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Abstract

Inflammatory diseases including acute respiratory distress syndrome (ARDS), sepsis, and
deep vein thrombosis (DVT) are propagated by a systemic inflammatory response to the disease
onset. Mortality rates of ARDS, sepsis, and DVT positively correlate with systemic inflammation,
but there are no established curative protocols for systemic inflammation. In ARDS and sepsis, the
inflammation in these diseases is propagated by neutrophils and neutrophil damage to tissues
leading to organ failure. Neutrophils contribute to clot formation in DVT, high levels of neutrophil
involvement can often lead to blood vessel blockage. Depletion of neutrophils can improve the
outcome of inflammation in animal models but is not a practical solution for human patients.
Particle-based therapeutics have been established as a method of redirecting neutrophils in
inflammation, but little research has investigated effects of particle-based therapeutics on
neutrophil physiology. Thus, the overarching goal of this research is to investigate anti-
inflammatory properties of particle-based therapeutics both as neutrophil diversion tactics and as
delivery vehicles for therapeutic agents.

Currently, the clinic utilizes IV-delivered particle-based therapeutics to treat cancer and as
diagnostics. Side effects of these therapeutics include immunosuppression, implicating the
immune system’s role in clearing intravenously delivered particles and the ability to modulate
circulating immune cells through this tactic. Further, I\V-delivered particles in the clinic have been
limited to liposomal and protein-based formulations. These formulations are inherently less stable
compared to polymeric materials. Polymeric materials are a novel solution to the particle-based

therapeutic world due to ease of mass production, material consistency, and stability. My
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dissertation work has investigated a novel, degradable, polymeric particle system that targets
circulating phagocytic immune cells and reprograms the cellular inflammation cascade. | first
investigated the use of Poly-A particles as a therapeutic in acute localized inflammation in vivo. In
this work, | found that Poly-A particles both modulate neutrophil accumulation and reprogram
neutrophils to a quiescent state via inherent therapeutic properties. | next investigated the extent
of neutrophil modulation via Poly-A particles in an in vitro model for NETosis, finding that Poly-
A particles both reduce and slow the progression of NET formation.

After developing several in vitro models for studying particle interactions with neutrophils,
| employed my expertise in evaluating a polymeric material already prevalent in the clinic, PLGA.
Importantly, it is necessary to choose materials that have minimal inflammatory impact, and PLGA
must be optimized to minimize inflammatory side effects. Finally, I investigated the safety of an
in vivo infusion of polymeric particles and found that Poly-A particles did not induce infusion
reactions. Overcoming this major hurdle of safely infusing poly-A particles shows the clinic
translatability of Poly-A as a therapeutic for inflammatory diseases. My work fills the knowledge
gap of neutrophil-particle interactions and allows for the development of an innovative and
dependable treatment approach. The findings of my dissertation illuminate a new perspective on
treating conditions characterized by immune dysfunction and inspire the application of particles

elsewhere.
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Chapter 1 Introduction

1.1 Publication Information

The written text of this chapter is partially adapted from the published work “Polymeric
particle-based therapies for acute inflammatory diseases” in Nature Reviews Materials with
author list Emma R. Brannon, M. Valentina Guevara, Noah J. Pacifici, Jonathan K. Lee, Jamal
S. Lewis & Omolola Eniola-Adefeso. The purpose of this chapter is to examine the current state
of inflammatory diseases in the clinical setting as well as to investigate neutrophils as the proposed
target for therapeutic development. Furthermore, | will discuss polymeric particles that have been

investigated in the literature as therapeutics that target neutrophils in inflammatory diseases.

Citation: Brannon, E. R., et al. (2022). "Polymeric particle-based therapies for acute inflammatory

diseases.” Nature Reviews Materials 7(10): 796-813.

1.2 Inflammatory Diseases of Interest and Neutrophil Engagement

1.2.1 Function and Role of Acute Inflammation

Inflammation is an essential part of the immune system’s response against harmful stimuli,
ranging from invading pathogens to physical trauma. Inflammation plays a crucial role in
maintaining overall health via recognition, containment, and signaling of invading pathogens or
toxins.? Unlike in homeostasis, exacerbated signaling and cellular responses can lead to tissue

damage and organ dysfunction.® Uncontrolled inflammation is associated with numerous acute



and chronic diseases such as acute lung/liver injury, sepsis, asthma, inflammatory bowel disease,
rheumatoid arthritis, and neurodegenerative diseases.>® Acute inflammation, regulated by the
innate immune system, is responsible for initial recognition and alarm to an inflammatory stimulus,
and typically lasts on a scale of days to weeks. Chronic inflammation occurs from continual
inflammation over months or years that fails to contain the inflammatory stimulus. Chronic
inflammation is typically controlled by the adaptive immune system.?*

The acute inflammatory response consists of a highly coordinated network of immune cells
and molecules. Acute inflammation can either be initiated by pathogenic infections or sterilely via
mechanical trauma, ischemia-reperfusion, or chemicals.® Pattern recognition receptors (PRR)s are
expressed by innate immune cells to initially detect pathogens or cell injury. In the case of
pathogens invading via punctured skin, oral, or inhaled routes, PRRs recognize pathogen-
associated molecular patterns (PAMP)s triggering inflammatory responses.!® The resident
macrophages and dendritic cells are the first cells to interact with invading pathogens in the tissue
space. As antigen presenting cells (APC)s, activated macrophages and dendritic cells will
phagocytose foreign bodies and migrate to the lymph nodes where the processed antigen will be
presented to lymphocytes to activate T-cell differentiation.® Additionally, macrophages, dendritic
cells, and damaged endothelial cells release inflammatory cytokines to alert other immune cells
and organ specific cells such as intestine, lung, or liver. At this stage, cytokines such as TNF-a,
IL-1, INFy, IL-6, IL-8, IL-12, and IL-17, migrate to the bloodstream to recruit other cell types into
action, primarily neutrophils.®

During sterile inflammation, a mechanical injury, blood clot, or chemical irritant can cause
damage on the cellular or tissue scale, initiating the release of inflammatory cytokines (TNF-a, IL-

1) from resident immune or damaged endothelial cells. Additionally, damage-associated molecular



patterns (DAMP)s are released from injured cells, stimulating PRRs on resident immune cells and
leading to inflammatory cytokine production for neutrophil recruitment.t

Neutrophils are the first white blood cells (WBC) recruited to the site of inflammation and
play an important role in both pathogen clearance and inflammation resolution. Making up ~50-
70% of the circulating WBC population in humans,’ neutrophils locate the site of inflammation by
following released cytokines/chemokines. As the neutrophils slowly roll along the endothelium,
they identify changes in surface protein expression such as increased P/E-selectin.? Once at the
site of inflammation, neutrophils firmly adhere to the endothelium to initiate transmigration. The
neutrophils then shed PSGL-1 and CD62-L to accelerate transmigration to the infected tissue.®°
Interactions between the neutrophil’s LFA-1 and the tissue’s ICAM-1 allow for neutrophil
transmigration to the inflamed tissue space. At the site of inflammation, neutrophils have several
different mechanisms to contain pathogenic infections, including phagocytosis, release of reactive
oxygen species (ROS), degranulation, and production of neutrophil extracellular traps (NET)s.?
Some neutrophils may also travel to lymph nodes to stimulate T-cell differentiation.’® After the
neutrophils have begun to contain the infection, released granules, NETSs, and apoptotic neutrophils
recruit monocytes and adaptive immune cells to initiate inflammation resolution.?® Both
pathogenic and sterile inflammation begins to resolve as monocytes accumulate at the site of
inflammation to clear out any remaining necrotic cells and apoptotic neutrophils in a process called
efferocytosis.>*! The recruitment cascade and specific immune cell functions is shown in Figure

1-1.
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Figure 1-1 Key immune cells in inflammation resolution.

(A) Neutrophils slowly roll along endothelium via PSGL-1 and L-selectin expressed on the neutrophil and
corresponding ligands on the endothelium. Once at the site of inflammation, LFA-1 expressed on the neutrophil locks
with ICAM-1 on the endothelium to initiate transmigration to the infected or inflamed tissue space. (B) At the site of
infection, neutrophils phagocytose pathogens or release ROS/granules/NETs to prevent pathogenic spread. (C)
Neutrophils then commit to apoptosis, (D) initiating migration of other immune cell types. (E) Monocytes and
macrophages clean up dead cellular materials (pathogens/neutrophils) and ultimately migrate to the liver/lymph nodes
to remove and process pathogenic materials.

1.2.2 Progression of Acute Inflammation to Inflammatory Disease

In some cases, the acute inflammatory response fails to subside causing disease
propagation. Neutrophils may continually accumulate and release cytotoxic agents, harming
surrounding host cells in addition to the pathogens.? Prolonged neutrophil mobilization alongside
host tissue damage leads to overwhelming release of inflammatory cytokines, resulting in a
cytokine storm.? Detrimental effects of a cytokine storm include excess granulopoiesis and
reduced lymphopoiesis.’® This change in cellular composition is measured as the neutrophil to

lymphocyte ratio (NLR) and has recently been identified as a key biomarker for acute



inflammatory diseases including sepsis, acute respiratory distress syndrome, and stroke. Greater
neutrophil infiltration further promotes enhanced vascular permeability, allowing pathogenic
spread to the bloodstream and ultimately systemic acute inflammation.**

In the bloodstream, complement pathways become activated in the presence of pathogens
via the classical, lectin, or alternative pathways. Complement proteins such as C3, opsonize foreign
bodies in the bloodstream, converting C3 to C3a and Cba. Both C3a and Cb5a function as
anaphylatoxins causing further downstream inflammation via inherent pro-inflammatory
properties.’® Anaphylatoxins are small polypeptides that function as activating agents on
granulocytes, mast cells, macrophages, and endothelial cells. Some of these effector functions
include chemotaxis, ROS bursts, cytokine release, in addition to vasodilation and vascular
permeability.® Inflammatory cytokines combined with complement activation can induce the
expression of tissue factor on endothelial cells, initiating the coagulation pathway.®® Once
triggered by inflammation, the coagulation pathway is difficult to halt via normal negative
feedback mechanisms such as antithrombin, activated protein C, or tissue factor pathway inhibitor.
This can lead to distant intravascular coagulation (DIC) and eventually multi-organ failure if
widespread.®

Similar to pathogenic infections, sterile recruits neutrophils to the injured site via
immunomodulatory molecules. Unlike infections there are no pathogens to destroy, but neutrophils
use similar tactics to contain the inflammation. Thus, the release of granules, ROS, and NETSs can
damage surrounding host cells. Sterile inflammation can become pathological when the
inflammatory stimulus cannot be resolved such as in chronic autoimmune diseases or severe

trauma.!



To date, most clinical treatments for inflammatory diseases center on infection control,
pain management, and supportive care. Traditional therapeutic approaches such as steroidal and
non-steroidal anti-inflammatory drugs are extensively used for the treatment of different
inflammatory diseases.*’"?° New strategies, including the usage of monoclonal antibody therapies
have recently emerged as promising agents to treat the damaging effects of inflammation.?*2°
Although there has been success with these anti-inflammatory therapies, there are still considerable
limitations. In particular, these therapies increase risk of secondary infections, and lack of specific
biodistribution, causing severe side effects.?®?5-! To avoid some of these obstacles, advanced drug
delivery systems have been investigated over the past decades to therapeutically target the
inflammatory response. Hence, my thesis work focuses on the development of novel therapeutics

that target and modulate neutrophil behavior in severe cases of inflammation.

1.2.3 Involvement of Neutrophils in the Propagation of Acute Inflammation

Several acute inflammatory diseases such as ALI, ARDS, sepsis, and DVT are propagated
by an extreme acute immune response from neutrophils. As mentioned previously, the overzealous
response from neutrophils can damage host tissue via secretion of proteolytic enzymes, ROS, and
NETs.32 While neutrophils function as innate immune cells to contain an infection, host cells can
also succumb to damage from neutrophils. In ALI/ARDS, damage to the endothelium results in
enhanced permeability and ultimately inflammation and disease propagation. It has become clear
that neutrophils play a strong role in the inflammatory response, especially in diseases intensified
by a rampant acute inflammatory response. Moreover, researchers and clinicians have found that
elevated blood neutrophil counts can be used as a biomarker to predict severe cases of sepsis and

ARDS, including ARDS caused by COVID-19.343¢ Sepsis has historically been a difficult disease



to diagnose, thus this new found emphasis on neutrophils can progress the field in more ways than

one.

1.2.4 Lack of Consideration of Neutrophils in the Development of Therapeutics

Neutrophils have largely been under studied in the development of systemic therapeutics despite
playing a large role in inflammation and comprising of the majority circulating WBCs.*>%'
Neutrophils are inherently difficult to work with due to their short lifespan and quick activation
response once outside the body.3® Furthermore, common in vivo models for inflammation typically
utilize mice despite the numerous differences between mouse and human neutrophils.®® Isolated
human neutrophils from freshly drawn blood, is the next best choice in studying neutrophil
behavior, but lacks the physiologic environment that neutrophils are naturally designed to respond
to in inflammation.?3 For these reasons, much of my thesis work focuses on the development of
assays, in vivo and in vitro, to fully understand and investigate neutrophils in the development of

novel therapeutics.

1.3 Neutrophils as Therapeutic Targets

Despite the known involvement of neutrophils in inflammatory diseases, it was not until recently
that neutrophils were considered as therapeutic targets. Strategies that inhibit neutrophil disease
propagation include blocking neutrophil activation, derived mediators, or recruitment.>® Due to
redundancies within the immune cascade, however, it can be difficult to target neutrophil
activation or derived mediators without also inhibiting other important immune functions. Thus,
direct targeting methods must be used.

Preventing neutrophil accumulation at the site of injury, via neutrophil depletion

techniques in animal models, preserves organ function, and prevents further damage to site of



injury.*®4t While complete depletion of neutrophils is not an applicable approach to clinical
diseases, other methods, such as neutrophil diversion may be suitable. In acute inflammation,
particles interfere with neutrophil disease propagation via drug delivery or diversion. By injecting
mice with 2 um polystyrene particles post endotoxin induced ALI, neutrophils were diverted from
the lungs to the liver, preventing lung damage.*> More recent work evaluated neutrophil diversion
by drug-free polymeric particles, treating inflammatory conditions including encephalitis, spinal
cord injury, and sepsis.*34°

Degradable polymeric particles have been found to modulate the immune response in
multiple sclerosis (MS), an inflammatory autoimmune disease of the nervous system.*®
Poly(lactide-co-glycolide) (PLG)-based nanoparticles with ranging molecular weights treated
mice in an in vivo murine model of MS. Of the immune cells monitored throughout the study,
neutrophils engulfed particles more readily than other immune cell types. Despite the belief that
neutrophils play a minor role in MS, the alleviation of MS symptoms in particle treated mice
suggests that neutrophils are involved in both innate and adaptive inflammatory responses.*® By
understanding neutrophil modulation in acute inflammatory diseases, future work could employ
particles to treat more complex, chronic inflammatory diseases with neutrophil involvement.

To achieve a particle-based therapy for acute inflammation, it is important to develop a
biocompatible and degradable system with optimized particle size, shape, and surface
characteristics. All of these parameters have previously been reported to impact phagocytosis in
macrophages, monocytes, and neutrophils.**#® Tuning particle composition in uptake modulation
studies found that neutrophils preferentially uptake hydrophilic particles.*®* Neutrophils also
phagocytose rod-shaped over sphere-shaped microparticles, suggesting the importance of shape

when designing particles for treating acute inflammatory responses.*® Importantly, materials used



to fabricate particles must be degradable to prevent accumulation of materials within the body.
Degradation byproducts, however, can influence neutrophil behavior from the inside out, so much
consideration should be taken when selecting materials for treating inflammatory diseases.*” The
following sections will discuss various types of degradable materials that can be used as particle-

based therapeutics.

1.4 Optimized Materials for Targeting Neutrophils in Acute Inflammation

Optimizing particle material is an important design aspect in creating therapeutics for
inflammatory diseases to limit the release of immunostimulatory byproducts and particle
accumulation. Degradable polymeric materials are an ideal candidate in designing particle-based
therapeutics for inflammatory diseases in that they can be easily modified, optimized, and
produced in large quantities. Polymeric materials are known to heavily influence immune cell
modulation and inflammatory signals. In preliminary research investigating neutrophil uptake of
polystyrene particles revealed that the act of phagocytizing non-degradable polystyrene induced
inflammatory neutrophil characteristics.*® Thus, in optimizing particles to treat inflammation, it is
incredibly important to utilize materials that inherently reduce inflammation. The following
sections describe potential materials that can be used for developing the optimal particle-based

therapeutics for treating inflammatory diseases.

1.4.1 PLGA Particles in the Literature

Much literature on treating inflammation with polymeric particles has centralized material
development on Poly(lactic-co-glycolic acid) (PLGA). As a well characterized material, PLGA
has been incorporated into several FDA approved particle-based therapeutics and thus is a

seemingly safe material. The primary degradation byproduct of PLGA, lactic acid, is known to



have anti-inflammatory properties on both macrophages and dendritic cells.***4 In large
quantities lactic acid can become an inflammatory agent, making it a less ideal material to use
when optimizing polymeric particles to treat inflammation.> Despite this, PLGA particles can be
used as a delivery mechanism of anti-inflammatory therapeutics, for example NSAIDs, to further

reduce inflammation and overcome immediate side effects of PLGA degradation.®!

1.4.2 Bio-Inspired Materials

Recent literature has quickly begun to demonstrate the many different approaches in designing
anti-inflammatory polymeric materials. In treating neurological inflammation, a common marker
for apoptotic cells, phospholipid phosphatidylserine, was used as the base in a particle formulation
to reduce inflammation of activated microglial cells and macrophages.>> While initial in vitro
studies of polymerized phosphatidylserine particles have proven beneficial immunomodulatory
capabilities, in vivo experiments have yet been completed to demonstrate anti-inflammatory effects
in a disease model. While this material is innovative, it is important to remember that even simple,
drug-free PLG-based particles have been shown to enhance recovery post neurological
inflammation via immune cell diversion.** Materials should be optimized based on anti-
inflammatory properties, but care must also be taken to ensure that inherent therapeutic properties

of particles are maintained.

1.4.3 Bio Responsive Materials

Degradable polymeric particle systems can be designed to degrade at the site of inflammation via
the incorporation of stimuli responsive properties. For example, vanillyl alcohol, a known
antioxidant and anti-inflammatory agent, can be incorporated into copolyoxalate via hydrogen

peroxide-sensitive peroxalate ester bonds. This process yields a polymer that can be formulated
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into a particle-based therapeutic that degrades when exposed to nitric oxide, a heavily expressed
molecule of inflammation.>® Similarly, another group created a particles out of a polymeric blend
of both ROS and pH sensitive polymeric linkers to achieve a dual responsive nanoparticle.
Naproxen, an anti-inflammatory drug, was modified with a ROS responsive linker, phenylboronic
acid (PBA), then conjugated onto dextran. Particles were then formulated out of a blend of the
modified PBA-dextran and a pH-sensitive acetylated dextran.>® As a novel material, much of the

work completed is conceptual and has yet to transition from in vitro to in vivo studies,

1.4.4 Polymerized Anti-Inflammatory Compounds

Another innovative approach, polymerization of known anti-inflammatory compounds, has been
heavily researched over the past few decades. Degradable polymer systems can be functionalized
with a range of anti-inflammatory agents including aspirin, naproxen, and ibuprofen.>** The
resulting polymer can then be formulated into a particle via oil-water emulsion techniques.>®
Polymerized salicylic acid, termed PolyAspirn or Poly-A has potential in treating acute
inflammation via targeting neutrophils and reprogramming inflammatory pathways from the inside

out.*’

1.4.5 Design Constraints for Translating Particle-Based Therapeutics to the Clinic

Polymeric materials are ideal for clinical translation due to their versatility and tunability for
various applications.®”*" For example, PLGA represents a polymer that can be tuned for specific
applications to either induce or prevent an inflammatory response as shown in macrophages.*®
Particles-based therapeutics represent a simplistic approach to the complex problem of
inflammatory diseases. It has been shown that non-degradable particles can simply divert

neutrophils by existing in the bloodstream with circulating WBCs**—i.e. no targeting or
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biomimetic materials needed. Important hurdles in scaling polymeric particle fabrication exist
(sterility, scale-up, uniformity), reducing the applicability of complex materials (targeting ligands,
biomimetic properties) that may enhance the difficulty of scaling. Furthermore, it is important to
develop materials that are stable for long term storage with minimal technology required for
stability. For example, the COVID-19 vaccine distribution faced many challenges due to the low
temperature storage constraint.>® Thus, it is ever important to focus on developing materials that
fit these many constraints for scale-up, storage, and distribution.

Poly-A represents a material that has inherent anti-inflammatory properties and, in this
work, has functionally shown its use in modulating neutrophils in inflammation. As a simple,
polymeric formulation, it has the potential for scaled production, sterilization, and minimal storage
requirements. The majority of my thesis work investigates Poly-A particles as a therapeutic while

also examining potential pitfalls and toxicities.

1.5 Dissertation Framework

The work completed in this thesis aims to elucidate the effects of particle-based therapeutics on
neutrophils. While neutrophils have been largely ignored in the literature, neutrophils are an
incredibly important immune cell population to investigate in the development of particle-based
therapeutics. Throughout my thesis, | used a range of in vitro and in vivo models to understand the
physiological effects of Poly-A particles on neutrophils to translate their use across disease models
and species.

In chapter 1 of my thesis | provided background information and motivation for the
research discussed in chapters 3-6 shown in Figure 1-2. Specifically, I discussed the involvement
of neutrophils in acute inflammation resolution alongside cases of disease progression fueled by

neutrophil behavior. Neutrophils represent a unique target for inflammatory diseases as they are
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the major circulating white blood cells and inherently interact with particle-based therapeutics.
Lastly, I discussed various materials that can be used for particle-based therapeutic design and the
importance of material optimization.

