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ABSTRACT
Tojan Bassam Rahhal: Engineering PRINT® Particles for Pulmonary Delivery of Therapeutics
(Under the direction of Joseph M. DeSimone)

Pulmonary drug delivery is an attractive new approach to the traditional parenteral route
of administration due to its non-invasive nature, convenience, and increased patient compliance.
However, there is a need for more efficient delivery of active therapeutics/biologics using dry
powders that allow for monodisperse aerosolization and accurate deposition in the lungs, as well
as extended residence time and targeting ability. Previous work in our lab demonstrated the
aerosolization of monodisperse particles for potential pulmonary use in respiratory diseases. We
investigated further by focusing on the effect of particle parameters (size, shape, composition
and surface chemistry) on residence time, cellular interactions, and immune responses in the
lungs.

We aimed to engineer particles with controlled parameters using Particle Replication in
Non-wetting Templates (PRINT®) fabrication technology for ultimate pulmonary delivery of
therapeutics. We first assessed the particle compositions and their respective characteristics that
would be useful for drug delivery (drug release kinetics, activity, stability, and biocompatibility).
We then examined the exclusive effect of surface chemistry for drug delivery and targeting in the
lungs by assessing the impact of cationic and anionic surface charges, as well as PEGylation.
And lastly we presented the particulate delivery of biologics to the lungs, demonstrating our

ability to maintain activity and control deposition and aerosolization.
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Future work includes investigating the incorporation of therapeutics for direct targeting in
the lungs, such as for tuberculosis using antibiotics that can be delivered directly to the
macrophages. We have also provided the groundwork for delivering pulmonary vaccines by
establishing cationic particles recruit dendritic cells to the lungs and therefore can be vital in
designing pulmonary vaccines. Lastly, there is a future in working with alternative particulate
biologics for treatment of cystic fibrosis and other pulmonary diseases. Overall, we have shown
how engineering particles by controlling particle parameters can impact and improve pulmonary

delivery of therapeutics.
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CHAPTER 1. Introduction to Pulmonary Delivery of Therapeutics Using Nanotechnology

According to the Center for Disease Control and Prevention, pulmonary diseases are the
third leading cause of death second to cancer and heart disease.! We must understand the
implications of patient, clinician, and scientist interaction in order to advance current standard of
care. In the realm of lung diseases patients struggle to sustain normal lives, while clinicians
utilize every accessible therapeutic to help improve quality of life. Scientists have the power to
create new approaches for existing therapeutic delivery that can provide more effective
treatments and aid clinicians in improving patient care. Therefore, as scientists we must pursue
collaboration with pulmonologists to fill in the gaps to provide cost-effective, patient-friendly,
and efficacious therapies for treating lung diseases. Here we present the use of precision-
engineered particles for delivery of therapeutics with hopes to improve the current pulmonary
treatment options.

Pulmonary delivery of therapeutics faces many challenges in formulation and delivery.
For example, one must avoid potential degradation of the therapeutic en route to the lungs as
well as overcome the rapid clearance and absorption in the lung. Furthermore, the therapeutic
must be formulated to maintain stability in the device being used, as well as demonstrate aerosol
characteristics for the desired deposition. In this work, we provide an introduction to the many
factors influencing design of an ideal nanotechnology and pulmonary treatment combination that
results in therapeutic particles with increased efficacy, optimal aerosol characteristics, and

convenient administration.



1.1 Lung Biology

The lung is a target organ for alternative delivery of therapeutics as it provides a large
surface area for drug absorption, reduced drug-metabolizing enzyme content, and avoidance of
the first pass metabolism, which all aid in delivering therapeutics for both local and systemic
treatments.”* The architecture of the lung starts at the trachea, progresses to the bronchi,
branches out to the bronchioles and lastly ends at the alveoli, where it meets the epithelial lining
and pulmonary capillaries. Between the trachea and the bronchioles there are 17 divisions, which
allow for increased surface area, reduced airway size and decreased air velocity as they branch
further to the alveoli.’ The alveoli have a thin layer of fluid and mucus surrounding them that
allows for proper gas exchange, but can also be useful for drug absorption.® The alveolar region
of the deep lung is the ideal target for systemic drug exposure due to increased surface area,
while the secondary bronchi make ideal targets for extended drug release in the lung.’

The main functions of the lungs are to transfer oxygen from the air to the blood and to
release carbon dioxide from the blood to the air. Also, the lungs play a role in the body’s
defenses against harmful substances in the air, such as smoke, pollution, bacteria, or viruses. The
multiple clearance mechanisms (mucociliary clearance, phagocytosis, and metabolic
degradation) can prevent therapeutic delivery. Understanding lung deposition characteristics can
guide aerosol design for avoidance of mucocilliary clearance in the upper airways and direct
targeting of the deep lung. Design of particle parameters can impact interactions with the mucus
layers, as some surface chemistries can lead to particle aggregation and rapid elimination from
the lung, while other modifications can enhance residence time at the sites of absorption.® In
addition, there is also intricate cellular involvement that is central in engineering targeted

therapeutics. The lung contains antigen-presenting cells (APCs), which include dendritic cells



).%7"12 AMs tend to phagocyte foreign material including

(DCs) and alveolar macrophages (AMs
particles, especially those of 1-2 um in size.> They are able to detect foreign material, engulf it,
and secrete cytokine/chemokine signals to recruit immune cells like DCs.!* DCs have been
accepted as one of the most important antigen presenting cells due to their ability to take up the
foreign material, recruit more DCs to the site, and then travel to the nearest lymph node to

activate T cells and initiate an immune response. "*'''2 Chapter 3 provides further detail on lung

cells and the immune system.

1.2 Targeted Delivery to the Lungs

Due to the sophistication of the lung, the target will vary; a therapeutic particle may be
needed in the lung space, in the AMs, or to recruit DCs. If the intricate lung structure and cellular
mechanisms are understood, they can be utilized to aid in targeted delivery. In the case of COPD
or asthma, the main goal is effective bronchodialation or anti inflammation in the lung without
systemic exposure, which therefore requires a treatment targeting the bronchiole region.”!#1415 In
these diseases, patients have reduced airflow due to the thickening of the bronchial walls and the
increased mucus production, making it more important for use of precisely engineered particles
that can bypass the upper lung region and maintain extended release in the deep lung. >

Being able to control targeting or de-targeting of AMs would harness using the lung’s
built-in mechanisms for enhanced treatments.® For example, targeting AMs in diseases like
tuberculosis, a bacterial lung infection that affects about one-third of the world’s population,
would provide useful.!® The AMs engulf this bacterium and send the proper signals to recruit
DCs, but the bacteria continue to survive within the immune cells (primarily AMs). 01

Treatments for tuberculosis would benefit from a targeted use of anti-bacterial(s) in particles that

would reside in AMs harboring the bacteria. On the other hand, de-targeting AMs is useful for



increasing drug bioavailability in the lungs, having slow therapeutic release, and for systemic
delivery.!” For example, in lung cancer it is important for the therapeutic particle to have long
residence time in the lung and extended therapeutic release in order to deliver the
chemotherapeutic to the tumor.'® Therefore, in treating diseases like lung cancer, particles must
be engineered to have the ideal parameters (composition, surface chemistry, size and shape) to
avoid AM uptake and maintain residence time for long-term treatment.

In the development of pulmonary vaccines, the focus is on recruiting DCs that sample
antigens and relay that information to the T cells via the lymph nodes as described earlier.?
Typical parenteral vaccines require an adjuvant, which can amplify the immune reaction.'’
However, the ability of polymers to induce a sufficient immune response has been established. !’
Therefore, particles can be specifically engineered to have preferential association with DCs by
readily incorporating antigens, maintaining antigen stability, and triggering desired immune
responses without the need for an adjuvant. .2° Currently, multiple nanoparticle based vaccines of
different compositions have been approved for human use.?’ Delivery of therapeutics using
nanoparticles has the potential to improve current approaches to treatments while improving drug
accumulation at target sites and decreasing systemic toxicity where applicable.?'">* Furthermore,
particles with controlled aerosol properties will allow for direct deposition in the lungs to protect
against respiratory diseases. Overall, understanding the anatomical and cellular complexity

involved with the treatment of different lung diseases will aid in engineering better therapeutics.

1.3 Pulmonary Delivery Devices
In order to successfully utilize engineered particles for treating pulmonary diseases, we
must first understand the delivery devices. Pulmonary drug delivery first dates back to the

ancient Egyptians (1554 BC) with a steam based mist delivery, which has since evolved to be



nebulizers.>* Nebulizers are mainly used on hospitalized intubated patients, or for delivery of
large drug doses in liquid form.? They are bulky and typically take a long duration (10-20
minutes) for delivery of therapeutics, lending to potential drug degradation. In the early 1900s,
pressured metered dose inhalers (pMDIs) were developed for propellant based liquid formulation
delivery containing drug, propellant, and excipients in order to prevent drug aggregation and
allow for dispersion of the heterogeneous droplets.® pMDIs quickly became popular due to their
small size, reliability, and long shelf life.»!* However, optimal dosing is very dependent on
coordination of patient breathing which may result in highly variable and limited deposition of
the entire dose (i.e. only 20% reaches the alveoli).>*

Lastly dry powder inhalers (DPIs) were developed for delivery of dry powders or solids
with no propellants allowing for enhance therapeutic stability and increased patient
compliance.'” For example, cystic fibrosis (CF) patients, who typically receive lengthy anti-
pseudomonal treatments via nebulizer multiple times a day, could benefit from a single,
convenient DPI dose.'* DPI use is dependent on formulating aerosols with optimal dispersion
and deposition characteristics.'®> Despite the device employed to deliver a pulmonary therapeutic,
the size, composition, and stability of the aerosol formulation are vital for efficient delivery to

the lungs.

1.4 Particulate Delivery to the Lungs

Use of nanotechnology for parenteral drug delivery has been in the spotlight for decades,
while recent advances have been made for its use in pulmonary delivery.® Pulmonary delivery of
nano-based therapeutics allows for more active lung targeting by using new formulations of

therapeutics commonly administered as soluble drug intravenously for direct lung delivery.



Furthermore, therapeutic particles can also allow for reducing multiple dose treatments to a
single pulmonary dose and engineered to utilize or bypass the pulmonary defense mechanisms.
Characterizing a particle’s aerodynamic size is an essential in determining the probability
of effectively depositing in the lung and appropriately delivering therapeutics. The aerodynamic
particle size is used to compare any particle to a standard sphere, which allows for a baseline
characterization and serves as a predictor of aerosol deposition.” Particles greater than 10 um
will deposit in the mouth and trachea, 5 to 10 pm particles will deposit in the upper airways, and
1 to 5 um particles deposit in the respiratory zone (bronchi and alveolar region).>*!> Therefore,
particles in the 1-5 pum size range are ideal for avoiding exhalation or upper airway
deposition.>!3 It is important to note that even though lung anatomy is different between humans

and rodents, no significant impact on aerosol deposition characterization has been found.?®
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Figure 1.1 Andersen Cascade Impaction. Particles smaller than the cutoff diameter on each
stage will deposit on lower stages. (A) Visualization of particles at a stage (adapted from Lewis
et al. 2011. Pharm. Tech.)?’ (B) Associated cutoff diameters for particles at each stage.

Aerosol properties of particles are determined using an Andersen Cascade Impactor
(ACI) with eight stages that correlate to human lung depostion.?® ACI can provide insight on the

mass median aerodynamic diameter (MMAD) of particles, predicting where it will deposit in a
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human model and how it compares to other particles. Particle deposition within the ACI depends
on the inertial momentum of the particles as they are pulled through the stages of collection
plates containing openings with decreasing diameter via a vacuum. If the particle is smaller than
the diameter of the holes within the collection plate, it will flow past the stage and impact on a
lower stage.?%>° The ACI setup allows for controlling flow rates and pressure drops to mimic the
human model. Figure 1.1 shows the stages and relevant cut off diameters.

Several studies have been conducted to investigate the effect of particle size and
deposition. Patton et al. summarized how monodisperse particles in different size ranges could
deposit in different regions of the lung (Figure 1.2).2 Weers et al. assessed particle deposition for
single bolus administrations and confirmed that particle aerodynamic diameter impacts
deposition, with 1 um diameters primarily depositing in the alveoli and diameters of 5 pm in the
conducting airways and alveoli.!* Being able to control particle size, shape, and surface
chemistry can lead to much needed targeted deposition and potentially controlled therapeutic

release in the lungs.
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Figure 1.2. Particle Delivery to the Lungs. Larger monodisperse particles deposit in the
airways, mouth or throat while smaller particles deposit in the alveolar region. (Figure taken
from Patton et al. 2007. Nature Reviews.)?

1.5 Particle Fabrication Methods

There are numerous particle fabrication techniques that have been explored for
pulmonary delivery. Particles must be able to encapsulate sufficient drug, maintain activity of
cargo, and have aerosol characteristics optimal for deposition. One commonly used method is
solvent evaporation with oil-in-water emulsifications for encapsulating soluble drugs, resulting
in mostly polydisperse particles with limited drug loading and mass production capabilities.>!
Another technique, spray drying, is a scalable process and consists of drug-loaded microspheres
that are exposed to a heated air jet, with various solvents, temperatures, and evaporation steps,
resulting in a dry powder.’' Spray-dried particles are suitable dry powder formulations, however,
the fabrication process limits control of particle shape and size, resulting in polydisperse
particles, which can therefore lack the aerosol dispersion properties needed for targeted
pulmonary delivery.?! A recent breakthrough in pulmonary delivery of particles was the 2015
FDA approval of Afrezza, one of the earliest inhaled macromolecules for systemic delivery.
Afreeza is made up of insulin microspheres that were freeze dried for dry powder delivery with
an average diameter of 2-3 um." It provided a faster onset of action and higher bioavailability
compared to other pulmonary insulin formulations.!> Ultimately, the fabrication method chosen
is dependent on the desired application of the particles.

Considering existing particle fabrication techniques, there is still a need for fabricating
monodisperse particles with controllable parameters. Many different compositions (natural and
synthetic polymers, liposomes, gold, etc.) can be used with the varying fabrication techniques to

address this concern.® However, the majority of current fabrication techniques are specific to
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certain compositions and therefore, the properties of the particles are limited. Monodisperse
particles enable more controlled deposition and uniformity in cargo loading, controlled release
and delivery efficiencies.”” Furthermore, monodisperse particles allow for a systematic
investigation of particle parameters that can contribute to optimal aerosol characteristics in
pulmonary delivery. The best approach would be to utilize a fabrication method that is amenable
to different compositions and can form monodisperse particles with the benefits of high loading

and optimal deposition characteristics in order to increase the therapeutic efficacy.

1.6 Fabrication of Monodisperse Particles: PRINT Technology

Particle Replication in Non-wetting Templates (PRINT®) technology allows for precise
control of an unlimited array of size, shape, and surface chemistry options.**¢ PRINT® is a top-
down particle fabrication technology that allows the engineering of precisely defined particles.
Utilizing phtotolithography techniques, micro- and nano- patterns are etched into a master
template, which is used to make perfluoropolyether molds.** The mold is filled with the chosen
pre-particle composition via capillary forces, followed by a heated lamination to a high surface
energy material. Solidification of the materials in the mold is done by vitrification,
crystallization, or gelation dependent on the pre-particle composition used. An immediate
peeling away of the laminated layer allows for the removal of any excess filing, resulting in
monodisperse micro- or nano- particles.*> An adhesive layer is used to remove the particles from
the mold. Then the adhesive is dissolved away resulting in a suspension of monodisperse
particles.’” Particles can then be purified, lyophilized or modified as needed. Figure 1.3

illustrates the general fabrication process used for all particles presented in this dissertation.
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Figure 1.3. PRINT® Fabrication Process. A thin film of the therapeutic/polymer or respective
composition is drawn across a poly(ethylene terephthalate)(PET) delivery sheet (red), applied to
the face of the mold (green), and then passed through a heated nip. The particles are removed
from the mold by attaching a polyvinyl alcohol (PVOH) adhesive harvesting layer (yellow) and
passing the pair through the nip. The harvesting layer is split from the mold and then dissolved in
water or isopropanol alcohol creating an aqueous suspension of monodisperse particles.

