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Abstract

The airway provides a direct route for administration of nanoparticles bearing therapeutic or
diagnostic payloads to the lung, however optimization of nanoplatforms for intracellular delivery
remains challenging. Poly(ethylene glycol) (PEG) surface modification improves systemic
performance but less is known about PEGylated nanoparticles administered to the airway. To test
this, we generated a library of cationic, shell crosslinked knedel-like nanoparticles (cSCKs),
including PEG (1.5 kDa PEG; 2, 5, 10 molecules/polymer arm) on the outer shell. Delivery of
PEGylated cSCK to the mouse airway showed significantly less inflammation in a PEG dose-
dependent manner. PEGylation also enhanced the entry of cSCKs in lung alveolar epithelial cells
and improved surfactant penetration. The PEGylation effect could be explained by the altered
mechanism of endocytosis. While non-PEGylated cSCKs used the clathrin-dependent route for
endocytosis, entry of PEGylated cSCK was clathrin-independent. Thus, nanoparticle surface
modification with PEG represents an advantageous design for lung delivery.
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Introduction

Although significant progress has been made toward developing nanoparticle (NP) carriers
for drug delivery, there is an insufficient understanding regarding the optimization of
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particles delivered to the lung via the airwayl—3. The large area of absorption of the lung
represents an advantage for systemic and local delivery of NPs, and the airway offers ease of
delivery. This provides the possibility that biocompatible nanocarriers may be developed for
therapy and diagnosis of lung diseases2. However, the innate immune response and mucosal
barriers are a major challenge for the effective intracellular delivery of NP in the lung?: 4 5.
To date, few NPs with these characteristics have been developed®-8.

Rather than studies of therapeutic or diagnostic NP, the majority of reports related to the
lung-NP interactions focus on inhalation of environmental particles (e.g., carbon nanotubes,
carbon black, silica, or metals) and the resulting lung inflammation or fibrosis® 10, These
studies also inform us that the inflammatory response is related to features that may be
chemically altered to design biocompatible nanomaterials for airway delivery, including
size, shape, charge, and surface characteristics®: 10: 11,

Toward this goal, we have previously modified the size and charge of hydrogel-based NPs
with a polyarginine to study the effect on lung inflammation and cell entry2. While some of
these particles induced little significant airway inflammation, NP uptake by lung epithelial
cells in vivowas limited'2. To optimize NPs capable of delivery of genetic material, we
have synthesized cationic, shell-crosslinked-knedel-like NPs (cSCKs). The cSCKs are
derived from amphiphilic block copolymers with an acrylamide polymer-based segment that
assemble as approximately 10-20 nm spheres with a hydrophobic core and highly
functionalizable crosslinked shell13-16, Alterations in the composition and charge of the
cSCK outer shell have optimized the binding capacity of payloads and transfection
efficiencyl®. For example, addition of amino groups to the cSCK outer shell produces a
cationic charged surface that binds plasmid cDNA or oligonucleotides through electrostatic
interactions?3,

For this study, we further modified cSCKs by covalent attachment of poly(ethylene glycol)
(PEG) grafts. Our rational was based on the advantages described for PEGylation of NPs
that are delivered systemically, including prolonged circulation time, enhanced evasion of
phagocytic cells uptake, and improved nanoparticle carriage of SiRNA, DNA, proteins, and
drugs’- 18, Also, PEGylation is reported to improve transport across a mucosal barrier and
aid the movement of particles (500 nm diameter) through human mucus?®. While particles
of this size are not necessarily optimal for intracellular cargo delivery, these findings led us
to hypothesize that PEGylation would enhance cSCK NP delivery in the airway. Here, we
studied the effect of outer shell modifications of cSCKs with the goal to identify the most
efficient, non-toxic particle that could overcome physiological barriers to target and enter
alveolar epithelial cells with the ultimate goal of treatment acute and chronic lung