Chapter 2 describes the methods and materials used throughout my thesis work. This
chapter is organized by study approvals, particle characterization, disease models inflammation,
and statistical analysis. The following results chapters utilize the methods described in chapter 2.

In chapter 3 of my thesis, | characterized the physiological effects of Poly-A particles on
neutrophils in vitro and in vivo. This aim of my thesis, published in Advanced Healthcare
Materials,*” focuses on the use of degradable particle systems to treat localized lung inflammation.
Poly-A was found to have an additional therapeutic benefit over other degradable particles in

treating localized lung inflammation in both the ALI and ARDS models. | then utilized whole

Chapter 3: Poly-Aas a

therapeutic for localized
acute inflammation

Chapter 4: Evaluating
NETosis modulation
with Poly-A

Thesis
Overview

Chapter 6: Safety
and toxicity of Poly-A
in vivo

Figure 1-2 Visualization of research chapters discussed in this thesis.
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human blood to characterize the benefit of Poly-A over other degradable particles. From this work,
| found that phagocytosis of Poly-A particles modulates neutrophil surface protein expression
reverting neutrophils to a less inflamed state. This research was the first to show the impacts of
material selection on neutrophil activation and ultimately the importance of selecting materials for
developing therapeutics for inflammatory diseases.

After discovering the effects of Poly-A particles on neutrophil surface protein expression,
it was important to investigate other aspects of neutrophil activation. In chapter 4, | developed and
utilized an in vitro model for NETosis to investigate the effects of particle-based therapeutics. Most
current methods of NETosis assays only measure systemic effects of NETosis or are low
throughput, limiting our ability to study many iterations of particle-based therapeutics. Using an
automated microscope, EVOS M7000, | captured full-well scans along with 20x fluorescent
images to provide both a systemic and a cellular understanding of NETosis modulation by
particles. In this chapter, | found that Poly-A particles reduce NETosis in a dose-dependent
manner. This work provides a foundation for others to investigate the effects of particles on
NETosis in addition to providing insight into the importance of material optimization for designing
particle-based therapeutics.

Once detailed characterization (in vitro and in vivo) of Poly-A particles was completed, |
took a step back to evaluate other polymeric materials that are currently used in the clinic. In
Chapter 5 | investigate the effects of varying PLGA composition on neutrophil surface protein
expression. Particle formulations of PLGA have been used in the clinic since 1989 but are limited
to local delivery.>® Meanwhile, IV injected particle-based therapeutics (liposomal/colloidal) have
been used clinically since 1995.%° PLGA is a biocompatible, tunable, and scalable material, that

has thus far been limited in application due to a lack of knowledge in understanding PLGA particle-
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neutrophil interactions.%? In this chapter, | fabricated 1-micron PLGA particles of varying
composition and investigated neutrophil activation post-particle uptake via surface protein
expression. From this work, | found that both the lactic to glycolic acid ratio and molecular weight
play a role in neutrophil activation. This knowledge can be utilized to optimize PLGA-based
therapeutics designed specifically for neutrophil modulation.

In chapter 6 | investigated a clinically relevant pig model to evaluate the safety of Poly-A
particles as an intravenous therapeutic. As part of the Michigan Center for Integrative Research
for Critical Care (MCIRCC), the Eniola-Adefeso lab collaborated with Dr. Hakam Tiba to scale
up initial in vivo studies of Poly-A particles into a porcine model. Pigs are the ideal model for
examining the safety of particle-based therapeutics due to their innate immune response to
intravenous particles.®>®3 | investigated two different injection schemes and found a slower
injection rate reduced risk of adverse reactions. The work from chapter 6 is promising for the
transition of Poly-A from benchtop to the clinic.

Finally, chapter 7 discusses the outlook for particle-based therapeutics in the clinic along

with hurdles that remain.
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Chapter 2 Materials and Methods

2.1 Introduction

Data generated in chapters 3-6 utilized the following methods and materials. A combination of in
vitro and in vivo methods was utilized to investigate particle-based therapeutics across species.
Mouse models were used to initially determine the effectiveness of various particle-based
therapeutics for treating inflammatory diseases. | then utilized healthy human blood for a range of
in vitro models to characterize the functionality of Poly-A particles. In vitro and In vivo pig models
were used to scale up Poly-A as an intravenous therapeutic and investigate the safety of a direct
intravenous infusion. Finally, | employed human in vitro assays to further investigate changing the

material of particle-based therapeutics and the resulting effects on neutrophil physiology.

2.2 Human and Animal Study Approvals

2.2.1 Murine Study Approvals

All protocols used in this work were approved by the University of Michigan Institutional Animal
Care & Use Committee (IACUC) under PRO00010572. Additionally, all experimentation
followed guidelines in accordance with guidelines set by the National Institute of Health. Mice
(BALBI/cj and C57BL/6) were purchased from Jackson Laboratories and kept in pathogen free

housing.
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2.2.2 Human Study Approvals

This work utilized healthy human blood collected under the protocol approved by the University
of Michigan Internal Review Board (IRB-MED; ID #HUMO00013973). Informed, written consent
was collected from each donor prior to blood collection. Briefly, sterile filtered heparin loaded in
a syringe or sodium citrate vacutainers were gathered prior to donor arrival. With the donor sitting
down, a tourniquet was tied around the arm, the vein and surrounding area was swabbed with an
alcohol wipe, and phlebotomy was performed via venipuncture. Once the previously determined
blood volume was collected the tourniquet was removed and butterfly needle extracted.
Immediately gauze was held at the incision site to allow for blood coagulation. The gauze was then

replaced by a bandage and donor ID, blood volume, date was recorded to ensure donor payment.

2.2.3 Porcine Study Approvals

Animal handling and sample collection was completed by the Tiba Research Laboratory at the
University of Michigan. Protocols were approved by IACUC and followed the Guide for the Care
and Use of Laboratory Animals as stated by the National Research Council (U.S.) Committee for
the Update of the Guide for the Care and Use of Laboratory Animals, Institute for Laboratory

Animal Research (U.S.), and National Academies Press (U.S.).
2.3 Particle Fabrication and Characterization

2.3.1 Polymeric Particle Fabrication

Poly-A polymers were provided by the Uhrich group at UC Riverside. PLGA polymers were
purchased from Sigma. Polymeric particles were fabricated using an oil and water emulsification
evaporation process as described previously.*” Polymer dissolved in dichloromethane (DCM) was

slowly injected into the emulsified oil phase, 1% (W/V) polyvinyl alcohol (PVA). The solution
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was mixed for 2 hours, allowing for full evaporation of DCM and formation of particles. The
particles were isolated from solution by centrifugation at 4000 rpm and washed 3x with DI water.
Particle size was modulated by increasing the polymer concentration in DCM; 2- and 1- micron

sized particles were fabricated using 4- or 1-mg/mL polymer/DCM, respectively.

2.3.2 Fluorescent Particle Fabrication

For fluorescent particles, polymer (either Poly-A or PLGA) was dissolved in DMSO and combined
with N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC). After 5 minutes of
stirring, N-Hydroxysuccinimide (NHS) was added to the Poly-A solution. The solution was rotated
for 15 minutes, then Cy5.5 was added to the polymer solution and allowed to rotate overnight. The
resulting polymer was isolated with dialysis over 2 days. The isolated polymer was vacuum dried.
Particles labeled with Cy5.5 were fabricated by supplementing 5% of the polymer composition
with polymer (either Poly-A or PLGA respectively) conjugated to Cy5.5. This

conjugation/supplementation method was previously described by Brannon et al.*’

2.3.3 Particle Characterization

Particle shape and size was confirmed by scanning electron microscopy (SEM). Dynamic light
scattering (DLS) was used to measure surface charge of the particles. Particle concentration was
determined using a hemocytometer on the same day as the experiment. Particle concentration was
determined by counting dilute particle samples on a hemocytometer. Particle mass was determined
by weighing out particle samples, resuspending particles in PBS -/-, and calculating the respective

particle content with a hemocytometer.
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2.3.4 Particle Degradation in PBS

A total of 1E7 particles were suspended in 10mL of PBS -/- at pH 7.2 and placed under rotation at
37°C. Periodically, the particles were centrifuged, and the supernatant was removed and replaced.
The supernatant was then added to a 96-well plate, and the fluorescence intensity was measured
(ex =315 nm and em = 408 nm for salicylic acid). The cumulative fluorescence intensity at each

time point is plotted.

2.3.5 Particle Degradation in Human Plasma

Particles were resuspended in human plasma at 1.25 E8 particles/mL. The particle samples were
then rotated at 37°C for 6-, 20-, 30-hrs. The particles isolated from plasma via centrifugation at
4000 rpm and resuspended in DI water. The washed particles were then dried on glass coverslips

for SEM imaging.

2.4 Particle Degradation in “Phagosome-Like” Environment

2.4.1 Degradation Experiment

Particles were counted and diluted to 8E8 particles/mL in buffer containing PBS without calcium
or magnesium (PBS-/-) supplemented with 2% fetal bovine serum (FBS). This solution represented
a protein rich biological fluid. In a beaker on a stir plate, 19.75 mL of buffer was combined with
0.250 mL diluted particles. A pH probe was set up to actively measure the pH of the system
throughout the experiment. To imitate the phagosome environment of a neutrophil, the pH was
raised to 8.5 using 0.1 M NaOH for the first 30 minutes of gentle agitation. Similar to a neutrophil
phagosome, the pH was then reduced to 7.4 for the remainder of the experiment (1.5-hrs). The 2-
hr experimental timeline was chosen based on a typical uptake experiment timeline (2-hrs total).

The resulting particles were isolated and washed twice using centrifugation at 3000 G. The isolated
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particles were spotted on a glass coverslip for SEM imaging. Particle size was determined using

ImagelJ. At least 200 particles were sized across 3 images to determine the average size.

2.4.2 Percent Volume Decrease Calculation

Samples exposed to basic conditions were compared to particles fabricated in the same batch that
were stirred at constant neutral pH for 2-hrs. Percent volume decrease was first calculated by
converting the average size to volume. The percent decrease was then calculated by dividing the
difference between the control and basic pH sample volumes by the volume of the control and

multiplying by 100. This process was done for at least 2 replicates for each particle type.

2.5 Murine Models of Inflammation

2.5.1 Biodistribution of Particles

C57BL/6J mice were intravenously injected with 2E8 Poly-A particles labeled with Cy5.5. Mice
were euthanized 30 minutes post particle injection by COz inhalation and biodistribution samples
were harvested. We extracted blood via cardiac puncture, along with the lungs, liver, kidneys, and
spleen. Whole organs were then scanned by an Odyssey CLx infrared imaging system (LI-COR).
To scan blood samples, 100 pL of blood was plated in a clear bottom 96-well plate. For each
mouse, the percentage of total signal in each compartment was calculated and reported as a Percent

Injected Dose.

2.5.2 Acute Lung Injury (ALI)

Mice were briefly anesthetized with isoflurane and placed at a 45° angle to instill
lipopolysaccharide (LPS) intratracheally. An approximate 30 mg/kg dose of particles (2E8

particles/mouse) was injected using a catheter either 1-, 2-, or 4-hrs post LPS instillation. Mice
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were euthanized 2-hour post particle injection for neutrophil BALF analysis or 1-hr post particle
injection for blood/liver analysis. Samples were collected immediately after CO. inhalation

euthanasia.

2.5.3 Acute Respiratory Distress Syndrome (ARDS)

Pseudomonas aeruginosa was cultured overnight in Difco nutrient broth at 37°C, and
concentration was determined by optical density absorbance at 600nm in comparison to an
established growth curve. Each mouse was anesthetized by xylazine/ketamine intraperitoneal
injection. A pipette was used to intranasally administer 30 pL of 2E5 CFU the lungs. Mice were
euthanized via CO; inhalation for neutrophil migration characterization studies or after particle
injections. Particles (2E8 particles/mouse) were injected 18-hrs post infection. Soluble aspirin was
injected at 3.75 mg/mL in 200 pL PBS-/- with 10% DMSO as a control for completely degraded

particles. Mice were euthanized 24-hrs post infection for particle studies.

2.5.4 Bronchoalveolar Lavage Fluid (BALF) Collection

After euthanasia, the chest cavity was exposed and the diaphragm was punctured to reveal heart
and lungs. The trachea was exposed and a small opening was made for catheter insertion. PBS-/-
was then flushed through the catheter to fill the lungs to capacity. The lungs were flushed to collect
3 mL total of BALF to remove leukocytes present in the lungs for analysis. BALF samples were
centrifuged at 500G to harvest leukocytes. The supernatant was saved for ELISA analysis. BALF
cells were counted with a hemocytometer with either trypan blue (ALI model) or Turks Diluting
Fluid (ARDS model). For the ALI model neutrophil percentages were determined via flow

cytometry after staining with CD45, CD11b, and Ly6G (BioLegend). For the ARDS model
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samples were prepared with cytospin processing and stained to differentiate neutrophils from

mononuclear cells.

2.5.5 Toxicity Study

A group of 9 mice was broken into 3 groups that received either saline, Poly-A (2E8/mouse), or
soluble aspirin. For each group n=3. Mice were injected on day 0 and scored/weighed for a 5-day
period. On day 5 blood, spleen, and liver were collected to evaluate neutrophil distribution in
each compartment. Plasma from the blood was saved for an Aspartate Aminotransferase (AST)

assay (Sigma, MAKO055-1KT), and cytokine ELISAs.

2.5.6 Blood, Liver, and Spleen Dissociation

Blood was collected via cardiac puncture and one liver lobe was harvested. Blood samples were
immediately placed on ice, FC blocked (TruStain FcX, BiolLegend), stained, and lyse/fixed
(eBioscience). Liver and spleen samples were rinsed with PBS -/- and placed into 5 mg/mL Type
IV Collagenase supplemented with DNAse in PBS-/-. Samples were lightly chopped and incubated
at 37°C for 15 minutes. A gentleMACS Dissociator (Miltenyi Biotec) was used to fully dissociate
the organ samples. Each sample was strained with a 70 um strainer (Miltenyi Biotec) and
neutrophils were isolated using Lymphoprep (Cosmo Bio Usa Inc). Neutrophils were then FC
blocked, stained, and fixed. Blood, liver, and spleen samples were stained with CD45, CD11b,
Ly6G, PSGL, and CD62-L (BioLegend). All samples were run on an Attune flow cytometer for

analysis.

2.5.7 ELISAs

ELISAs were used to evaluate protein concentration in BALF and plasma samples. BALF samples

were evaluated for IgM, albumin, IL-10, KC, MCP1, MIP2, TNF-a, and IL-6. These ELISAs were
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all purchased from Bethyl Laboratories. Plasma samples were evaluated for IL-6 (Invitrogen) and

CXCL1/KC (R&D Systems).

2.5.8 Salicylic Acid Measurements in Mouse Plasma

Mice were injected with 2E9 Poly-A particles/mouse or free aspirin. Blood was
collected via cardiac puncture at the time of euthanasia. The blood was centrifuged for
15 min at 20009 to isolate plasma. Salicylic acid was measured in plasma via liquid
chromatography-tandem mass spectrometry (LC-MS/MS). This work was done by the

Pharmacokinetics Core at the University of Michigan.

2.6 Human in Vitro Experiments

2.6.1 Whole Blood Uptake Experiments

Blood was collected via venipuncture into heparinized syringes from human donors, then aliquoted
into duplicates. LPS (1 ug/mL) was added immediately to activate samples for 30 min at 37°C.
Post activation, 1E6 particles were added, and samples are incubated for an additional 1.5 hours.
Samples were then FC blocked, stained, and lyse/fixed (eBioscience). Samples were prepared for
flow cytometry by washing with FACS buffer at 500 G for 5 min. Flow cytometry data was

collected with an Attune flow cytometer.

2.6.2 Neutrophil Isolation

Blood was collected from healthy donors in sodium citrated vacutainers via venipuncture.
Following protocols provided by the Knight lab at the University of Michigan. In a biosafety
cabinet, blood was then layered in a 1 to 1 ratio over Ficoll-Paque Plus (cytiva) and centrifuged at

1440 rpm for 20 minutes at room temperature. The bottom layer containing granulocytes and
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erythrocytes was collected and mixed with 20% (W/V) dextran supplemented with 0.15 M NaCl
in a 1:2 ratio of dextran to cell volume. The sample volume was then increased with PBS-/- and
the erythrocytes were allowed to settle for 40 minutes. The granulocyte supernatant was then
isolated via centrifugation and the remaining erythrocytes were lysed using the
hypotonic/hypertonic (0.2%; 1.8%) NaCl method. Neutrophils were then isolated via
centrifugation and counted on a hemocytometer. Neutrophils purity (98.74%) was confirmed on

flow cytometry by staining for CD45-BV605 and CD11b-FITC (BioLegend).

2.6.3 EVOS NETosis Microscopy

Glass bottom 96-well plates were purchased from Cellvis (P96-1.5H-N) and coated with 0.001%
poly-I-lysine. Isolated neutrophils were seeded (1E5 cells per well) into a 96-well plate and
incubated at 37 °C with or without particles in RPMI media supplemented with 10% donor specific
plasma. After 1 hour of incubation, the media and any free-floating cells/particles were gently
removed. Cells were then activated with RPMI supplemented with 10% donor specific plasma,
0.05 nM SYTOX Green, and either 100 pg/mL LPS from Escherichia coli O111:B4 or 20 nM
Phorbol myristate acetate (PMA). Full wells were then imaged using an EVOS M7000 with an
incubator attachment. Images were collected with a 4x objective using the GFP filter cube. The
images were tiled and stitched to output full-well images. Additional images were captured using
a 20x objective in the brightfield, GFP, and Cy5 channels. From these images neutrophil, SYTOX
Green, particle overlays could be used to estimate NETosis probability using MATLAB image

processing.
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2.6.4 NETosis Image Processing

The images for each individual well and each of the three channels were loaded into the MATLAB
workspace.®* Images were then grouped by well number into an Wen by nchanner array. Each image
was denoised using a Gaussian convolution. Mean fluorescent intensity (MFI) was calculated for
the denoised images by dividing the sum of the pixel values by the number of pixels. Each channel,
GFP, Cy5, and brightfield, were thresholded separately using functions from the MATLAB Image
Processing Toolbox.%® The threshold images were binary matrices that mapped the locations of
objects (NETSs, particles, or neutrophils) as a 1 for a location of the object and a 0 for empty
locations. To ensure the thresholding of each channel was correctly performed, random wells were
selected for quality control. For random wells, the threshholded images generated were overlayed
against the original image to visually ensure the thresholding was done correctly. Each binary
matrix was then analyzed for percent well coverage—calculated by dividing the count of nonzero
pixel values by the number of pixels—and properties of clusters such as area, major diameter,
minor diameter, and perimeter were outputted using the regionprops() function. The binary images
were multiplied by a unique scalar for each channel such that the sum of all possible overlapping
pixels in a well would result in a unique value (examples of scalars: 1, 4, 9 or 1, 10, 100). This
allowed us to add the three channels of each well together to create a master overlay that contained
the location information from each channel and all possible overlaps between channels (8 unique
codes). The master overlay image matrix for each well was converted into a vector and the count
of pixels of each unique code was recorded. All counts, percent coverage, and MFIs for each well

were then exported to an Excel document.
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2.7 In Vitro and in Vivo Porcine Models

2.7.1 In Vitro Particle Uptake

Pig blood was purchased from Scholl Slaughterhouse located in Blissfield, MI. Blood was
collected in 500 mL containers pre-spiked with heparin to prevent blood coagulation. Blood was
immediately transported (45-minute drive) to Ann Arbor, MI and used for uptake experiments.
Briefly, blood was aliquoted into 100 pL aliquots and treated with a range of particle
concentrations (1E5, 1E6, 1E7, 1E8 particles/mL) in triplicates. After 2 hours of incubation at

37°C, samples were prepared for flow cytometry.

2.7.2 Sample Staining for Flow Cytometry Analysis

Neutrophils were identified on flow cytometry using SWC1 (CD52), CD172a, and SWCS. Primary
and secondary antibodies were diluted as suggested by vendors: SWC1 Primary 1:100 (Bio-Rad),
SWC1 secondary 1:100 (BV421, Jackson Immuno); CD172a 1:10 (FITC Bio-Rad); and SWC8
Primary 1:20 (Bio-Rad), SWC8 Secondary 1:20 (PerCP Jackson Immuno). Each sample was
treated with 0.1 puL SWC1 primary/secondary, 1 upL CD172a, and 2.5 puL SWCS8
primary/secondary. To stain the samples, samples were first treated with primary antibodies and
incubated on ice for 30 min. Samples were washed with 2 mL 1% BSA in PBS -/- at 400 G for 5
min. Samples were gently resuspended and stained with secondary antibodies for 30 minutes on
ice. Samples were lysed/fixed with 1-step lyse/fix (eBioscience). Prior to flow cytometry, samples
were washed twice in FACS buffer and resuspended in a final volume of 0.5 mL FACS buffer.

Data was collected on an Attune flow cytometer.
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2.7.3 Pig Dosage Calculation

In this model we based our scaled particle dosage from mouse to pig on blood volume. Yucatan
pigs on average have 62.5 mL/kg of blood. Particle dosage was calculated the day of the
experiment by multiplying 62.5 mL/kg by the pig’s weight. Both the first and second pig used in

this work weighed 43 kg and received 1E8 particles per mL of blood—2.69E11 particles total.

2.7.4 In Vivo Particle Infusion

Yucatan pigs underwent infusion of 67 mL Poly-A particles at 4E9 particles/mL in saline. In the
first pig experiment, particles were infused at 10 mL/min into the left external jugular. Due to the
adverse reaction to the particle infusion, we moved the infusion site and rate in the next experiment.

The optimized infusion site and rate was found to be the lateral saphenous vein at 4 mL/min.

2.7.5 C5a ELISA

Complement protein C5a was measured in plasma samples via a pre-coated ELISA Kit
(BIOMATIK Cat# EKU03408-96T). This assay was specifically designed for measuring porcine

C5a in a sandwich-based ELISA assay. Plasma samples were diluted in PBS -/- by a factor of 20.