The PRINT process was also scaled up for a more continuous fabrication in the ‘roll to roll” set
up, which is accessible at the DeSimone lab and at Liquidia Technologies. The ‘roll to roll’
allows for mass production of particles for potential use in larger pre-clinical and clinical trials.
PRINT particles of varying sizes and shapes have been fabricated using biocompatible
compositions, such as poly(D-lactic acid), poly(lactic-co-glycolic-acid) (PLGA), and
poly(ethylene glycol) (PEG), with the ability to encapsulate various cargo such as imaging

contrast agents, dyes, therapeutics like doxorubicin and paclitaxel, and biologics. 2343641
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1.7 Thesis Overview

In this thesis we focus on engineering particles of different parameters (composition, size,
shape and surface chemistry) for use with pulmonary delivery. We hypothesize that utilizing
PRINT to precisely and independently control particle parameters will provide an understanding
of each parameter’s effect on the route of administration and therapeutic application. We predict
engineering particles for use with DPI can provide high delivery efficiencies with high drug
loading. We specifically investigate the role of particle composition, surface chemistry, and
delivery of biologics to the lung. In Chapter 2, we discuss fabrication of particles using different
compositions (PLGA, Hydrogel PEG, and Butyrylcholinesterase) and the impact on route of
administration. Previous work, using PRINT, has shown cationic particles result in an adjuvant-
like effect after pulmonary delivery’®, however, the cellular mechanism involved with this
observation has not yet been investigated. Therefore, in Chapter 3, we systematically examine
the effect surface chemistry and functionalization of hydrogel particles has on interactions with
the lung, specifically at the cellular level. In Chapter 4, we introduce our unique ability to
fabricate an entirely active biologic particle with optimal aerosol characteristics for pulmonary
delivery. Nanomolding of protein (insulin and albumin) particles has been previously explored
with PRINT 34, but in Chapter 4 we aim to address the lacking in vivo studies, particle activity
analysis, and therapeutic pulmonary application. And lastly, in Chapter 5 we discuss the future

outlook for PRINT particles in pulmonary delivery.
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CHAPTER 2. PRINT® Particles of Controlled Composition for the Lung !

2.1 Introduction

Therapeutics are commonly administered in soluble form via parenteral routes for direct
systemic exposure. Recently, advances in nanotechnology have set the stage for delivery of
drugs, proteins, vaccines, and many more therapeutics using particle carriers to treat numerous
diseases.! Particles provide the potential for extended drug half-life, reduced toxicity, improved
efficacy and increased selectivity.> Furthermore, the amenability of particle compositions
provides an open door for innovating new effective treatments for multiple applications and
routes of administration. We are specifically interested in how this applies to lung diseases.

Current treatment of pulmonary diseases relies on systemic administration of particles for

passive lung targeting. Numerous studies have been conducted to show increased drug

! This chapter includes work previously published in the following:
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concentrations in the lung post-intravenous administration, however more recent work, has
shown no significant difference between nanoparticle and free drugs in the lung with parenteral
administration.>”” This is not to say that there have not been a few nanoparticles (NPs) developed
that have been more successful then the free drug counterpart in lung accumulation post-
intravenous administration.> ! For example, the well-known Abraxane, an albumin based
placitaxel NP formulation, was successfully administered intravenously for treating non-small
cell lung cancer. Despite Abraxane showing promising results for tumor reduction, it is
hypothesized that due to the rapid particle dissolving the NP design may be aiding in initial
administration and circulation versus actual lung targeting ability.>!! Overall, systemic delivery
of therapeutics for lung targeting is limited by enzymatic degradation in the liver, shorter half-
life, exposure to healthy tissue and low efficacy.'?

An alternative approach to IV administration is the direct administration of NPs to the
target organ. In the lung, this involves inhaled drug development. However, the limiting factor is
that current particle design lacks a fine control on shape and size to obtain ideal aerosol and
deposition characteristics while maintaining high loading and drug efficacy post formulation.
31213 Current lung diseases like asthma, chronic obstructive pulmonary disease (COPD), cystic
fibrosis (CF), lung edema, lung transplant rejection, infections and many more can benefit from

1417 Developing particles for this purpose

targeted treatments delivered to the lungs directly.
using different compositions, shapes, and sizes would be advantageous.

The existing array of compositions for particle fabrication provides unique advantages
and customization for the therapeutic need or target. NP formulations range from liposomal to

polymer-based with the ability to incorporate drugs, ligands, coatings, and more for therapeutic

use. Polymeric particles are used due to their biocompatibility and ability to tune release of
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drugs. Poly(lactic-co-glycolic-acid) (PLGA) compositions have been a “stalwart” due to the
ability to control degradation based on the polymeric ratio of the two main components, as well
as the efficient clearance from the body upon degradation.”'® Another commonly used
composition is hydrogels, which provide high biocompatibility and biodegradability.'* Various
cargos have been incorporated into hydrogels including chemotherapy, antibodies, and
antibiotics.!” ! Importantly, surface properties provided by different compositions can be further
varied through use of targeting ligands or PEG stealthing chemistries. Determining the ideal
particle composition is dependent on fabrication method, target site, and desired physiological
outcome.

A third composition of interest is biologics. Pulmonary delivery of biologics via particle
carriers has been explored and still has many challenges. As mentioned, delivery of biologics for
pulmonary diseases is mainly limited to parenteral routes of administration that have high
systemic exposure and potential toxicity, lack active targeting, and are burdensome to
patients.'*??> Biologics are susceptible to protein degradation and loss of activity during
fabrication. It is hypothesized that using particle carriers for pulmonary administration of
biologics would allow for higher dosing efficiency, targeted delivery, stable formulations, and
increased patient compliance.?” This is dependent on having a platform for developing particles
suitable for pulmonary delivery that can maintain the protein activity as well as be delivered in a
more convenient manner. For example, CF patients have long needed an effective delivery of
DNase to aid in breaking down the sputum build up in the lungs. Recently Pulmozyme® was
approved as a nebulized protein for CF, but it presents problems including the lack of
convenience, the bulky nature of the device, long delivery times, susceptibility to protein

degradation and lack of enzyme stability.>>° Given the complicated interplay between the NP
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composition and the biological outcome, employing a platform that allows for exquisite control
over engineering particle parameters is required to address unmet needs.

We propose to combine the ability to engineer optimal particles with the
interchangeability of compositions (dependent on the desired goal) for treatment via any route of
administration. In this chapter we highlight, characterize, and discuss how particle parameters
dictate biodistribution, particle/cargo activity, stability, and release kinetics. Additionally, these
data provide direction, identify opportunities, and incorporate analytics to expand particle
compositions for novel therapeutic applications in pulmonary delivery. We focused on three
particle compositions: PLGA, hydrogel and Butyrylcholinesterase (BuChE) using Particle
Replication in Non-wetting Templates (PRINT) technology for the production of particles of

uniform size and shape within the desired respirable range (1-5 pm).

2.2 Methods

2.2.1 Fabrication of PRINT PLGA Nanoparticles

Cylindrical PLGA NPs of [d] = 80 nm; [h] = 320 nm were fabricated using PRINT, as
discussed in Chapter 1. Briefly, Poly (D,L- lactide- co-glycolide) (Sigma Aldrich
lactide:glycolide (85:15)) at 20 mg/ml was dissolved in chloroform (Fisher Scientific) and 150 pl
was used to create a thin film using a #5 Myer Rod ( R.D. Specialties) on a polyethylene
terephthalate (PET) sheet. The solvent was evaporated with heat and a 80x320 mold (Liquidia
Technologies) was used to fabricate the particles as discussed earlier (Figure 1.3). Particle size
and polydispersity index was determined using dynamic light scattering (Malvern Instruments
Nano-ZS) and imaged via scanning electron microscopy (SEM) (Hitachi S- 4700 Cold Cathode
Field Emission Scanning Electron Microscope). NPs were pipetted (50 pl) onto a glass slide,

allowed to dry, and then coated with a 3nm thick gold palladium alloy using a Cressington 108
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auto-sputter coater before imaging. NPs were also imaged via transmission electron microscopy

(TEM) (JEOL 100 CX 1I).

2.2.2 Assessing Stability of PRINT PLGA Nanoparticles

80 x 320 nm PLGA NPs were mixed with plasma at a 1:1 ratio with phosphate buffered
saline and shaken at 37°C. At set time points, NPs were removed and washed with water 20
times by tangential flow filtration to remove plasma proteins (mPES hollow fiber filter with 0.05
um pore size, Spectrum Labs). To determine any changes at each time point the particles were

then collected on a filter and qualitatively analyzed using SEM and TEM.

2.2.3 Release kinetics for PRINT PLGA: Docetaxel Nanoparticles

To assess release kinetics for determination of future efficacy, cylinders of [d] = 55 nm;
[h] = 70 nm were fabricated. Cylinders were fabricated via PRINT continuous production using a
‘roll to roll’ instrument, as described earlier, with a modified particle composition of 50:50
PLGA(85:15) and Docetaxel. Particles were washed two times in sterile water and aliquoted onto
glass slides for SEM imaging.

Particle composition was determined using standard high performance liquid
chromatography (HPLC) methods.?® A C18 reverse phase column (Agilent Technology series
1200) was used with a linear gradient of 100% water to 100% acetonitrile for 10 minutes
followed by a 100% acetonitrile 5 minute run at 1 ml/min and 205 nm detection wavelength.
Samples and standards for both PLGA and docetaxel were prepared in acetonitrile (ACN).

To determine release of docetaxel in vitro, a 1 L phosphate buffered saline (1x) bath was
prepared at 37C, with 100 pl of NP solution loaded into a dialysis cassette (20k MW cutoff)
placed in the bath. At each timepoint, NP solution was collected and centrifuged. 300 pl of ACN

was added to each pellet, vortexed, and placed on shaker for 30 minutes. Samples were then
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centrifuged and supernatant was placed in HPLC vials for analysis. This allowed for determining
the amount of docetaxel released compared to the initial amount of docetaxel present in the

system.2¢

2.2.4 Fabrication and Characterization of PRINT Hydrogel Particles

Hydrogel particles are fabricated via PRINT as described in Chapter 1 following
established protocols.?’?® Briefly, a solution of dissolved monomers is prepared in methanol.
Solvents and buffers of reagent grade were obtained by Fisher Scientific. PRINT molds were
provided by Liquidia Technologies. Pre-particle reagents of 2-aminoethylmethacrylate (AEM),
poly(ethylene glycol)700 diacrylate (Mn-700 DA, PEG70DA) and diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO) were obtained from Sigma; tetra(ethylene glycol)
monoacrylate (HP4A) was synthesized in house via previously described methods.?® Fluorescent
dye maleimide-Dylight 650 was obtained from Fisher. Coupling reagents for the carboiimide
conjugation of 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) and N-
hydroxysulfosuccinimide (s-NHS) were obtained from Thermo Fisher.

The monomers combined in the pre-particles solution include: HP4A, a hydrophilic
monomer, AEM, an amine containing monomer to provide functionality for further
modifications, and TPO, a photoinitiator. Fluorescent dye was included as needed. After a film is
drawn, the filled mold, in this case 80 x 320 nm, undergoes an additional step to the traditional
PRINT method; it is placed in a UV curing chamber (A= 365 nm) to allow for crosslinking of the
monomers. Then the particles were harvested and sputter-coated with 1-5 nm of Au/Pd
(Cressington Scientific Instruments) and imaged with Scanning Electron Microscopy (Hitachi

model S-4700) to monitor NP morphology. NP size and zeta potential were measured by
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dynamic light scattering (Zetasizer Nano ZS, Malvern Instruments, Ltd.) and thermogravimetric

analysis (TGA) (Q5000, TA Instruments) was used to determine NP concentrations.

2.2.5 Fabrication and Characterization of PRINT BuChE Particles

Tetrameric Equine Butyrylcholinesterase (referred to as BuChE in this thesis)
(ID#C7512) was purchased from Sigma Aldrich and used directly with no further purification. 1
um BuChE protein particles were fabricated via a PRINT method adapted from Xu et al.*° o-D-
Lactose and glycerol were purchased from Acros. Briefly, a 15% (w/v) solution of 37.5%
BuChE, 37.5% a-D-Lactose and 25% glycerol by weight was used to cast a film on a PET sheet.
Following heat gun application, the transparent film was laminated onto PRINT mold with 1 um
disc features (provided by Liquidia Technologies). The top-heated laminator was set to 73 °C
with a laminating pressure of 100 psi. Particles were then removed from the filled mold by a
second lamination step at the same settings onto a Plasdone™ covered PET sheet. The Plasdone
film containing particles was then dissolved in isopropanol to obtain 1 pum BuChE particles. The
BuChE particles were washed with isopropanol multiple times to remove a-D-Lactose, glycerol,
and residual Plasdone resulting in a primarily protein particle. The particles were further
characterized via TGA (TA Q5000) for concentration and SEM (using a 2 nm thick gold
palladium alloy coating) (Hitachi model S-4700) for size and shape confirmation.

Particle enzymatic cholinesterase activity was measured using a colorimetric
butyrylthiocholine-based assay described below to confirm protein content and accurate dosing.
The particle composition was determined via HPLC , based on previously published protocols.*
Briefly, a known concentration of particles was dispersed in water, then, BuChE was filtered out
(Amicon Ultra, 0.5 ml , MWCO 30k). The filtrate (containing glycerol and lactose) was analyzed

using HPLC and the concentrate was measured to confirm BuChE concentration. A Hi-plex Ca
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column (Agilent, 300 x 7.7 mm, 8 um) was used with a mobile phase of pure water over 35
minutes with a flow rate of 0.6 mL/min with an evaporative light scattering detector at 30C. Area
under the curve was measured for a Lactose peak at 9.3 minutes and a glycerol peak at 16.3

minutes to determine particle composition using a lactose and glycerol standard curve.

2.2.6 Enzyme Activity Assay for PRINT BuChE Particles

Total cholinesterase levels were measured, with an increase in levels attributed to dosed
BuChE, therefore, BuChE activity was considered anything above the established baseline.
VITROS CHE DT Slides for cholinesterase detection were used for all sample analysis with the
VITROS Chemistry Products DT Specialty Calibrator kit per the standard operating protocol.
The assay involves cholinesterase hydrolyzing butyrylthiocholine to thiocholine, which reduces
the potassium ferricyanide to potassium ferrocyanide. Reference spectrophotometry was then
used to monitor the rate of color loss. The UNC-Chapel Hill Animal Clinical Chemistry Core

performed the assay.