injury? 20,

cSCK nanoparticles

Synthesis of cSCKs having modification of the shell with primary amines and mixtures of
primary and tertiary amines were previously described!3 16, All solvents and chemicals
were purchased from Sigma—Aldrich (St. Louis, MO). For the addition of PEG to the outer
shell of ¢SCK, a poly(acrylamidoethylamine-graft-poly(ethylene glycol))-block-polystyrene
(PAEA-g-PEG-4-PS) was generated as follows. PAEA 2g-6-PS4g (20.0 mg, 1.1 pmol, 1.0
equiv.) was charged into 3 dry flasks, to which 1.7 mL DMSO was added. After stirring for
2 h, 5.5 pL (30 equiv.) of DIPEA was added to each flask. Then, 4.2 mg (2 equiv.), 10.5 mg
(5 equiv.) or 21.0 mg (10 equiv.) of PEG-NHS ester (1.5 kDa) was added to each flask.
Reaction mixtures were stirred overnight then transferred to pre-soaked dialysis tubing
(MWCO = 12-14 kDa). Mixtures were dialyzed against 150 mM NaCl solution for 5 days,
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then against nanopure water (18.0 MQ-cm) for 2 days. After dialysis, the polymers were
collected by lyophilization. Characterization of PAEA2g-g-PEG5-b-PSyq is as follows.1H
NMR (300 MHz, DMSO-dg): 0.80-2.42 (br, polymer backbone protons), 2.85-3.65 (br,
NHCH,CH,;NH, OCH,CH,0), 6.35-6.80 and 6.88-7.40 (br, ArH), 7.50-9.20 (br, CONH)
ppm. 13C NMR (75 MHz, DMSO-dg): 31.2, 32.5-45.3 (multiple overlapping br), 70.5 (br),
125.8 (br), 127.4 (br), 128.1 (br), 145.8 (br), 175.1 (br) ppm.

Micelle formation and crosslinking procedures for the PEGylated polymers were identical to
those of the non-PEGylated polymers. The cSCK particles were labeled with Alexa Fluor
488 succinimidyl ester (Life Technologies, Grand Island, NY) as previously described®.

Characterization of nanoparticles—Physical characterization of all cSCKSs, including
hydrodynamic diameters (5), size distributions of cSCK and zeta potential () measurement
were performed as previously described8. NPs were screened for endotoxin contamination
using a Limulus Amebocyte Lysate chromogenic assay (QCL-1000, Lonza, Walkersville,
MD)?2L. 22, Endotoxin levels ranged from 0.00-0.96 EU/mL.

In vivo cSCK delivery

The Animal Studies Committee of the Washington University approved these studies that
were performed with humane care. C57BL/6J mice were anesthetized and sterile phosphate
buffered saline (pH 7.4, PBS, Cellgro, Corning, NY) alone, or with ¢cSCK, (30 pg/50 pL) in
PBS was delivered to the trachea using a MicroSprayer (Penn Century, Wyndmoor, PA).
Concentration of nanoparticles used for dosing was determined based on theoretical mass
yield.

Bronchoalveolar lavage and lung tissue samples

Bronchoalveolar lavage (BAL) was performed as previously described!2. Following BAL,
lungs were inflated with 1 mL of cryopreservation media (Tissue-tek, Sakura Finetek,
Torrance, CA), frozen in an ethanol bath on dry ice, then stored at =80 °C prior to
sectioning. To obtain a cell suspension, lung was minced, digested in RPMI 1640 medium
(Cellgro) with Liberase Blendzymes (0.28 Wunsch U/mL, Roche, Mannheim, Germany)
and DNAse (5 U/mL, Sigma-Aldrich) for 90 min at 37°C. Digested lung was passed through
a 70 pm cell strainer and treated with ACK Lysing Buffer (Lonza, Walkersville, MD).

Quantification of inflammatory cells and mediators in BAL

Total cells recovered by BAL were quantified and cell differential counting performed as
described!2: 23, Cell-free BAL fluid was analyzed for inflammatory mediators using the Bio-
Plex Pro Mouse Cytokine 23-plex Assay (Bio-Rad, Hercules, CA) as previously
described2.

Cell culture and treatments

Cell culture—MLE 12 (ATCC, Manassas, VA), a mouse cell line with features of alveolar
type Il cells was cultured in media recommended by ATCC.

Pulmonary surfactant treatment—Synthetic pulmonary surfactant (Survanta, Abbott
Laboratories, Columbus, OH), together with 2.5 ug of nanoparticles (final conc., 5 pg/mL)
was applied to 1 x 10° cells/well. After 1 h, cells were analyzed by flow cytometry.

Endocytosis inhibitors—Inhibitors were from Sigma-Aldrich. Phagocytosis was

inhibited by latrunculin B (1 uM), and macropinocytosis by cytochalasin D (10 uM) and
nocodazole (33 uM). Methyl-B-cyclodextran (MBCD, 100 uM) was used to disrupt lipid raft-
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mediated endocytosis by sequestration of cholesterol. Monodansylcadaverine (MDC, 200
pM) and chlorpromazine (CPM, 100 pM) were used to inhibit clathrin-mediated
endocytosis, and dynasore (10 pM) to inhibit dynamin-mediated endocytosis. Cells (5 x 104/
well) were pre-treated with inhibitors for 30 min, then incubated with NPs (7.5 pg/mL) for 1
h, followed by flow cytometry.