2.7.6 Histology

Samples of small intestine (duodenum), lung, liver, kidney, spleen, and trachea were flash frozen
in liquid nitrogen and were submitted for blinded histopathologic examination by ULAM in the In

Vivo Animal Core.
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2.8 Statistics and Data Analysis

Statistical analysis was performed using GraphPad Prism Software using either One-Way or Two
Way ANOVA with Fisher’s LSD Test with a 95% confidence interval. Asterisks indicate p values

of: *=p<0.05, **=p<0.01, ***=p <0.001, **** =p <0.0001. n.s. indicates “not significant”.
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Chapter 3 Poly-Salicylic Acid Polymer Microparticle Decoys Therapeutically Treat

Acute Respiratory Distress Syndrome

3.1 Publication Information

The work shown in this chapter is adapted from work published in Advanced Healthcare Materials
titled “Polysalicylic Acid Polymer Microparticle Decoys Therapeutically Treat Acute Respiratory
Distress Syndrome” with author list Emma R. Brannon, William J. Kelley, Michael W.
Newstead, Alison L. Banka, Kathryn E. Uhrich, Colleen E. O'Connor, Theodore J. Standiford,
Omolola Eniola-Adefeso. Additionally, art illustrating our work was selected for the cover of

Advanced Healthcare Materials and displayed in the Chapter 3 appendix (Section 3.7).

Citation: Brannon, E. R., et al. (2022). "Polysalicylic Acid Polymer Microparticle Decoys

Therapeutically Treat Acute Respiratory Distress Syndrome.” Advanced Healthcare Materials

11(7): 2101534,

3.2 Abstract

Acute Lung Injury (ALI) and Acute Respiratory Distress Syndrome (ARDS) result from
inflammation of the lungs and lead to high mortality rates, often as a secondary disease.
Neutrophils play a large role in propagating ALI and ARDS yet no therapeutics in the clinic target
inflammation that results from neutrophilic damage. Particle-based therapeutics are known to
interact with neutrophils in the blood stream, thus in this work we examine the application of

utilizing particles to treat inflammation localized to the lungs. Particles fabricated from
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polymerized salicylic acid termed “PolyAspirin” or Poly-A were found to reduce neutrophil
accumulation in the lungs in murine models of ALI and ARDS. Furthermore, we found that the
therapeutic backbone of the polymer alters neutrophil surface protein expression, enhancing the
diversion of neutrophils over other particle types. This work represents an entirely novel
therapeutic strategy for ALI/ARDS, enhancing the treatment options for many systemic

inflammatory diseases.

3.3 Introduction

Acute, systemic inflammatory diseases are difficult to treat and are associated with high
mortality rates. Among these, both acute lung injury (ALI) and acute respiratory distress syndrome
(ARDS) are especially problematic and deadly; in a 2001 study, acute lung injury (ALI) and acute
respiratory distress syndrome (ARDS) accounted for 41% of postoperative deaths,®® while 2016
study revealed the worldwide mortality rate of ARDS alone to be as high as 40%.%" Although
methods of treating ARDS and ALI symptoms have improved, mortality rates remain high,
establishing the need for new treatment methods and potential therapeutics.®®% Part of the
difficulty with developing reliable therapeutics for ARDS lies in the various conditions that lead

to ARDS, including pneumonia, systemic bacterial infection, severe burns, or viral infections.

Regardless of the primary cause, ARDS is characterized by an unrestrained innate
inflammatory response, where a high count of neutrophils in the lung bronchoalveolar lavage fluid
(BALF) in ARDS patients strongly correlates with disease severity and mortality.3*’%"3 This is
largely due to the nature of the neutrophil response to acute inflammation; as inflammatory stimuli
are detected, circulating neutrophils are rapidly recruited to the site of inflammation via the
upregulation of cellular adhesion molecules (CAMSs) such as E-Selectin, P-Selectin, ICAM-1, and

VCAM-1 on the surface of endothelial cells. Ligands on the neutrophil surface bind to the
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upregulated CAMs, allowing the neutrophils to roll along the endothelial surface, eventually
resulting in firm adhesion and trans endothelial migration.”*"® As neutrophils transmigrate into the
alveolar space, they damage the lung endothelium and epithelium, eventually resulting in a “leaky”
lung vasculature through which fluids, proteins, and pathogens can potentially migrate,
exacerbating the inflammation.3® Once present in the alveolar space, neutrophils release cytotoxic
materials such as neutrophil extracellular traps (NETS), reactive oxygen species (ROS), and
neutrophil elastase, all of which have been shown to contribute to the severity of ALI/ARDS.”"8!

While over-stimulation of the immune system plays a major role in diseases such as ALI
and ARDS, no therapeutics exist to treat the immune-related symptoms. Many clinical trials testing
immunotherapeutic proteins have failed, potentially due to the complexity of immune-signaling
agents, redundancies in the inflammatory pathway, and heterogeneity of ARDS and ALI in
patients.2? However, it has been shown in preliminary publications and research that circulating
immune cells can also be blocked by intravenously-administered, drug-free, non-targeted
polymeric microparticles in applications ranging from experimental autoimmune encephalitis
(EAE), West Nile Virus, myocardial infarction, spinal cord injury, and ALI.**%8 Thus, such
particles can potentially be designed to prevent the excessive accumulation of rogue neutrophils
in ALI/ARDS applications, ameliorating the potential for any inflammatory damage while
allowing for disease resolution to take place.

Polymeric drug delivery particles such as poly(lactic-co-glycolic acid) (PLGA)-based
particles have already achieved FDA approval and are used clinically for delivering active
pharmaceutical agents in cancer applications.®® Importantly, hydrolysis of PLGA-based polymeric
particles produces biocompatible byproducts, lactic acid and glycolic acid.®”% Minimal systemic

toxicity is expected from PLGA-based polymeric particles, but even minimal toxicity could be
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harmful when treating an inflammatory disease.®® For this reason, it is important to consider other
polymers as the base of a polymeric particle treatment for inflammatory conditions.

In this work, salicylate-based poly(anhydride-ester) polymers (“PolyAspirin” or “Poly-A”)
were fabricated into micron-sized spheres and evaluated as a potential therapeutic for
inflammation resolution. Poly-A degrades into the active component of aspirin, salicylic acid; it is
hypothesized that Poly-A particles may confer therapeutic effects in ALI and ARDS.8% Non-
degradable polystyrene and degradable PLGA particles were used as controls to evaluate the
therapeutic effect of Poly-A. In both an endotoxin and bacterial murine model of ALI, Poly-A
particles significantly cleared neutrophils from the lungs while also reducing the inflammatory
effects of ALI. From in vitro assays we found that phagocytosis of Poly-A reprograms neutrophils,
changing the surface protein expression to a less inflammatory state. Together these in vivo and in
vitro findings emphasize the importance in using anti-inflammatory materials for designing

particle-based therapeutics to treat inflammation.
3.4 Results

3.4.1 Particle Characterization

The particles used in this work had smooth surfaces and similar surface charges as characterized
by SEM and shown in Table 3.1. Both the Poly-A and PLGA particles were similar in size,
averaging 0.9 and 0.8 um in diameter. The polystyrene (PS) particles used in this work were twice
the size of Poly-A and PLGA to compare the results from this work to results published by Fromen
et al.*? Particle degradation was characterized in PBS at 37°C. As shown in Figure 3-1 particles

degrade slowly over the period of multiple days.
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We conducted a biodistribution study to examine the predominant organs of particle
accumulation post intravenous injection (Figure 3-2). From this study we found that both Poly-A
and PLGA particles accumulate in the liver post injection. This result was expected based from
previous work by Fromen et al. that showed particles injected intravenously accumulate in the

liver.42

Table 3-1 Particle Characterization

1 um Poly-A 1 um PLGA 2 um PS

SEM Image

Size 0.9+ 0.30 pm 0.8 + 0.30 um 2.0+ 0.16 pm

Zetapotential -27.2 -31.8 442

o Poly-A Particle Degradation
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Figure 3-1 Degradation of Poly-A particles in PBS -/- at 37°C.
Particles were rotated at 37°C in PBS for 17 days to determine the extent of degradation. (A) SEM image of

particles after 13 days of degradation. (B) Hydrolytic degradation profile of Poly-A particles as measured by the
release of salicylic acid.
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Figure 3-2 Biodistribution of Poly-A and PLGA particles in mice 30-minutes post-injection.

C57BL/6J Mice were injected with particles 2 hours after intratracheal LPS administration and sacrificed 30 minutes
after particle injection. Particle distribution was quantified using a fluorescence signal.

3.4.2 Investigation of Various Particle Types in Treating ALI

Previous work by Fromen et al. has shown that drug-free particle-based divert neutrophils,
preventing accumulation at sites of localized lung inflammation. In previous work, it was noted
that C57BL/6 mice had a reduced inflammatory response to BALB/Cj mice, and the resulting
reduction of neutrophils in the bronchoalveolar lavage fluid (BALF) was less extensive.*? We
hypothesized that by utilizing a particle-based material that has additional anti-inflammatory
benefit, we would further reduce the neutrophil accumulation in the lungs. Prior to beginning these
experiments, we characterized the influx of neutrophils into the BALF to ensure that the particle
intervention was injected on the correct timeline for optimal neutrophil diversion (Figure 3-3).

From these preliminary experiments, we found that C57BL/6 mice have a similar neutrophil
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response to BALB/C]j, but the response is slower and neutrophil accumulation in the BALF peaks

at a later timepoint—=6-hrs post instillation (Figure 3-3D and E).
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Figure 3-3 Characterizing the influx of neutrophils into the BALF of C57BL/6 Mice.

(A)Experimental overview of treatments and sampling. (B) Experimental timeline for characterizing BALF at
different time points. Samples were taken 2-, 6-, 12-, and 24-hrs post LPS instillation (C) Total cell
accumulation in BALF over time. (D) Neutrophil counts in the BALF at each time point. (E) Percentage of
neutrophils in the BALF at each time point. Statistical analysis was performed using GraphPad Prism Software
using One-Way ANOVA with Fisher’s LSD Test with a 95% confidence interval. Asterisks indicate p values
of: *=p<0.05 **=p<0.01, ***=p<0.001.

35



Based on the characterization curve, we chose to investigate multiple injection timelines to
understand the best intervention scheme for particle-based therapeutics in diverting neutrophils
(Figure 3-4). We injected particles (Poly-A, PLGA, or polystyrene) either 2-hrs or 4-hrs post LPS
instillation and harvested BALF 2-hrs post injection. Comparing the injection timeline, we found
that injecting earlier led to more significant reductions in total cells and neutrophils in the BALF
(Figure 3-4C and D). Injecting later, 4-hrs post LPS, led to a loss in significant reduction of PS

particle treatments on neutrophil accumulation in the BALF (Figure 3-4F). This loss in
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Figure 3-4 Modulation of neutrophil accumulation in the lungs with various particle types.

(A-B) Dosing/harvest schedule for the 2-hour and 4-hour injections in C57BL/6 mice. (C) Total BALF cells
and (D) neutrophils for the 2-hour injection time experiments for untreated (UT) mice, LPS-only, LPS + Poly-
A (PA) particles, LPS + Poly lactic-co-glycolic acid (PLGA) particles, and LPS + polystyrene (PS) particles.
(E) Total BALF cells and (F) neutrophils for the 4-hour injection time experiments. All particles were injected
at 2 x 108 per mouse. Statistical analysis was performed using GraphPad Prism Software using One-Way
ANOVA with Fisher’s LSD test with a 95% confidence interval. Asterisks indicate p values of: * = p < 0.05,
** =p <0.01, ¥** =p <0.001, ¥*** =p <0.0001. n.s. indicates “not significant.”
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significance for the non-degradable control suggests the importance of degradation byproducts in
modulating neutrophil behavior. Both Poly-A and PLGA significantly reduced neutrophil
accumulation in both injection timelines as shown in Figure 3-4D and F. The reduction in
neutrophil accumulation was more significant for Poly-A particles, and could be due to the
enhanced anti-inflammatory properties of Poly-A. This difference in therapeutic benefit suggests
that degradable materials with anti-inflammatory degradation products may provide additional

benefit rather than neutrophil diversion alone.

3.4.3 Impact of Particle Material in Treating ARDS

Next, we sought to investigate particle treatments in a more complex model of lung inflammation,
ARDS. To model ARDS we infected the lungs of C57BL/6 mice with live P. aeruginosa. Similar
to our ALI experiments, we first characterized the neutrophil influx into the lungs over time (12-,

18-, 24-, 30-, 36-hrs) post infection (Figure 3-5).
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Figure 3-5 Characterization of P. aeruginosa lung infection in C57BL/6J mice.

(A) Representation of the timeline of bacterial infection and BALF sampling. (B) Total cells in BALF 12, 18,
24, 30, and 36 hrs post-infection. (C) Total neutrophils in BALF 12, 18, 24, 30, and 36-hrs post-infection. (D)
Timeline for 6-hour particle injection and 24-hour BALF collection. (E) Total BALF cells and (F) neutrophils
collected post 6-hour injection timeline. Statistical analysis was performed using GraphPad Prism Software
using One-Way ANOVA with Fisher’s LSD Test with a 95% confidence interval. Asterisks indicate p values
of: *=p <0.05, ** =p <0.01, *** = p <0.001
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The neutrophil influx was found to peak in the BALF at 24-hrs post infection, with the
neutrophil influx beginning at 12-hrs post infection. From the initial characterization study, we
hypothesized that 18-hrs post infection would be the optimal time to inject particles for neutrophil
diversion. Thus, we chose to inject either Poly-A, PLGA, or polystyrene particles 18-hrs post P.
aeruginosa infection and evaluate the BALF 6-hrs post particle injection (Figure 3-6A). Using
this treatment scheme, we found that only Poly-A particles reduced the accumulation of total cells
and neutrophils in the BALF (Figure 3-6B and C). We measured lung damage by quantifying

protein (IgM and albumin) leakage into the BALF. Poly-A lead to a significant reduction in both
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Figure 3-6 Impact of Poly-A particle injection in ARDS model.

(A) Representation of the timeline of particle treatment and BALF sampling relative to the time of P. aeruginosa

infection in C57BL/6 mice. (B) Total cells and (C) neutrophils in the BALF 24 hours post-infection after 18-hr
injection of Poly-A, PLGA, polystyrene, or soluble aspirin compared to infected mice with no treatment and
saline controls. UT control implies mice with no LPS or particle treatment. (D) Bacterial CFU in BALF
collected at 24 hours post-infection for mice treated with Poly-A or saline at 18-hr post-infection. (E) Bacterial
CFU in blood collected at 24 hours post-infection for mice treated with Poly-A or saline at 18-hr post-infection.
(F) 1gM and (G) albumin level in BALF collected at 24 hours post-infection for mice treated with Poly-A or
saline at 18-hr post-infection. (H) Post-infection survival (N=5 for each group) for P. aeruginosa infected mice
with and without 18-hour Poly-A injection. All mice received 2 x 108 particles for every particle type. Statistical
analysis was performed using GraphPad Prism Software using One-Way ANOVA with Fisher’s LSD test with
a 95% confidence interval. Asterisks indicate p values of: * = p < 0.05, ** = p < 0.01, *** = p < 0.001.
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IgM and albumin in the BALF, suggesting a reduction in lung damage (Figure 3-6F and G).
Reductions in blood CFU of P. aeruginosa further show that the lung vasculature remained intact
for mice treated with Poly-A, as compared to saline treated mice. Importantly, in a survival study,
we found that an 18-hour Poly-A particle injection significantly improved survival rates. Infected
mice with no treatment died within 48 hours post-infection, while 80% of the mice receiving Poly-
A injection lived out to one week. No bacterial CFU was detected in the blood or BALF samples
of the surviving Poly-A treated mice, indicating recovery.

Next, we investigated whether the Poly-A particle treatment alters the BALF level of
inflammatory markers typically predictive of human ARDS mortality.®*** We used ELISAs to
measure the levels of IL-10, KC (CXCL1), MCP1 (CCL2), MIP2 (CXCL2), TNF, and IL-6 in the
BALF (Figure 3-7). Poly-A particle injection significantly reduced the levels of KC, MCP1, TNF,
and 1L-6 by ~94%, ~81%, ~68%, and ~81%, respectively, as compared to infected controls. This
result suggests that Poly-A particles' administration and the corresponding reduction of neutrophils
in the airways alleviates the lungs’ inflammatory response, both directly and indirectly,

highlighting the Poly-A particles’ potential as an effective therapeutic for ARDS.
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Figure 3-7 Cytokine and protein content in BALF of ARDS mice after Poly-A injection, as measured by ELISA.

(A) Schematic of Poly-A particle treatment and BALF protein sampling relative to the timing of bacterial infection.
The concentration of (B) IL-10, (C) KC, (D) MCP1, (E) MIP2, (F) TNF-a, and (G) IL-6 in the BALF of P.
aeruginosa infected mice. Mice were injected with either 2 x 108 Poly-A particles or saline at 18 hours post-
infection, and samples were collected 24 hours post-infection. Statistical analysis was performed using GraphPad
Prism Software using One-Way ANOV A with Fisher’s LSD test with a 95% confidence interval. Asterisks indicate
p values of: * = p <0.05, ** = p < 0.01.
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3.4.4 Impact of Particle Phagocytosis on Neutrophil Surface Protein Expression

Due to the success of Poly-A in preventing neutrophil accumulation in both ALI and ARDS, we
sought to investigate the cellular mechanism of Poly-A’s function. To do this we utilized whole
blood from healthy donors to investigate particle material effects on neutrophil activation. More
specifically, we exposed neutrophils to particles and measured the resulting changes in surface
protein expression (Figure 3-8A). Uptake experiments in whole human blood showed that Poly-A
particle internalization reverted neutrophils from an activated state to an un-activated state. We
measured particle uptake (Figure 3-8B) and activation via surface protein expression of L-selectin

(CD62L) and PSGL-1 on neutrophils (Figure 3-8C and D). Both CD62-L and PSGL-1 are shed
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Figure 3-8 Impact of Poly-A particle phagocytosis on surface protein expression by human neutrophils.

(A) Schematic depiction of L-selectin surface expression (red dots) by neutrophils in naive or LPS-activated cells
with or without particle treatment. (B) The fraction of neutrophils that internalized particles in whole blood. (C)
Fold decrease in L-selectin (CD62-L) surface expression by neutrophils (N®) in whole blood exposed to LPS only,
LPS + Aspirin, LPS + PLGA, and LPS + Poly-A particles relative to neutrophils in untreated (UT), non-LPS
activated blood. (D) Fold decrease in PSGL-1. Each 100 pL blood sample received 2E6 particles for every particle
type 30 min after LPS activation, and the protein expression was evaluated at 2 hr after LPS activation. Three
human donors were used for this experiment, n=3. P- N®s = Particle negative neutrophils; P+ Ngs = Particle
positive neutrophils. Statistical analysis was performed using GraphPad Prism Software using One-Way ANOVA
with Fisher’s LSD test with a 95% confidence interval. Asterisks indicate p values of: * =p <0.05, ** =p <0.01.
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from the neutrophil surface during activation.®® The shedding of CD62L and PSGL-1 helps
neutrophils to transmigrate more easily to reach sites of inflammation in vivo.®° Expression was
plotted as fold change over untreated samples to normalize values across experiments. LPS induces
a 10-fold decrease in CD62-L expression, but Poly-A positive LPS stimulated neutrophils had no
fold change compared to untreated. Similarly, LPS induces a 2-fold decrease in PSGL-1 expression
on neutrophils (N®)s. Poly-A positive neutrophils stimulated with LPS, however, have no fold
decrease in PSGL-1 expression. PLGA particles were just as frequently phagocytosed by
neutrophils as shown in Figure 3-8B but did not have the same anti-inflammatory effects. Soluble
aspirin also failed to prevent CD62-L or PSGL-1 shedding. The particles may release a high
localized concentration of salicylic acid within the neutrophil causing the observed anti-
inflammatory effects. In addition to the anti-inflammatory changes in protein expression, we also
observed a 4-fold increase in expression of LFA-1, a surface protein utilized for neutrophil
transmigration (Figure 3-9). After observing such drastic changes in surface protein expression,
we suspected that these changes influenced the increased neutrophil diversion from BALF seen in

Poly-A treated ALI mice.?’
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Figure 3-9 Neutrophil expression of LFA-1 in activation conditions with particle treatment.

Neutrophils were activated with LPS and treated with soluble aspirin, PLGA particles, or Poly-A particles. Flow
cytometry was then used to evaluate the expression of LFA-1.
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3.4.5 Understanding the Effects of Neutrophil Surface Protein Expression and Diversion of

Neutrophils

We conducted a set of experiments to evaluate neutrophil diversion to the liver and surface protein
expression of Poly-A positive neutrophils once in the liver (Figure 3-10A). As expected, particle
treated mice had reduced circulating neutrophils compared to LPS only mice (Figure 3-10B). Poly-
A treated mice had significantly greater neutrophil counts in the liver compared to untreated mice,
unlike PLGA (Figure 3-10C). When looking at particle positive neutrophils in the liver, it was
found that there was no difference between Poly-A and PLGA mice, suggesting that Poly-A
influences overall neutrophil accumulation in the liver (Figure 3-10D). PLGA positive blood
neutrophils had a significant fold decrease in PSGL-1 expression compared to LPS only (Figure
3-10E). In the liver, however, Poly-A particles had significant preservation of PSGL-1 expression
compared to LPS only mice (Figure 3-10F).

While our in vitro human studies revealed significant preservation of CD62L on
neutrophils post-phagocytosis of Poly-A particles. However, looking at neutrophils harvested from
mouse blood or liver, we did not see enhanced expression of CD62L in Poly-A positive neutrophils

(Figure 3-11).
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Figure 3-10 In vivo impact of Poly-A particles on neutrophil accumulation and surface protein.

