformulated control DNA_Cy3 administered to another
mammary tumor in the same mouse. These data suggest that
the MnNP formulation is capable of interacting with TAMs in
a persistent way, noting that this study was carried out as three
injections, each separated by 24 hours. This demonstrates that
injecting MnNPs directly into a primary tumor can successfully
deliver nucleic acid material to TAMs. The direct injection
approach avoids the potential issues associated with intravas-
cular administration of MnNPs.
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Fig. 4 (A) Diagram of mammary tumor injection scheme for PyMT
mice. Three isolated tumors from each mouse (N = 3) were selected
based on uniformity of size and shape. The tumors were injected
3 times, 24 hours apart with MnNP-DNA_Cy3 complexes, free
DNA_Cy3, or PBS into the center of each selected tumor. The TAMs
were isolated from each tumor and analyzed for cy3 fluorescence.
(B) There was a statistically significant increase (T-test for significance) in
Cy3 fluorescence in TAMs from tumors that received MNnNP-DNA_Cy3
as compared to non-specific DNA_Cy3 phagocytosis.

MnNPs facilitated a similar increase in in vivo delivery of
DNA _Cy5 to TAMs in a murine ovarian tumor model
(Fig. 5A)."" In this case, the targeting ligand on the particles
was tested by comparing delivery facilitated by the mannosy-
lated particles to delivery facilitated by untargeted, hydroxyl-
capped particles. The solid tumors in this implanted ovarian
tumor model contain a significant TAM population and the
ascites fluid generated contains a large amount of blood and
immune cell infiltrate composed largely of TAMs.***>™** Eyi-
dence specifically supports mannose interaction of the MnNPs
with TAMs in peritoneal tumors as DNA_Cy5 fluorescence is
significantly elevated following MnNP delivery in comparison
with identical, but non-mannosylated, hydroxyl-capped NPs.
This result confirms the persistence of DNA_Cy5 delivery over
two intraperitoneal injections spaced 24 hours apart. The
environment of the ovarian tumors is somewhat unique in
that prior to extremely late stages of progression, tumors are
confined within the peritoneal compartment. This data pro-
vides evidence that an approach in which MnNPs are injected
directly into the peritoneal cavity can successfully deliver
nucleic acid material to TAMs without the potential compli-
cations associated with intravascular delivery.

Fig. 5B and C show confocal images of ex vivo ovarian
ascites TAMs labeled for macrophage marker F4/80 (Fig. 5B,
green) or alternatively activated macrophage marker and
MnNP target, mannose receptor (Fig. 5C, green).”*?°

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 (A) Cy5 fluorescence is significantly increased in murine ovarian
tumor TAMs when Cy5-labeled DNA is delivered with mannosylated
nanoparticles in vivo as compared to labeled DNA delivered with non-
targeted nanoparticles (T-test for significance, n = 3 mice). (B & C) Ex
vivo ascites TAMs incubated with MNnNP-DNA_Cy3 for 24 hours show
uptake and retention of fluorescently labeled nucleotides. (Blue
TO-PRO-3 nuclear stain) (B) Green, F4/80 labeling on the cell mem-
brane confirms that the adhered cells are macrophages. Red, Cy3 label-
ing can be seen retained in the cytoplasm of the macrophages. (C) The
mannose receptor (green) can be seen on the cell surface and co-loca-
lized with Cy3 fluorescence (red: DNA-Cy3, yellow: co-localization).

Nanoparticle fluorescence patterns show punctate staining
indicative of endosomes containing small numbers of MnNP
as well as larger aggregate staining consistent with cytoplasmic
release of the MnNP contents. These images confirm that the
MnNP are taken up and retained by TAMs. Furthermore,
MnNP are internally co-localized with the mannose receptor,
as seen by the green-red overlap (yellow) in Fig. 5C. Unbound
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mannose receptor can be seen at the cell surface. The
mannose receptor facilitates endosomal uptake of bound
ligands (in this case the MnNP) and the bond ligand-receptor
complex is transported into the cytoplasm inside the resultant
endosome.