Flow cytometry

Quenching studies—cSCK labeled with Alexa Fluor 488 were co-localized in cells
using a FACSCalibur flow cytometer with CELLquest software (BD Biosciences). To
determine the amount of cSCK on the surface of the cell compared to that within the cell, we
used rabbit anti-Alexa Fluor 488 antibody (Life Technologies) to quench the surface signal,
as described?4. Quenching efficiency was the difference between the percent cells that were
Alexa Fluor 488 positive by flow cytometry prior to antibody addition, compared to post-
antibody incubation.

In vivo studies—cCells obtained from BAL and lung digests were incubated with Mouse
BD Fc Block (BD Biosciences) for 15 min at 4°C. BAL cells were immunostained with
macrophage marker anti-mouse F4/80 (Serotec, Raleigh, NC). Lung digests were stained
with hematopoietic marker anti-mouse CD45.2 (eBioscience, San Diego, CA) and pan-
epithelial cell marker anti-mouse CD326 (Ep-CAM; BiolLegend, San Diego, CA). Isotype
control 1gG antibodies were assayed in parallel. Cells were washed with PBS containing 2%
fetal bovine serum, then analyzed by flow cytometry.

In vitro studies—Cells incubated with cSCKs were washed with PBS, then released from
plates with Trypsin/EDTA, collected by centrifugation, washed and analyzed by flow
cytometry.

Biodistribution

The PEG-cSCK and cSCK were conjugated with 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid mono (N-hydroxysuccinimide, DOTA-NHS-ester) through the surface
primary amine group for 84Cu radiolabeling. In vivo biodistribution studies were performed
in mice (20 to 25 g) as described!? 25 26_ Organs were collected, weighed, and counted in a
y-counter.

Immunostaining and microscopy

Immunostaining—Frozen tissue sections were fixed with 4% paraformaldehyde then
blocked in PBS containing 0.1%Triton-X100, 3% bovine serum albumin, and 5% donkey
serum as previously described!2. Primary antibodies (and dilutions) used were: anti-
prosurfactant protein C (1:1000, Abcam, Cambridge, MA), EEA1 (1:300, BD Biosciences),
Lamp2 (1:100, Abcam), biotinylated anti-CD68 (1:75, Serotec), and appropriate isotype
controls. Secondary antibodies included Alexa Fluor dyes (Life Technologies). Actin was
stained with phalloidin Alexa Fluor 568 (1:50, Life Technologies) and nuclei with TO-
PRO-3 (1:500, Life Technologies).

Colocalization of cSCK with lysosomes—Cells (5 x 10%/insert) were cultured on
Transwell membranes (Costar, Corning, NY) were incubated with 50 nM LysoTracker (Life
Technologies) and NPs (0.5 pg/insert) for 30-120 min. Cells were fixed with 4%
paraformaldehyde then stained with 4',6'-diamidino-2-phenylindole (DAPI; VVector
Laboratories, Burlingame, CA).
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Colocalization of cSCK with early endosomes—Cells (1 x 10%) were cultured on
MatTek dishes (Ashland, MA) and labeled with early endosome marker Rab5a (Cell Light
Early Endosomes-RFP BacMam 2.0, Life Technologies). After 24 h, cSCK (0.17 ug/dish)
were added and cells imaged live using confocal microscopy.

Microscopy—Confocal microscopy was performed using the LSM 510 META system
(Zeiss, Thornwood, NY). Epifluorescent images were captured using a Leica DM5000
microscope (Wetzlar, Germany) with a Retiga 200R camera interfaced with QCapture Pro
software (Q Imaging, Surrey, BC, Canada). Photomicrographs were globally adjusted for
contrast and brightness using Photoshop (Adobe Systems, San Jose, CA).

Statistical analysis

Results

All data are represented as the mean + standard deviation (S.D.). Groups of data were
compared by the Student’s t-test and one-way analysis of variance (ANOVA) with
significance determined by Tukey’s test with Kramer’s modification. The level of
significance was set at £< 0.05.

Preparation of PEGylated cSCK nanoparticles

A series of parent cSCK particles, containing 100% primary amines (pa) (non-PEG cSCK,
SCK-pajqp) in the shell were prepared using differing amounts of 1.5 kDa PEG grafted
through amidation of portions of the primary amino groups along the block copolymer chain
segment (arm) (Figure 1). The resulting cSCKs containing 2 PEG/arm were termed
cSCK-2PEG (cSCK-pajgg-2PEG), 5 PEG/arm, cSCK-5PEG (cSCK-pajgo-5PEG), and 10
PEG/arm, cSCK-10PEG (cSCK-pajggo-10PEG). For comparison, cSCKs with the outer shell
modified with differing ratios of tertiary and primary amines including: 75% primary and
25% tertiary amine (ta) (cCSCK-pazs-tass); 50% primary and 50% tertiary amines (cSCK-
pasg-tasg) and 25% primary and 75% tertiary amines (cSCK-pags-t75)16, were tested in
parallel with the non-PEGylated parent cSCK. The mean hydrodynamic diameter and -
potential values of resulting cSCKs are shown (Table 1).