(A) Schematic showing experimental timing and set up. (B) Neutrophil (N®) concentration in blood 2-hours post
LPS instillation and 1-hour post-injection. (C) Neutrophil accumulation in the liver post LPS instillations and particle
injections. (D) Particle Positive neutrophil accumulation in the liver. Fold decrease in PSGL-1 expression compared
to untreated neutrophils in the (E) blood and (F) neutrophils isolated from the liver. P+ Ngs = Particle positive
neutrophils. Statistical analysis was performed using GraphPad Prism Software using One-Way ANOVA with
Fisher’s LSD test with a 95% confidence interval. Asterisks indicate p values of: * = p < 0.05, ** =p < 0.01. N>3
for this experiment.
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Figure 3-11 CD62L expression on mouse neutrophils harvested from blood and liver.

Particle-positive neutrophils in (A) blood, (B) liver, and (C) lungs. Fold decrease of L-selectin on (G) blood
neutrophils and (H) neutrophils isolated from the liver P+ Ngs = Particle positive neutrophils Statistical
analysis was performed using GraphPad Prism Software using One-Way ANOVA with Fisher’s LSD Test
with a 95% confidence interval. Asterisks indicate p values of: * = p < 0.05, ** = p < 0.01, *** = p < 0.001.
n.s. indicates “not significant.”

3.5 Discussion

In this chapter, I investigated the functionality of Poly-A particles to treat inflammatory disease of
the lungs: ALI and ARDS. We hypothesized that Poly-A particles would divert neutrophils from
the site of inflammation through physical interactions, allowing local tissue immunity to clear the
primary source of injury. Poly-A particles more effectively reduced neutrophil accumulation in the
BALF over PLGA and polystyrene particles in both LPS- and P. aeruginosa-induced ALI/ARDS.
In the case of P. aeruginosa only Poly-A particles significantly reduced neutrophils infiltration
and overall lung damage of infected mice. Survival of mice infected with P. aeruginosa was
enhanced with Poly-A particles treatment. This enhanced survival of mice treated with Poly-A

particles could be due to reductions in lung inflammatory cytokines and lung damage, as indicated
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by a reduction in IgM and albumin in the BALF.

From these initial in vivo studies, we hypothesized that Poly-A particles alleviate
inflammation in ALI/ARDS by multiple mechanisms. We know from previous studies that
particles function in diverting neutrophils via particle-neutrophil collisions that lead to neutrophil
phagocytosis of particles in the bloodstream, ultimately diverting particle-laden cells to the
liver.8% This work further expanded the phenomena of particle-neutrophil diversion to include
degradable particles, including both Poly-A and PLGA, in models of ALI/ARDS.

It is known that the exaggerated pro-inflammatory cycle seen in ARDS is propagated by
neutrophils present in the airways as neutrophils contribute to cytokine release (TNF-a) that further
induces other immune cells to an inflammatory state. By reducing neutrophil lung infiltration we
demonstrated a reduction in lung damage as measured by IgM and albumin—both IgM and
albumin are major components of blood, not typically found in BALF unless the vasculature has
become leaky due to lung damage.®*"3 Further, the reduction of P. aeruginosa CFUs in the blood
supports the hypothesis that Poly-A prevented lung damage leading to leaky vasculature.

In addition to neutrophil diversion, Poly-A particles exert added therapeutic benefits in
ALI/ARDS relative to other particle types. Neutrophils shifted to a quiescent state after uptake of
Poly-A particles, as indicated by changes in crucial neutrophil cell adhesion molecules’
expression. According to the literature, LPS stimulation induces rapid neutrophil shedding of L-
selectin, thus by measuring L-selectin shedding we can understand the activation level of the
neutrophil.®-1% Similarly, a few studies have reported that PSGL-1 expression is downregulated
in human neutrophils in vivo in response to systemic inflammation caused by endotoxin infusion
in healthy volunteers and in vitro by LPS in anticoagulated blood.!®> Thus, the observed

preservation of L-selectin and PSGL-1 expression on neutrophils that phagocytosed Poly-A
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particles in LPS-activated human blood and PSGL-1 expression on neutrophils in vivo highlights
an anti-inflammatory effect. In this work we found that Poly-A particles also induce enhanced
expression of LFA-1. LFA-1 is necessary for neutrophils slow rolling and transmigration, but
without the shedding of L-selectin and PSGL1, this function would be hindered.'%3

Interestingly, the measurable impact of Poly-A on human neutrophils expressed L-selectin
was not observed in mouse neutrophils in vivo. Given that L-selectin expression can be readily
perturbed, we suspect that the tissue dissociation process necessary to obtain single cells needed
for flow cytometric analysis was enough to cause significant L-selectin shedding across all
neutrophils in blood obtained from particle treated mice, limiting our ability to collect accurate
measurements for in vivo assays.

Soluble aspirin did not impact neutrophil lung localization and adhesion molecule
expression both in vitro and in vivo, suggesting the importance of the Poly-A particle form. While
others have reported aspirin sheds L-selectin expression on neutrophils, these studies were
conducted with isolated human neutrophils and aspirin at non-physiologically relevant
concentrations, up to 1000 pg/mL.141%5 Furthermore, aspirin itself was found not to be the culprit
for L-selectin shedding.® Instead, nicotinamide adenine dinucleotide phosphate (NADPH)-
oxidase activation via aspirin at the plasma membrane induces superoxide anion production
resulting in L-selectin downregulation.'% Conversely, Poly-A particles are entirely phagocytosed;
thus, we hypothesize that this may provide the necessary burst of salicylic acid needed to modify
inflammation response in neutrophils. Intracellularly, the particles are phagocytosed into a
phagosome, and unlike macrophages, neutrophil phagosomes are known to experience a pH
increase to between 9 -10 up to 30 min after phagocytosis.'’ It is also known that Poly-A

breakdown is accelerated in neutral basic environments, thus we suspect enhanced salicylic acid
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release within neutrophils immediately after phagocytosis.>* Given that Poly-A particles in
solution in vitro did not release an appreciable amount of salicylic acid in the 2-hr period of the
particle-blood assays, we do not expect extracellular activity of Poly-A; hence we saw no change
in neutrophils that did not uptake Poly-A in vitro.

An interesting finding in this study is that the use of intravenously administered particles
as a therapeutic for ALI/ARDS (and possibly other acute inflammatory conditions) depends
heavily on the time of injection relative to the onset of inflammation, similar to other studies
showing that the time of intervention in lung inflammation is crucial to treatment efficacy. Given
that the inflammatory response in human ARDS occurs on an extended timeline compared to mice,
it is likely that the therapeutic window in humans is also much more expansive. Additionally,
patient BALF assessment is a diagnostic method of ALI and lung injury severity in the clinics,
suggesting an avenue for identifying patients for Poly-A particle therapeutic.! Thus, intervention
via Poly-A particle injection would be possible at the point of clinical presentation of ARDS.!%%110
Notably, the mapping of the Poly-A particle efficacy to the kinetics of neutrophil lung infiltration
in both the LPS and P. aeruginosa ARDS model would suggest these particles would be
efficacious in ARDS regardless of the underlying cause, including in respiratory viral infections.
Indeed, a few recent studies have reported elevated levels of neutrophils and neutrophil
extracellular traps in the blood and lungs of COVID19 patients, which is linked to poor
prognosis. 1111

The current standard of care for ARDS patients is mechanical ventilation for gas exchange,
which in some cases can further injure the lungs.®*'® Microparticle-based neutrophil-blocking
therapeutic approach for ARDS is promising in that it acts on a subset of cells involved in the

triggering of cytokine storm in ARDS — neutrophils — directly. A significant concern for the

49



neutrophil-blocking approach with Poly-A is the possibility of propagating the primary disease
with reduced presence of neutrophils. Nevertheless, our results showed a positive outcome, i.e.,
significantly reduced lung injury and mortality, with the Poly-A particle treatment even with an
active bacterial infection present in the lungs. Furthermore, with redundancies in the inflammatory
cascade single-molecule or cytokine blocking pharmaceuticals also have the potential of

prolonging recovery due to non-specific binding or signaling.33*’

3.6 Conclusion

In conclusion, we have shown that Poly-A particles are a novel therapeutic that could greatly
improve the current state of care for patients with acute inflammatory diseases. Future work
investigating various particle parameters (e.g., concentration, size, shape, and polymer chemistry)
and dosing strategy (single versus multiple treatments) may shed more light on the optimal
formulation for maximum effect.8>9118.119 \we expect that Poly-A particles would function as a
tool to enhance current methods of treatment e.g., antibiotics or antivirals to enhance the
therapeutic response. That is, the Poly-A particles could prevent neutrophil-associated lung
damage while allowing antibiotics/antivirals to control infection. The impact of Poly-A particles
may also extend beyond neutrophils. For example, previous works have shown that COX-2
inhibitors such as aspirin decrease the formation of neutrophil-platelet aggregates in inflammation,
which may decrease cytokine production by neutrophils.?2122 To fully establish the therapeutic
mechanism of Poly-A particles in ALI/ARDS, further ex vivo and in vivo experiments investigating
physiologic effects of Poly-A are necessary.

Lastly, the bulk of the results here are based on murine models of ALI/ARDS, which
though are useful first tools for developing potential therapies, lack in complexity relative to

humans. All the same, our preliminary observation of an anti-inflammatory impact of Poly-A
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particles with human neutrophils and our prior work demonstrating a similar particle phagocytosis
pattern in mouse neutrophils suggest the results obtained here are likely relevant in humans.!
From this work, it is important to investigate other inflammatory pathways in correspondence to
Poly-A treatment. We suspect that the inhibition of inflammatory pathways may apply to more
than L-selectin shedding, i.e. NETosis. Future work confirming the safety of Poly-A particle

infusions is necessary to ensure safe translation from initial in vivo mouse studies to the clinic.
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3.7 Appendix

3.7.1 Cover Illustration from Published Manuscript

Vol. 174 No.7 s April 6 2022

www.advhealthmat.de

WILEY-VCH

Figure 3-12 Cover illustration published in Advanced Healthcare Materials.

Brannon, E. R., et al. (2022). "Polysalicylic Acid Polymer Microparticle Decoys Therapeutically
Treat Acute Respiratory Distress Syndrome." Advanced Healthcare Materials 11(7): 2101534.
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Chapter 4 NETosis Modulation and Reduction via Polymerized Salicylic Acid

Microparticles

4.1 Publication Information

The work discussed in this chapter is not yet published but is submitted for publication with the
title “Polymerized salicylic acid microparticles reduce the progression and formation of human
neutrophil extracellular traps (NET)s” with author list Emma R. Brannon, Logan D. Piegols,
Xuegi Chu, M. Valentina Guevara, Kathryn E. Uhrich, and Omolola Eniola-Adefeso. The content
of this chapter has been adapted from the manuscript that will be submitted for publication to fit

the purpose of this chapter.

Citation: Brannon, E. R., et al. (2024). " Polymerized salicylic acid microparticles reduce the
progression and formation of human neutrophil extracellular traps (NET)s." Submitted to

Advanced Healthcare Material

4.2 Abstract

Neutrophils can contribute to inflammatory disease propagation via innate mechanisms intended
for inflammation resolution. For example, neutrophil extracellular traps (NET)s are necessary for
trapping pathogens but can contribute to clot formation and blood flow restriction (ischemia).
Currently, there are no therapeutics in the clinic that directly target NETs despite the known
involvement of NETSs contributing to mortality and increased disease severity. Vascular-deployed

particle-based therapeutics are a novel and robust alternative to traditional small-molecule drugs
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by enhancing drug delivery to cells of interest. To translate particle-based therapeutics to the clinic,
high-throughput in vitro assays can be used to understand physiological effects on targeted cell
populations, which is necessary for therapeutic optimization. In this work, we designed a high-
throughput assay to investigate NETosis and functionally test immunomodulatory behavior of
particle-based therapeutics. Briefly, we found that not only does polymeric composition play a
role, but particle size also influences rates of NETosis. Salicylate-based poly(anhydride-ester)
polymeric (Poly-A) particles were found to functionally inhibit NETosis, in addition to having
other anti-inflammatory capabilities as shown in previous work. Particle-based therapeutics are a
novel solution to treating inflammatory diseases, and it is necessary to utilize high throughput

models to optimize safe and effective particle properties.

4.3 Introduction

Neutrophils, the primary circulating white blood cells in humans, play a major role in modulating
the response to acute inflammation. As the first responder to inflammation, neutrophils contain
invading pathogens/inflammatory agents via phagocytosis, the release of cytokines, granules,
reactive oxygen species (ROS), and neutrophil extracellular traps (NET)s. 237123124 |n severe
inflammation, neutrophils can propagate inflammation by over-accumulating at sites of
inflammation and damaging healthy tissue with granules/ROS/NETs.212>126 This neutrophil
dysfunction occurs in several inflammatory diseases —sepsis, acute lung injury (ALI), acute
respiratory distress syndrome (ARDS), deep vein thrombosis (DVT), and more —leading to
further disease propagation.1>126

The release of NETs (NETosis) is a vital innate immune response in controlling
infections/inflammation by supporting thrombi formation along the endothelium, effectively

capturing unwanted pathogens.>'®* However, excessive thrombosis, in this case,
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thromboinflammation, can lead to vascular occlusion and ischemia.'?*'?" Enhanced NETosis has
been shown to correlate with disease severity in thrombo-inflammatory diseases along with AL,
ARDS, sepsis, and SARS-CoV-2 infection.'?*12 The increasing awareness of NET involvement
in inflammatory diseases has prompted investigations of potential small molecule therapeutics that
target NETosis via neutrophils, NETs, or mitochondria.*?#1?° Localized lung injury/inflammation
from chronic obstructive pulmonary disease (COPD), asthma, and ARDS has been shown to
benefit from inhalation treatment of small molecule therapy, predominately neutrophil elastase
inhibition or DNase treatment.*?**% However, small molecule therapeutics become less effective
in systemic inflammation. For example, sivelestat—an inhibitor of neutrophil elastase, has shown
promise in reducing disseminated intravascular coagulation (DIC) but has failed in clinical trials
due to low efficacy.!311%

Particle-based therapeutics are an innovative solution to drug targeting for the treatment of
inflammatory diseases propagated by neutrophils and NETosis.®” Small molecule therapeutics can
be loaded into particle-based drug delivery systems to enhance efficacy in systemic inflammation.
Okeke et al. has shown that loading sivelestat into lipid-based nanoparticles can enhance efficacy
and prevent NETosis in an in vivo endotoxin shock sepsis model, resulting in improved survival
rates.’®* While lipid-based particles are biocompatible and maintain cargo stability, lipid-based
particles are limited by structural stability and low drug loading. Polymeric-based particles allow
for high tunability/optimization and can easily be scaled from the bench to industrial scale.
Poly(lactic-co-glycolic acid) (PLGA) is a biocompatible polymer that has been used in several
FDA-approved particle formulations.® In macrophages and dendritic cells, PLGA can have anti-
inflammatory effects in high doses, but inflammatory effects at low doses.®”*° However, the

literature has not thoroughly investigated the effects of various polymeric materials on neutrophils
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post-interaction. Initial studies from Brannon et al. found that degradable salicylic acid (SA) based
poly(anhydride-ester) polymeric (Poly-Aspirin or Poly-A) particles can alter neutrophil function,
reducing L-Selectin and PSGL-1 shedding—implying reduced activation. 4’

When tuning particle-based therapeutics for clinical purposes, it is important to optimize
the material to minimize unintended side effects and enhance pharmacological outcomes.
Materials such as cationic lipids, polystyrene, and graphene oxide are known to induce NETosis,
thus would not be the optimal choice when designing particle-based therapeutics that interact with
neutrophils in diseases with known negative NETosis impact.’*3!3* Polymeric particle
formulations (PLGA, Polydopamine, polyethylene glycol) used in combination with DNase
surface conjugation can target and lyse NETs. Despite this, the literature has not yet investigated
optimized material properties for reducing NETosis.**>'3% While surface conjugated formulations
have succeeded in animal models, much is still unknown concerning effects of degradable
polymeric particles on neutrophil physiology. To understand the effects of various material
properties on NETosis, it is imperative that a high throughput screening approach is utilized.

NETosis therapeutic screening assays are often tedious, and, in many cases, assay
sensitivity is sacrificed with enhanced data collection and analysis. Unlike traditional small
molecule therapeutics, particle-based therapeutics are dependent on cellular uptake for optimal
drug-delivery. For this reason, changes in neutrophil physiology may be missed with the current
high-throughput assays used for small molecule therapeutics. Plate reader assays are common for
measuring NETosis, however, plate readers assume the entirety of a sample will have a
homogenous response rather than a response dependent on particle phagocytosis. Microscopy
assays require intensive, time-consuming analysis procedures and results may be biased due to the

user-dependent nature of image analysis and cell counting.®" 138 Further, neutrophil isolation
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technique (anticoagulant, gradient, RBC lysis), NET inducing agent, and assay type are all
compounding factors that can result in the wide variability observed in neutrophil response and
resulting NETosis.?3*14! Thus, a sensitive yet high throughput assay would improve the current
state of NETosis assays and enhance consistency from scientist to scientist.

In this work, we developed a high throughput microscopy screening assay for evaluating
primary neutrophil NETosis in response to particle-based therapeutics. Images were gathered
using an EVOS M7000, and then analyzed via MATLAB to provide rapid, ample, and unbiased
results. From this work we generated a systemic analysis from full well scans of a 96-well plate, a
single cell analysis from 20x fluorescent overlay images, and a region property analysis to
understand NET shape and size. Results from these experiments show Poly-A microparticles
inherently reduce NETosis on both a systemic and single neutrophil level. In comparison, PLGA
particles were found to induce a baseline level of NETosis, elevating the importance of high-

throughput assays to understand the neutrophil response to various particle-based therapeutics.
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4.4 Results

4.4.1 Developing an in Vitro NETosis Assay for Particle-Based Therapeutics and Measuring

Systemic NET Formation

Particle size and smooth surface morphology was confirmed using SEM as shown in Table 4-1. A
neutrophil isolation protocol adapted from prior work by Knight and colleagues was utilized for
this work. Microscopy assays are the most sensitive method of measuring NETosis, thus we

employed an automated fluorescent microscope, the EVOS M7000. Using the automation features

Table 4-1 Particle Characterization for Particles used in NETosis Assay.

1 um Poly-A

2 um Poly-A

PLGA

SEM Image
Size 1.16 £ 0.36 um 1.81+0.70 um 1.16 £ 0.34 pm
- + & + _ +
Zetapotential BLSE ] 28.5£1.13 31.7+0.61

of the EVOS M7000, we captured full well scans at 1-, 2-, 3-, and 5-hrs post activation with either
PMA or LPS in a 96-well plate (Figure 4-1). Figure 4-1A shows images captured using the EVOS
5-hrs post activation. Primary neutrophils isolated from healthy donors were incubated with
SYTOX Green—a marker for extracellular DNA—allowing us to visualize and quantify percent
coverage of NETs in each well. Percent well coverage of NETs was quantified using the MATLAB
Image Processing Toolbox to threshold the SYTOX Green signal, which we use as a location

identifier for NET locations, and then calculate percent well coverage.®
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Neutrophils were activated with either LPS or PMA and NET formation was tracked over
a 5-hour period via percent coverage. Figure 4-1B shows that PMA, but not LPS, induces NET
formation compared to unactivated neutrophils in terms of percent well coverage. When treating
neutrophils with a therapeutic, either 1 um Poly-A or the particle equivalent dose of salicylic acid,
we found significant impacts on NET formation with particle treatment but not soluble SA
treatment. Poly-A particles significantly reduced NET percent coverage in unactivated conditions
(100% of donors), LPS activated (90.9% of donors), and PMA activated (63.6% of donors) as
shown in Figure 4-1C. Poly-A particles degrade to release salicylic acid (SA). Concentrated
salicylic acid (5 mM or 0.691 mg/mL) is known to reduce nuclear factor-xB (NF-kB) and mitogen-
activated protein kinase (MAPK) expression which leads to a reduction in NETosis.#214 When
treating neutrophils with a particle equivalent dosage of salicylic acid (0.05 mg/mL) we did not
see a significant change in the percent well coverage of NETs. We suspect from this work that the
1 um Poly-A particles release a bolus dose of salicylic acid once phagocytized, but the equivalent
dose of free SA is not enough to impact the cell from a suspension. Importantly, salicylic acid in
the plasma is toxic above 0.3 mg/mL, less than half the dosage of salicylic acid in suspension

necessary to inhibit NETosis.
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Figure 4-1 Characterizing and quantifying NETosis with SYTOX Green in whole wells with either Poly-A or free
salicylic acid treatment.

(A) Images captured 5-hrs post activation with an EVOS M7000 microscope showing a visual reduction in NET
coverage for samples treated with Poly-A particles. (B) Percent well coverage of NETs over the course of the
experiment with various activating agents. (C) Percent well coverage at 5-hrs post activation of individual donors
representing each data point treated either with Poly-A particles or particle equivalent dosage of salicylic acid (SA).
Statistical analysis was completed in Prism with ANOVA testing. (B) followed a 2way ANOVA where (*) denotes
statistical significance between unactivated and PMA-activated groups and # denotes significance between LPS- and
PMA-activated groups. (C) followed 2way ANOVA testing with repeated measures for each donor. For both (B)
and (C) Fisher’s LSD test was used and the following symbols denote p-value not significant (ns), p<0.05 (*, #),
p<0.01 (**, ##), p<0.001 (*** ###), p<0.0001 (****, ###H).
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4.4.2 Characterizing the Impact of Particles on Individual Neutrophils

To further investigate the effects of particle-based therapeutics on NETosis, we developed a
method to also measure NETosis on a cellular level. In addition to imaging our 96-well plate with
a 4x objective, we took 20x images in each well (Figure 4-2). Each 20x image was taken randomly
within the well, utilizing the EVOS M7000 automation features. Three channels were used to
collect information on neutrophils—brightfield, particles—Cy5.5, and NETs—SYTOX Green
(Figure 4-2A). MATLAB was then used to convert individual channel images into binary matrices,
overlay the binary matrices, and convert the data into a final coded matrix that is exported into

Excel, as described in methods and materials. From this analysis, we gained sub-cellular resolution
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Figure 4-2 Quantifying NETosis on a single cell level via fluorescent imaging 1.5-hrs post activation.