The third in vivo model used to demonstrate MnNP target-
ing of TAMs was a model in which PyMT mammary tumor
cells are injected via the tail vein to establish tumors in the
lungs (Fig. 6A). Lung metastases are one of the most common,
potentially deadly sites for breast cancer metastases.’® The
tail vein metastasis model simulates primary
mammary tumor cells that have seeded into the lungs and
established metastatic growth. DNA_Cy5 carrying nanoparti-
cles were delivered directly into the metastasis bearing lungs

murine
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Fig. 6 MnNP have enhanced uptake in TAMs associated with mammary
lung metastases using an intubation delivery model. (A) Metastases are
visualized in the lungs ex vivo following inflation with Bouin's fixative.
Tumors appear white against the normal lung, which stains yellow. (B)
IVIS imaging of lungs ex vivo shows intubation administration of MnNP
results in more than 10 times the Cy5 fluorescence vs. intravenous
administration of MnNP as visualized 6 hours after delivery. (C) Flow
cytometry reveals minimal uptake of MnNP (approximately 2%) in non-
myeloid cells. There is significantly more uptake of MnNP in CD11b+
myeloid cells. (D) MnNP show significantly more uptake in macrophages
than OHNP.
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via intubation. This delivery method was chosen for multiple
reasons: not only are the nanoparticles spatially contained
within the lungs, but intubation is a clinically relevant delivery
method that results in longer lung retention of the delivered
therapeutic compared to systemic delivery.”” Though we’ve
chosen to model delivery to breast cancer lung metastases in
our studies, intubation would be applicable for MnNP delivery
to primary lung cancer as well.

Fig. 6B shows that 6 hours after administration, MnNP deli-
vered via intubation are detected in the lungs in greater
amounts than MnNP delivered i.v. This image also demon-
strates that delivery via intubation is capable of perfusing the
MnNP solution throughout the entire lung. Flow cytometry
analysis performed 24 hours after particles were delivered via
intubation shows that approximately 40% of CD11b" myeloid
cells contain DNA_Cy5 formulated with MnNPs (Fig. 6C). This
population is primarily composed of macrophages and gra-
nulocytes with some dendritic cells (DCs) and natural killer
(NK) cells. DNA_Cy5 was detected in a relatively small number
of non-myeloid cells, on the order of 2% in the same samples
of lung homogenate. Furthermore, DNA_Cy5 uptake by CD45"/
CDIlIb'/Gr1~ macrophages is significantly increased in this
model through formulation with MnNP as compared with
DNA_Cy5 formulated with untargeted OHNP (Fig. 6D).
DNA_Cy5 uptake is not enhanced by mannose presentation on
the NP corona in PMN cells and monocytes (CD45'/CDIIb"/
Gr1"); there is no significant difference in DNA_Cy5 delivery
between MnNP and OHNP formulations with these cell types.
These results are consistent with strong, mannose-dependent
delivery to mannose receptor expressing macrophages and
weak, non-specific delivery (presumably by phagocytosis) to
PMN cells and monocytes. Intubation enables direct access to
lung tumor TAMs for NPs, avoiding NP dilution and other
challenges resulting from intravascular administration. These
data demonstrate that mannose decoration of the endosomal
escape nanoparticle mediates preferential delivery of NPs to
TAMs but not non-myeloid cell types which are co-localized
with the TAMs in this model system.

The design of siRNA delivery vehicles intended for intravas-
cular administration leading to tissue-specific accumulation is
an enormous, multidimensional challenge. Such a construct
must sequester and protect siRNA, avoid adverse effects result-
ing from interactions with serum proteins and the formed
elements of the blood, possess sufficient blood compartment
half-life for robust extravasation and delivery in the target
tissues and offer a mechanism for preferential retention. Non-
specific toxicity must also be low. In addition, once localized,
the carrier must facilitate cellular entry and endosomal escape
to provide optimal conditions for effective intracellular RNAI.
Despite the significant and broad potential clinical appli-
cations of RNAIi, these barriers limit practical use of siRNA in
humans.

Many potential clinical uses of siRNA may be approachable
from other, non-intravascular, routes of administration. In
this study, we assessed the capacity of an advanced nano-
scale delivery system, designed for siRNA protection,
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preferential interaction with cells displaying CD206 and
endosomal escape to facilitate efficient RNAi in models with
clinical relevance using methods that avoid intravascular
administration.