PEGylation of cSCK ameliorates the acute inflammatory cell response in the lung
following intratracheal delivery

An acute /n vivo screen of lung inflammation was performed following delivery of each NP.
cSCKs were administered to mice intratracheally and inflammatory responses analyzed 24 h
later by quantifying BAL inflammatory cells, cytokines, and chemokines. The total number
of cells recovered from BAL was highest in mice that received the non-PEG c¢SCKs (Figure
2A). By comparison, mice receiving PEGylated cSCKs had significantly less cells (Figure
2A). Evaluation of BAL cell types following the delivery of cSCK-pajqg, cCSCK-pazs-tass,
cSCK-pasg-tasg, cCSCK-pags-tazs, and cSCK-2PEG showed substantially higher numbers of
neutrophils when compared to PBS (Figure 2B). The neutrophil cell response was elevated
in mice that received cSCK with combinations of primary or tertiary amines, suggesting that
these outer shell modifications did not differentially impact inflammation. Yet, in the 5PEG
and 10PEG groups, neutrophil counts were not different from the PBS-induced response,
indicating that PEGylation of cSCKs ameliorates the inflammatory response.

In agreement with the BAL cell profiles, cell-free BAL fluid from mice that received non-
PEG cSCKs had increased cytokine and chemokines levels, compared to those receiving any
of the PEGylated forms (Figure 2C). The significantly elevated inflammatory mediators
were cytokines that function as neutrophil chemotactic factors2’. The lowest levels of
mediators were found in samples from mice receiving the highest amounts of PEG
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(cSCK-10PEG). The cSCK-5PEG and -10PEG-related responses were not significantly
different from PBS. Together, these data show that PEGylation of cSCKs has the capacity to
reduce the inflammatory response and that this effect was directly related to amount of PEG.

PEGylation of cSCKs enhances the entry of cSCKs in lung epithelial cells

A goal of our studies was to identify a nanoparticle that was not only non-inflammatory, but
could enter the cell, and was retained in the lung. Cell entry was first determined in BAL.
We found a significantly higher percent of total BAL cells containing nanoparticles from
mice that received cSCK-10PEG when compared to non-PEG c¢SCK (Figure 3A). While the
total number of alveolar macrophages recovered from BAL was lower in the non-PEG than
the PEG-cSCK treated mice (Figure 2B, C), the difference in percent NP uptake in alveolar
macrophages (F4/80+ and CD68+ cells) was not significant (Figure 3A, right). To determine
the uptake of cSCKs in the lung, we studied cell suspensions of whole lung tissue. We did
not find a difference in total cell uptake of cSCKs among the mice administered different
types of cSCKSs (Figure 3C, left). However, analysis of the epithelial cell fraction (EP-CAM/
CD326+ and CD45- cells) revealed significantly greater percent in the 5SPEG and10PEG
compared to non-PEG cSCKs treated mice (Figure 3C, right). Thus, PEGylation enhanced
cSCK uptake in lung epithelial cells. Furthermore, biodistribution studies showed both types
of radiolabeled cSCKs were highly retained in the lung, with very little extrapulmonary
distribution at 24 h (Figure 3D).

PEGylation enhances the uptake of cSCKs in alveolar epithelial type Il cells

The use of the EP-CAM antibody does not discriminate between the different epithelial cell
types in the lung. Both non-PEGylated and PEGylated cSCK showed regional dispersal only
within the alveolar compartment in lungs (Figure 4A). We did not observe cSCKs
internalized within airway epithelial cells. However, both non-PEGylated and PEGylated
particles could be identified within alveolar type | and type Il epithelial cells. In some cases,
non-PEGylated cSCK particles were associated with cell surfaces (Figure 4B) suggesting
binding on the cell outer membrane, rather than entry. This was rarely observed in lung
samples from mice administered cSCK-5PEG or cSCK-10PEG. Both c¢SCK-5PEG and
cSCK-10PEG (not shown) where identified within the cytoplasm of cells with alveolar type
Il cell morphology (Figure 4B), and confirmed using the type 11 cell marker prosurfactant
protein C (Figure 4C).