(A) 20x images overlaying NETSs, Poly-A particles, and neutrophils were collected and cross-analyzed pixel by
pixel in MATLAB. (B) Percentage of SYTOX stained neutrophils in donor control, neutrophils overlayed with
Poly-A particles, or SA treated samples. Poly-A data excludes neutrophils that did not overlap with particles (C)
Ratio of NET area to SYTOX stained area by size analysis. Brightfield and Cy5.5 channels are not included in
NET:SYTOX analysis. Statistical analysis was completed in Prism with ANOVA testing, following 2way ANOVA
testing with repeated measures for each donor. For both (B) and (C) Fisher’s LSD test was used and the following
symbols denote p-value not significant (ns), p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.0001 (****)
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of neutrophil, particle, NETs, and all overlap permutations, allowing us to quantify NETosis
related to particle uptake.

Neutrophils were dosed with a 16:1 ratio of 1 um Poly-A particles and incubated for 1 hour
prior to activation to allow for particle uptake and neutrophil adhesion. Particle phagocytosis was
measured via neutrophil/Cy5.5 pixel overlay and found to be 84% throughout the experiment
(Figure 4-3). Images collected 1.5-hrs post activation showed Poly-A particle association with
individual neutrophils may have the greatest impact in the LPS activation condition, whereas
unactivated and PMA activated visually have similar rates of NETosis (Figure 4-2A). To quantify
this visual trend, we evaluated the SYTOX Green positive neutrophil pixels. Poly-A significantly
reduced SYTOX Green stained neutrophils in LPS activation — on average 13.48% of untreated
neutrophils were SYTOX positive versus 8.24% of neutrophils in the Poly-A treated sample
(Figure 4-2B). The particle equivalent dose of soluble salicylic acid had no influence on the

percentage of neutrophils stained with SYTOX Green.
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Figure 4-3 Particle uptake as measured by EVOS M7000 and detected on MATLAB.
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Next, we sought to investigate SYTOX Green region properties in only the GFP channel.
SYTOX Green is an impermeable membrane dye of a healthy cell but can penetrate the cell
membrane in the early stages of NETosis prior to NET expulsion.*** In order to quantify the extent
of NETosis, we used a region properties analysis to differentiate between neutrophil-sized (non-
expelled DNA) and greater than neutrophil-sized (expelled DNA, NET) SYTOX Green stained
objects. We then calculated a ratio of NET pixels to total SYTOX Green pixels to quantify the
number of neutrophils that have completed NETosis versus those that are beginning to NET
(Figure 4-2C). Poly-A particles significantly reduced the NET:SYTOX ratio in both LPS and PMA
conditions, suggesting that the particles are slowing down the NETosis process. Conversely,

soluble SA did not reduce the ratio of NET:SYTOX.

4.4.3 Investigating the Impacts of a Traditional Degradable Particle System on NETosis

As a control, we evaluated PLGA — a degradable polymer often used as a drug carrier. The Poly-
A polymer used in the previous section was low molecular weight (10.3 kDA), thus we chose a
PLGA polymer similar in molecular weight. Specifically, we investigated the effects of a low
molecular weight 50:50 PLGA (5-10 kDa) on NETosis (Figure 4-4).

From the full well analysis, we found that PLGA induces a baseline level of NETosis in all
conditions 5-hrs post activation (Figure 4-4B). At an earlier time point (1.5-hrs) and on the cellular
level we found that unactivated neutrophils treated with PLGA were more likely to be SYTOX+.
This suggests that the baseline induction of NETosis by PLGA particles is most prominent in
unactivated conditions but not in LPS or PMA activation at early time points (Figure 4-4D). While
some donors treated with PLGA and activated with LPS or PMA have increased levels of
SYTOX+ staining, donor to donor variation results in a non-significant trend. Looking at the ratio

of NET to total SYTOX we find no trend when treating with PLGA particles. By 1.5 hours post
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activation, most donors have NET:SYTOX ratios at the ceiling of the measurement, approximately
1 (Figure 4-4E). This means the ratios of SYTOX+ pixels of neutrophils that are actively expelling
NETSs is approximately equivalent to the total number of SYTOX+ pixels, i.e. all the neutrophils

that are SYTOX+ have full NETs.
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Figure 4-4 Non-therapeutically loaded PLGA particles induce baseline levels of NETosis.

(A) Full well scans of unactivated primary human neutrophils at 5-hrs with or without PLGA particle treatment.
(B) Quantification of well coverage (%) by SYTOX Green staining. (C) Images taken at 20x magnification for
cross-analysis of PLGA particles, SYTOX staining, and neutrophils. (D) Percent of particle-positive neutrophils
that are stained with SYTOX Green plotted in comparison to donor controls (E) Ratio of NET area to SYTOX
stained area by size analysis, not including brightfield and Cy5.5 channels. Statistical analysis was completed in
Prism with ANOVA testing, following 2way ANOVA testing. Fisher’s LSD test was used and the following
symbols denote p-value not significant (ns), p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.0001 (****).
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4.4.4 Exploring 1 um Poly-A Dosage Impacts on Particle Uptake and NETosis Reduction

The first two sets of data investigated 1 um Poly-A at a high dosage of 16:1 particles to neutrophils
to achieve maximum particle uptake and uniformity within the sample. We next wanted to
investigate the effects of Poly-A particles in physiologically relevant doses in addition to global
effects in a single well from varying levels of particle uptake. To achieve this goal, we titrated the
dose of particles among our samples to artificially modulate particle uptake. Reducing the particle
dosage by 75% (4:1 particles to neutrophils) resulted in a loss of NETosis reduction on the global
level (Figure 4-5) as measured by percent well coverage. An 8:1 ratio of 1 um Poly-A to
neutrophils resulted in a significant reduction of percent well coverage in LPS activation but not

in unactivated conditions.
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Figure 4-5 Percent well coverage of NETs with decreasing ratio of Poly-A to neutrophils

Statistical analysis was completed in Prism with ANOVA testing, following 2way ANOVA testing with
repeated measures for each donor. For both (B) and (C) Fisher’s LSD test was used and the following
symbols denote p-value not significant (ns), p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.0001 (****)
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Overlay images were used to understand the overall population effects of 1 um Poly-A
dosage on a cellular level (Figure 4-6). Particle uptake was modulated by titrating the particle-to-
neutrophil ratio, allowing us to analyze particle-negative and particle-positive populations within
the same sample. Figure 4-6A displays increased particle uptake with increasing particle-to-
neutrophil ratios. We quantified the rates of particle association with neutrophils, as shown in
Figure 4-6B. The 2:1, 4:1, and 8:1 ratios correspond to 16.96%, 31.92%, and 56.20% uptake on
average. Within the particle-positive neutrophil populations, we found all dosages to have

equivalent rates of SYTOX Green staining. This suggests that as long as a neutrophil phagocytizes
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Figure 4-6 Dosage study investigating the limits of NETosis inhibition with 1 um Poly-A.

(A) Images taken at 20x magnification for cross-analysis of Poly-A particles, SYTOX staining, and neutrophils. (B)
Percent particle positive neutrophils with increasing particle dose. (C) Percent of particle positive neutrophils that are
stained with SYTOX green. (D) Percentage of neutrophils that are stained with SYTOX green of the entire neutrophil
population broken down into either particle positive or particle negative. Statistical analysis was completed in Prism
with ANOVA testing, following 2way ANOVA testing. Fisher’s LSD test was used, and the following symbols denote
p-value not significant (ns), p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.0001 (****).
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a particle, it will have the same NET response despite dosage (Figure 4-6C). Looking at the entire
neutrophil population we can quantify the rates of SYTOX Green staining in either particle-
negative (P-) or particle-positive (P+) populations. Interestingly, we found that P+ neutrophils in
the lower dosed groups (2:1 or 4:1 ratio) yielded significantly reduced SYTOX Green staining
compared to the P- neutrophils. At the higher dosage (8:1 ratio) P+ and P- neutrophils had similar
rates of SYTOX Green staining, suggesting that P+ neutrophils may influence P- neutrophil rates

of NETosis in higher dosages (Figure 4-6D).

4.4.5 Enhancing Poly-A Therapeutic Effect by Increasing Particle Size to 2 uym.

Polymeric particles are versatile in that size and shape can be easily modulated to optimize
therapeutic design by application. Human neutrophils phagocytize particles of different
sizes/shapes at different rates, as shown by Safari et al.*® Thus, it is important to conduct assays
across various particle sizes to fully understand the material properties. In this work, we found that
2 um Poly-A particles are more efficiently phagocytized by neutrophils than 1 um Poly-A,
allowing us to investigate reduced dosages (Figure 4-7).

We find that the 4:1 particle to neutrophils ratio for 2 um Poly-SA yielded 75.3% uptake
which is close to the uptake obtained when using a 16:1 ratio of 1 um particles (83.3%), as shown
in Figure 4-7B and Figure 4-6B. Of the neutrophils treated with 2 um Poly-A, all dosages resulted
in the same rates of SYTOX+ staining, suggesting that particle phagocytosis is necessary for
particle effects rather than dosage (Figure 4-7C). When we evaluate the particle +/- neutrophils
within each particle-treated sample, we find that only the lowest ratio (1:1) of particles to
neutrophils yields a significant reduction in SYTOX+ staining. The 2:1 ratio leads to a non-
significant reduction in SYTOX+ staining and the 4:1 ratio result in a significant increase in

SYTOX+ staining. Importantly, in wells not treated with particles SYTOX+ neutrophils ranged
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from 11.55-29.19% and averaged at 20.74% (Figure 4-8). This increase from particle positive
neutrophils was significant for all 2 um particle dosing schemes; P-values for this significance was

<0.0001, <0.0001, and 0.0024 for the 1:1, 2:1, and 4:1 ratio respectively.
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Figure 4-7 Evaluating effects on NETosis with larger particles (2 pm).

\o

(A) Images taken at 20x magnification for cross-analysis of 2 um Poly-A particles, SYTOX Green staining, and
neutrophils. (B) Percent particle positive neutrophils with increasing particle dose. (C) Percent of particle-positive
neutrophils that are stained with SYTOX Green. (D) Percentage of neutrophils that are stained with SYTOX
Green of the entire neutrophil population broken down into either particle positive or particle negative. Statistical
analysis was completed in Prism with ANOVA testing, following 2way ANOVA testing. Fisher’s LSD test was
used and the following symbols denote p-value not significant (ns), p<0.05 (*), p<0.01 (**), p<0.001 (***),
p<0.0001 (****).

68



N
o
]

L2
<
Q.
g 304
>
Z
4 20-
>
O
> 10-
(7
X
0_

No Particles
Figure 4-8 Percent SYTOX+ Neutrophils not treated with particles.

Statistical analysis was completed in Prism with ANOVA testing, following one-way ANOVA testing.
Fisher’s LSD test was used and the following symbols denote p-value not significant (ns), p<0.05 (*), p<0.01
(**), p<0.001 (***), p<0.0001 (****).

We next investigated the full well images of wells treated with 2 um Poly-A and found that
only the 1:1 ratio 2 um Poly-A lead to a reduction in percent well coverage (Figure 4-9). It could
be that with larger particles excessive delivery of SA could be approaching toxic dosages. It is
important to take into consideration that by increasing particle diameter 2-fold, particle volume
and SA delivery is increased by 8-fold per particle, greatly enhancing SA delivery. This work
further shows that preventing NETosis with Poly-A particles must be the perfect balance between

particle size and dose to provide optimal therapeutic benefit.
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Figure 4-9 Full well analysis of 2 um Poly-A Particles.

(A) Full well scans showing a much less obvious reduction in NETosis with particle treatment. Percent well coverage
in (B) unactivated, (C) LPS activated, and (D) PMA activated conditions. Statistical analysis was completed in Prism
with ANOVA testing, following 2way ANOVA testing with repeated measures for each donor. For both and Fisher’s
LSD test was used and the following symbols denote p-value not significant (ns), p<0.05 (*), p<0.01 (**), p<0.001
(***)’ p<00001 (****)

70



4.5 Discussion

Particle-based therapeutics are a novel solution to inflammatory diseases that currently have
minimal therapeutic solutions.>’” ARDS, DVT, and sepsis are a few diseases that can often be
propagated by neutrophils and NETosis, thus it is imperative we understand particle impacts on
NETosis in the development of particle-based therapeutics for inflammation. Particle properties
such as material, shape, and size could be combined in so many iterations that finding the most
optimized formulations would not be possible without high throughput methods. Plate reader
assays are commonly used for measuring NETosis, however, plate readers assume the entirety of
a sample will have a homogenous response rather than a response dependent on particle
phagocytosis. Microscopy assays require intensive, time-consuming analysis procedures and
results may be biased due to the user-dependent nature of image analysis and cell counting.
Further, neutrophil isolation technique (anticoagulant, gradient, RBC lysis), NET inducing agent,
and assay type are all compounding factors that can result in the wide variability observed in
neutrophil response and resulting NETosis.?3%4! Thus, a sensitive yet high throughput assay
would improve the current state of NETosis assays and enhance consistency from scientist to
scientist. In this work, we first developed a high throughput method to quantify particle effects on
NETosis, then investigated two particle materials, Poly-A or PLGA, in addition to multiple sizes
of Poly-A particles on NETosis.

Our high throughput model utilized the EVOS M7000 to collect automated fluorescent
images with various activation strategies and across multiple timepoints and imaging
magnifications (4x and 20x). Importantly, this work is not the first to propose a high throughput
NETosis assay and analysis method. Gupta et al. proposed a similar, real-time fluorescent imaging

method that utilized the IncuCyte ZOOM platform.!*® Both the EVOS M7000 and the IncuCyte
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ZOOM platform have the capability to capture real-time images and reduce user bias by limiting
human error. However, the IncuCyte is limited by two fluorescent channels and preprogrammed
software that does not allow for assay flexibility necessary for evaluating novel particle-based
therapeutics.’* By developing a technique that utilizes a common piece of affordable lab
equipment (EVOS M7000), and creating an analysis method in MATLAB, this work has generated
an accessible and flexible technique for measuring and quantifying NETosis. Further, this method
is modular in that many different fluorophores can be used at once, allowing for the analysis of
multiple cell markers and particles.

Using our high throughput method, we first established similar results to the literature in
that PMA induces a significant increase in NETosis compared to unactivated controls and LPS
does not induce more NETosis compared to unactivated. Both LPS and PMA are reported to induce
NETosis via activation of NADPHoxidase (NOX) and are (NOX-dependent).1*! NOX activation
leads to downstream ROS production, inducing NETosis. Additionally, the literature has
confirmed that LPS and PMA activation follow different pathways of ROS production, thus
different pathways of NETosis induction.*! While the exact pathway of LPS induced NETosis is
known, the levels of NETosis induction vary drastically, some groups reporting that LPS does not
induce more NETosis compared to unactivated groups similar to our results in the current study.*3*-
141 This discrepancy could be due to differences in neutrophil isolation techniques, anticoagulants,
or even metric quantification. Additionally, we found that both PMA and LPS induced a well-
characterized morphological change in neutrophils that is consistent with activation and
NETosis. 14147

The impact of Poly-A particles on neutrophils in this study is consistent with the

observation from prior work showing these salicylate-based polymeric particles functionally
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reduce neutrophil activation and successfully redirect neutrophils from accumulation at sites of
inflammation.*’” The literature has established salicylic acid as a NETosis inhibitor, but much of
this work evaluates salicylic acid at a dose near or above the human toxicity dose (5 mM or 0.90
mg/mL).*147 In the blood, salicylic acid is therapeutic between 0.15-0.30 mg/mL, a factor of 3
lower than the dosage of SA that others report leads to significant reductions in NETosis.}* In
comparison, we investigated 1 um Poly-A particles at a ratio of 16:1 particles to neutrophils
(equivalent to 0.05 mg/mL SA if fully degraded) and found a significant reduction in the percent
well coverage of NETs (Figure 1). By delivering the SA in a particle form directly into the
neutrophil, we can reduce the concentration of SA necessary to interfere with NETosis pathways.
For example, in particle form, Poly-A can deliver approximately 3 pg of SA per particle directly
into the cell.

Our modified imaging protocol and imaging approach allowed us to explore the impact of
Poly-A particles at a single cell level in a way that the traditional full well scan cannot. From our
results we found that Poly-A particles had the biggest impact with LPS compared to unactivated
and PMA. Based on the literature LPS does not induce more NETosis than unactivated samples,
but LPS does induce NETosis via a different pathway. More specifically, LPS induces stress-
activated protein kinase or c-Jun N-terminal Kinase (SAPK/JNK) which in turn leads to ROS
production and NETosis.*! It has been shown that reducing activation of INK results in a reduction
of resulting NETosis. Soluble SA in high doses is known to inhibit INK.1*° Thus, it is logical that
Poly-A particles would consistently reduce NETosis in LPS conditions.4%1%

In our SYTOX Green region properties analysis we found that Poly-A particles
significantly reduced NET progression from the permeabilization of the cellular membranes to

DNA expulsion in both LPS and PMA activation conditions. This makes sense due to the early
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timing of these images (1.5-hrs post activation) compared to the full well scan images (5-hrs post
activation). The data collected from the 1.5-hr images shows a slowed progression of NET
formation during this key time point, leading to the significant reduction in percent coverage that
we see at the 5-hr time point.

In our work, PLGA was used as a non-therapeutically active control to Poly-A, thus we
anticipated no impact on NETtosis. Instead, our assay showed that PLGA drove high rates of
NETosis compared to non-particle treated neutrophils. This significant induction of NETosis was
seen at long time points (5-hr post activation), but minimal changes at early time points (1.5-hrs
post activation). This trend is opposite of the NETosis reduction we found with Poly-SA,
suggesting the importance of material selection when designing particles for treating inflammatory
diseases. This result needs to be investigated further since PLGA has been FDA approved for
human clinical use and is typically proposed as a drug carrier for systemic delivery.®! It has been
shown in the literature that PLGA can be tuned to have anti-inflammatory properties in immune
cells such as dendritic cells.*® Thus, more research should be done to optimize PLGA formulation
for targeting neutrophils in treating inflammatory diseases. NETosis assays, such as the high-
throughput assay introduced in this work can be used to identify PLGA formulations that do not
induce NETosis and could be used for systemic drug delivery.

When investigating Poly-A dosage, we found that Poly-A association with neutrophils is
necessary for NETosis reduction and was not a dose-specific effect on the cellular level. It has
been shown in the literature that once neutrophils begin to NET other surrounding neutrophils are
prompted to NET as a chain reaction.’® As we reduce NETosis to a larger proportion of the
neutrophils in a sample, it follows that the surrounding neutrophils would also have reduced rates

of NETosis as shown by our results (Figure 4-6D). Similarly, in samples that received lower
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dosages of Poly-A (4:1, 2:1, 1:1, 1:2 particles to neutrophils) we saw a loss in systemic NETosis
prevention by Poly-A particles.

The increase in the Poly-A particle size to 2 um effectively increased the A dose per particle
8-fold. By increasing particle size, particle uptake by neutrophils was enhanced and we were able
to reduce the ratio of particles to neutrophils when using 2 um particles. Salicylic acid, while anti-
inflammatory, can exhibit toxicity at large dosages.'®? In neutrophils, high concentrations of
salicylic acid has been shown to induce apoptosis.*®® In this assay, particle uptake can occur in a
bulk manner allowing for several particles to accumulate in one neutrophil, potentially leading to
excessive delivery in a 4:1 dose ratio for 2 um particles. From this, neutrophils that eat few particles
in the 4:1 dose may have reduced rates of NETosis compared to those that eat many. In the lower
ratios (2:1, 1:1), neutrophils are less likely to phagocytize many particles, and so may be receiving
the optimized SA dose. While 2 um particles are a more efficient drug delivery system, further

dosing studies must be conducted to understand the optimal range of salicylic acid delivery.

4.6 Conclusion

NETosis is a well-known innate immune function to modulate and resolve inflammation.
However, NETSs are also known to contribute to the propagation of a wide range of inflammatory-
related diseases. Particle-based therapeutics could be an optimized approach to controlling
NETosis due to their ability to target, modulate, and redirect activated neutrophils as shown in
previous work.*” Furthermore, our research has shown the importance of polymeric material
selection as certain materials can be used to reprogram neutrophils while others can have activating
effects. For these reasons, we needed to develop a high throughput model that would allow us to

investigate various particle properties and resulting impacts on NETosis.
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In this work we developed a high throughput in vitro model for screening particle-based
therapeutics effects on NETosis. Additionally, using this model we showed the drastically different
effects degradable materials can have on NETosis thus demonstrating the necessity of screening

particle-based therapeutics on both a systemic and cellular level.
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Chapter 5 Investigating the Effects of Varying PLGA Composition Neutrophil

Surface Protein Expression

5.1 Publication Information

The work in this chapter has been drafted for publication but has not been submitted. The
manuscript is titled “Investigating PLGA composition effects on neutrophil surface protein
expression and activation” with author list Emma R. Brannon, Xueqi Chu, and Omolola Eniola-

Adefeso.

5.2 Abstract

Poly(lactic-co-glycolic acid) (PLGA) is an FDA approved, biodegradable polymeric material that
is often used clinically in medical devices and drug delivery. Particle formulations of PLGA have
been in the clinic for over 40 years yet have been limited in application to local delivery. PLGA is
a versatile and tunable material that is an ideal candidate for systemic drug delivery—i.e.
intravenous applications. Furthermore, PLGA has the potential to treat a wide range of diseases,
including systemic inflammatory diseases that currently have minimal therapeutic options. The
development of intravenous formulations of particle-based therapeutics has been hindered due to
a lack of focus on the major circulating WBCs in humans, neutrophils. In this work we fabricated
a range of PLGA particles of varying lactic and glycolic acid composition. We then developed a
method to estimate PLGA degradation and lactic acid release within neutrophils. We next
conducted phagocytosis experiments with each PLGA particle formulation and related the

estimated lactic acid release to changes observed in neutrophil surface protein expression. The
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work done in this thesis chapter informs the importance of material selection when designing

particle-based therapeutics for treating inflammatory diseases.