2.3 Results

2.3.1 Particle Fabrication.

PLGA particles of [d] = 80 nm; [h] = 320 nm were fabricated and imaged via SEM
(Figure 2.1A). Hydrogel particles of [d] = 80 nm; [h] = 320 nm were fabricated and imaged via
SEM (Figure 2.1B). Hydrogel ({+) NP characterization showed a Z-Average diameter = 273 +
10 nm and polydispersity index of 0.06 + 0.02, with a charge of 45 + 3 mV. Particles made of
our model biologic, BuChE, were fabricated using [d] = 1 pm; [h] = 1 pm mold and imaged via

SEM in Figure 2.1C.
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80x320nm PLGA Cylinders 80x320nm Hydrogel Cylinders 1pm eqBuChE Cylinders

Figure 2.1 Varied compositions of PRINT particles of uniform size and shape.
Representative Scanning Electron Microscopy Images of (A) PLGA Cylinders (d=80 nm ; h=320
nm) (Scale bar: 2 um) (B) Hydrogel Cylinders (d=80 nm ; h=320 nm) (Scale bar: 2 pm) (C)
eqBuChE Cylinders (d=1 pm; h=1 pum) (Scale bar: 1 pm)

2.3.2 PLGA Particle Stability.

Understanding particle stability prior to loading therapeutics is important for accurate
drug delivery. NP characterization showed a Z-Average diameter = 235.9 + 3.20 nm and
polydispersity index of 0.061 + 0.002 in plasma at day O for the 80x320 nm PLGA particles.
Figure 2.2 shows SEM and TEM images initially at day 0. PLGA NPs can be seen to maintain
size and shape over three days (Figure 2.2A). However, by the end of the week, the particles

swell in size, suggesting uptake of water and ultimately degradation (Figure 2.2B).
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Figure 2.2. Stability of PLGA-PRINT Particles. (A) SEM images of particles over time in
plasma (Scale Bars: Day 0 and 1=2.00 um, Day 3 and 7= 1.00 um) (B) TEM images of particles
over time in plasma (Scale Bars: Day 0 = 0.2 um, Day 7 Top = 0.2 pm, Day 7 Bottom =100nm).

2.3.3 Particle Release Kinetics.

For release kinetics, particles characterization resulted in a Z-Average diameter of 115 +
0.6 nm and polydispersity index of 0.128 + 0.02 as imaged in Figure 2.3A. HPLC analysis
confirmed particles were loaded with our model therapeutic, docetaxel, at 56%, with 38% release

of docetaxel by 24 hours (Figure 2.3B).
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Figure 2.3 . PLGA:Docetaxel Nanoparticle Fabrication and Release Kinetics. (A) SEM
image of [d] = 55 nm; [h] = 70 nm PLGA:Docetaxel particles(scale bar 2.0 um) (B) Docetaxel
Release from PLGA:Docetaxel nanoparticles over 24 hours (n=3/timepoint).

2.3.4 BuChE Particle Characterization.

We fabricated cylindrical PRINT particles with a diameter of 1 pm and a height 1 pm
(Figure 2.1C). It was important to confirm protein activity of the particles throughout
processing. Therefore, we evaluated two assays, the VITROS assay discussed in the methods,
and a BuChE specific assay, DetectX (Arbor Assays, K1016-F1) to identify the most robust
method to quantify BuChE activity. We found comparable findings to our VITROS assay; yet,
the VITROS system provided results in a more accurate, consistent and time/cost effective
manner. Assay consistency and BuChE stability was confirmed as shown in Figure 2.4.
Importantly, protein activity, crucial for therapeutic use, was maintained throughout processing
(Figure 2.5A). Following fabrication, the particle composition was determined via HPLC,
establishing the majority of the particles were composed of BuChE, with lactose and glycerol
removed during the post-fabrication processing (Figure 2.5B). Particles made of higher activity

BuChE exhibited similar compositions shown in Figure 2.5C.
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Figure 2.4. BuChE Activity Detection. Known BuChE concentrations were tested in each assay
and BuChE detection ability of two assays with a representative sample of n=5, DetectX, a
BuChE specific assay versus Vitros ChE , a total cholinesterase detection assay was plotted (A).
Validation of BuChE activity with repeated freeze-thaw cycles utilizing VITROS ChE assay was
also graphed (B). BuChE used in all studies had a maximum of 7 freeze thaw cycles. Vitros ChE
assay was used in this paper after thorough assessment of both assay options.
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Figure 2.5. Characterization of PRINT BuChE Particles. (A) Representative BuChE activity
maintained throughout fabrication process (n.s., not significant; two-way ANOVA with Tukey’s
multiple comparisons test). Composition of particles as determined by high performance liquid
chromatography for (B) eqBuChE (50 U/mg) (6 independent batches) and (C) eqBuChE (331
U/mg) with lactose and glycerol plasticizers.
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2.4 Discussion

Employing PRINT particle technology, we investigated the use of three particle
compositions with potential clinical application for particle-based therapeutic delivery. In this
work, we used and characterized a biocompatible polymer (PLGA), a modifiable monomer
composition (hydrogel), and a model biologic (BuChE) for particle fabrication. Current particle
production platforms lack the ability to have precise control over particle shape, size, surface
chemistry, and drug release rates.”3! We utilized PRINT technology to address concerns of
translating therapeutics to multiple parenteral and non-parenteral routes of administration. We
demonstrated the ability to improve drug-loading efficiency, provide targeted delivery, reduce
systemic toxicity, and use different compositions in mono-disperse particles with promising
aerosol characteristics for direct pulmonary delivery.

PLGA is a common biodegradable and FDA approved polymer used in particle
fabrication.!” PRINT PLGA particles have been used for parenteral treatments and we predict
they would be idea for non-parenteral routes as well. Key considerations for effective treatments
are NP stability, therapeutic loading, and release kinetics. Determining the long-term fate of the
carrier is important to toxicity because most therapy, like chemotherapy, requires repeat dosing.
Additionally, this is important because many drug delivery systems use high molecular weight
polymers to provide sustained drug release. We sought to determine the ex vivo degradation time
and stability of PRINT PLGA particles by assessing change in cylindrical NPs of [d] = 80 nm;
[h] = 320 nm in a blood plasma environment, over the time span of one week. Results
demonstrated that our PRINT PLGA particles are stable for 3 days and begin to swell at one
week, indicating potential for controlled release therapy, therefore supporting rationale to

continue advancing these particles.>
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Drug loading has been a challenge in many nanotechnology platforms. We utilized a
common chemotherapeutic, docetaxel, for incorporation into our particles. Docetxael has toxic
systemic side effects due to the high dosing and limited reach to the target site.” We used
PLGA:Docetaxel particles for investigating effects on ovarian cancer showing an approximate
80% reduction in tumor weight after three intraperitoneal injections a week.*? Furthermore, our
lab has shown intravenous administration of these particles had higher plasma exposure and
tumor accumulation, as well as reduced clearance as compared to only Taxotere, a soluble
docetaxel, treatment.”® Our PRINT particle loading is higher than typical docetaxel loaded
particles, which average at 10%.2%%*735 Previous work in our lab established that the 80x320 nm
particles, loaded with 33.5% docetaxel, release nearly 100% by 24 hours, while 200x200 nm
particles, loaded with 45.2% docetaxel, release 70% by 24 hours. In comparison, the 55x70 nm
particles presented here were loaded with 56% docetaxel and had 38% release by 24 hours. This
shows promising ability for controlled drug release and enhanced residence times. Investigating
this ability for high therapeutic loading and differentiated efficacy based on particle size provides
promising groundwork for pulmonary delivery of our NPs.

Hydrogel particles are routinely used as parenteral oral therapeutics for pulmonary
diseases due to the lack of controlling particle parameters that dictate targeting ability.'
Common inhaled hydrogel formulations are rapidly cleared by alveolar macrophages, lack
specific targeting, and have limited aerosolization.*! Current work with swellable hydrogels for
pulmonary delivery has become popular to evade macrophage uptake and maintain good aerosol
characteristics. These particles vary in size from 1-5 um prior to administration and then swell
once in the airways.!>!?213637 However, swellable hydrogel particles face the same challenges

of limited drug loading and non-uniform shape and size, all of which are important for optimal
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pulmonary delivery.?®*! Using hydrogels with the PRINT platform can revolutionize pulmonary
administration because these factors are easily controlled allowing hydrogel particles to be
further customized with an array of surface chemistry modifications and drug loading potential
for pulmonary delivery. '>?”3 We are able to load therapeutics, add targeting ligands, and
surface coatings, as well as fabricate various shapes.?”?>33% We have confirmed (unpublished)
that PRINT particle shape can impact alveolar macrophage affinity for uptake. Being able to
modify our hydrogel particles is promising for vaccine development, which relies on cellular
initiation of immune responses. This can be triggered or avoided with varying surface
chemistries ranging from particle charge to surface coatings, as will be discussed in Chapter 3.
Currently, administration of biologics faces many challenges including maintaining
activity of the proteins so that they can be therapeutic upon delivery, having a high loading in the
particles to be effective, and demonstrating good aerosol characteristics for targeted
deposition.***! Employing PRINT, we were able to fabricate protein particles using BuChE, a
nonspecific cholinesterase enzyme that has demonstrated to function as a prophylactic

countermeasure against organophosphate nerve agents *>*

, while maintaining activity in these
uniform size and shape particles. BuChE particles would be ideal for protection of the lungs
against organophosphate poisoning since inhalation is the primary route of exposure, as well as
for patients with pseudocholinesterase deficiency.** We demonstrated that PRINT BuChE
particles have maintained activity, as well as the ability to have uniform size that is crucial for
targeted deposition into the lungs, which will be further discussed in Chapter 4. PRINT particles

can also be lyophilized to form dry powder particles for use in a convenient dry powder inhaler

(DPI). DPI provides the advantages of particle and protein stability that is lacking in nebulizer
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treatments.*’ Demonstrating our ability to work with biologics for effective pulmonary delivery
opens doors for numerous clinical applications with other biologics.

Therapeutically loaded NPs of different compositions are needed for treatment of lung
cancer, COPD, CF and many more pulmonary diseases.'*!” However, pulmonary delivery faces
many challenges including the need for controlled release therapeutic formulations to address for
diseases like COPD and asthma that require multiple doses per day and would benefit from a
single convenient dose allowing for extended drug release.?” If pulmonary treatment options can
be developed to include particles with high drug loading, higher drug delivery efficiency, and
extended drug release patients could potentially experience less severe side effects and improved
therapy compliance. We have demonstrated that PRINT can be used for fabrication of multiple
compositions with ideal particle features (size, shape, loading, stability etc.). Our PLGA
formulation has shown good stability, drug loading and release kinetics, while the hydrogel
particles can be effectively customized depending on the desired therapeutic need.?” And lastly
our biologic-based NPs allow for an array of clinical use. Overall, our work shows the feasibility

of loading different therapeutics to target the various pulmonary diseases.
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CHAPTER 3. Nanoparticle Surface Chemistry Impacts Distribution and Uptake by
Pulmonary Antigen-Presenting Cells?

3.1 Introduction

Respiratory drug delivery can target local lung diseases such as asthma, COPD, or lung
cancer and can also deliver therapeutics systemically, including delivery of insulin for diabetes
management, or antigens for vaccination.'™ Controlling particle parameters would be
advantageous for achieving optimal aerosol characteristics and targeted deposition. *3
Engineered particles can be designed such that aerosol properties, lung deposition, and cellular
interactions are independently taken into consideration.*~!! While there is extensive literature
describing how physical particle properties can influence aerodynamic diameter and thus
pulmonary deposition, there is minimal understanding of how these same particle properties
influence interactions with lung cells and their subsequent immune responses.*!! This chapter
will discuss the effect of PRINT particle parameters on residence time, cellular interactions, and

immune responses in the lungs.

2 This work was previously published in :

Fromen CA, Rahhal TB, Shen TW, Robbins GR, Kai MP, Luft JC, Ting JP, DeSimone JM. Nanoparticle Surface
Charge Impacts Distribution, Uptake and Lymph Node Trafficking by Pulmonary Antigen-Presenting Cells.
Nanomedicine: Nanotechnology,Biology, and Medicine. Dec. 2015. Cover Feature.
http://dx.doi.org/10.1016/j.nan0.2015.11.002

Shen TW, Fromen CA, Kai MP, Luft JC, Rahhal TB, Robbins GR, DeSimone JM. Distribution and Cellular Uptake

of PEGylated Polymeric Particles in the Lung Towards Cell-Specific Targeted Delivery. Pharmacetucial Research.
April 2015. doi: 10.1007/s11095-015-1701-7
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We hypothesize that modifying particle surface chemistry will impact pulmonary cell
uptake and can be useful for optimizing inhaled therapeutics (particulate vaccines, cell-specific
targeted delivery and extended release of therapeutics). Nanoparticles (NPs) have been explored
as pulmonary vaccine carriers, due to their ability to diffuse through mucosa, target or de-target
alveolar macrophages (AM), and co-deliver both adjuvants and antigens.*'>"'7 Amongst the
numerous cell types present in the lung, of particular interest are antigen presenting cells (APCs),
which comprise B cells, dendritic cells (DC) and macrophages.!'>!>182l AMs, the main
phagocytic cell in the lung, roam the airway epithelium, where they are responsible for
internalizing, sequestering, and digesting any foreign material.'®!**>23 While they are generally
considered APCs, their main function in the lung is more maintenance and clearance, rather than
initiating adaptive responses.!*?*** Due to the nature of AMs they end up harboring disease
targets, such as infectious bacteria like tuberculosis.?* Targeting AMs with therapeutic NPs
would be beneficial for various disease treatments.

In contrast, lung DCs are considered “professional” APCs and act as a sentinel in the
lung; monitoring and sampling foreign material to elicit adaptive immune responses.'>?*?! Lung
DCs are responsible for internalizing foreign particulates, digesting and presenting antigen by
major histocompatibility complex (MHC) II, migrating to lymph nodes (LNs), and educating T
cells. 19212528 I the lung, there are two conventional myeloid-derived DC subsets, CD11b and
CD103 DCs, which have distinct functions.!”*** CD103 DCs protrude through the lung
epithelium, are considered the main migratory population, and have been implicated in skewing
the lung towards Th1, Th2 and Th17 responses given different stimuli.!®!%2%27-3! While CD11b
DCs can also migrate to the LNs, they have been shown to prime IgA production in the lung and

are the major producers of soluble protein mediators, chemokines, and cytokines.!6-18-20:26.30.31
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These cells are found predominately under the basement membrane in the conducting airways. '’
Understanding which particle parameters DC prefer to take up may be advantageous for vaccine

applications or immunomodulation therapies. !>!319-27:3233 NP

strategies capable of preferentially
targeting either AMs or these DCs subtype are expected to result in superior responses for
disease treatments or vaccination, respectively.

To date, the role of NP charge on lung APC association remains poorly understood, as
the majority of vaccination studies have focused on anionic NP carriers.!>* These formulations
follow design principles of pathogen mimicry, as the majority of both bacteria and viruses have
surfaces with acidic isoelectric points.>>*® However, recent work from our group has
demonstrated that pulmonary vaccination with cationic NPs can enhance local and systemic
antibody production to a model antigen, as compared to otherwise equivalent anionic NPs.!”
While these results indicate that NP charge is a key variable to immune responses in the lung, the
underlying cellular mechanisms responsible for this deviation in immune response remain
unclear. Understanding these lung processes is critical in the ultimate identification of NP design
features capable of producing an optimized, controlled immune response.