To better understand the enhanced entry of PEGylated particles in alveolar type 11 cells, we
studied NP entry in the mouse MLE 12, a type Il-like cell model. Similar to the /n vivo
studies, cSCK-5PEG and cSCK-10PEG demonstrated greater uptake in MLE 12 cells when
compared to non-PEGylated cSCKs after 1 h (Figure 4D). To discriminate between particles
binding to the cell surface and those internalized within cells, we used an anti-Alexa Fluor
488 antibody to quench fluorescent signal on the cell surface?*. The decrease in percent cells
expressing non-PEGylated cSCKs (but not PEGylated forms) after quenching (Figure 4E)
suggested that a small percentage of cSCK binds to the external membrane, which may
account for the presence of cSCK on the cell surface in vivo (Figure 4B, arrows).

We next tested the ability of PEGylated particles to penetrate pulmonary surfactant, the
physiological barrier on the alveolar epithelial cell surface (Figure 4F). MLE 12 cells were
treated with an artificial surfactant (Survanta) at various concentrations for 1 h. Survanta
treatment decreased the relative amount of non-PEGylated and PEGylated cSCK cell entry
in a concentration-dependent manner. However, Survanta markedly impaired the uptake of
non-PEG c¢SCK compared to cSCK-10PEG. Thus, PEGylation may enhance NP
internalization into alveolar epithelial cells through increased penetration through a
physiological barrier.
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Effect of PEGylation on intracellular trafficking of cSCKs

We also considered whether the enhanced cell uptake and internalization of 5 and 10 PEG
cSCKs might be due to the differences in the endocytic pathway utilized by NPs. Both non-
PEGylated and PEGylated cSCKSs were localized in endosomes (marked by EEA1) and
lysosomes (marked by Lamp2) in mouse lung 24 h after intratracheal NP delivery,
indicating that following entry, classical pathways of trafficking were used (Figure 5A). We
also observed that some NPs were intracellular but not present within endosomes or
lysosomes. Given that excess free particles remained within the extracellular alveolar space
in vivo, a dynamic process of continuous entry of NP was possible. We next asked if the
difference between cell uptake of non-PEGylated and PEGylated cSCKs might be time
dependent. In MLE 12 cells, we found that both PEGylated and non-PEGylated cSCKs
colocalized with early endosomes at 30 min (Figure 5B) and with lysosomes after 2 hours
(Figure 5C). The absence of a time-dependent difference in cell uptake led us to investigate
potential differences in mechanisms of endocytosis.

PEGylation affects the mechanism for cSCK endocytosis

Accordingly, we tested the effects of well-characterized endocytosis inhibitors on non-PEG
and PEG forms (Supplemental Table 1). We found no difference in uptake between the non-
PEG and PEG forms when inhibitors of phagocytosis, macropinocytosis or lipid raft-
mediated endocytosis were used (Supplemental Table 1). However, inhibitors of clathrin-
mediated endocytosis, monodansylcadaverine (MDC) or chlorpromazine (CPM) inhibited
the uptake of non-PEGylated, but not of the PEGylated cSCKs (Figure 6A).

Dynamin inhibition alone (dynasore) restricted cell uptake of both non-PEGylated and
PEGylated cSCKs (Figure 6A). Dynamin inhibition was significantly greater for non-PEG
than the PEG cSCKs and DECREASED directly with the extent of PEGylation. To
determine the role of dynamin in the clathrin-dependent pathway, clathrin inhibitors (MDC,
CPM) were tested in combination with dynasore. The combination of inhibitors did not
further block entry of the non-PEG cSCKs (Figure 6B), confirming the role of dynamin in
clathrin-dependent endocytosis. In sum, these results suggest that PEGylation changes the
mechanisms of endocytosis, switching the cSCK uptake via the clathrin route, to non-
clathrin pathways in alveolar epithelial cells.

Discussion

The design and delivery of NPs to the airway for therapeutic and diagnostic purposes
remains a significant challenge in nanomedicine due to innate immune cell responses,
airway clearance, and complex barrier functions of the lung. Although PEGylation of
nanoparticles is validated for systemic deliveryl’: 18, this modification has not been formally
tested for lung delivery. In this study we found that PEGylation enhanced the performance
of cSCK delivery to the airway by decreasing inflammatory response and improving lung
epithelial cell entry, specifically in alveolar type Il cells. Based on the ability to vary the
number of PEG molecules on the cSCK, we found that cell entry was directly dependent on
the extent of PEGylation of the cSCK outer shell. These findings suggest that PEGylation of
NP is advantageous for the design of other nanomaterials as vehicles for diagnostics and
therapeutics delivered to the lung, with applications for imaging and delivering genetic
material? 20,