5.3 Introduction

FDA-approved IV-delivered particle therapeutics all are either lipid- or colloidal-based, yet
literature has shown time and time again that polymeric vehicles are more stable, reproducible,
and tunable.®® Particle formulations of PLGA have been used in the clinic since 1989 but have
been limited to local delivery applications, such as drug eluting tissue deposits.52'%* The
hydrophobic nature of PLGA limits it’s use intravenously due to the resulting opsonization and
clearance post particle injection.5-1%>1% particle formulations of PLGA, however, could act as an
immunomodulatory therapeutic for inflammatory diseases in which enhanced interactions with
immune cells would lead to improved function. To this end, it is important to investigate material
effects on circulating white blood cells.

It is well established that immunotoxicity represents a major hurdle for particle-based
therapeutics. However, it has been shown that we can use the aspect of targeting circulating white
blood cells as an advantage.®” Many works in literature have shown the utility of expanding
particle-based therapeutics in treating inflammatory conditions.*?454715"  Neutrophils can
propagate inflammation by over-accumulating and initiate downstream inflammatory pathways
preventing resolution.5%8 Neutrophils are also responsible for clearance of foreign bodies in the
bloodstream, including particle-based therapeutics, making neutrophils the optimal targets.?*
Much of the literature has failed to investigate neutrophil physiological response to various
particle-based therapeutics due to the difficulty in accessing and handling primary neutrophils.315°

Neutrophils have short lifespans and activate easily, preventing the ability to culture neutrophils
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and requiring access to fresh blood.%®'* Immortalized cell lines, such as HL-60 cells,
differentiated into neutrophils has shown to have different physiological responses to particle-
based therapeutics compared to primary neutrophils.3118 For this reason, most researchers do not
have the accessibility or skillset to study neutrophil behavior in response to particle-based
therapeutics.

Early research has shown that neutrophil activation can be modulated by delivering anti-
inflammatory materials in particle form.*” PLGA is versatile in that tuning molecular weight and
ratio of lactic to glycolic acid can result in a particle that has either inflammatory or anti-
inflammatory properties.*® In the case of designing particle-based therapeutics for treating
inflammatory conditions we need to know what formulations of PLGA are the most anti-
inflammatory in relation to neutrophil physiology. Lactic acid is known to have anti-inflammatory
properties, thus tuning lactic acid release by selecting a low molecular weight (LMW) PLGA is
crucial in designing an anti-inflammatory particle type. However, it is also essential to balance
lactic acid release with polymer stability, thus it is important to select a high molecular weight
(HMW) polymer to enhance shelf life. Furthermore, as lactic acid content increases, degradation
rates decrease, thus a PLA polymer would theoretically have less lactic acid release compared to
PLGA.

Previous work shown in chapter 4 revealed a negative neutrophil response to LMW 50:50
PLGA as measured by NETosis. In this chapter we investigate various formulations of PLGA to
fully understand the impact of lactic acid release on neutrophil activation. More specifically, we
designed experiments to examine the effects of altering PLGA composition on neutrophil surface
protein expression. We found that PLGA particle uptake can exacerbate the inflammatory

response, but when lactic acid is released intracellularly, we see levels of activation reduce to
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baseline. From this work, we now know to select a low molecular weight, high lactic acid, and

highly degradable polymer when designing particles to treat inflammatory diseases.
5.4 Results

5.4.1 PLGA Particle Fabrication and Characterization

A variety of PLGA polymers ranging in molecular weight and lactic acid to glycolic acid ratios
(LA:GA) were purchased for particle fabrication as listed in table 5-1. The polymers used for this
study were either high or low molecular weight and lactic acid content was incrementally increased

by 50% (50:50, 75:25, 100:0).

Table 5-1 PLGA polymers purchased for particle fabrication.

Polymer (Lactic to Glycolic Acid) Molecular Weight Supplier

LMW 50:50 5-10 kDa LACTEL

HMW 50:50 24-38 kDa Resomer RG 503H
LMW?75:25 6-10 kDa Sigma

HMW 75:25 15-34 kDa Resomer RG 753H
HMW PLA (100:0) 18-24 kDa Resomer RG 203H

Polymers were then fabricated into 1 um sized particles by an oil in water emulsification
method. Particles were imaged on SEM to confirm smooth surface morphology and to measure
particle size (Figure 5-1A). All of the polymers resulted in particles of similar size profiles (Figure
5-1B), all within standard deviations of each other (Figure 5-1C). Additionally, all of the PLGA

particles had similar, negative surface charge (Zeta potential) as shown in Figure 5-1C.
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Figure 5-1 PLGA particle imaging and characterization.

(A) Particles were imaged on scanning electron microscopy (SEM). (B) Particle diameters were measured using
ImageJ and n>100 were plotted to show distribution. (C) Particle size was tabulated with standard deviation and
listed with the particle surface charge.

5.4.2 PLGA Degradation in “Phagosome-Like” Environment

PLGA composition only matters as much as the polymer can physically degrade. For this reason,
we designed an experiment to estimate the potential lactic acid release from each particle type

(Figure 5-2A). A neutrophil phagosome is basic—about pH 8.5—for 30 minutes post
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phagocytosis, then returns to a neutral pH. To imitate this environment, particles were resuspended
in a beaker on a stir plate fitted with a pH probe. Using concentrated NaOH, the pH was raised to
8.5 for 30 minutes with gentle agitation, then lowered to 7.4 with concentrated HCI for the
remainder of the experiment. The degradation ran for 2 hours total to imitate the timeline of a
phagocytosis assay. The particle degradation was quantified by calculating a percent decrease in
volume (Figure 5-2B). Importantly, PLGA degrades by surface erosion in basic conditions,
allowing for this type of measurement to be meaningful.*®® As expected, the 50:50 PLGA particles
(high and low molecular weight) and the LMW 75:25 had the greatest reduction in particle
volume—approximately 20% loss in volume. The HMW PLA and HMW 75:25 PLGA had the
least amount of degradation, less than 10% volume loss.

We next wanted to convert the percent decrease in volume to an estimated lactic acid
release per particle. To gain this estimation, we first obtained the mass per particle (Figure 5-2C)
by weighing out and counting the particle mass suspended in solution. In this work, we found that
the LMW 75:25 PLGA had the greatest mass per particle. The particle mass was then converted
to a total lactic acid content per particle using the polymeric ratio of lactic to glycolic acid (Figure
5-2D). Finally, we multiplied the percent decrease in volume by the total content of lactic acid to
obtain the estimated lactic acid release per particle (Figure 5-2E). Based on the ability for LMW
75:25 PLGA to degrade compared with its high availability of lactic acid and high particle mass,
the LMW 75:25 PLGA particles have the highest potential (2.85 pg/particle) for lactic acid release.
As follows, the LMW 75:25 particles also have the highest estimated lactic acid release (0.59

pg/particle) as estimated from the decrease in volume and the known lactic acid content.
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Figure 5-2 Particle Degradation in “Phagosome-like” environment.

(A) Experimental design for degrading particles. (B) Percent decrease in particle volume. (C) Measured mass per
particle. (D) Total potential lactic acid per particle. (E) Estimated lactic acid release per particle.
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5.4.3 PLGA Uptake and Effects on Surface Protein Expression

We next investigated the effects of lactic acid content on particle uptake and resulting changes in
neutrophil surface protein expression. First, we confirmed that neutrophils phagocytosed particles
at the same rate despite polymeric composition in both unactivated and LPS activated conditions
(Figure 5-3). After confirming particle uptake, we measured the resulting effects of particle uptake

on neutrophil surface protein expression using the experimental design shown in Figure 5-4.
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Figure 5-3 PLGA particle uptake by neutrophils.

Particle uptake in whole blood that is either (A) unactivated or (B) activated with LPS. Each sample
received 2E8 particles/mL and each datta point represents a different donor.
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In unactivated conditions we observed significant changes in the expression of PSGL1,
MAC1, and LFA-1. Due to the high variance of CD62L surface protein expression we saw no
significant changes in expression from particle type to particle type (Figure 5-5A). PSGL1
expression was significantly decreased in neutrophils positive for HMW 50:50 (1.40-fold), LMW
75:25 (1.30-fold), HMW 75:25 (1.36-fold), and HMW PLA (1.46-fofld) as compared to
unactivated particle negative neutrophils (Figure 5-5B). Only 75:25 PLGA, both high and low
molecular weights resulted in significant increase in the expression of Macl and LFA-1 as
compared to the unactivated control (Figure 5-5C and D). Mac1 expression was increased by 2.68-
fold and LFA-1 was increased by-1.15 fold on average, suggesting baseline activation.

While understanding baseline changes in surface protein expression in unactivated samples
is important, it is also essential to investigate the effects of lactic acid on pathways of inflammation.
In the following experiments we activated neutrophils in whole blood with LPS. As seen in
previous work, LPS induced a 7-fold reduction in CD62L expression as compared to unactivated
controls, thus we can use CD62L shedding as a marker for activation. The LWM 50:50, HMW
50:50, and HMW PLA induced a non-significant increase in CD62L shedding compared to the
non-particle treated control. Interestingly, both the low and high molecular weight 75:25 PLGA
lead to a significant preservation of CD62L compared to PLA positive neutrophils by 30.5% and
31.6% respectively (Figure 5-6A). These values were not different compared to the non-particle

treated control, but importantly did not induce further CD62L shedding.
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Similarly, PSGL1 expression was equivalent for neutrophils treated with LMW 50:50
(1.96-fold), LMW 75:25 (1.99-fold), HMW 75:50 (2.08-fold), and particle negative neutrophils
(1.84-fold). Only HMW 50:50 and HMW PLA induced further, significant, reduction of PSGL1
on neutrophils (Figure 5-6B). Unlike in the unactivated samples, MAC-1 expression did not
significantly change with particle treatments in LPS activated conditions (Figure 5-6C). However,
LFA-1 surface protein expression was found to be significantly increased in neutrophils positive

for LMW 75:25 and HMW 75:25 compared to the non-particle treated control.
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' Activated
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Human
Neutrophil

© PLGA75:25 LMW

PLGA 75:25 HMW
© PLAHMW

Human blood is taken from healthy donors and aliquoted for sample duplicates. The blood is activated with

LPS att =0, treated with particles at t = 0.5 hr, and stained/fixed at t = 2 hrs to prepare samples for flow

cytometry.

Figure 5-4 Experimental design for evaluating surface protein expression.
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Figure 5-5 Neutrophil surface protein expression in unactivated conditions

Neutrophils in whole blood were treated with each particle type and evaluated on flow cytometry for surface
expression of (A) CD62L, (B) PSGL1, (C) MAC1, and (D) LFA-1. Human donors were used for this
experiment with n=7 for each condition. Statistical analysis was performed using GraphPad Prism Software
using One-Way ANOV A with Fisher’s LSD test with a 95% confidence interval. Asterisks indicate p values
of: *=p <0.05, ** =p<0.01, ***=p<0.001, **** =P <0.0001
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Figure 5-6 Neutrophil surface protein expression in LPS activation

Neutrophils in whole blood were activated with LPS and treated with each particle type and evaluated
on flow cytometry for surface expression of (A) CD62L, (B) PSGL1, (C) MAC1, and (D) LFA-1.
Human donors were used for this experiment with n=7 for each condition. Statistical analysis was
performed using GraphPad Prism Software using One-Way ANOVA with Fisher’s LSD test with a
95% confidence interval. Asterisks indicate p values of: * = p < 0.05, ** = p < 0.01, *** = p < 0.001,
*Hkx = P <0.0001
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5.5 Discussion

Particle formulations of PLGA have been in the clinic since 1981, but have been limited to
intramuscular, subcutaneous, periodontal, and intraarticular routes of injection.®* Intravascular
delivery of PLGA particles represents an untapped potential application for the treatment of
inflammatory diseases, cancer, and gene therapy.3"® In order to develop intravascularly delivered
PLGA particle therapeutics it is important to first understand the effects of PLGA on neutrophils,
the major circulating WBC population in humans. PLGA is known to have pleiotropic effects on
the immune system,**161.162 5o it is necessary to understand the implications of various PLGA
formulations when developing therapeutics for various applications, for example, inflammatory
diseases would require immune suppressing formulations of PLGA, but gene therapeutics or
cancer treatments may require an immunostimulatory formulation of PLGA.

In understanding the effects of PLGA on neutrophils, it is first necessary to understand the
release of the active component of PLGA, lactic acid. From the literature we know that high
contents of glycolic acid and low molecular weight increases the degradation rate of the polymer
matrix.1® Factors that influence degradation rate include temperature, pH, and the presence of
enzymes, so knowing the exact rate of degradation intracellularly is a challenge.'6%164165 |n this
work, we developed a method to estimate lactic acid release from each particle type in a
“phagosome-like” environment by modulating pH. As expected, we found the most significant
degradation in the 50:50 (low and high molecular weight) and in the LMW 75:25 as measured by
decrease in volume. Further, while the 50:50 and LMW 75:25 degraded similarly, the greater
proportion of lactic acid content in the 75:25 PLGA enhanced the available lactic acid

significantly, yielding much more lactic acid release than the 50:50 PLGA particles.
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PLGA degradation products and effects on inflammatory pathways have been well studied
in the literature, but many results in the literature are conflicting. One reason for such a turbulent
field is the intricate details that impact whether PLGA has inflammatory or anti-inflammatory
properties. For example, PLGA used as a scaffolding material has been shown to cause
inflammation at the sight of implantation due to its inherent acidic degradation products.'%® This
acidity induces an inflammatory response and leads to the recruitment and differentiation of
inflammatory cells (neutrophils, monocytes, macrophages). However, when delivered
intracellularly via particle formulations, PLGA can induce either an inflammatory or anti-
inflammatory response depending on degradation characteristics of the PLGA formulation.*®162 |n
dendritic cells it has been shown that quick degrading PLGA (LMW PLGA) inhibits NF-xf
activation, preventing dendritic cell maturation.*®

Throughout the literature it has been shown that immune cell phagocytosis of non-
degrading (HMW) PLGA results in an inflammatory phenotype.'621¢7 Despite this, PLGA is a
versatile material that can be optimized to reduce inflammatory properties of slow degrading
formulations. Chen. E., et al, for example, showed that by conjugating CD200, a self-associated
regulatory protein, to the surface of PLGA, macrophage activation was inhibited. 6”168 PLGA can
also be loaded with anti-inflammatory compounds (dexamethasone) and prevents the inherent
inflammatory response seen in high molecular weight PLGA compared to low molecular
weight.'®® Importantly, the literature has well characterized these responses to PLGA in animal
models and cell lines, but has yet to investigate the neutrophil response to PLGA.

Lactic acid is produced naturally by anaerobic metabolism of mammalian cells and is
known to modulate the immune response in inflammatory conditions.*’® More recently, lactic acid

has been identified as a pleiotropic signaling molecule that can both contribute and interfere with
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inflammatory pathways.'®* During a severe inflammatory response such as sepsis, lactic acid
mediates a negative feedback loop to contain the inflammatory response.*’* This suppression of
inflammatory cytokines by lactic acid has also been shown by Allen et al. in delivering fast-
degrading PLGA to dendritic cells.*® In the case of neutrophils, acidification of the cellular
environment can greatly impact the neutrophil’s response to an inflammatory stimulus, thus it is
possible that lactic acid release from PLGA could influence the neutrophil’s response to
inflammation.’2 In this work we found that 75:25 PLGA induced baseline levels of inflammation
as measured by PSGL1 shedding and increased MAC1/LFA-1 in unactivated conditions. However,
in the case of LPS activation we see this trend reversed: the 75:25 PLGA had minimal impacts on
surface protein expression as compared to the non-particle control, and significantly reduced
CD62L shedding as compared to the non-degrading PLA.

We also see significant induction of LFA-1 expression by neutrophils that are positive for
75:25 PLGA particles. LFA-1 and MAC1 play an important role in modulating neutrophil slow
rolling and transmigration. Neutrophil activation is well characterized and defined by an increase
in MAC1 and LFA-1.1" In this work we found that PLGA 75:25 induced the characteristic
activation upregulation in unactivated samples, but in the activated samples we saw no additional
MAC1 expression, yet a significant induction of LFA-1 expression. Similar to work shown in
Chapter 3 of this thesis, LFA-1 upregulation by anti-inflammatory agents is an established
mechanism that is not well understood in the literature. Ultimately, the conflicting results of 75:25
PLGA effects on neutrophils in unactivated and activated conditions further confirms the
pleiotropic properties of lactic acid on neutrophils.

In our degradation study we found that the high molecular weight 75:25 PLGA did not

release significant amounts of lactic acid, yet based on the modulation of surface protein
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expression, we found that both the high and low molecular weight 75:25 PLGA had similar
functionalities. It is likely that the degradation model used in this work did not fully capture the
phagosome environment. The breakdown of high molecular weight PLGA is highly influenced by
factors such as enzymatic degradation and temperature.'®® In short, the 50:50 PLGA polymers may
not have enough available lactic acid to deliver intracellularly, whereas the high and low molecular
weight 75:25 PLGA has the minimal amount of lactic acid release to influence surface protein
changes. PLA is known to have the least amount of lactic acid release, due to the inability for
degradation.'®+174176 Fyture work should investigate a low molecular weight PLA, its potential to
release lactic acid, and its ability to modulate neutrophil activation.

Importantly, the equivalence in neutrophil modulation between both high and low
molecular weight 75:25 PLGA can help inform optimal particle design for treating inflammatory
diseases. While the LMW 75:25 PLGA may have slightly more intracellular delivery of lactic acid,
it is clear from these results that the HMW 75:25 meets the threshold of lactic acid release for
neutrophil modulation. Thus, it would be important to move studies forward with the high
molecular weight 75:25 PLGA, as a HMW polymer would be more stable in long term storage

and throughout processing and sterilization practices.’"17°

5.6 Conclusion

This work highlights the importance of investigating neutrophils to inform the design of
particle-based therapeutics. Neutrophils are the first responder to inflammation and play a large
role in modulating the inflammatory response. As shown by Kelley et al, ignoring primary human
neutrophils in the development of PEGylated stealth coatings led to a major oversight in particle

design and has ultimately led to major side effects in patients.!'® Specifically, Kelley et al.
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identified the involvement of neutrophils in complement activation and particle clearance,
illuminating the importance of such studies that investigate neutrophil-particle interactions. The
information gained in this data chapter combined with findings from Kelley et al. show the major
knowledge gaps in current understandings of neutrophil-particle interactions. Future work will
investigate high lactic acid containing formulations of PLGA loaded with anti-inflammatory

agents.
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Chapter 6 Evaluating the Safety and Toxicity of Poly-A Particles as an Intravenous

Therapeutic in Mice and Pigs

6.1 Publication Information

Much of the work in this chapter is unpublished. The toxicity study completed in mice was used
as supplement in the publication titled “Cargo-free particles divert neutrophil-platelet aggregates
to reduce thromboinflammation” with author list Alison L. Banka, M. Valentina Guevara, Emma
R. Brannon, Nhien Q. Nguyen, Shuang Song, Gillian Cady, David J. Pinsky, Kathryn E. Uhrich,
Reheman Adili, Michael Holinstat & Omolola Eniola-Adefeso published in Nature

Communications.

Citation: Banka, A. L., Guevara, M. V., Brannon, E. R., et al. (2023). "Cargo-free particles

divert neutrophil-platelet aggregates to reduce thromboinflammation." Nature Communications

14(1): 2462.

6.2 Abstract

Poly-A has shown promise as a particle-based therapeutic for treating inflammatory diseases. To
transition Poly-A to the clinic, safety and toxicity of Poly-A particle infusions must be examined.
Any particle-based therapeutic is at risk for causing adverse infusion reactions, and as a salicylic
acid releasing therapeutic there are additional toxicities to examine, i.e. liver toxicity from salicylic

acid in the plasma. In this work we completed toxicity testing in mice and then further investigated
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the safety of Poly-A infusions in pigs. Poly-A led to minimal long-term effects in a 5-day mouse

study and was safely infused into a pig with no adverse reaction.

6.3 Introduction

Particle-based therapeutics represent an innovative strategy for intravascular, systemic drug
delivery and are novel therapeutic strategies in modulating immune cells in inflammation. Since
the development and utilization of PEGylated liposomes for chemotherapeutic drug delivery (i.e.
DOXL/lipoDOX), the immune system, i.e. neutrophil and complement reactions, has represented
a major hurdle that intravenously delivered nanomedicines have to face. Without the focus on
neutrophils as a primary cellular component in poor translatability, intravenous formulations of
particle-based therapeutics have not changed in 30 years and liposomal formulations are no longer
thought of as novel or innovative.® Polymeric formulations of particle-based therapeutics show
promise as a more stable, biocompatible, and novel inflammation modulators and thus work must
be done to ensure translatability from benchtop to clinic.

Currently, all standardized assays developed by the Nanotechnology Characterization Lab
(NCL), an organization within the FDA and National Cancer Institute (NCI), have excluded
analysis on primary human neutrophils.!81:182 This oversight has led to an incredible knowledge
gap in IV-delivered particle-based therapeutics, preventing the development of innovative
solutions to decades-old problems. While in vivo models such as mouse models are helpful to
initially evaluate therapeutics for inflammatory diseases, there is evidence suggesting
inconsistencies with human diseases. For example, mice have a much more evolved immune
responses to some pathogens, making it difficult to translate therapeutics from mouse models to

the clinical setting.'®3184 Mice also lack similarities in immune cell composition—neutrophils
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make up only 20-30% of circulating WBC as compared to 50-70%.3%8 Additionally, mouse
neutrophils lack functional similarities to human neutrophils.3%18

It is well known that poor tolerability of intravenously infused particles is due to a pseudo
allergic response propagated by complement proteins, yet mouse models are incapable of
replicating the exact symptoms and sensitivity seen in human patients.*®® This hypersensitivity
reaction known as complement-activation related pseudoallergy (CARPA), is propagated by the
cleavage of C3 to anaphylatoxins C3a and C5a.'8"188 Porcine models are better indicators of
complement reactions due to their robust response to infused particles and closer similarity to
human neutrophil composition and function.!8#° Even so, porcine models are inherently more
expensive and complex, posing additional challenges.