Furthermore, there is a growing interest in studying precisely engineered drug carriers for

local and systemic delivery to the lung.'%7-3

Drug carriers can take advantage of the ease of
access, large absorptive surface area, and reduced enzymatic activity, but must circumvent the
lung’s highly efficient particle clearance mechanisms in order to successfully deliver their
payload.***! Surface coating NPs with poly(ethylene glycol) [PEG] has been studied extensively
for intravenous administration of drug carriers. This surface modification increases the particle’s

surface hydrophillicity and subsequently minimizes protein opsonization thereby limiting

cellular uptake and extending circulation times.”®3! Given the overwhelming evidence that
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PEGylation inhibits macrophage uptake in IV applications, PEGylation has also been
investigated in the context of pulmonary drug delivery.!” PEGylation has been successfully used
to extend the half-life of antibodies, small molecule drugs, and other proteins in the lung 4>
Various particles (liposomes, polymeric micelles, and dendrimers) containing PEG in their
formulation have been evaluated for pulmonary delivery.!%!74246-4% Finally, PEG coatings have
also been studied in the lung in the context of mucocilliary transport, as a high density PEG
coating can promote mucus penetration of nano- and micro- particles in the lung>*>! Despite this
extensive history of utilizing PEG to enhance pulmonary drug/particle delivery, there has been
surprisingly limited work done to explore the in vivo cellular fate and inflammatory response to
PEG-modified micro- and nano-particles.

As such, the goal of this work is to understand the cellular lung mechanisms involved in
the processing of cationic and anionic NPs, as well as PEGylated NPs. As seen in previous work,
we hypothesize that increased antibody production is the result of increased association of
cationic NPs with lung DC subtypes, as well as a slight adjuvant effect of the charge associated
with the NP itself.!® We also hypothesize that an additional PEG surface coating with anionic
NPs could extend residence time. To further elucidate the role of NP surface parameters on
cellular activity in the lung, we utilized the Particle Replication In Non-wetting Templates
(PRINT) technique to fabricate hydrogel-based NPs of identical size and shape that varied only
in surface charge or in surface chemistry. We investigated the role of NP charge and PEGylation,
respectively, on uptake by APCs, cytokine and chemokine recruitment, and subsequent residence

times in order to identify key cellular mechanisms involved in lung NP immune responses for

pulmonary delivery of therapeutics.
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3.2 Methods

3.2.1 Animals

All studies were conducted in accordance with National Institutes of Health guidelines
for the care and use of laboratory animals and approved by the Institutional Animal Care and Use
Committee (IACUC) at UNC. C57BL/6 (Jackson Laboratories) were maintained in pathogen-

free facilities at UNC and used between 8-15 wks.

3.2.2 Particle Fabrication, Functionalization and Characterization

Hydrogel particles were fabricated as described in Chapter 2. Briefly, amine-containing
80 nm x 320 nm hydrogel rod-shaped ({+)NP were fabricated with a continuous roll-to-roll
PRINT method. Pre-particle solutions contained 1% TPO (photoinitiator), 20% AEM (functional
groups), 10% PEG700DA (crosslinker), 0-2% functional fluorescent dye (maleimide-Dylight 650,
Fisher), 68-9% HP4A (monomer) by weight. For ({-)NPs , ((+)NPs in DMF were incubated with
100 M excess succinic anhydride for 30 minutes, washed first with borate buffer pH 9.5 and then

three additional washes in water.
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Figure 3.1. Particle Functionalization. Fabrication of (A) Cationic particles via PRINT®
followed by incubation with succinic anhydride for (B) Anionic particles. Cationic particles were
reacted with PEGsk-succinimidyl carboxymethyl ester for (C)mPEGsk functionalization followed
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by quenching of the amines with succinic anhydride resulting in (D) anionic PEGylated particles.
Representative particle characterization for all three particle types (E).

For PEGylated NPs, the amine functional handles on ({+) NPs were reacted with PEG5k-
succinimidyl carboxymethyl ester (PEG5k-SCM, Creative PEGworks) for a PEG layer on the
particle surface, as has been established in previous lab protocols.’? PEG ({+) NPs were then
succinylated to quench remaining free amine groups and to form PEG ({-)NPs. UnPEGylated
particles are the ({-)NPs. The functionalization of the particles is illustrated in Figure 3.1.

Samples were sputter-coated with 1-5 nm of Au/Pd (Cressington Scientific Instruments)
and imaged with Scanning Electron Microscopy (Hitachi model S-4700. NP size and zeta
potential were measured by dynamic light scattering (Zetasizer Nano ZS, Malvern Instruments,
Ltd.) and thermogravimetric analysis (TGA) (Q5000, TA Instruments) was used to determine NP

concentrations.

3.2.3 Pulmonary Administration

Orotracheal administrations followed established protocols.!®> Mice were anesthetized
with isofluorane, followed by orotracheal instillation of 50 ul of particles. For PEGylation
studies, 50 pg of particles was administered. Mice were suspended via the incisors vertically, and
the tongue was shifted to allow for direct administration into the trachea via a pipette. The
mouse was kept in the vertical position for several breaths to insure instillation, while the nose
was gently occluded. In studies with a positive control of lipopolysaccharide (LPS) a dose of 20
ug/50 ul was used. In studies with CpG as a positive control, 2.5 png/50 pl was used. And lastly,
50 ul of PBS was used as the negative control. CpG-B 1826 oligonucleotide (5'-

TCCATGACGTTCCTGACGTT-3") and LPS were obtained from Sigma Aldrich.
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3.2.4 Biodistribution Study of Cationic and Anionic Nanoparticles

Female, C57BL/6 mice (n=4) were dosed 88 ng of the respective NP (positive or
negative 80 nm x 320 nm Dylight 650 hydrogels) in 50 pl PBS orotracheally. Blood and
broncheoalveolar lavage fluid (BALF) were collected at 24 and 72 hours with a single 1 mL PBS
flush. Organs were then harvested for IVIS® Lumina optical imaging (Caliper Life Sciences,
emission filter Cy5.5 and excitation filter 640 nm) and radiant efficiency per gram was
determined. Following harvest, lungs were dissociated into a single cell suspension, placed in

TRIzol® (Invitrogen) and stored before extracting RNA for RT-qPCR.

3.2.5 Tissue and Cell Preparation

Whole blood was obtained through cardiac puncture and collected in heparin-coated
eppendorfs; from these, serum was obtained by centrifugation. Following perfusion of 10 mL
PBS, broncheoalveolar lavage (BAL) was performed. BAL was performed by inserting a cannula
in an incision in the trachea and flushing the lungs with 1 mL Hank’s buffered saline solution
(HBSS) (three sequential washes for BALF cell collection). BALF was obtained by
centrifugation, separating BALF cells from supernatant. For single cell lung suspensions, lungs
were resected, physically agitated and digested in 5 mg/mL Collagenase D, 20 units/mL DNase
in HBSS with 2% FBS for 1 hour at 37 °C. These cells were then passed through a 70 um sieve
and overlaid on a Lymphoprep gradient to isolate lung lymphocytes. For histology sectioning,
lungs were inflated through the cannula with a mixture of 1:1 PBS:OCT using gravity inflation;
inflated lungs were embedded in OCT (Fisher) and flash frozen using an isopentane, dry ice
slurry. For cationic and anionic particle studies, mice were harvested at 24 and 72 hours. For

PEGylation studies, mice were harvested at 1,7, and 28 days.

43



3.2.6 Histopathology

Lung histology was performed by K. McNaughton in the UNC Histology Facility of the
Department of Cell and Molecular Physiology. Frozen serial sections (thickness 7 um) were
obtained using a Leica 1950 cryostat, mounted to a glass slide and underwent staining.
Hematoxylin and eosin (H&E) staining was performed by the core facility. Additional staining of
CDl11c¢" sections was performed by fixing the slides in chilled acetone for 2 minutes, then
blocking and staining with Alexa Fluor 555 Phalloidin, anti-CD11c (Invitrogen), Alexa Fluor

488 Rabbit Anti-Rat IgG (H+L) (Invitrogen), and 14 mM DAPI (Invitrogen).

3.2.7 Flow Cytometry and ELISAs

Single cell suspensions from tissues were kept on ice and blocked with anti-CD16/32 (Fc
block, eBioscience) and stained with the following antibodies to mouse cell surface molecules; I-
A/I-E-PE-Cy7, CD11b-APC-Cy7, CD11c¢c-PB, F4/80-PE-Cy5, CD45-BV510, CD103-PE, CD3-
BV510, CD19-PE-Cy7, were from BioLegend. For PEGylation studies, the antibodies used were
CD45-PacBlue, CD11c-PE, MHCII-PE-Cy7, and Ly6-G-AF700. Cells were fixed using 2-4%
PFA in PBS. All data were collected using LSRII (BD Biosciences) flow cytometer and analyzed
using FlowJo software (Tree Star).

Briefly, in the lung, macrophages and DCs were identified as CD45"CD11¢" populations
and were separated by MHC II expression. Macrophages were defined as

CD45"CD11¢"MHC11%, and DCs were identified as CD45"CD11¢"MHC11" (Figure 3.2).
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Figure 3.2. Representative gating for whole lung identification of APC populations and NP
positive cells.

For further characterization, the MHC II'° macrophages were confirmed to be F4/80" and CD11b-
MHC II" DCs were further separated into a CD103*, CD11b" population, identifying the CD103
DCs, and a CD103°CD11b" population of CD11b DCs. Following population identification,
each cell population was analyzed for NP fluorescence, gated by the PBS-treated, NP
fluorescence-minus one (FMO) control. NP association was quantified as the percentage of each
cell type, which had a detectable signal in the NP channel. From the NP positive gate, the median

fluorescence intensity (MFI) per cell was also determined.

3.2.8 Cytokine Analysis

Enzyme-linked immunosorbent assay (ELISA) kits for IL-6, TNF-a, and IL-1p were
purchased from BD Biosciences and used following manufacturer’s suggestions on BALF and
Serum samples. MIP-2 ELISA was purchased from R&D Systems. For BALF and serum
obtained from mice treated with ((+)NPs and ({-)NPs, IL-6 levels were measured with CpG as a
positive control and PBS as a negative control as described above. For assessment of ({+)NPs

effect on the immune system, mice were treated with particles and then, 1 hour later, dosed with
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LPS via instillation; IL-6 levels were measured in BALF and Serum. For PEGylation studies,
PEGylated and unPEGylated particles were administered as described above, with LPS as a

positive control. IL-6 and MIP-2 levels were then measured.

3.2.9 Quantitative Real-Time PCR (qRT-PCR) for Cationic and Anionic Nanoparticle
Treated Mice

Mouse lungs from biodistribution study were used for qRT-PCR analysis. RNA isolation
was performed from single cell suspensions of whole lung cells using TRIzol® (Invitrogen)
followed by reverse transcription per standard protocol.>* Briefly, Fast Real Time 7500 (Applied
Biosystems) was used. Each primer was at a final concentration of 200 nM, Power Sybr Green
1X, 2 ul of template (cDNA dilution 1:10 for housekeeping genes, dilution of 1:4 for target
genes). All samples were run in triplicate. qRT-PCR was performed for murine //-6, 1I-4, Tnf-a,
Il-120, 11-12B, Cxcl10, Ifn-y, Tefp-1, Ccl2, and II-10, normalized to Gapdh using SYBR®-Green

(Applied Biosystems), with the primer sets in (Figure 3.3).

GAPDH
1500 -

<

=

o 1000

=]

£

£ T T -

S 5004

3

o

0- & T T By T
R R ST S O
3 60\ ‘;1' 9’\'1' g’}h AV
QY QY & =¥

Gene Forward Reverse
IL-6 5'-CAACCACGGCCTTCCCTACTT-3' 5-CACGATTTCCCAGAGAACATGTG-3'
IL-4 5'-GGCATTTTGAACGAGGTCACA-3' 5-GACGTTTGGCACATCCATCTC-3'
TNF-« 5'-CCCTCACACTCAGATCATCTTCT-3 5'-GCTACGACGTGGGCTACAG-3";
IL-12c GCTTCTCCCACAGGAGGTTT CTAGACAAGGGCATGCTGGT
IL-12B GGAGACACCAGCAAAACGAT GATTCAGACTCCAGGGGACA
CXCL10 | TGCTGGGTCTGAGTGGGACT rev: GGATAGGCTCGCAGGGATGA
INF-y 5'-TCAAGTGGCATAGATGTGGAAGAA-3' | 5-TGGCTCTGCAGGATTTTCATG-3'
GAPDH 5-CCTCGTCCCGTAGACAAAATG-3' 5-TCTCCACTTTGCCACTGCAA-3'
TGF-B1 sense- 5' -ACCATGCCAACTTCTGTCTG-3' | antisense=5'- CGGGTTGTGTTGGTTGT AGA -3'
CCL2 ATTGGGATCATCTTGCTGGT CCTGCTGTTCACAGTTGCC
IL10 sense: 5'- CCCTTTGCTATGGTGTCCTT-3' antisense- 5' -TGGTTTCTCTTCCCAAGACC- 3'
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Figure 3.3. Determining mRNA expression. (A) QRT-PCR for mRNA expression of GAPDH
by single cell suspensions of lung cells treated with either ((")NP or ({)NP and homogenized at
24 hours and 72 hours. Data are presented as quantity of amplified molecules in a 20ul. qRT-
PCR reaction per ng of RNA. UT and LPS treatments shown for 24 hours. n=4 with bar
representing SD. (B) Primer sets for gRT-PCR

3.2.10 Statistical Analysis

Statistical analyses were performed with GraphPad Prism version 6. Analysis of groups
was performed as indicated in figures, where asterisks (or hashtags) indicate p values of *<0.05,
*#<20.01, ***<0.001 and n.s indicating not significant. NP batches, cell assays, and immunization
studies were repeated in at least two independent experiments, with the number of replicates

(NPs, cells, mice) indicated in figures.
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Figure 3.4. Biodistribution of Instilled Particles. (A) Representative IVIS imaging. From top
to bottom: Saline, ((")NP, and ({)NP negative at 24 hours. Scale bar ranges from 3.14e-4 to
6.61e-4. (B) Organ distribution of instilled particles at 24 and 72 hours. n=4 with bar
representing SD. Statistics performed by 1-way ANOVA within groups with Tukey multiple
comparisons test, n.s.
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3.3 Results

3.3.1 Distribution of Cationic and Anionic Nanoparticles in the Lung Following Pulmonary
Instillation

In order to compare anionic and cationic NPs, we first quantified bulk organ distribution
following pulmonary instillation in mice. NPs of ((+)NP and ({-)NP were fabricated as described
previously'® with the addition of a fluorescent dye to enable visualization throughout the organ
tissue using an IVIS imaging system. Examples of lung fluorescence images are shown in Figure
3.4. Organs were resected at 24 and 72 hours to determine NP localization within this timeframe
(Figure 3.4B). At both time points, NP fluorescence was detected above baseline in the lung and
mediastinal lymph nodes, with no statistical difference between these groups. This indicated that
NPs were mainly retained in the lung, with a detectable amount trafficking to the draining lymph
node, even within 24 hours.

Lung pathology on mice receiving either ((+)NP or ({-)NP administration was performed
to observe the localization of fluorescent NPs in the airways at 72 hours (Figure 3.5). Both NP
types were observed throughout the entire lung and most often appear as punctate fluorescent
regions, presumably internalized into phagocytic cells. These sections were stained for CD11c",

finding that the majority of the punctate fluorescence corresponded with this surface marker.
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Figure 3.5. Representative immunohistochemistry of NP-treated lungs after 72 hours.
Sections stained for fluorescent NPs (red), phalloidin (gray), DAPI (blue), and CD11c¢c" (green).
(A-C) (") NPs. (D-F) ({) NPs.