There are few prior reports of the beneficial impact of PEGylated NPs related to lung
inflammation or lung cell uptake. Kleeman and colleagues used PEG-polyethyleneimine
(PEI) coupled to TAT for the delivery of DNA by intratracheal injection?8. While they
found that TAT-PEG-PEI was an effective vehicle for DNA delivery compared to PEI
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alone, both PEG and non-PEG modified forms of PEI induced high numbers of
inflammatory cells recovered in BAL fluid. However, PEGylated PEI (TAT-PEG-PEI)
resulted in a significantly lower neutrophil and TNF-a response when compared to PEI
alone?8, Vij and colleagues reported that intratracheal delivery of 120 nm PLGA-PEG NPs
coupled to a proteasome inhibitor resulted in lower lung inflammation in a cystic fibrosis
mouse model8. However, the specific effects of PEGylation were not studied. Similar to our
finding, Hanes’ group found that PEGylation of poly-L-lysine did not cause inflammation,
as determined by evaluation of total immune cells in BAL at 48 hours, but there was not a
direct comparison to the unmodified poly-L-lysine formulation’.

In the lung, the precise mechanism by which PEGylation modulates inflammation is not
well understood. In general, the toxicity of NPs is reported to be dependent on surface
coating, charge, and particle sizel9. PEGylation can decrease the positively-charged surface
that is associated with inflammation following systemic delivery of NPs1. It is also possible
that PEGylation alters recognition of the NP by immune cells through pattern recognition
receptors (pathogen-associated molecular patterns)1®: 29, Furthermore, PEG reduces
opsonization when NPs are delivered intravenously, possibly resulting in decreased
macrophage activation and less inflammation3%: 31, In our study, after intratracheal delivery
the total number or percent of macrophages recovered in BAL in mice that received
cSCK-5PEG or cSCK-10PEG was not different from those administered PBS (Figure 2A,
2B), indicating no increase in inflammation. However, our studies do not specifically show
that PEGylation decreases uptake (i.e., opsonization) in lung monocyte/macrophage
(F4/80+) (Figure 3A). In contrast to the bloodstream, the prolonged “dwell” of NP in the
lung airspace may alter NP-cell contact and affect uptake. Also, we don’t yet know if
PEGylation will specifically decrease lung macrophage uptake, since functional phenotypes
of phagocytes vary by tissue32: 33,

We were particularly interested in the uptake of cSCK in the alveolar type 1l cells, as this
cell type produces pulmonary surfactants, is a progenitor of the type I cell, and therefore is a
candidate target for drug or gene delivery for treatment or imaging in lung injury and other
lung diseases?0. Descriptions of the efficiency of NP for delivery to lung epithelial cells jin
vivo are limited. Alveolar epithelial cells have been transfected /7 vivo using PEGylated
DNA-lipid or DNA NP complexes, as determined by reporter gene expression8: 28 34,35 \\e
found that PEGylation of NPs enhanced delivery of cSCKs into alveolar epithelial cells
(Figure 4). We observed more PEGylated than non-PEG cSCK in alveolar type Il cells, and
fewer of both forms in type | cells. We considered that translocation of cSCK across the type
I cell to the capillary network might occur. However, prior reports suggest that alveolar
epithelial cell translocation of non-organic NPs is size- and charge-dependent, such that
cationic NPs less than 34 nm in size are retained in the lung®: 36. Our biodistribution studies
were consistent with this, as cSCKs (14 to 25 nm) had very low translocation from the lung
(Figure 3D).

PEGylation has also been shown to facilitate the movement of NPs through physiologic
mucosal barriers. We found that PEGylation enhanced cSCK penetration through a
surfactant barrier /n vitro, and may be indirectly responsible for the improved alveolar
epithelial cell uptake that we observed /n vivo (Figure 4C). Others have shown that
PEGylation enhances NP movement through mucus? 19, however, we have not performed
similar studies with PEGylated cSCK.

A major effort of our group has been to develop NPs that can bind and transfect nucleic
acids13-16_ It has been critical to first investigate the role that PEGylation of cSCKs alone
have on trafficking and the mechanism of cell entry. To explain the difference in efficiency
of uptake, we investigated the mechanism of cell entry using endocytosis inhibitors. While
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none of the inhibitors used are absolutely specific3’, the use of multiple inhibitors and
inhibitor combinations strongly suggest that PEGylation of cSCKs alters entry mechanisms.
PEGylated NPs have been shown to use varied endocytosis pathways, again, related to size,
charge, and shape’: 8- 37, 38,

Positively-charged NPs may use clathrin-dependent pathways3?, though the reports
concerned larger particles (80-250 nm) than we studied. Particles (less than 25 nm) are
shown to use clathrin and caveolae-independent routes of entry®. Moreover, some particle
may simultaneously utilize multiple pathways including those that are dynamin—dependent
and — independent3’.