To translate novel, polymeric particle formulations, such as Poly-A, to the clinic, a wide
range of safety/toxicity testing is required. The active degradation product of Poly-A, Salicylic
acid, has been used to relieve pain and to treat inflammation since B.C.E. times, thus it is incredibly
well characterized and understood.'®® With that said, it is well known that hepatotoxicity is a
serious side effect of aspirin and is induced by high plasma concentrations of salicylic acid. Ideally,
by polymerizing salicylic acid and delivering it directly to neutrophils, we can create a localized
high concentration of salicylic acid to modulate neutrophils directly rather than modulating
inflammation systemically. This will allow for therapeutic dosages to be drastically lower than that
of orally prescribed aspirin, avoiding chances of hepatotoxicity all together. In this work we first
evaluated Poly-A degradation in human plasma. We next utilized a mouse model to evaluate
potential side effects of Poly-A. We then scaled the particle infusion to a pig model to evaluate the

safety of Poly-A particle infusions.
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6.4 Results

6.4.1 Investigating Poly-A Degradation in Human Plasma

Poly-A particles are known to degrade over a multi-day period as shown in chapter 3. To ensure
particles remain intact in a biologically relevant environment we investigated the degradation of
Poly-A particles in human plasma over the period of 30-hrs (Figure 6-1). The presence of particles
was determined by SEM at 6-, 20-, 30-hrs post suspension in plasma. Some degradation occurred,
but the detection of particles 30-hrs post resuspension shows that the particles maintain structure

and do not simply disintegrate in human plasma.

Figure 6-1 Degradation of Poly-A particles in human plasma.

Poly-A particles were suspended in human plasma and rotated at 37°C for 30 hours. SEM images were taken at
various time points to establish the presence of particles.

6.4.2 Mouse 5-Day Toxicity Study

To understand the effects of Poly-A particles in a long-term study, we designed a mouse
experiment to investigate the safety of a bolus Poly-A dosage in mice over a 5-day period. The
mice were injected with 2E8 particles/mouse and monitored over a 5-day period. Five days post
intravenous injection we evaluated the distribution of neutrophils in blood, liver, and spleen
(Figure 6-2). In the blood, we found no significant changes in the percentage of monocytes or

neutrophils across groups (control, soluble aspirin, or Poly-A injected) as shown in Figure 6-2A.
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In terms of neutrophil count, we found that the soluble aspirin and Poly-A injected mice had a
slightly higher, non-significant increase in total neutrophil count per mL of blood as compared to
the control mice (Figure 6-2B). In the liver, we found that soluble aspirin injected mice had the
greatest average count of neutrophils per gram of tissue, but not significantly greater compared to
the control group (Figure 6-2C). Of the mice that received Poly-A particles, 2 had similar
neutrophils/g liver tissue compared to the control group, but one Poly-A injected mouse had
elevated neutrophils in the liver. There were no changes across groups in the neutrophil count in

the spleen (Figure 6-2D).

98



B
Blood Distribution Blood N® Count
o Monocytes 4%105 -

B_
< A Neutrophils
-l A
Eﬁ_ 3x10° =
-
e E_
T 4 g 2x10°-
; Z
g 24 1x10° =
a
0 T 0-
'Q‘ -(\Q -(\0 4 a?.
‘oq}\ ?foq\ QO\Q’ rg"b\'\ ’é\ Qu\l‘;‘
& o
Q‘“ Q(
D
c Liver N® Count Spleen Count
1.5x104 1.5%10%
o L]
1x104 o 1x10°-
> E
8 8 o0
= 2
5x103 5x102
0- 0-
Qeu .{\(\ of \00 \{\0 .‘,?’
» L O » L o
7 @ < T
< <

Figure 6-2 Distribution of neutrophils in a mouse toxicity study.

Mice were injected with 2E8 particles/mouse and monitored for 5 days. On day 5 the mice were
euthanized to evaluate the percentage of neutrophils in the (A) blood along with neutrophil counts
in the (B) blood, (C) liver, and (D) spleen.
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We next investigated inflammatory markers in the plasma (Figure 6-3). We first measured two
inflammatory cytokines, 11-6 and CXCL1/KC. IL-6 was significantly reduced in the plasma of
mice that received either soluble aspirin or Poly-A particles. Soluble aspirin lead to a 67%
reduction and Poly-A particles lead to an 87.8% reduction in IL-6 (Figure 6-3A). CXCL1 was
unchanged across groups (Figure 6-3B). Aspartate Aminotransferase (AST) was measured as a
marker against liver damage. In this work we found no change in AST content in plasma across
treatment groups, suggesting there was no effect on liver function.

While we did not detect liver damage, we wanted to better understand the release profile
of Poly-A particles compared to soluble aspirin post injection. We isolated plasma collected from

mice after either a soluble aspirin or Poly-A injection and ran the samples on liquid
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Figure 6-3 Quantifying inflammatory markers in the plasma.

The plasma was isolated from blood collected on day 5 of the toxicity study. Inflammatory cytokines (A) IL-
6 and (B) CXCL1/KC were measured using ELISAs. (C) Aspartate Aminotransferase (AST) was measured to

investigate liver damage. Statistical analysis was performed using GraphPad Prism Software

using One-Way ANOVA with Fisher’s LSD test with a 95% confidence interval. Asterisks

indicate p values of: * = p < 0.05, ** = p <0.01, *** =p <0.001, **** =P < 0.0001
chromatography-tandem mass spectrometry (LS-MS/MS) (Figure 6-4). From this experiment we
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found that soluble aspirin immediately leads to a spike in salicylic acid content in the plasma,

approximately 4000 ng/mL, but Poly-A particles have minimal release of salicylic acid.
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Figure 6-4 Salicylic acid detection in plasma.

Mice were injected via tail vein with either Poly-A particles or soluble aspirin. Using liquid chromatography-
tandem mass spectrometry (LC-MS/MS) we quantified the salicylic acid concentration in the plasma.
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6.4.3 Poly-A Uptake Across Species

After confirming the long-term safety of Poly-A particle infusion, we began scaling Poly-A to a
porcine model. Prior to investigating an in vivo porcine model, we had to first develop an
understanding of Poly-A particle interactions with pig neutrophils. Using flow cytometry, we
developed a staining protocol to identify neutrophils in whole blood samples (Figure 6-5). Forward
and side scatter were used to isolate pig neutrophils by size, then cells stained positively for SWC1
and CD172a were identified as neutrophils.

After developing a flow cytometry protocol, we moved on to particle uptake studies. In
this work we spiked increasing particle concentrations into whole pig blood, then evaluated the
resulting particle uptake on flow cytometry (Figure 6-6). We found that as particle concentration

was increased, a greater proportion of neutrophils were particle positive (Figure 6-6A). In
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Figure 6-5 Flow cytometry of pig neutrophils stained in whole blood.

Pig neutrophils were stained with SWC1 and CD172a to identify the neutrophil population. (A) Forward and side
scatter (FSC/SSC) was used to isolate neutrophils by size differentiation. (B) Surface protein expression of SWC1
and CD172a was then used to confirm neutrophil identification.
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comparison to human and mouse blood, we found that pig neutrophils phagocytosed Poly-A
particles at similar rates to mouse neutrophils (about 20%) particle positive neutrophils, and less
than human neutrophils (Figure 6-6B). The data collected here informed the rate and dose of Poly-

A infusion for our in vivo pig experiments.
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Figure 6-6 Poly-A particle uptake by pig neutrophils and compared to mouse and human neutrophil uptake.

(A) Whole blood collected from pigs was incubated with a range of Poly-A particles to investigate rates of
phagocytosis. (B) Particle uptake was compared across species (mouse/pig/human).
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6.4.4 Infusing Poly-A Particles into a Healthy Pig

The preliminary challenge in moving to a large animal model is determining the injection dosage
and infusion rates. Specifically, particle-based therapeutics can induce a pseudo allergic reaction
upon infusion leading to life threatening complications.’®1°2 This reaction, also known as
Complement Activation Related Pseudo Allergy (CARPA), is initiated by complement
involvement with intravenously injected particles.®> There is no literature that investigates a
dosage regimen for a bolus injection of 1-micron sized particles for large animal models. Due to
the similarities between mouse and pig uptake of Poly-A particles, we chose to scale the Poly-A
infusion based on particles per blood volume as established in our mouse acute lung injury model
(1E8 particles/mL blood). We chose to infuse the particles through the left external jugular due to
ease of access based on the Tiba lab’s experience in using the left external jugular for infusions.
BALF and blood samples were collected throughout the 12-hr experimental period. Lung and liver
samples were harvested for histology analysis. The overall experimental layout for this first

experiment is shown below in Figure 6-7.

Left External Jugular
Injection

BALF & Blood |
} | l
4 8 12 hr
!
| Lung &Liver |

Figure 6-7 Experimental layout for the first particle infusion into a pig.

Poly-A particles were infused through the left external jugular. Blood and BALF samples were collected throughout
a 12-hr period.
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Particles were infused at rate of 10 mL/min, inducing a hypotensive event. We
hypothesized that the particles induced sudden vasodilation that led to a drop in blood pressure.
The pig was resuscitated with 1 mg of epinephrine and crystalloids, stabilizing the pig’s blood
pressure. The Poly-A infusion was then continued at a reduced rate of 2 mL/min for 10 minutes,
then the rate was increased to 4 mL/min and then 6 mL/min. The pig experienced a second
hypotensive event at the 6 mL/min infusion rate that was controlled by reducing the infusion rate
to 4 mL/min. The pig experienced residual hypotension and bradycardia (MAP < 60mmHg, HR <
55 BPM) for another hour and was treated with a crystalloid infusion. The pig then remained stable
for the remainder of the experiment.

In the blood we monitored circulating monocytes and neutrophils (Figure 6-8). Monocytes
remained stable through the infusion period, but throughout the day the monocyte population
incrementally reduced over the first 8-hrs post infusion, then increased between the 8- and 12-hr
time points. Neutrophils spiked at the completion of the infusion and remained irregular

throughout the experiment.
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Figure 6-8 Circulating WBC populations post infusion, pig #1.

Blood monocytes were found to decrease throughout the day post-infusion. The neutrophil population spiked post-
infusion and we found erratic differences in neutrophil percentage between mixed venous and carotid arterial

blood samples.
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The symptoms experienced by the pig were similar to symptoms from a CARPA response. Thus,
we next sought to measure the complement protein C5a—an anaphylatoxin that propagates a
CARPA response (Figure 6-9). We found that C5a was slightly increased at the infusion
completion, but not significantly raised from baseline samples and within the normal range of C5a

for pigs.t® Throughout the experiment, C5a remained stable with no significant changes.
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Figure 6-9 Complement activation in plasma as measured by anaphylatoxin C5a.

C5a was measured in the plasma via an ELISA.
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Due to the minor complications experienced in the first Poly-A pig infusion, we chose to repeat
the experiment with slight modifications to reduce infusion side effects. In this experiment, we
moved the infusion location to the lateral saphenous vein to allow for maximum particle circulation
prior to particles reaching the heart. Similar to the first experiment, blood and BALF samples were
collected throughout a 12-hr timeline and lung and liver samples were harvested for histology at

the end of the experiment (Figure 6-10).
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Figure 6-10 Experimental layout for pig #2.

The particles were infused into the lateral saphenous vein as shown above. Blood and BALF was collected over a 12
-hr period.

Poly-A particles were infused at 4 mL/min and the pig remained stable throughout the
infusion and experiment. Neutrophil counts remained stable for the first 6 hours of the experiment
but increased at 8- and 12-hr post infusion. Similarly, the BALF neutrophil content was found to
increase throughout the day after a minor drop in neutrophils at 4-hr post-infusion (Figure 6-11).
Histology reports from the second report showed no remarkable signs of inflammation in the lungs
or liver (see Chapter 6 appendix). This was a major improvement from the first experiment in
which inflammation in the lungs was detected. More specifically, the first pig had mild multifocal
lobar edema accompanied by moderate to marked numbers of neutrophils and fewer macrophages
in alveoli. Higher neutrophils in the lung tissue is a well-known marker for inflammation. The

second pig, however, had no significant findings in the lung tissue as reported by blind analysis.
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Figure 6-11 Neutrophil profile in the blood and BALF post-infusion.

6.5 Discussion

IV-delivered particle-based therapeutics have great potential in treating inflammatory diseases but
have been limited in clinical use to cancer and diagnostics. This limitation is partially due to
regulatory shortcomings, i.e. minimal flexibility in defining particle-based therapeutic safety, but
also due to limitations in translatability.t%181194195 Many particle-based therapeutics fail in
translation from the difficulty in testing therapeutics in multiple small and large animal models.®®
Rodent models often poorly represent human diseases and reactions since our immune systems
evolved so differently.84 Thus, in this work we evaluated Poly-A particles, a novel therapeutic for
treating inflammatory diseases, in two animal models for safety and toxicity. The work presented
here shows the value in further investigations of Poly-A as it is both safe and has great potential.
Salicylic acid is a thoroughly researched anti-inflammatory agent with well understood

toxicities and side effects. As Poly-A is polymerized salicylic acid, it’s important to investigate its
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potential side effects such as liver toxicity. In our 5-day mouse study we found no signs of liver
toxicity as measured by AST, and further neutrophil distributions returned to normal in blood,
liver, and spleen by day 5. However, we did find that both the soluble aspirin and Poly-A lead to
significant reductions in plasma IL-6 5-days post injection. IL-6 is a well characterized cytokine
that promotes the acute inflammatory response. As a therapeutic for inflammation, this side effect
of reduced IL-6 can act as a benefit in controlling an overzealous inflammatory response. IL-6 is
known to be a major contributor to cytokine storms,* thus a therapeutic that reduces IL-6 could
significantly improve outcome. Further, salicylic acid is a known inhibitor of NF-kB, a protein that
promotes IL-6 production, so it makes since that both soluble aspirin and Poly-A particles would
reduce 1L-6. 1 Importantly, CXCL1/KC was not significantly reduced across treatment groups,
suggesting that Poly-A particles may only interfere with parts of the inflammatory response and
not inhibit all inflammatory pathways. CXCL1/KC plays a role in the initial phases of acute
inflammation by recruiting neutrophils. While Poly-A may dampen the inflammatory response for
5-days via IL-6 reduction, some inflammatory pathways remain viable.’

One major concern for Poly-A is the potential bolus release of salicylic acid once injected
into the blood stream and the related toxicity of salicylic acid.*® To investigate this, we ran plasma
samples taken from mice receiving either soluble aspirin or Poly-A particles on mass spectrometry
to determine the salicylic acid content. From this experiment, we found only mice injected with
soluble aspirin had significant amounts of salicylic acid in the plasma. Thus, we confirmed that
Poly-A particles remain intact in the blood stream and instead release salicylic acid once
internalized or slowly over time as determined by degradation characterization.*’*>’

When translating Poly-A particles across species it is important to understand the

differences in particle-neutrophils interactions from mouse to pig and eventually to human. In this

109



work we investigated these differences by evaluating neutrophil uptake across species. We found
that pig neutrophils internalize Poly-A similarly to mouse neutrophils, thus justifying our scaling
of particles to blood volume in the pig infusion studies. Both mouse and pig neutrophils
phagocytose Poly-A at reduced rates as compared to human neutrophils. Thus, if we were to scale
Poly-A particle infusions to a human model, fewer particles would be needed to see similar results
as observed in mouse and pig studies.

While the inflammatory pathways have been researched for decades, there is still much for
us to learn in terms of particle design and the resulting inflammatory response, i.e. CARPA.521%°
Despite the known relationship between complement and particle-based therapeutics, in vitro
assays are limited and complement reactions vary heavily across species, making it difficult to
develop in vivo assays.®? Further, complement activation is not the only known pathway for
adverse reactions to particle-based therapeutics.?”® CARPA is classically characterized by systemic
vasoconstriction rather than vasodilation.?®* In this work, the first pig experienced an adverse
reaction characterized by hypotension and low blood pressure due to vasodilation. In an early study
investigating the negative reaction to particle-based therapeutics in dogs, it was found that
histamine rapidly released in the blood stream propagated a hypotensive event similar to what was
observed in this pig study.??? By slowing down the infusion, the hypotensive event was not
observed, similar to findings by Garavilla et al.?> We confirmed through plasma quantification of
C5a that the adverse reaction seen in the pig was not propagated by CARPA. Pigs are known for
having intense CARPA reactions to particle-based therapeutics, but reliable model to test
particles.522% Thus, it is incredibly promising that Poly-A particles did not induce a CARPA

reaction.
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6.6 Conclusion

Particle-based therapeutics have been in clinical use since the approval of Doxil in 1995.%° As a
pioneering therapeutic, liposomal doxorubicin opened the door to a new realm of therapeutics
enhancing drug delivery by concentrating potentially systemically toxic drugs into vesicles to be
delivered to tumors.®%2%4 Despite this, only 25 additional I1\V-delivered particle-based therapeutics
have been introduced to the clinic since.®® Particle-based therapeutics have untapped potential for
treating inflammatory diseases. Poly-A represents an innovative therapeutic that has great potential

in treating inflammation with minimal side effects and safe infusibility.
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6.7 Appendix

6.7.1 Histology Report from Pig 1

Request Date: 11/3/2020
Pathologist: MIH

TLAM In Vive Animal Core Returned Date: 11/62020
North Campus: Rezearch Complex
1500 Plymouth Road B36/G15T
M Ann Arbor, MI 48109-0614
, Lab: (T34) 647-0654 Fax: (T34) 936-3395
Usivarsity of Michigas Email: TLAM-TVAC @umich.edu Web Site: http://med.nmich.edu'ulam 'services'patholosy.hitml

Midical Szboal

Case number: 20MO064-20M066
Date of necropsy: NA

Species: SUS

PI: Tiba

Contact: Colmenero

History: Three submissions of tissues from a pig were made (20H304, 20H310, 20H312)
comprised of lung (20H304), spleen, liver, kidney. small intestine (20H310), and trachea
(20H312) for gross examination and histopathology. These tissues will be reported in a single
report for clanity.

RESULTS:
Gross examination: There were no gross lesions noted in any tissues.

Histopathology:

Lungs (20H304):

In the RLL, RML. 20201016-1, and 20201016-2, there was mild multifocal lobar edema
accompanied by moderate to marked numbers of neutrophils and fewer macrophages in alveoli,
and multiple medinm to large bronchioles and bronchi contained neutrophils and macrophages.
There was mild to moderate interlobular expansion by edema. In other lung samples, there was
multifocal mixed interstitial infiltrates mostly arranged around bronchioles and arterioles.

Liver. spleen. kidnev. small intestine (20H310):

Sections of liver and small intestine (ducdenum) were unremarkable. In sections of kidney, there
were multifocal minimal to mild mononuclear interstitial infiltrates in the medulla and cortex,
with focal and minimal renal tubular epithelial hyperplasia.

Trachea (20H312):

In sections of trachea, there were minimal to mild mixed inflammatory infilrates within the
submucosa, with focal and minimal epithelial blunting and loss of cilia. There was atrophy of
epithelial cells with the presence of few neutrophils along the epithelial surface.

DISCUSSION:

The significant findings on histopathologic examination were the inflammatory infiltrates in the
lung, which were consistent with a mild bacterial brenchepneumeonia; there were no infectious
agents noted histologically, and other findings (interstitial infiltrates) may suggest past viral
infection. This may have been a subclinical inflammatery process in an asymptomatic animal.
The majority of the inflammatory reaction was present in the right lung, which may be related to
lateral recumbency during anesthesia. and it is also possible the changes in the trachea could be
secondary to endotracheal intubation. Findings in other organs are considered background
findings.

Pathologist: Mark J. Hoenerhoff, DVM, PhD, DACVP
November 6% 2020

Figure 6-12 Histology report from pig 1.
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6.7.2 Histology Report from Pig 2

Request Date: 1/21/2021
Pathologist: MTH

. 2202
University of Michigan Returned Date: 1/22/2021
Medical School

HISTOPATHOLOGY REPORT

ULAM In Vivo Animal Core Case number: 21MO003
North Campus Research Complex Date of necropsy: NA
2800 Plymouth Road B36/G157 Species: SUS

Ann Arbor, MI 48109-0614 PI: Tiba

Lab: (734) 647-0654 Contact: Colmenero

Email: ULAM-IVAC@umich.edu

History
Samples of small intestine (duodenum), lung, liver, kidney, spleen, and trachea were submitted
for gross and histopathologic examination.

RESULTS (descriptive)

On gross examination, submitted tissues were within normal limits.
Histologically, there were no significant findings observed.

DISCUSSION:

The purpose of this evaluation was to evaluate the submitted kidney samples grossly and
histologically for evidence of inflammation and other pathologic alterations. There were no
significant changes noted in sections examined above typical background alterations observed in
conventionally raised pigs.

Pathologist: Mark J. Hoenerhoff. DVM. PhD. DACVP

January 22™, 2021

This report is intended for rapid communication of histopathology results to the submitting
researcher. If portions of this report are subsequently utilized in a publication or presentation,
please communicate this to the pathologist so that the draft may be reviewed to ensure a

narrative appropriate to the particular forum.

Figure 6-13 Histology report from pig 2.
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Chapter 7 Conclusion
7.1 Publication Information
The text in this chapter was adapted from “Polymeric particle-based therapies for acute

inflammatory diseases” in Nature Reviews Materials with author list Emma R. Brannon, M.

Valentina Guevara, Noah J. Pacifici, Jonathan K. Lee, Jamal S. Lewis & Omolola Eniola-Adefeso.