3.3.2 Cationic and Anionic Nanoparticle Association in Lung Antigen Presenting Cells

To further differentiate the CD11c+ cells visually associated with NPs, we utilized flow
cytometry to quantify NP uptake in three critical APC lung populations: AM, CD11b DCs and
CD103 DCs. We sought to explore differences in cell associations with NPs of both charges in
isolated whole lung cells at 72 hours following instillation of fluorescently-labeled NPs. The
percentage of NP+ cells indicates how likely a given cell type is to associate with any amount of
NPs, while the MFI lends insight to how many NPs each individual cell internalizes. The total
fluorescence was calculated by multiplying the number of positive NP cells by the MFI in order
to give an overall view of the total volume (related to mass) of NPs internalized; the magnitude
of this value allows for comparison between NP doses and cell types to quantify cellular

distribution (Figure 3.6). Representative gating used to analyze these populations is shown in

Figure 3.2.
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Figure 3.6 NP association in Lung APCs at 72 hours. NPs association in AMs, CD103 DCs
and CD11b DCs from whole lungs of treated C57B/6 mice, n>4 with bar representing SD.
Within each population, (A) shows the percent NP positive cells and (B) shows the MFI of
positive cells and (C) total fluorescence for each cell type. Statistics performed by 1-way
ANOVA with Tukey multiple comparisons test with * p<0.05, ** p<0.01, *** p<0.001.
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Alveolar macrophages readily internalized both anionic and cationic NPs (Figure 3.6). At
the NP dose given, between 60-100% of AMs were NP, This corresponds well with the known
function of AM as the primary phagocytic cell in the lung. Interestingly, a greater percentage of
AM internalized ({-)NPs. This is further evident in the MFI and total fluorescence intensity (FI)
of these cells as ({-)NP were a factor of 10 higher than the corresponding ({+)NPs (Figure 3.6B
and C). This indicates that a single AM internalized a significantly greater number of anionic
NPs, suggesting that either AM have a preference towards internalization of anionic NPs, or the
total availability of dosed NPs was greater than ({+)NPs, presumably due to other clearance
methods or non-specific binding.

While the AMs showed preference to anionic NPs, both DC subtypes show increased
association with cationic NPs. Slight increases in NP" populations were observed following
(C+)NP administration for CD103 and CD11b DCs (Figure 3.6). A greater percentage of CD11b
DCs were found to associate with ({+)NPs. Overall, a greater percentage of CD11b DCs were
NP" as compared to CD103 DCs, indicating CD11b DCs found in the lung are more likely to
associate with NPs at this time point. Interestingly, greater association was observed in both
CD103 and CD11b DCs for cationic NPs as compared to the anionic formulation. Unlike the
AM, the MFI of both NP" CD103 and CD11b DCs were not statistically different across the
treatment groups, indicating an equivalent amount of NP internalization per cell (Figure 3.6B).
Compared to AM, the MFI intensity in both DC subtypes was considerably lower as well,
indicating that DCs in general associated with fewer numbers of NPs. Total fluorescence
intensity between DC subtypes collected in the lung (Figure 3.6C) indicates that CD11b DCs in
general associate with a greater amount of NPs than CD103 DCs, with ({+)NPs showing the

greatest association.
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3.3.3 Effect of Nanoparticle Treatment on Cellular Responses in the Lung

Differences between NP associations with different lung APCs were observed with flow
cytometry, which can, in part, explain differences previously observed following vaccination
with these two formulations.!® We further hypothesized that the ((+)NP may have an adjuvant-
like effect in the lung upon administration, which would contribute to production of local
antibody responses upon vaccination.

To test this, mouse lungs were treated with both NP types and tested for cytokine
production in the BALF, with PBS and CpG (a toll-like receptor, TLR, 9 agonist) as negative
and positive controls. The CpG dose delivered was equivalent to previous co-delivery NP-
adjuvant vaccination strategies and served as a qualitative control of known adjuvant activity.'%!?
No significant increase in IL-6 (Figure 3.7A), TNF-a, or IL-1B (not shown) levels in the BALF
over saline treatment were found at 24 and 72 hours. This was in stark contrast to the effect of
CpG administration to the lung, which resulted in ~1000 fold increase in inflammatory cytokine

production at both time points. Minimal increase, if any, in systemic production of these same

inflammatory markers was observed for all treatment types (Figure 3.7B).
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Figure 3.7. IL-6 cytokine analysis. (A) BALF and (B) serum following NP and CpG instillation
at 24 and 72 hours in C57BL/6 mice, n=3 with bar representing SD. Statistics performed by 2-
way ANOVA with Tukey multiple comparisons test with ** p<0.01, *** p<0.001. (C & D) H&E
stained whole lung sections of NP treated lungs at three magnifications: (C) shows ({")NP
treated and (D) shows ({)NP treated at 24 hours following NP instillation with (from top to
bottom) 500 um, 100 um, 50 um scale bars, respectively.

This indicates that both formulations of NPs have no increase in local or systemic inflammation
over three days, a time point anticipated to be sufficient in capturing the onset of acute
inflammation. The lack of acute inflammatory responses was corroborated by
immunohistochemistry staining of NP-treated lungs. H&E staining of representative lung
histology at 24 hours (shown in Figure 3.7C and D) and 72 hours (not shown), shows no
evidence of leukocyte recruitment to the lung vasculature. Finally, we tested if ({+)NP
administration would be detrimental to lung function, as previous studies have already shown
that ((-)NPs are well tolerated.”> As shown in Figure 3.8, lungs pretreated with ({+)NPs

maintained the ability to mount an appropriate inflammatory response upon LPS stimulation in

both the BALF and Serum.
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Figure 3.8 . IL-6 cytokine analysis. (A) BALF and (B) serum in C57B/6 mice which were
treated with ({")NP then challenged 1 hour later with LPS, both via instillation. BALF and serum
were collected 24 hours after LPS challenge, n=3. Statistics performed by 2-way ANOVA with
Tukey multiple comparisons test with no statistical significance observed.
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3.3.4 mRNA Expression in Lung Homogenate via Quantitative Real-Time PCR (qRT-PCR)
for Immune Response Assessment

While no significant differences in cytokine levels secreted in the BALF were detected,
we hypothesized that administration of either ({+)NP or ({-)NP may result in subtle changes in
cytokine and chemokine production within the lung. At 24 and 72 hours following instillation,
whole lungs were homogenized into a single cell suspension to perform qRT-PCR and to observe
relevant cytokines and chemokines at the mRNA level, normalized to Gapdh (Figure 3.3). Mice
treated with LPS at 24 hours were included as a reference of a known soluble mediator of
inflammation; this group was excluded from our statistical analysis as it is a qualitative, and not
quantitative control, and LPS inflammatory responses at the mRNA level are known to have
resolved in C57BL/6 mice within 24 hours.’® As shown in Figure 3.9, lungs treated with ({+)NPs
were found to result in significant increased expression over untreated (UT) controls for Cc/2
and Cxcl/10 at both 24 and 72 hours, as well as increased expression at 24 hours for //-10, Il-4, II-
6, Ifn-y, and II-12f. In these cytokines, mRNA expression had returned to basal expression by 72
hours, indicating an acute and not sustained response to ({+)NPs. In contrast, lungs treated with
(C-)NPs showed no increased expression of any of these markers when compared to UT controls.

No increase in expression was observed from either NP type for Tnf-a, Tgfp-1, or 1l-12a.
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Figure 3.9. mRNA expression in Lung homogenate. qRT-PCR of Cc/2,Cxcl10, 1I-10, 1I-4, 1I-
6, Ifn-y, 1l-12b, Tnf-a, Tgfp-1, and IL-12a by single cell suspensions of lung cells treated with
either ((")NP or ({)NP and homogenized at 24 hours and 72 hours. Data are normalized to
GADPH mRNA (quantity shown in Figure 3.3) and graphed as fold change over UT. UT and
LPS treatments shown for 24 hours. n=4 with bar representing SD. Statistics performed by 1-
way ANOVA with Dunnet’s multiple comparisons test to UT control. * indicate significance
including LPS in statistical analysis, # represent significance when LPS was excluded from
analysis.

Both Cc/2 and Cxcl10 are important chemo-attractants involved in DC recruitment to the

lungs. %157 As

these were upregulated in lungs treated with ({+)NPs at both 24 and 72 hours, we
sought to identify changes in lung populations following NP administration after 72 hours,
allowing for a maximal effect to be detected. Using flow cytometry to differentiate AM and DC
subtypes as before, we observed relative differences in the total percentage of CD45" leukocytes
(Figure 3.10A), as well as the proportion of DCs between CD11b and CD103 subtypes (Figure
3.10B). Interestingly, there are no statistical differences in the relative percentage of AM of total

CD45" cells, but the relative percentage of total DCs increases with NP treatment groups, with

the greatest increase in the ({+)NP-treated group. Differences between the composition of the
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DCs in the lung at this time point are more pronounced. Mice administered ({+)NP yielded an
increased percentage of CD11b DCs in the lung, with a corresponding decrease in CD103
percentage. Anionic treatment groups showed considerably less difference, retaining a greater

percentage of CD103 DCs than the cationic groups.
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Figure 3.10. APC populations in the lung following NP treatment. (A) APC population
breakdown of DCs and APCs in the whole lungs of treated C57B/6 mice after 72 hours, n>4 with
bar representing SD.  Statistics performed by 1-way ANOVA with Dunnet’s multiple
comparisons test to PBS treatment. * indicate significant difference within DCs with * p<0.05,
** p<0.01, *** p<0.001, AM n.s between groups. (B) Subtypes of CD11¢" DCs in the whole
lungs of treated C57B/6 mice after 72 hours, n>4 with bar representing SD. Statistics performed
by 1-way ANOVA with Dunnet’s multiple comparisons test to PBS treatment. * indicate
significant difference within CD11b DCs compared to PBS with * p<0.05, ** p<0.01, ***
p<0.001 and # indicate significant difference within CD103 DCs compared to PBS with #
p=<0.05, ## p=<0.01, ### p<0.001.

3.3.5 PEGylated and unPEGylated Nanoparticle Cellular Response and Association in the
Lung

We further hypothesized that the observed decrease in residence time of ({-)NPs could be
increased with further surface modification of a stealthing PEG layer. To test this, we first
administered 80x320 nm PEGylated and unPEGylated(or ((-)NPs) to mice and collected BALF,
serum, and lungs at 1, 7 and 28 days. LPS and PBS were used as positive and negative controls,

respectively. First, BALF and serum were tested for cytokine production to confirm that the NPs
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did not induce an immune response. IL-6 and MIP-2 levels were only detectable at day 1(Figure
3.11A and 3.11B). MIP-2 is a mouse macrophage inflammatory protein that plays a key role in
neutrophil recruitment. The minimal inflammatory response was confirmed by
immunohistochemistry staining of NP treated lungs. No change in lung architecture or

infiltration of granulocytes to the lung was detected at all three timepoints (Figure 3.11 C and
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Figure 3.11. Cytokine Response for PEG and UnPEGylated particles. (A) IL-6 and (B)
MIP-2 cytokine levels as determined by ELISA. Representative H&E stained lung tissue at 24
hours for (C) unPEGylated 80x320 nm particles and (D) PEGylated 80x320 nm particles with
scale bar 200 pm.

After establishing no significant immune responses in the BALF, we sought to determine
cellular uptake in the lung and particle retention time. Using flow cytometry and the gating
scheme described earlier, macrophage and DC populations were identified and evaluated for
particles containing Dylight 650 dye. The percentage of particle positive cells within a
population was determined for BALF macrophages, lung macrophages, and lung DCs (Figure
3.12). BALF macrophages showed no difference in particle uptake at day 1, but by day 28
PEGylated particles were found in 60% of the macrophages compared to unPEGylated particles

that were present in only 20%. Lung macrophages showed a similar trend in uptake at day 28,
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with a preference for PEGylated particles. This indicates that PEGylation of particles can
significantly reduce delay uptake by macrophages in the lung and extend residence time.
Between day | and day 7, the percentage of particle positive BALF macrophages increased,
suggesting that there may be free particles residing in the alveolar space which are not
immediately internalized by cells in the lung. On the contrary, DCs showed an increased
association with unPEGylated particles at day 1, and minimal association by day 28. These
results indicate that there are significant differences in particle uptake and clearance among

different resident lung cell populations.
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Figure 3.12. Flow cytometry analysis of PEGylated and unPEGylated particle uptake. Lung
APCs associated with 80x320 nm that are PEGylated(P) and unPEGylated (U). (A) Percentage
of AMs from BALF associated with particles (B)Percentage of Macrophages from lung
homogenate associated with particles (C) Percentage of DCs from lung homogenate associated
with particles.

3.4 Discussion

Utilization of the PRINT platform allows for investigations to independently address the
influence of particle parameters (composition, degree of polymerization, surface chemistry,
modulus, and geometry) on biological interactions. These studies varied a single parameter,

surface chemistry, to systemically investigate the influence of NP surface charge and PEGylation
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on NP cellular distribution, cytokine/chemokine production, changes in cell populations, and NP
residence times in lung APCs. Our results show that cationic NPs are preferentially associated
with two important lung DC populations and increase production of important lung chemo-
attractants. Also, PEGylated anionic NPs maintain extended residence time in the lung.

The effect of NP surface modification on cell recruitment to the lungs is beneficial for
potential pulmonary vaccine applications. Our observations of cationic NPs may account for
their increased efficacy as a pulmonary vaccine carrier. Cationic NPs preferentially associated
with lung DCs, while anionic NPs were more readily internalized by AMs. While AMs are
considered APCs, their main function in the lung is to clear and sequester foreign material and
maintain lung homeostasis'®!>?? As a result, AMs are not the primary target of NP vaccines and
it is more important to engineer particulate vaccine that target DCs, the “professional” APCs.
Importantly, anionic NPs sequestered in AMs would be less successful at eliciting an adaptive
immune response, as uptake in AMs represents an efficient lung clearance mechanism. The two
lung DC populations studied here have both been implicated in critical immune capabilities,
including stimulation of IgA production, CD4" and CD8" T cell priming, and migration to lymph
nodes.'¢!18:192731 A5 both CD103 and CD11b DCs showed a trend of increased association with
cationic NP, it is hypothesized that this increased DC association resulted in the previously
reported result from our group demonstrating improved immune response following vaccination
with cationic NPs.!® Furthermore, the increased association observed in CD11b DCs may imply
an opportunity to skew the overall lung immune status, as CD11b DCs have been implicated as a
main mediator of Th2 lung responses.’®®® These results demonstrate the importance of

engineering NP surface charge to enhance association with lung DCs.
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Both NP formulations, cationic and anionic, showed no acute inflammatory response
systemically or locally in the BALF. However, further characterization of the lungs for mRNA
expression of cytokine or chemokines showed cationic NP administration upregulated genes for
two chemokines, CCL2 and CXCL10, responsible for leukocyte recruitment.’’> We also
detected an increase in total CD11c¢" DCs in the lung following cationic NP administration,
likely corresponding to the upregulation of these chemokines. Furthermore, the percentage of
CD11b DCs from total CD11c" cells increased, likely due to recruitment of this cell type to the
lung, and these cells were most commonly associated to cationic NPs in the lung. Taken
together, these data suggest pulmonary administration of cationic NP administration to the lung
causes recruitment of CD11b DCs to the airways, which then preferentially internalize NPs. This
increased DC recruitment and NP association may account for increased antibody responses
previously observed in our group for cationic NPs following pulmonary vaccination, as CD11b
cells are the main driver of IgA production.?! Increased responses to cationic NPs may also have
been enhanced by upregulation of key Thl cytokines, such as IFN-y, 11-6, or II-12 that can
contribute to APC activation by 24 hours.”’ It is unclear at this time if this difference in
cytokine/chemokine production is a result of interactions with the cationic charge on the NP or
differences in the total NPs associated with DCs, as cationic NPs were more readily associated
with DCs than anionic NPs.