This study is the first to demonstrate mannose-mediated
preferential siRNA delivery to TAMs in vivo. Ex vivo studies
inform three subsequent in vivo treatment approaches, each
employing local/regional routes of administration that avoid
the significant obstacles and design challenges associated
with intravascular administration. Some additional advantages
common to NP delivery approaches that are confined to local/
regional tissues is avoidance of the liver delivery and rapid
urinary clearance that are significant limiters for successful
intravascular administration of siRNA delivery vehicles. Impor-
tantly, the characterizations obtained in ex vivo experiments
with TAMs are predictive of potential in vivo efficacy.

We demonstrated that formulation of an siRNA surrogate
into the MnNP construct enables preferential delivery to TAMs
following intratumoral injection. Many characteristics likely
contribute to this result, including the slightly positive zeta
potential of the MnNP relative to free polynucleotide and pro-
tection against enzymatic degradation. In vivo stability and bio-
compatibility of the MnNP is also inferred from this result,
consistent with previous studies and confirmed explicitly in
this work by a more rigorous, intravascular study. Intratumoral
administration has potential as an adjuvant therapy for
primary, recurrent breast cancers, but likely is more suitable
for other cancers that can be individually identified and
present near the skin surface, such as head and neck cancers
or melanoma.

MnNPs administered intraperitoneally effectively deliver
nucleotide payloads to TAMs in the distributed tumor burden
associated with ovarian cancers. This study provides the clea-
rest evidence that mannosylation is responsible for TAM
selectivity in vivo, in agreement with previous work and the
known surface display of CD206 on macrophages, especially
pro-tumor TAMs. Multiple doses of MnNPs were well tolerated.
Spatial confinement of the MnNP dose in the peritoneal cavity
presumably enhances the opportunity for interaction with
ovarian TAMs relative to intravascular dosing through greater
proximity and longer persistence. The ability of MnNPs to pre-
ferentially localize in lung metastasis TAMs following intuba-
tion delivery implies transport of the nanomaterials from the
alveolar side of the tissue into the tumors. Mannose-depen-
dent interaction of MnNPs with TAMs is demonstrated from a
different perspective in this study relative to the ovarian results
in that flow cytometry confirms both strong nucleotide delivery
to TAMs and lack of delivery to non-myeloid cells. All animals
tolerated the intubation and delivery of MnNPs, despite a
brief, acute response to the significant fluid burden adminis-
tered to the lungs in both experimental and control groups.
MnNPs reformulated as a more concentrated suspension will
be explored to minimize the acute response through minimiz-
ation of the liquid volume required, although careful attention
must be devoted to the consequent stability of MnNPs in a
more concentrated solution.

This journal is © The Royal Society of Chemistry 2015
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Conclusions

These studies demonstrate the biocompatibility of MnNP both
in vitro and in vivo, and provide evidence for enhanced TAM-
targeting generated through the use of mannose as a targeting
ligand on the particle surfaces. Here we provide evidence that
these MnNP produce no significant toxicity when used in vivo.
Incubating TAMs with MnNP did not significantly decrease
cell membrane viability and repeated, treatments in adult
mice creates no acute kidney or liver damage. Furthermore, we
showed that MnNP are effective at delivering fluorescently-
labeled nucleotides to TAMs in spontaneously formed,
primary mammary tumors. Additionally, mannose-targeting
on the surface of the MnNP results in greater delivery of
labeled nucleotides to ovarian tumor TAMs compared to non-
targeted, hydroxyl-capped nanoparticles with the same core
structure.

Future studies will aim to further develop MnNP for biologi-
cal applications and eventual clinical use, specifically utilizing
MnNP to deliver active siRNAs to TAMs in vivo to knock down
specific target proteins in key transcriptional pathways essen-
tial for creating the TAM phenotype. Potential targets include
proteins of the NF-kB or JAK-STAT transcriptional pathways,
both of which have been implicated in generating the TAM
phenotype. By manipulating these pathways with MnNP-deli-
vered siRNA, it may be possible to mitigate pro-tumor contri-
butions from TAMs or to activate an immunogenic, anti-tumor
phenotype in this macrophage population. Immune modu-
lation could be confirmed by direct cytotoxicity assay and an
analysis of changes in tumor cytokine levels.
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