Finally, we note that these studies were performed with non-degradable particles so that the
NP behaviors could be determined while they remained intact. For clinical translation,
biological clearance of the nanoparticle carriers is important, as is long-term follow-up.
Therefore, detailed studies that compare the behavior of non-degradable particles with
degradable analogs are underway.

In conclusion, evaluation of the /n vivo performance of a library of polymeric-based cSCK
(14 to 25 nm) delivered to the lung by the airway revealed several advantages of PEG
surface modification. When delivered intratracheally, PEGylation decreased the acute
inflammatory response and improved NP uptake in the alveolar epithelial cells. The results
were directly related to the extent of PEG on the surface and associated with an altered route
of NP endocytosis. Taken together, these findings are consistent with an emerging paradigm
that PEG-maodification should be considered in the development of nanoparticles for payload
delivery in the lung.
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BAL broncholaveolar lavage

CPM chlorpromazine

cSCK cationic shell crosslinked knedel-like
MBCD methyl-B-cyclodextran

MDC monodansylcadaverine

NP nanoparticle

PEG poly(ethylene glycol)

SD standard deviation
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Figure 1. Synthesis and PEGylation of cationic shell-crossinked knedel-like (cSCK)
nanoparticles

The starting material was a block copolymer, consisting of a hydrophaobic styrene block and
a hydrophilic primary amine-bearing block (PAEA-6-PS). A PEG-NHS ester (1.5 kDa) was
used to generate poly(acrylamidoethylamine-graft-polyethyleneglycol)-block-polystyrene
(PAEA-g-PEG-56-PS). The process of micellization, followed by crosslinking with an
activated diester of PEGylated polymers is identical to that of the non-PEGylated polymers.
cSCK particles were conjugated with Alexa Fluor 488. Representative transmission electron
photomicrographs show uniform size and shape of the non-PEG cSCK (parent; 100%
primary amine (pa); cSCK-pajgg) and the particle modified with 5 of the 1.5 kDa PEG on
each block-polystyrene, termed cSCK-5PEG (cSCK- pajgp-5PEG). Bar=50 nm.

Nanomedicine. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

lbricevic et al.

BAL cells (10%/ml)

2% 5
O R
08g
X X
Dé-oo
5848
c
C M1
2
s
E
o
e
845
[s}
C
< *
<<
o
N e
Voxooo
0O W wWww
(A7 N
OvxT
WwooXx
ERR0
cO0om
o [$]
c

cSCK-pa,-ta,

250

125

cSCK-2PEG
cSCK-5PEG
cSCK-10PEG

-+ X
(2]

0

PBS) +

non-PEG cSCK

cSCK-2PEG

cSCK-5PEG
cSCK-10PEG) *

100

BAL cells (%)
(42
o

4000

2000

0

PBS) *

non-PEG ¢SCK

+ [Macs MELymph MNeutro =*

PBS

non-PEG cSCK

G-CSF
s 2500

1250

*

cSCK-2PEG
cSCK-5PEG
cSCK-10PEG) *

=)
PBS|*

non-PEG cSCK

cSCK-pa,.-ta,,

cSCK-pa, -ta
CSCK-pa,.-ta,g

MCP-1

cSCK-2PEG

400

*

cSCK-2PEG
cSCK-5PEG
cSCK-10PEG) *

o
PBS|*

non-PEG cSCK

cSCK-5PEG

cSCK-2PEG
cSCK-5PEG
cSCK-10PEG| *

cSCK-10PEG

RANTES

60

*

o
PBS|

non-PEG cSCK
cSCK-2PEG
cSCK-5PEG

cSCK-10PEG) *

Page 14

cSCK-2PEG
CcSCK-5PEG | #
cSCK-10PEG|

non-PEG cSCK

Figure 2. PEGylation of cSCK modulatesthe acute inflammatory response in the lung following

intratracheal delivery

Mice were delivered the indicated cSCK intratracheally and evaluated by lung
bronchoalveolar lavage (BAL) after 24 h. (A) Total cell number and (B) percentage of
individual cell types (Mac, alveolar macrophage; Lymph, lymphocyte; Neutro, neutrophil)
recovered in BAL fluid. (A, B; 9 independent experiments, n=4-6 mice/treatment) (C)
Inflammatory mediators elevated in cell-free BAL fluid measured by Bio-Plex multi-analyte
assay (5 independent studies, n=4-7 mice/treatment). All data are the mean + S.D. A
significant difference compared to non-PEG ¢SCK (*) and PBS (1) (P< 0.05), is indicated.
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Figure 3. Uptake of cSCK nanoparticlesin lung cells after intratracheal delivery of cSCK