While cationic NPs may not be ideal for an intravenous route of administration, the
results generated via pulmonary delivery suggest promising opportunities for efficacious and
safe pulmonary vaccine strategies, and may have implications for other mucosal surfaces as well.
Pulmonary vaccination continues to gain attention as a viable approach to protect against wide

variety of diseases, especially with increasing developments in dry powder administrations. %!
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This route offers ease of administration and the elimination of issues associated with traditionally
administered vaccines such as elimination of cold chain storage and requirements for trained
personnel for injections. Additionally, vaccines administered via the respiratory tract have
demonstrated equivalent or increased local protection in the lung against various pathogens and
offer systemic and distal mucosal protection.®®> The NPs studied here represent a model particle
carrier, which can be optimized for a given antigen and route of administration. Our results
suggest cationic formulations offer superior responses specifically in the lung; these NPs can
promote antigen-specific responses suitable for vaccination, without overt safety concerns. Use
of engineered NPs created via the PRINT platform allows for the optimization of the particle
carrier for pulmonary delivery and, as suggested here, can be further adapted to carry a range of
antigens to further promote mimicry of the complex pathogen surface.*** This platform has the
potential to increase the application of engineered particulate vaccines to combat a range of
pathogens capable of being addressed by pulmonary vaccination.

The observed changes in lung populations, local changes in cytokines and chemokines,
and differences in APC-NP association due to surface charge, led us to investigate the effect of
altering surface chemistry (PEGylation) for targeted cell delivery. We have shown that the PEG
coating provides a delay in macrophage uptake without causing an inflammatory response. This
may indicate that macrophage clearance and/or turnover rates can be affected by NP surface
modification prolonging particle residence time therefore acting as drug depots in the lung.
Additionally, increased particle association with lung macrophages between day 1 and 7
indicates that particles may be continually taken up by the macrophages in the lung, retained
within the lung tissue, and provide for sustained drug release for diseases targeting macrophages

in the lung (tuberculosis). Also, PEGylated particles were not as prone to clearance, which may
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be due to their ability to better interact with the mucus and surfactants in the airway. This
parameter may make these particles ideal for gene delivery to treat cystic fibrosis (CF) and local
delivery of therapeutics to airway cells to treat chronic obstructive pulmonary disease (COPD).
Overall, our systematic analyses investigating the effect of NP surface modification
(cationic NP, anionic NP, and lastly PEGylated anionic NPs) are critical for establishing the role
of NP surface parameters on pulmonary immune cell function. Our findings suggest that cationic
NPs may offer increased preference towards lung DC subtypes. Specifically, cationic
formulations resulted in increased DC association and modulated the local lung environment to
promote recruitment and maturation of lung DCs, while avoiding extensive AM clearance. In
contrast, anionic formulations were found to be immunologically inert in the lung, which may
offer alternative therapeutic options towards promoting tolerance. Our findings demonstrate the
importance of particle surface charge in pulmonary NP therapeutic design and will hopefully
contribute to the design of novel vaccines towards a wide range of pulmonary pathogens.
Furthermore, we have shown that modifying these anionic NPs by PEGylation affected particle
uptake and extended retention in the lung suggesting opportunities for local lung delivery of and
extended release of therapeutics. Thus far we have demonstrated our ability to fabricate
monodisperse particles with varying surface modifications. Applying the knowledge from these
fundamental studies of particle interactions in the lung can lead to engineering more efficient

drug/biologic carriers for a variety of pulmonary delivery applications.
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CHAPTER 4. Pulmonary Delivery of Butyrylcholinesterase as a Model Biologic to the
Lung?

4.1 Introduction

Pulmonary delivery of biologics is an emerging alterative therapeutic approach to the
traditional parenteral route of administration. The lung enables local delivery with a large
surface area for absorption of proteins, as well as potential for a non-invasive systemic
delivery 121 Delivery of biologics, including active enzymes, to the lung is of particular
interest for multiple diseases. For example, cystic fibrosis patients are currently treated
with inhalation of recombinant human DNase, an enzyme that aids in breaking down the
sputum build up in the lungs.? Patients with pulmonary oxidative stress benefit from
antioxidant enzyme, such as superoxide dismutase and catalase, in order to prevent lung
injury.* Even systemic diseases have been shown to benefit from inhaled biologics; inhaled
insulin has demonstrated optimal bioavailability and safety via deep lung delivery with a
recent FDA approval of Afreeza®.>¢

Many challenges remain for successful enzyme delivery to the lungs, including
maintaining biological activity and providing efficient aerosol formation. Lacking these

properties, pulmonary delivery of enzymes becomes cost prohibitive and infeasible.178 To

3 This chapter has been previously published in the following:

Rahhal TB, Fromen CA, Wilson E, Kai MP, Shen TW, Luft JC, DeSimone JM. Pulmonary Delivery of
Butyrylcholinesterase as a Model Protein to the Lung. Molecular Pharmaceutics. March 2016.
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date, only a handful of successful inhalable proteins are on the market, with Pulmozyme®
(DNase based treatment for Cystic Fibrosis), being the main example.! Even though this
product is used in the clinic, numerous issues exist including administration via nebulizer
(which is not a convenient method due to the bulky nature of the device), the lack of
universal enzyme stability, and the susceptibility to protein degradation.! Recent progress
in dry powder inhaler (DPI) development provides new opportunities for formulations
with increased protein stability, overcoming many of the traditional challenges associated
with nebulizers. Utilizing particles from a DPI device that could deliver enzymes such as
DNase or antioxidant enzymes in a targeted method would advance current treatment
options. It has been widely shown that aerosol size and shape effect residence time, rate of
phagocytosis, and success of particulate treatments in the lung.8-12 However, the balance
between protein stability, particle formulation, and aerosol characteristics remains a
challenge in realizing the potential of DPI therapeutics, particularly for successful
administration of an active enzyme or biologic to the lung with high efficiency.13

To further explore the feasibility and properties of an enzyme delivered to the lung as a dry
powder, we investigated butyrylcholinesterase (BuChE) as a model enzyme. BuChE is an
endogenous enzyme synthesized by the liver, which serves as a catalyzer for the hydrolysis of
esters in choline. BuChE can be potentially used in a diverse array of applications, such as a
future prophylactic measure against organophosphate (OP) exposure or for treatment of patients
with pseudocholinesterase deficiency. OP poisoning remains a serious global health concern,
with both accidental and deliberate exposure leading to thousands of deaths annually.'* As a
prophylactic measure, BuChE scavenges OPs through a covalent bond at the active site, which

leads to the inactivation of itself and the OPs.!> Human BuChE has been delivered systemically
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by intravenous (i.v.), intraperitoneal (i.p.), or intramuscular (i.m.) routes, with the latter two
having a mean residence time of approximately 50 hours in mice; however this showed limited
neutralization of inhaled OPs in guinea pigs.!®!” Rosenberg et al. introduced a new approach to
address OP poisoning by creating a ‘pulmonary bioshield’ using pulmonary delivery of BuChE
to lungs with a polyethylene glycol (PEG)-modified recombinant macaque BuChE. Orotracheal
administration prior to nerve gas exposure in mice showed a dose-dependent protection against
toxicity, indicating the benefits of BuChE administration directly to the airways.'® In addition to
protection and scavenging for OP exposure, inhaled BuChE could be used as a supplement to
patients with pseudocholinesterase deficiency, an understudied condition where 1 in 3000
people have trouble breaking down certain anesthetics due to an abnormality in
endogenous BuChE.1920 These patients also suffer toxicity from common medicines, such as
lidocaine and prilocaine.?1.22

To achieve efficient lung deposition of BuChE, we employed Particle Replication in Non-
wetting Templates (PRINT®) technology to fabricate BuChE particles for pulmonary delivery as
a potential self-administered DPI. PRINT is a top-down particle fabrication technology that
allows the engineering of precisely defined particles by exquisitely and independently
controlling particle characteristics such as size, shape, chemical composition, and surface
chemistry. Previous work by the lab has shown controlled deposition in the lung as a function of
PRINT particle shape and size, as well as adaptability for use with several biologics.®?>%*
However, these biologics were not tested extensively in actual lung administration. The
flexibility of the PRINT platform lends itself to further optimization of BuChE protein
parameters to enhance particle deposition with accurate fabrication of uniform particles. We

sought to provide a better understanding of the lung environment, retention and activity of our
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model enzyme, BuChE. Furthermore, our studies investigated BuChE distribution in in vivo
models post-orotracheal administration, as well as the associated immune responses. Utilizing
PRINT to meet the formulation challenge in pulmonary delivery, we also developed a novel 1
um cylindrical BuChE particle to demonstrate a balanced formulation that maintains protein

activity and has ideal aerosol characteristics.
4.2 Methods

4.2.1 Animals

Male mice were housed in pathogen-free facilities at the University of North Carolina at
Chapel Hill and treated at 6 weeks of age. Standard guidelines for care and use of laboratory
animals as approved by the Institution of Animal Care and Use Committee at UNC were
followed. FoxnI™™ (Nude) mice were bred in-house; C57BL/6 and BALB/c mice were obtained

from Jackson Laboratories.

4.2.2 Protein Source

Tetrameric Equine Butyrylcholinesterase (referred to as BuChE in this paper)
(ID#C7512) at > 10 U/mg was purchased from Sigma Aldrich and used directly with no further
purification. Specifically, lot SLBB2114V (50 U/mg solid as reported by Sigma) was used for
instillation studies and lot SLB7404V (19.7 U/mg solid as reported by Sigma) was used in
particles for dry powder insufflation studies. Lastly, a high purity eqBuChE stock (ID#C4290),
lot SLB1774V (331 U/mg solid as reported by Sigma), was used to demonstrate transformability
of particle fabrication. Equine BuChE is 88% homologous with murine BuChE, 93%
homologous to human BuChE and is an accepted translational model for human BuChE.?

Furthermore, several researchers have shown that homologous systems do not result in anti-
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BuChE antibodies’®?’and have used non-homologous systems to establish proof of

COHCGpt. 17,26,28-30

4.2.3 Orotracheal Administration and Residence of BuChE

Mice were dosed with BuChE orotracheally at a maximum volume of 50 pl at 80 mg/kg
with n=3 per study. BuChE activity was confirmed prior to dosing. Mice were anesthetized using
isofluorane, placed on a 45 degree board by their upper incisors, the tongue was held away from
the trachea and the dose was administered to the back of the mouth using a pipette. The nose was
gently clamped so that the mouse could aspirate the liquid into the lung. At each time point, mice
were anesthetized with ketamine, then blood was collected and centrifuged for plasma analysis.
Broncheoalveolar lavage fluid (BALF) was collected from the lungs using 1x PBS (1 mL, Sigma
Aldrich) at 24, 48, 72, 96, 120, and 168 hours with a single flush for protein analysis and two
sequential flushes for cell collections. Cells were separated from BALF samples via
centrifugation. Protocols adapted from previous work. !+

For biodistribution analysis, a 3 wt% Dylight 680 tagged BuChE mixture (Fisher
Scientific, USA) was administered orotracheally. Manufacturer’s instructions were followed for
Dylight 680 tagging with an optimized 3-fold ratio of dye to protein (Figure 4.1) where a
minimal activity loss was detected in the tagged BuChE. BuChE activity of the 3 wt% mixture
was measured before administration to insure proper dosing based on activity. BALF and Plasma
were collected as stated above. Following a 10 ml PBS perfusion, organs were harvested,
followed by detection via in vivo imaging system (IVIS) Lumina optical imaging (emission filter
Cy5.5 and excitation filter 675 nm). Radiant efficiency per gram was measured for all organs,
plasma (100 ul), and BALF (100 pl). Saline treated mice were harvested at 0, 24, 96, and 168

hours. BuChE treated mice were harvested at 24, 48, 72, 96, and 168 hours.
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20 pg of lipopolysaccharide (LPS) was administered as a positive control for
inflammatory immune responses, 1x PBS was administered at 50 pl as a negative control and an

untreated group was also included in all studies.
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Figure 4.1 Activity of eqBuChE Tagged with Dylight680. eqBuChE was tagged at different
ratios to optimize activity and detection. A 3 fold ratio of dye: BuChE was found to have
minimal activity loss and adequate detection. (n.s., not significant; Two-way ANOVA with
Tukey’s multiple comparisons test)

4.2.4 Cytokine Measurements

The levels for IL-6, TNF-a, KC and MIP2 were measured in BALF and plasma samples
using xXMAP technology and Luminex Assays (RD Systems) with the assistance of the UNC
Cytokine & Biomarker Analysis Facility on BALF and Plasma samples. Select samples were
tested using BD OptEIA kits (following manufacturer’s instructions) to confirm Luminex Assay

results (data not shown).

4.2.5 Flow Cytometry
Cells from BALF samples were blocked with anti-CD16/32 (FC block, eBioScience) and

stained with CDI11c-PE (BioLegend), CD45-PacificBlue (BioLegend), Ly6G Alexa700
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(BioLegend), SiglecF-APC (BDPharmingen). The gating scheme (Figure 4.2), briefly, consists
of looking at CD45+ cells (leukocytes), then CD11c+ to differentiate alveolar macrophages,
followed by Ly6g+ indicating Neutrophils, or SiglecF- indicating dendritic cells. CDI11c-
SiglecF+ indicated alveolar macrophages. Gating scheme based on work by Guilliams et al.>
Cells were fixed using 2% PFA in PBS. All data were collected using the Beckman Coulter

CyAn ADP and analyzed using FlowJo Software (Tree Star).

4.2.6 Particle Fabrication

BuChE particles were fabricated as discussed in Chapter 2. For particle in vivo studies,

Dylight680-tagged BuChE at 10 wt% was used in the formulation (Figure 4.1).
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Figure 4.2. Representative Flow Cytometric Analysis of BALF Cells. (A) Gating scheme
used to define three major lung cell populations: Granulocytes CD45+CDI11c-Ly6G+,
Macrophages CD45°CD11c¢'SiglecF+, Dendritic cells (DCs) CD45°CD11c'SiglecF-. Blue
curves are fluorescence minus one (FMO) controls used to set gates. Red curves are untreated
(UT) samples. Orange curves represent LPS controls at 24 hours. (B) Representative flow
cytometry plots of BALF cells following BuChE instillation at 6, 24, and 48 hours.
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4.2.7 Enzyme Activity Measurements

Activity was determined as discussed in Chapter 2.

4.2.8 Cascade Impactor Lung Deposition

BuChE particles were lyophilized in tert-butanol, as previously described,® to obtain a
dry powder. The aerodynamic properties of the dry powder were characterized with an Andersen
Cascade Impactor (ACI, ThermoScientific) in triplicate. Powder aerosols were dispersed via an
insufflator device and a 3 ml syringe as the hand pump at 2 mg fill weights (Penn Century Inc.,
PA, USA). Standard ACI protocol was used as previously discussed.?* Briefly, collection plates
were coated with poly (ethylene glycol) MW 300. The flow rate was 28.3 L/min for 8 seconds.
Deposited particles were collected using 500 ul of water, followed by flash freezing and
lyophilization. Lyophilized samples were then resuspended in a concentrated volume of water
for quantification of deposition per stage based on BuChE activity. It was confirmed that this
corresponds directly to the relative mass theoretically deposited on each plate based on a

standard of BuChE activity as it correlates to mass of protein.

4.2.9 Dry Powder Insufflation

Mice were anesthetized using ketamine, placed on a 45-degree board by their upper
incisors, and a laryngoscope was used to facilitate insertion of the PennCentury insufflator
device. Male C57BL/6 mice (n=3) were dosed with 1 um cylindrical BuChE protein particles
(fabricated and lyophilized as described above) at 2 mg fill weights to demonstrate potential for
dry powder administration. The PennCentury was applied following standard manufacturer
procedures and previously published methods.**-** Briefly, the dose was administered at the tidal

volume of mice (200 pl) with five actuations of the air pump. The actual dose delivered was
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determined by weighing the device before and after dose actuations. Following administration,
the mice were placed on a heated blanket and given a reversal agent (Antisedane®) before being
placed for monitoring. At each timepoint, the mice were harvested as described above. Briefly,

BALF was collected with 1 mL of 1x PBS and lungs were imaged via IVIS.

4.2.10 Statistical Analysis

GraphPad Prism® v6.0 was used for statistical analyses as shown in figures and
described in figure legends. Biodistribution of BuChE data was analyzed using two-way
ANOVA with Tukey’s multiple comparison test compared to saline at 24 hours. Cytokine
response analysis and cell population distributions included two-way ANOVA with Tukey’s
multiple comparisons test compared to saline 24 hours with LPS excluded from analysis. BuChE
activity in particles was analyzed using two-way ANOVA with Tukey’s multiple comparisons
test. Biodistribution of 1 um dry powder particles was analyzed using two-way ANOVA with

Tukey’s multiple comparisons test compared to negative control.

4.3 Results

4.3.1 Biodistribution of Orotracheal Administrated BuChE in Nude Mouse Model
Dylight-680 tagged BuChE was utilized to monitor biodistribution of BuChE post-
orotracheal administration in male Nude mice, n= 3 at 80 mg/kg (Figure 4.3). Upon harvest,
lungs were lavaged and imaged via IVIS (Figure 4.3A), showing detection of BuChE up to 96
hours with significant difference over negative control up to 72 hours (Figure 4.3B). BuChE in
the BALF was detected via IVIS up to 48 hours post-instillation with a significant difference
over the negative control at 24 hours (Figure 4.3C) and correlated with BuChE activity that was

detected up to 48 hours (Figure 4.3D). BALF BuChE concentrations were measured from the
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fluid layer lining the airways of the lung. Lung concentrations were measured after
broncheoalveolar lavage was collected. Comparing detection of BuChE in the lungs versus
BALF at the same time point suggests uptake of BuChE by lung tissue the longer BuChE

remained in the lungs.
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Figure 4.3. Biodistribution of BuChE. Dylight680 tagged BuChE detected post-orotracheal
administration at 80 mg/kg (n=3) shown in (A) representative IVIS images of treated lungs over
time (Color Bar Scale: Min= 3.13e-4,Max=6.61e-4), (B) lung and (C) BALF compartments in
male Nude mice with (D) activity in the BALF measured. Results are representative of two
repeated studies, n=3 each. Saline mice were included as controls. * = p< 0.05,*** = p<
0.001,****= p< 0.0001 , n.s. = not significant; two-way ANOVA with Tukey’s multiple
comparisons test compared to saline.

Given the increased retention of BuChE in the lungs after pulmonary instillation, other
organs were analyzed for potential BuChE accumulation at each time point with no BuChE
detected in the spleen, kidney, liver, or plasma compartments at any time points (Figure 4.4). No

endogenous BuChE was detected in mice treated with saline orotracheally. Furthermore, no

additional BuChE was detected systemically over baseline.
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Figure 4.4. Organ Biodistribution of BuChE. Male Nude mice were orotracheally dosed at 80
mg/kg. Saline mice were included as controls. BuChE was tagged with Dylight680 for detection
via IVIS.

4.3.2 Immunological Assessment of Orotracheal Administration of BuChE in Different
Murine Models

Lung biology is a complex field that leaves many questions unanswered. To our
knowledge, information is lacking on the biological effects in the lungs after direct biologic
administration. We sought to understand the effect of BuChE administration on clearance times
and immunological response in order to ultimately utilize the lung as a therapeutic target.
Furthermore, previous studies have demonstrated that the particular mouse model used can affect
results due to genetic/immunological variation.*® For our initial studies, Nude mice were chosen
due to their naturally low endogenous plasma BuChE levels (Table S1), which would allow for
easier detection of our dosed BuChE due to higher signal to noise ratio. However, to better

understand the potential immunological response, examining additional mouse models was
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important to compare variance among different lung environments and better understand protein
clearance from the lungs. Martin and Frevert detail how diverse the immune response is in the
human lung population and the associated variances in cytokine concentrations.*® Therefore, we
used athymic Nude mice to represent a T-cell deficient lung, C57BL/6 to represent a normal

human lung, and BALB/c mice to represent a typical asthmatic lung model.?’
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Figure 4.5. BuChE Activity Confirmation. Male Nude mice, C57BL/6 mice, and BALB/c
mice were orotracheally administered 80 mg/kg BuChE (n=3). Activity as measured in BALF at
6, 24, and 48 hours to confirm presence of BuChE in the lung. Saline mice were served as
negative controls.

BuChE was orotracheally administered at 80 mg/kg with saline negative control and LPS
positive control treatments. BALF and plasma samples were collected at 6, 24, and 48 hours.
BuChE activity was confirmed throughout (Figure 4.5). We tested cytokine levels of TNF-a, IL-
6, KC, and MIP-2 in each mouse model in both the BALF (Figure 4.6) and plasma (Figure
4.7).333% Alveolar epithelium derived cytokines and macrophage-derived cytokines (TNF-a, IL-
6, and 1L-8) were tested.*® MIP-2 and KC are the murine homologues to human 1L-8.3° Overall,
the Nude mice exhibited a greater initial increase in all cytokine levels than the BALB/c or

C57BL/6 mice, respectively, however, the cytokine response subsided between 24 and 48 hours

in all three strains.
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Figure 4.6. Cytokine Responses following BuChE Administration to the Lung. Male Nude,
C57BL/6, and BALB/c were orotracheally administered 80 mg/kg BuChE (n=3). (A) TNF-a (B)
IL-6 (C) KC and (D) MIP2 Cytokine levels were measured in BALF at 6, 24, and 48 hours.
Negative control (saline) and positive control (LPS) were also included. * = p< 0.05, ** =p <
0.01, *** = p< 0.001,****= p< 0.0001 , n.s. = not significant; two-way ANOVA with Tukey’s

multiple comparisons test compared to saline 24 hours with LPS excluded from analysis.
Furthermore, to determine the effect of BuChE pulmonary administration on cell
recruitment in the lung, flow cytometry was used to examine the relative cell populations of
macrophages, granulocytes, and dendritic cells in the BALF (Figure 4.8). Representative flow
cytometric analysis of BALF cells is shown in Figure 4.2. A clear influx of granulocytes was
seen at 6 hours in all three strains, with the Nude mice having a greater influx than the BALB/c
or C57BL/6 mice. However, the granulocyte levels decreased to near saline levels by 48 hours in

all three-mouse strains. It is important to note that commercial source of administered BuChE

was found to contain endotoxins (data not shown).
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Figure 4.7. Systemic Cytokine Levels. Male Nude, C57BL/6, and BALB/c were orotracheally
administered 80 mg/kg BuChE (n=3) with (A) TNF-a (B) IL-6 (C) KC and (D) MIP2 Cytokine
levels measured in Blood at 6, 24, and 48 hours.* = p< 0.05 , n.s. = not significant; two-way
ANOVA with Tukey’s multiple comparisons test compared to saline 24 hours with LPS
excluded from analysis.
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Figure 4.8. Leukocyte Population in the BALF following BuChE Administration to the
Lung. Male Nude, C57BL/6, and BALB/c were orotracheally administered 80 mg/kg BuChE
(n=3). Flow cytometry analysis in each mouse strain shows macrophages, granulocytes, and
dendritic cell distribution. Negative controls (untreated and saline) and positive control (LPS)
were also included. * = p< 0.05, ** = p < 0.01, *** = p< 0.001,****= p< 0.0001 , n.s. = not
significant; two-way ANOVA with Tukey’s multiple comparisons test compared to saline 24
hours with LPS excluded from analysis.

4.3.3 Fabrication and Utilization of PRINT BuChE Protein Particles to Demonstrate
Pulmonary Cascade Impactor Deposition

1 um cylinder particles were fabricated as described in Chapter 2, with activity
maintained throughout. As shown in chapter 2, particle composition was 98% BuChE, 1.15%
lactose, and 0.51% glycerol for particles used in cascade impaction studies and in vivo (Figure
2.5B). BuChE particles were then lyophilized for dry powder deposition analysis. Aerosol sizing
was performed from a PennCentury insufflator device with an ACI, which is typically used to

).%% PennCentury is routinely used

correlate to human lung deposition for particles (Figure 4.9A
for precise dry powder delivery to mice; therefore utilizing the PennCentury device allows us to

compare in vitro data to in vivo studies.
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Figure 4.9. Andersen Cascade Impaction (ACI). Distributions plotted as (A) fraction of dose
deposited based on activity detected on each stage for particles aerosolized via PennCentury with
Mass median aerodynamic diameter (MMAD), geometric standard deviation (GSD), and fine
particle fraction (FPF) determined (B).

PRINT 1 pm cylindrical particles fell within the respirable range with aerodynamic
properties indicative of deposition in peripheral airways, as compared to larger particles.®*! The
average mass median aerodynamic diameter (MMAD) was determined to be 2.77 um with an
average geometric standard deviation (GSD) of 1.39 and a fine particle fraction (FPF) of 52.90%
based on percent-emitted dose that was less than 5 um (Figure 4.9B). Aerosols generated from

these particles show potential for ideal deposition in the human lung with implications beyond

the scope of current clinical standards.

4.3.4 Dry Powder Insufflation of PRINT BuChE Protein Particles in C57BL/6 Mouse
Model
After assessment of dispersion properties, 1 pm BuChE cylindrical dry powder particles

tagged with Dylight-680 were administered to C57BL/6 male mice to demonstrate DPI
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administration utilizing a PennCentury insufflator. BuChE particle distribution was determined
in the BALF and lungs with an average percent dose delivered reported in Figure 4.10A based on
the amount of dose that left the chamber. BuChE particles were detected in the lungs using IVIS
imaging with detection up to 72 hours and significant difference over the untreated baseline up to
48 hours (Figure 4.10B). BuChE in the BALF was detected up to 48 hours with significant
difference from untreated controls (Figure 4.10C) and a corresponding detection of activity for

48 hours (Figure 4.10D).

A
Timepoint | Negative | 24 hours 48 hours 72 hours 96 hours | 144 hours | 168 hours
Lung
imaged
via IVIS
Average
Percent 0.0% 57.68% 57.50% 39.94% 43.70% 40.96% 53.17%
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B C D
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Figure 4.10. Biodistribution of 1 pm BuChE Dry Powder Particles. Dylight680 tagged
BuChE detected post-insufflation administration at 2 mg/mouse (n=3) shown in (A)
representative IVIS images of treated lungs over time with average percent dose delivered (Color
Bar Scale: Min=6.67¢-5, Max=1.76e-4), (B) lung and (C) BALF compartments in male
C57BL/6 mice with (D) activity in the BALF measured. Untreated mice were included as
controls. ** = p < 0.01,****= p< (0.0001; two-way ANOVA with Tukey’s multiple comparisons

test compared to negative control.
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Figure 4.11. PRINT® BuChE in Aqueous Environment. 1 pm cylindrical BuChE particles in
(A) isopropanol and (B) following 1 second incubation in water. Scale bar: 10.0 um

4.4 Discussion

Utilizing biologics in pulmonary delivery that have both optimal aerosol characteristics
and biological stability is a critical goal for the field. Diseases ranging from cystic fibrosis,
pulmonary hypertension, asthma, and lung malignancies, not to mention patients with lung

transplants rejection'-”-!3

could benefit from direct local treatment using dry powder particles,
which can be easily administered in a targeted, non-invasive manner.*> Our studies utilize
BuChE for its potential use in treatment for organophosphate poisoning or pseudocholinesterase
deficiency. Furthermore, our work serves to provide foundational studies for biologic based
particles administered via dry powder inhalation. For example, adapting our methods to
manufacture particulate human growth factor (HGF) could provide the opportunity to maintain
HGF activity while providing good aerosol characteristics for treating growth deficiency via an

13

inhaled route of administration.!"!> The studies presented here examined pulmonary

administration of BuChE in vivo to better understand local lung profiles and any resulting
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immunological implications. Importantly, fabricated particulate BuChE maintained enzymatic
activity, optimal deposition characteristics and subsequently displayed ideal deposition profiles.

We first tested free BuChE via orotracheal instillations to create a baseline comparison
for our dry powder particle studies. Without further chemical modifications, the PRINT
formulation was instantly dissolvable upon instillation, allowing us to directly relate our particle
formulation to the free BuChE molecule studied in aqueous in vivo environments (Figure 4.11).
In our initial studies, orotracheally administered BuChE was readily detectable in the BALF and
lungs. BALF BuChE concentrations represented the amount of enzyme residing in the fluid layer
lining the airways of the lung. Lung concentrations represented BuChE amounts remaining in the
lung after broncheoalveolar lavage. To our knowledge, BuChE detection and retention in lungs
has not been previously addressed, but its presence could be indicative of why previous studies
have shown protection against OPs after pulmonary administration of BuChE.'"* It is
hypothesized that as BuChE deposits in lungs, it adheres to or is taken up by cells and tissue, as
seen in the 48-hour spike followed by a gradual clearance from tissue after 72 hours (Figure 4.3).
It is likely removed through multiple clearance mechanisms of the lung, including involvement
of peptidases and lung absorption.*! Additionally, the main alveolar epithelium barrier restricts
systemic exposure of larger proteins (>50 KDa) delivered to the lung, explaining the lack of
significant BuChE levels in the bloodstream after lung deposition.*'*> Current data show the
absence of BuChE in plasma, spleen, kidneys, or liver up to 168 hours, however, future
exploration of BuChE detection in blood after 168 hours with dosing of higher BuChE activity
may yet offer opportunities for systemic detection.