(A) Percent of indicated cSCK labeled with Alexa Fluor 488 (cSCK-AF488) in total cells
and F4/80* alveolar macrophages from BAL fluid, assayed by flow cytometry. (B)
Photomicrographs of cSCK within alveolar macrophages (Red, CD68*) and DNA stained
with DAPI (blue). Bar=20 uym. (C) Quantification of percent total (cSCK-AF488+) and lung
epithelial cells (CD45-, CD326+, cSCK-AF488+) in post-BAL whole lung digests, by flow
cytometry. A and C include 6 independent experiments, n=3-10 mice/treatment shown as
the mean + S.D. A significant difference compared to non-PEG ¢SCK is indicated (*, P<
0.05). (D) Biodistribution of $4Cu radiolabeled cSCK in mice. Data are the mean + S.D.
percentage of injected dose (%ID) per gram of tissue (n=3-4/group at each time point). Inset
shows extrapulmonary organ data.
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Figure 4. PEGylation of cSCKsenhancesthe uptakein alveolar typell epithélial cells

(A) Fluorescence photomicrographs with differential interference contrast (DIC) overlay
show the distribution of fluorescent labeled cSCK in the lung alveoli. Bar=20 pm. (B, C)
Confocal microscopy of cSCK in alveolar epithelial cells stained with actin marker
(phalloidin, red). (B) Non-PEG cSCKs associated with the cell surface (arrows),
cSCK-5PEG internalized in alveolar epithelial type Il cells (arrowheads) and DNA stained
with TO-PRO-3 (blue). (C) PEGylated cSCK show internalization in type 11 cells
immunostained for prosurfactant protein C (SPC; pseudocolored white). Insets are detail of
the indicated regions (*) without phalloidin stain. Bars = 10 ym in B, C. (D-F) Uptake of
cSCK in MLE 12 cells detected by flow cytometry 1 h post-incubation. (D) Quantification
of cSCK uptake. n=6 independent experiments with duplicate samples (E) Quenching
analysis of non-PEGylated cSCK compared to PEGylated-cSCK. Cells were incubated with
the indicated cSCK form, analyzed in the absence and then in the presence anti-AF488
antibody. (F) cSCK cell uptake after incubation with artificial surfactant (Survanta) relative
to media only. (E, F; n=2 independent experiments with duplicate samples). All data are the
mean + S.D. A significant difference compared to non-PEG cSCK is indicated (*, £< 0.05).
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Figure5. Intracellular trafficking of cSCK in mouse lung and MLE-12 cells

(A) Confocal image of mouse lung 24 h after intratracheal delivery of the indicated cSCK-
AF488 nanoparticles immunostained with early endosomal marker protein (EEA1L, red) or
lysosomal marker (LAMP2, red). Colocalization is indicated (arrows). Upper panels, z-axis
reconstructions; lower, X,y images (B) Top panel, cSCK-AFA488 particles in MLE 12 cells,
after 30 min, imaged with early endosomal marker-RFP (red) and DIC overlay. (C)
Colocalization of the indicated cSCK (green) at 2 hour, with LysoTracker (red) and DIC
overlay. (A, B) Bar=10 pm; (C) Bar=20 pm. Data are representative of at least 3
independent experiments.
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Figure 6. PEGylation of cSCK alters mechanism of endocytosis
Quantification of cSCK in MLE 12 cells by flow cytometry following pretreatment with
endocytosis inhibitors. (A) Cells were pretreated with monodansylcadaverine (MDC, 200
pM), chlorpromazine (CPM, 100 pM), or dynasore (10 uM) for 30 min, then incubated with
the indicated cSCK for 1 h. (B) The effect of combinations of endocytosis inhibitors on non-
PEGylated cSCK uptake. Shown is the mean S.D. of six experiments with replicate samples.
A significant difference in uptake compared to media is indicated (*, £< 0.05).
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Table 1

cSCK nanoparticles and physical characteristics

Nanoparticle Structure {-potential at pH 5.5 in nanopurewater (mV) Size(nm)*
non-PEG cSCK cSCK-pal00 21724 14-18
cSCK-pa75-ta25 cSCK-pa75-ta25 ND 14-18
cSCK-pa50-ta50 cSCK-pa50-ta50 25027 14 -18
cSCK-pa25-ta75 cSCK-pa25-ta75 ND 14 -18

cSCK-2PEG cSCK-pal00-2PEG 15418 20-25

cSCK-5PEG cSCK-pal00-5PEG 8825 20-25

cSCK-10PEG cSCK-pal00-10PEG 17+28 20-25

Abbreviations: pa, primary amine; ta, tertiary amine; ND, not determined

*
Determined by dynamic light scatterning
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