Cell distribution and cytokine levels in lungs are important to understanding

immunological response to direct BuChE treatment and future translation of enzyme delivery to
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the lung. There was no endogenous BuChE detected in the BALF; therefore we were interested if
administration of an enzyme non-native to the lung would have adverse responses. Another
essential component to assessing immune response is to mimic the diverse lung population of
human patients. We sought to do this by comparing three mouse models representing varied lung
immune responses: a T-cell deficient lung (athymic Nude mice), a normal human lung (C57BL/6
mice), and an asthmatic lung (BALB/c mice).?” Many therapeutics are not effective due to
unintentional stimulation of the host immune response affecting residence time and potentially
being harmful to the host, therefore it is important to assess the implications of BuChE
administration.***> Furthermore, the immunological consequence of delivering active particulate
enzyme to the lung is largely understudied. Previously published work demonstrated minimal
immune response with pulmonary delivery of non-biologically active PRINT formulations of
different shapes and sizes.!"'? Utilizing saline- and LPS-treated mice as our negative and
positive controls, respectively, we observed that BuChE-treated mice initially showed an influx
of granulocytes, followed by a restoration of baseline cell populations at 48 hours. This indicated
an acute response to the administered protein, which was alleviated 48 hours post-instillation. It
is important to note that active BuChE is still detectable in the BALF and lungs at 48 hours.
Furthermore, in all mouse models, there was an initial influx in cytokine levels post-
administration of BuChE in the lungs, which then decreased within 48 hours to normal levels.
All mouse models showed cell distribution and cytokine level recovery in this time period, with
Nude mice having a slightly more severe initial influx, BALB/c with an intermediate influx, and
C57BL/6 with the least influx. This suggests that the athymic Nude mice have a delay in immune
protection, while normal mice react rapidly to control the immune response. The initial influx in

cytokine levels in all strains within BALF can be attributed to the actual addition of protein to
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lungs, but was more likely due to endotoxin associated with the unformulated commercially

available protein. This protein is routinely used in research studies®®*’

and contains <l EU/ug of
protein, which is the typical endotoxin content of most commercially available proteins but
sufficient to potentially elicit an innate immune response.*® Further studies need to be conducted
with endotoxin-free BuChE to shed light on the source of inflammation. However, these
promising results show that current BuChE administered directly to the lungs will not cause a
severe, long-term immune response. Therefore, it can be predicted that protein particles will be a
safe treatment option despite the diverse human lung population.

After establishing how free BuChE acts in the lungs and investigating immune responses,
we used PRINT technology to develop a BuChE dry powder particle formulation to provide
efficient delivery of BuChE to the lung. With the amenability of PRINT, we were able to
formulate the particles with our choice of BuChE source, allowing us to vary particle dose based
on the activity concentration of the BuChE utilized in fabrication while maintaining composition
profiles of greater than 90% active BuChE content (Figure 2.5). The fabricated 1 pm BuChE
particle aerosol showed promise for deep lung delivery into the alveolar region due to a high
fraction being in the respirable range (less than 5 pm).3**47 Based on accepted translation of ACI
data to the respiratory tract, 2-3 um MMAD would have a theoretical deposition near the
secondary bronchi.*® However, several studies have shown that this can be altered due to
numerous variables, including flow rate and person to person variability, potentially resulting in
deeper deposition near the terminal bronchi.*'*® Furthermore, a low GSD of 1.39 was
determined, which indicated minimal aggregation and thorough dispersion of this formulation
(Figure 4.9).2* This supported the use of 1 pm BuChE cylinders for pulmonary delivery via DPI.

In comparison, our commercial source of BuChE does not have particle size properties amenable
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to dispersion in the insufflator, as it was too bulky for dispersion using this method. Thus, the
PRINT BuChE particle formulation is an ideal candidate for controlled and efficient BuChE
airway deposition.

Successful in vitro testing of PRINT BuChE particles demonstrated the ability for
targeted deposition; therefore, confirming a residence time comparable to free BuChE was
necessary. The dry powder particles were detectable in both the lungs and BALF for 48 hours at
a significant difference over baseline, with corresponding activity detection in the BALF (Figure
4.10). In comparison, the free BuChE resided in the lungs for 48 hours with some detection at 72
hours, while BuChE in the BALF lingered between 24 and 48 hours (Figure 4.3). It is important
to note the difference in delivery methods of instillation, direct administration to the lung, of free
BuChE, versus insufflation of the particulate BuChE. The direct instillation guaranteed the entire
dose is administered. However, with dry powder insufflation, powder can be exhaled while
dosing, swallowed into the stomach, etc. therefore the entire reported dose delivered does not
reflect the actual dose that entered the lungs. Accordingly, it is important to assess trends and
limitations in each individual study. Furthermore, PennCentury insufflation is the main way to
administer dry powder particles, but it has limitations including small dose loading chamber and
low dispersion of dose due to limited mouse lung capacity.*’ Utilizing this device is further
limited by the expertise of the dose administrator to place the device accurately in the trachea on
the first attempt. Nevertheless, this method allowed us to demonstrate the ability of our particles
to have comparable residence time as free BuChE. Future studies will incorporate different
pulmonary administration techniques, such as a nose-cone chamber with larger animal models.
Most importantly, we have demonstrated that the particles, in current formulation, can maintain

activity in vivo as long as the free BuChE with the advantage of targeted deposition as shown via
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cascade impaction. This is promising for future translational studies utilizing our BuChE dry
powder particles.

Overall, we have established that PRINT BuChE particles can provide targeted
deposition as well as comparable residence time as free BuChE. The aerodynamic properties
presented here can be further tuned by altering the geometric properties of the particles, which is
readily achieved through the PRINT process.®?* Based on previous work in our lab on modifying
the controlled degradation of protein particles,”> we are now exploring ways to chemically tune
the degradation of BuChE particles for extended release in a single dose administration. This
approach will provide higher residence times and efficacy for future treatments, as well as
adequate lung deposition characteristics, with minimal immunologic consequences. Future
studies will translate application to larger animal models and the use of other biologics, including
human BuChE. This work demonstrates effective and safe delivery of BuChE as a DPI

formulation, which offers potential for novel clinical treatments.
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CHAPTER 5. Summary and Outlook*
5.1 Summary and Future Work

In this work, we utilized the Particle Replication in Non-wetting Templates (PRINT)
technology for precisely controlled particles to investigate the relationship between varying
particle parameters and therapeutic application. We engineered particles of different particle
composition and surface chemistry to specifically investigate their biodistribution and cellular
interaction in the lungs. Lastly, we engineered unique biologic-based particles that remain active
and demonstrate ideal deposition characteristics, unlike the common particle fabrication
platforms.

We first assessed 80x320 nm cylindrical poly(lactic-co-glycolic-acid) (PLGA)
nanoparticle (NP) stability in order to predict in vivo degradation rates (Chapter 2). Further work
in the lab showed the 80x320 nm particles had reduced uptake in the spleen and liver compared
to 200x200 nm particles.! Based on the reduced clearance of the 80x320 nm particles, we
fabricated even smaller docetaxel loaded PLGA particles at 55x70 nm that had an increased
loading and extended release kinetics. The DeSimone lab has since compared the biodistribution

of the 80x320 nm particles to the smaller 55x70 nm particles to determine the influence of

4 Reproduced in part from:

Robbins GR, Fromen CA, Rahhal TB, Luft JC, Wang AZ, Pecot CV, DeSimone JM. Non-Intravenous Routes of
Delivery: Aerosol Therapy for Cancer Management. Cancer Nanotechnology Plan. Nov. 2015.
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particle size on tumor accumulation with a different composition, hydrogels.? The biodistribution
of these NPs was compared in vivo and found that the smaller (55x70 nm) NPs accumulated
more in the liver and less in the spleen, with enhanced tumor accumulation compared to the
larger NPs (80x320 nm).? This finding in conjunction with release kinetics for the PLGA 55 x 70
nm NPs provides promising evidence for the efficacy of smaller therapeutic NPs. Future studies
looking at the pharmacokinetics and biodistribution of the smaller, 55x70nm, PLGA: docetaxel
NPs in vivo would be beneficial to confirm if they are better suited for direct tumor targeting,
particularly pulmonary diseases like lung cancer.

Chapter 2 highlighted two other compositions of interest, hydrogels and biologic-based,
for PRINT particle fabrication. We explored these two compositions in more depth in Chapters 3
and 4 respectively. We have discussed PLGA and hydrogel compositions as well as biologics.
However, there is an array of potential compositions that can be employed with PRINT. For
example, chitosan is a natural polymer that allows for increased retention on mucus layers, has
shown high encapsulation efficiency, and has high thermal stability, making it an ideal candidate
for PRINT particle fabrication.> Future work exploring different compositions will expand our
application of PRINT technology to improving therapeutics.

Utilizing the PRINT platform allowed us to focus independently on surface chemistry of
hydrogel particles and how it affects biodistribution and cellular mechanisms in the lung
(Chapter 3). We sought to compare association and uptake of particles with different surface
chemistry to two main lung cells, alveolar macrophages (AMs) and dendritic cells (DCs). Our
findings show cationic particles are preferentially associated with DCs, which lends useful for
vaccine development that relies on DC antigen uptake, as DCs can travel to the lymph nodes and

initiate an immune response. However, we investigated further and noted an increase, after
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cationic particle administration, in chemokine/cytokine mRNA expression specific to recruitment
of DCs to the lung. We confirmed this finding by observing changes in the lung population after
administration, noting an increased DC population with cationic particle administration
compared to untreated and anionic particle treatments. These findings help establish the potential
application of utilizing cationic particles for pulmonary vaccines.

On the other hand, anionic particles were preferentially taken up by AMs. Targeting AMs
could be beneficial for delivering therapeutics to target bacteria that remain in the AMs, like
tuberculosis. Therefore, we sought to extend the anionic particle residence time by further
altering surface chemistry with the incorporation of a PEG coating. PEGylated particles had an
extended residence time of 28 days and delayed macrophage association. Providing this
understanding of particle surface modification on cellular recruitment and association is
important for advancing the development of pulmonary therapeutics. Tuberculosis treatments
currently include a cocktail of antibiotics. A promising treatment would be direct delivery to the
AMs, and a better approach would be to incorporate multiple drugs into one formulation or
dose.* Future work would include incorporation of cargo into the modified hydrogel matrix for
targeted delivery of AMs. Furthermore, the effect of size and shape on biodistribution can be
investigated. It has been shown that macrophages have preferential association angles resulting
in a high uptake of spherical particles and minimal uptake of worm-like particles.>® We can
employ PRINT to fabricate different particles of controlled shape and size to further understand
which has a preferential association with AMs. After establishing an understanding of AM-
particle association, and characterizing aerosol characteristics for the different shapes, we can

engineer particles for new therapeutic opportunities to treat pulmonary diseases.
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After establishing the impact of particle composition on therapeutic delivery, and
investigating various surface modifications, we investigated the incorporation of a biologic into
the PRINT platform for ultimate therapeutic application (Chapter 4). We successfully utilized a
model protein, butyrylcholinesterase (BuChE), for fabricating cylinders within the respirable
particle range. Our particles consisted of greater than 90% protein that remained active
throughout processing, demonstrated central lung deposition, and had minimal inflammatory
response. This formulation can be used for tackling organophosphate poisoning, or for
preventing deaths in patients with pseudocholinesterase deficiency. Furthermore, we can
translate our work with BuChE to other biologics of interest for treating pulmonary diseases, like
cystic fibrosis (CF). CF is currently treated with DNase to break up the sputum build up in the
lungs.” We can engineer DNase particles to potentially reduce the dosing frequency while
improving efficacy.

There is an expanse of future work that can be done with BuChE biologic particles.
Future work should include in vivo testing with larger rodents and canines using alternative
pulmonary administration tools such as nose cone chambers. This can expand on residence time
information and deposition, as these lung models would better relate to humans. To extend
release time of the BuChE particles, a novel cross linker should be developed that would be
cleavable in the lung environment. Another characterization feature that would be beneficial is to
develop a high performance liquid chromatography method that can detect BuChE concentration
directly. This would provide a more accurate composition analysis of the particles and can be
adapted for any future biologic particle. Furthermore, we are currently working on recombinant
human BuChE and have produced active monomeric and tetrameric formulations. Next steps

include fabricating PRINT particles using the huBuChE for ultimate administration to humans.
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Overall, we have shown that we can engineer particles with different compositions,
surface modifications, and applications for use with pulmonary diseases. Furthermore, particle
engineering can be very impactful on improving clinical outcomes by reducing the dose
frequency patients need, overall reduction in healthcare costs, and improvement of patient

quality of life.

5.2 Outlook

At its current state, pulmonary diseases, including lung cancer, asthma, CF, and chronic
obstructive pulmonary disease (COPD), make up more than $150 billion a year in health care
costs.” There is a clear need to address the treatment of these diseases and reduce the associated
costs by providing alternative, more effective treatment options. Our work has provided new
avenues for exploration of targeted pulmonary treatments that can impact current standard of
care in the clinic.

Patients with COPD or asthma or even both take multiple drugs to alleviate the
inflammation in the bronchiole region. Current treatments have several problems including,
systemic exposure and toxicity, lack of dual-drug, single administration therapies, limited dry
powder options, and minimal dose consistency.® The key is to target delivery to the different
regions of the lung, including mid-lung and alveolar space, with precisely defined particles.
Current technologies do not provide precise control over shape and size that ultimately
contribute to the aerodynamic diameter needed for this targeted deposition. PRINT provides a
fabrication platform for well-controlled particles that are suitable for direct delivery to any
region in the lung with none to minimal systemic exposure. Additionally, we have shown the
amenability of PRINT particles to dry powder formulations providing an improved method for

delivering therapeutics without the associated losses exhibited in current pressurized metered
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dose inhalers (pMDI).® Overall, utilizing our understanding of particle compositions, surface
chemistry, and targeted delivery we can employ PRINT to address many issues in treating
pulmonary diseases.

With PRINT, we can also explore the creation of a combination particle. We can engineer
two PRINT particles, each loaded with one drug, and dose them simultaneously using our ability
to create dry powders that maintain the needed aerosol characteristics. The uniformity available
by PRINT allows for controlling the issue of having equal drug concentrations dosed.® Each
particle can be made in an identical manner with different drugs, and then characterized to ensure
loading is equal. The second proposed method is to utilize two smaller particles, each loaded
with one drug, then load them into a larger particle resulting in a mothership particle that can be
used for its aerodynamic characteristics but then it rapidly releases the drug loaded particles,
which have controlled release. We can utilize the high loading and controlled release kinetics of
the PLGA particles discussed, as well as the hydrogel or biologic based larger particles as
motherships. Another approach would be to fabricate a particle with both drugs loaded in equal
concentration; this would take advantage of their complimentary mechanisms of action when
administered.®

Furthermore, NP therapeutics in the lung represent an area of great potential, especially
for treating cancer. The extensive research and success in particle formulations for intravenous
NP therapies can be readily translated to lung administration with minimal reformulation. To
date, most aerosol therapies have involved delivery of 1-5 um sized particles, due to their
aerodynamic properties and their assumed deposition in the lung.'® Even chemotherapy liposome
formulations evaluated in clinical trials as nebulized aerosols were on the order of ~1 pm.!!"!?

More recent NP formulations (<200 nm) could offer tremendous benefits to the three aspects of
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cancer management: drug delivery (including enhanced tumor uptake), mucosal diffusion, and
lymph trafficking.'*

However, delivery concerns will need to be addressed in order for NPs to deliver and
deposit at high efficiencies in the airways. Typical drugs are potent and damaging to normal
tissue, therefore direct delivery may induce lung injury.!> The suggested solution is to design a
treatment with independently tunable aerodynamic properties for controlled deposition in the
region of interest within the lung.'* Additionally, advancement of particle-based lung therapies
will require continued optimization of inhaled delivery devices.!®!” The ability to engineer
particles of different shapes, sizes, compositions, and surface chemistries provides useful for
pursuing pre-clinical pulmonary studies for a wide range of therapeutics as suggested here.

Pulmonary administration provides a unique advantage of a more stable, accessible, and
non-invasive therapeutic delivery options for a multitude of diseases. However, there is a lack in
providing a local, targeted treatment that can reduce frequency of doses and systemic side
effects, while improving efficacy.'® We have opened new doors for pulmonary treatments with
our articulately engineered particles, while seeking to address the gaps in translating the
application of nanotechnology to pulmonary treatments in the clinic. We hope to see an
expansion in the realm of particulate pulmonary delivery of therapeutics as it can address current

unmet needs in disease management.
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