Citation: Brannon, E. R., et al. (2022). "Polymeric particle-based therapies for acute

inflammatory diseases." Nature Reviews Materials 7(10): 796-813.

7.2 Outlook and Final Remarks

The introduction of particle-based therapeutics to clinical medicine has significantly improved
efficacy and convenience for treating a range of diseases, including endometriosis, cancer, growth
failure, gum disease, and even mood disorders. Despite the wide range of polymeric particle-based
therapeutics used clinically and the plethora of literature on the topic, only 12 PLGA (polymeric)
particle-based formulations have been approved by the FDA in the past 30 years.>® This stark
contrast between research and clinically approved therapeutics lies in the challenges at hand in
creating a safe and effective polymeric particle-based treatment. Many challenges result from the
complexity of biology and thus translation from animal models to clinical trials.

Severe acute inflammatory diseases currently have no curative treatments, yet particle-

based therapeutics have shown incredible promise as immune-modulators. In chapter 3 | showed
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the capability of Poly-A particles to redirect neutrophils in acute inflammation more efficiently
than other particle types due to its inherent ability to reprogram neutrophils from the inside out. |
next showed in chapter 4 that Poly-A can inhibit an inflammatory pathway, NETosis, further
exemplifying its value as an anti-inflammatory therapeutic for both long term (5-hrs) and short
term (2-hr) in vitro studies. Importantly, a more clinically relevant polymeric material, PLGA,
induced NETosis after 5-hrs of incubation with neutrophils. PLGA, however, shows promise as
an immune modulating material in shorter time frames (2-hrs) as work presented in chapter 5. By
tuning the lactic to glycolic acid ratio, we can control the resulting inflammatory properties. Future
work should investigate faster degrading PLGA polymers that deliver therapeutic doses of lactic
acid intracellularly. Additional studies could investigate the incorporation of anti-inflammatory
agents into the polymer matrix of PLGA to enhance anti-inflammatory properties. Polymeric
materials represent an untapped potential in the field of 1\VV-delivered particle-based therapeutics.
Poly-A can be safely transfused intravenously into pigs as shown in chapter 6. Future studies
investigating optimal dosing schemes are necessary to properly translate this work into the clinic.
The work presented in this thesis not only shows the utility of particle-based therapeutics but also
shows the safety and translatability of polymeric particles. Ultimately, using methods developed
in this dissertation along with better translation of in vitro assays to in vivo applications will be
necessary to transition particles in the clinic for the treatment of inflammatory diseases.

Novel particle-based therapeutics pose a challenge inherent to innovative design. Unlike
traditional bulk therapeutics, particle-based medicines are typically constructed of multiple
components: polymeric vehicle, therapeutic agent, and surface modifications.*811%419 Slight
changes in any of these components can significantly change particle function, biodistribution, and

toxicity, making it difficult for the FDA to efficiently evaluate these new platforms. Thus, the
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National Cancer Institute (NCI) instigated the establishment of the Nanotechnology
Characterization Laboratory (NCL) to develop standardized assays to characterize particle-based
therapeutics and related toxicities.*®! While the NCL was built to streamline the clinical trial and
FDA approval process, the streamlined processes are designed for cancer therapeutics rather than
generalized therapies.’®11%1%5 Thus, certain guidelines such as prolonged evasion of the
mononuclear phagocyte system would inherently exclude particle-based therapeutics designed to
target circulating phagocytes.'® It will be crucial to update current methodologies for testing the
safety of particle-based therapeutics to ensure translatability. PEGylated liposomes, while
effective, are now considered “old technology” due to the lack of innovation since the approval of
DOXIL. This lack of innovation can be attributed to the poor translatability across models and
ultimately the lack of consideration of neutrophils.81%41% To this day, neutrophils have been
ignored in all immunological assays designed and used by the NCL.2% This oversite has limited
safe translation of current uses of particle-based therapeutics (cancer/diagnostics) in addition to
the application of particle-based therapeutics to immunomodulation (inflammatory diseases).
Neutrophils are inherently difficult to study as there are no good cell lines and major
differences in neutrophil composition across animal models. To successfully develop neutrophil
modulating therapeutics, it will be necessary to fully develop in vitro assays that replicate the in
vivo, human environment. Otherwise fully characterized models with known limitations could be
used for therapeutic development. The work in this dissertation is just the beginning in terms of
characterizing particles for the treatment of inflammatory diseases. Particles-based therapeutics
can be optimized for targeting neutrophils by changing particle shape, including targeting ligands,
and loading effective therapeutics. Due to the current prevalence of PLGA in the clinic, PLGA is

a good candidate for material optimization to quickly translate this work into a human ready
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therapeutic. However, it will be important to first optimize the anti-inflammatory properties of
PLGA prior to use as a neutrophil modulation tactic. Thus, it is imperative that more neutrophil
assays are developed to thoroughly test the safety and efficacy of particle-based therapeutics for
modulating the inflammatory response. Ultimately, the consistent progress made by the scientific
community and the eventual streamlined approval for use in patients can revolutionize particle-

based therapeutics and the treatment of inflammatory diseases.

117



10

11

12

13

14

References

Chen, G. Y. & Nufiez, G. Sterile inflammation: sensing and reacting to damage. Nature
Reviews Immunology 10, 826-837, doi:10.1038/nri2873 (2010).

Kolaczkowska, E. & Kubes, P. Neutrophil recruitment and function in health and
inflammation. Nature Reviews Immunology 13, 159-175, doi:10.1038/nri3399 (2013).
Navegantes, K. C. et al. Immune modulation of some autoimmune diseases: the critical
role of macrophages and neutrophils in the innate and adaptive immunity. Journal of
Translational Medicine 15, 36, doi:10.1186/s12967-017-1141-8 (2017).

Su, Y., Gao, J., Kaur, P. & Wang, Z. Neutrophils and Macrophages as Targets for
Development of Nanotherapeutics in Inflammatory Diseases. Pharmaceutics 12, 1222,
doi:10.3390/pharmaceutics12121222 (2020).

Mogensen, T. H. Pathogen recognition and inflammatory signaling in innate immune
defenses. Clin Microbiol Rev 22, 240-273, doi:10.1128/CMR.00046-08 (2009).
Castellheim, A., Brekke, O. L., Espevik, T., Harboe, M. & Mollnes, T. E. Innate Immune
Responses to Danger Signals in Systemic Inflammatory Response Syndrome and Sepsis.
Scandinavian Journal of Immunology 69, 479-491, doi:https://doi.org/10.1111/].1365-
3083.2009.02255.x (2009).

Rosales, C. Neutrophil: A Cell with Many Roles in Inflammation or Several Cell Types?
Front Physiol 9, 113, doi:10.3389/fphys.2018.00113 (2018).

Davenpeck, K. L., Brummet, M. E., Hudson, S. A., Mayer, R. J. & Bochner, B. S.
Activation of Human Leukocytes Reduces Surface P-Selectin Glycoprotein Ligand-1
(PSGL-1, CD162) and Adhesion to P-Selectin In Vitro. The Journal of Immunology 165,
2764, doi:10.4049/jimmunol.165.5.2764 (2000).

Ivetic, A., Hoskins Green, H. L. & Hart, S. J. L-selectin: A Major Regulator of Leukocyte
Adhesion, Migration and Signaling. Frontiers in Immunology 10 (2019).

Li, Y. et al. The regulatory roles of neutrophils in adaptive immunity. Cell
Communication and Signaling 17, 147, doi:10.1186/s12964-019-0471-y (2019).
Boada-Romero, E., Martinez, J., Heckmann, B. L. & Green, D. R. The clearance of dead
cells by efferocytosis. Nature Reviews Molecular Cell Biology 21, 398-414,
d0i:10.1038/s41580-020-0232-1 (2020).

Mangalmurti, N. & Hunter, C. A. Cytokine Storms: Understanding COVID-19. Immunity
53, 19-25, doi:https://doi.org/10.1016/j.immuni.2020.06.017 (2020).

Fathi, N. & Rezaei, N. Lymphopenia in COVID-19: Therapeutic opportunities. Cell
Biology International 44, 1792-1797, doi:https://doi.org/10.1002/chin.11403 (2020).
Brown, K. A. et al. Neutrophils in development of multiple organ failure in sepsis. The
Lancet 368, 157-169, doi:https://doi.org/10.1016/S0140-6736(06)69005-3 (2006).

118


https://doi.org/10.1111/j.1365-3083.2009.02255.x
https://doi.org/10.1111/j.1365-3083.2009.02255.x
https://doi.org/10.1016/j.immuni.2020.06.017
https://doi.org/10.1002/cbin.11403
https://doi.org/10.1016/S0140-6736(06)69005-3

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

Klos, A. et al. The role of the anaphylatoxins in health and disease. Molecular
Immunology 46, 2753-2766, doi:https://doi.org/10.1016/j.molimm.2009.04.027 (2009).
Gralinski, L. E. et al. Complement Activation Contributes to Severe Acute Respiratory
Syndrome Coronavirus Pathogenesis. mBio 9, e01753-01718, doi:10.1128/mBi0.01753-
18 (2018).

Barnes, P. J. How corticosteroids control inflammation: Quintiles Prize Lecture 2005. Br
J Pharmacol 148, 245-254, doi:10.1038/sj.bjp.0706736 (2006).

Li, P., Zheng, Y. & Chen, X. Drugs for Autoimmune Inflammatory Diseases: From Small
Molecule Compounds to Anti-TNF Biologics. Front Pharmacol 8, 460,
doi:10.3389/fphar.2017.00460 (2017).

Tabas, I. & Glass, C. K. Anti-inflammatory therapy in chronic disease: challenges and
opportunities. Science 339, 166-172, doi:10.1126/science.1230720 (2013).

Vane, J. R. & Botting, R. M. Anti-inflammatory drugs and their mechanism of action.
Inflamm Res 47 Suppl 2, S78-87, doi:10.1007/s000110050284 (1998).

Bao, Z., Ye, Q., Gong, W., Xiang, Y. & Wan, H. Humanized monoclonal antibody
against the chemokine CXCL-8 (IL-8) effectively prevents acute lung injury. Int
Immunopharmacol 10, 259-263, doi:10.1016/j.intimp.2009.11.005 (2010).

Kojima, Y. et al. CD47-blocking antibodies restore phagocytosis and prevent
atherosclerosis. Nature 536, 86-90, doi:10.1038/nature18935 (2016).

Leckie, M. J. et al. Effects of an interleukin-5 blocking monoclonal antibody on
eosinophils, airway hyper-responsiveness, and the late asthmatic response. Lancet 356,
2144-2148, doi:10.1016/s0140-6736(00)03496-6 (2000).

Shenkar, R., Coulson, W. F. & Abraham, E. Anti-transforming growth factor-beta
monoclonal antibodies prevent lung injury in hemorrhaged mice. Am J Respir Cell Mol
Biol 11, 351-357, doi:10.1165/ajrcmb.11.3.8086171 (1994).

Taylor, P. C. & Feldmann, M. Anti-TNF biologic agents: still the therapy of choice for
rheumatoid arthritis. Nat Rev Rheumatol 5, 578-582, doi:10.1038/nrrheum.2009.181
(2009).

Bjarnason, I., Hayllar, J., MacPherson, A. J. & Russell, A. S. Side effects of nonsteroidal
anti-inflammatory drugs on the small and large intestine in humans. Gastroenterology
104, 1832-1847, d0i:10.1016/0016-5085(93)90667-2 (1993).

Bongartz, T. et al. Anti-TNF antibody therapy in rheumatoid arthritis and the risk of
serious infections and malignancies: systematic review and meta-analysis of rare harmful
effects in randomized controlled trials. Jama 295, 2275-2285,
d0i:10.1001/jama.295.19.2275 (2006).

Borman, Z. A., C6té-Daigneault, J. & Colombel, J. F. The risk for opportunistic
infections in inflammatory bowel disease with biologics: an update. Expert Rev
Gastroenterol Hepatol 12, 1101-1108, doi:10.1080/17474124.2018.1530983 (2018).
Canalis, E. Mechanisms of glucocorticoid-induced osteoporosis. Curr Opin Rheumatol
15, 454-457, doi:10.1097/00002281-200307000-00013 (2003).

Gabriel, S. E., Jaakkimainen, L. & Bombardier, C. Risk for serious gastrointestinal
complications related to use of nonsteroidal anti-inflammatory drugs. A meta-analysis.
Ann Intern Med 115, 787-796, doi:10.7326/0003-4819-115-10-787 (1991).

Howard, P. A. & Delafontaine, P. Nonsteroidal anti-Inflammatory drugs and
cardiovascular risk. J Am Coll Cardiol 43, 519-525, doi:10.1016/j.jacc.2003.09.043
(2004).

119


https://doi.org/10.1016/j.molimm.2009.04.027

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

Németh, T., Sperandio, M. & Mocsai, A. Neutrophils as emerging therapeutic targets.
Nature Reviews Drug Discovery, doi:10.1038/s41573-019-0054-z (2020).

Grommes, J. & Soehnlein, O. Contribution of Neutrophils to Acute Lung Injury.
Molecular Medicine 17, 293-307, doi:10.2119/molmed.2010.00138 (2011).

Fialkow, L. et al. Neutrophil apoptosis: a marker of disease severity in sepsis and sepsis-
induced acute respiratory distress syndrome. Critical Care 10, R155, doi:10.1186/cc5090
(2006).

Németh, T., Sperandio, M. & Mdcsai, A. Neutrophils as emerging therapeutic targets.
Nature Reviews Drug Discovery 19, 253-275, doi:10.1038/s41573-019-0054-z (2020).
Zuo, Y. et al. Neutrophil extracellular traps (NETs) as markers of disease severity in
COVID-19. medRxiv, 2020.2004.2009.20059626, doi:10.1101/2020.04.09.20059626
(2020).

Brannon, E. R. et al. Polymeric particle-based therapies for acute inflammatory diseases.
Nature Reviews Materials 7, 796-813, d0i:10.1038/s41578-022-00458-5 (2022).

Verdon, R. et al. Neutrophil activation by nanomaterials in vitro: comparing strengths
and limitations of primary human cells with those of an immortalized (HL-60) cell line.
Nanotoxicology 15, 1-20, doi:10.1080/17435390.2020.1834635 (2021).

Nauseef, W. M. Human neutrophils # murine neutrophils: Does it matter? Immunological
Reviews 314, 442-456, doi:https://doi.org/10.1111/imr.13154 (2023).

Kin, H. et al. Neutrophil Depletion Reduces Myocardial Apoptosis and Attenuates NFkB
Activation/TNFa Release After Ischemia and Reperfusion. Journal of Surgical Research
135, 170-178, doi:https://doi.org/10.1016/j.jss.2006.02.019 (2006).

Narasaraju, T. et al. Excessive Neutrophils and Neutrophil Extracellular Traps Contribute
to Acute Lung Injury of Influenza Pneumonitis. The American Journal of Pathology 179,
199-210, doi:https://doi.org/10.1016/j.ajpath.2011.03.013 (2011).

Fromen, C. A. et al. Neutrophil-Particle Interactions in Blood Circulation Drive Particle
Clearance and Alter Neutrophil Responses in Acute Inflammation. ACS Nano 11, 10797-
10807, doi:10.1021/acsnano.7b03190 (2017).

Saito, E. et al. Designing drug-free biodegradable nanoparticles to modulate
inflammatory monocytes and neutrophils for ameliorating inflammation. Journal of
Controlled Release 300, 185-196, doi:https://doi.org/10.1016/j.jconrel.2019.02.025
(2019).

Park, J. et al. Intravascular innate immune cells reprogrammed via intravenous
nanoparticles to promote functional recovery after spinal cord injury. Proceedings of the
National Academy of Sciences 116, 14947-14954, doi:10.1073/pnas.1820276116 (2019).
Casey, L. M. et al. Cargo-less nanoparticles program innate immune cell responses to
toll-like receptor activation. Biomaterials 218, 119333,
doi:10.1016/j.biomaterials.2019.119333 (2019).

Safari, H. et al. Neutrophils preferentially phagocytose elongated particles—An
opportunity for selective targeting in acute inflammatory diseases. Science Advances 6,
eabal474, doi:10.1126/sciadv.abal474 (2020).

Brannon, E. R. et al. Polysalicylic Acid Polymer Microparticle Decoys Therapeutically
Treat Acute Respiratory Distress Syndrome. Advanced Healthcare Materials 11,
2101534, doi:https://doi.org/10.1002/adhm.202101534 (2022).

120


https://doi.org/10.1111/imr.13154
https://doi.org/10.1016/j.jss.2006.02.019
https://doi.org/10.1016/j.ajpath.2011.03.013
https://doi.org/10.1016/j.jconrel.2019.02.025
https://doi.org/10.1002/adhm.202101534

48

49

50

51

52

53

54

55

56

57

58

59

60

61

Kelley, W. J., Onyskiw, P. J., Fromen, C. A. & Eniola-Adefeso, O. Model Particulate
Drug Carriers Modulate Leukocyte Adhesion in Human Blood Flows. ACS Biomaterials
Science & Engineering 5, 6530-6540, doi:10.1021/acsbiomaterials.9b01289 (2019).
Allen, R. P., Bolandparvaz, A., Ma, J. A., Manickam, V. A. & Lewis, J. S. Latent,
Immunosuppressive Nature of Poly(lactic-co-glycolic acid) Microparticles. ACS
Biomaterials Science & Engineering 4, 900-918, doi:10.1021/acshiomaterials.7b00831
(2018).

Jeong, D. et al. Porous antioxidant polymer microparticles as therapeutic systems for the
airway inflammatory diseases. Journal of Controlled Release 233, 72-80,
doi:https://doi.org/10.1016/j.jconrel.2016.04.039 (2016).

Baek, J.-S., Yeo, E. W, Lee, Y. H., Tan, N. S. & Loo, S. C. J. Controlled-release
nanoencapsulating microcapsules to combat inflammatory diseases. Drug Des Devel Ther
11, 1707-1717, doi:10.2147/DDDT.S133344 (2017).

Nakagawa, Y. et al. Apoptotic Cell-Inspired Polymeric Particles for Controlling
Microglial Inflammation toward Neurodegenerative Disease Treatment. ACS
Biomaterials Science & Engineering 5, 5705-5713, doi:10.1021/acsbiomaterials.8b01510
(2019).

Lee, S., Stubelius, A., Hamelmann, N., Tran, V. & Almutairi, A. Inflammation-
Responsive Drug-Conjugated Dextran Nanoparticles Enhance Anti-Inflammatory Drug
Efficacy. ACS Applied Materials & Interfaces 10, 40378-40387,
doi:10.1021/acsami.8b08254 (2018).

Erdmann, L. & Uhrich, K. E. Synthesis and degradation characteristics of salicylic acid-
derived poly(anhydride-esters). Biomaterials 21, 1941-1946,
doi:https://doi.org/10.1016/S0142-9612(00)00073-9 (2000).

Rosario-Meléndez, R., Yu, W. & Uhrich, K. E. Biodegradable Polyesters Containing
Ibuprofen and Naproxen As Pendant Groups. Biomacromolecules 14, 3542-3548,
doi:10.1021/bm400889a (2013).

Rosario-Meléndez, R., Ouimet, M. A. & Uhrich, K. E. Formulation of salicylate-based
poly(anhydride-ester) microspheres for short- and long-term salicylic acid delivery.
Polymer Bulletin 70, 343-351, d0i:10.1007/s00289-012-0839-2 (2013).

Cruz-Acuiia, M., Kakwere, H. & Lewis, J. S. The roadmap to micro: Generation of
micron-sized polymeric particles using a commercial microfluidic system. Journal of
Biomedical Materials Research Part A 110, 1121-1133,
doi:https://doi.org/10.1002/jbm.a.37358 (2022).

Wouters, O. J. et al. Challenges in ensuring global access to COVID-19 vaccines:
production, affordability, allocation, and deployment. The Lancet 397, 1023-1034,
d0i:10.1016/S0140-6736(21)00306-8 (2021).

Park, K. et al. Injectable, long-acting PLGA formulations: Analyzing PLGA and
understanding microparticle formation. Journal of Controlled Release 304, 125-134,
doi:https://doi.org/10.1016/j.jconrel.2019.05.003 (2019).

Anselmo, A. C. & Mitragotri, S. Nanoparticles in the clinic. Bioeng Transl Med 1, 10-29,
d0i:10.1002/btm2.10003 (2016).

Sheffey, V. V., Siew, E. B., Tanner, E. E. L. & Eniola-Adefeso, O. PLGA's Plight and
the Role of Stealth Surface Modification Strategies in Its Use for Intravenous Particulate
Drug Delivery. Advanced Healthcare Materials 11, 2101536,
doi:https://doi.org/10.1002/adhm.202101536 (2022).

121


https://doi.org/10.1016/j.jconrel.2016.04.039
https://doi.org/10.1016/S0142-9612(00)00073-9
https://doi.org/10.1002/jbm.a.37358
https://doi.org/10.1016/j.jconrel.2019.05.003
https://doi.org/10.1002/adhm.202101536

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

Maisha, N., Coombs, T. & Lavik, E. Development of a Sensitive Assay to Screen
Nanoparticles in Vitro for Complement Activation. ACS Biomaterials Science &
Engineering 6, 4903-4915, doi:10.1021/acsbiomaterials.0c00722 (2020).

Neun, B. W., llinskaya, A. N. & Dobrovolskaia, M. A. in Characterization of
Nanoparticles Intended for Drug Delivery (ed Scott E. McNeil) 149-160 (Springer New
York, 2018).

The MathWorks, I. MATLAB version: 9.13.0 (R2022b), <https://www.mathworks.com>
(2023).

Inc., T. M. Image Processing Toolbox version: 11.6 (R2022b),
<https://www.mathworks.com> (2023).

Ruffini, E. et al. Frequency and mortality of acute lung injury and acute respiratory
distress syndrome after pulmonary resection for bronchogenic carcinoma. Eur J
Cardiothorac Surg 20, 30-36, discussion 36-37, doi:10.1016/s1010-7940(01)00760-6
(2001).

Bellani, G. et al. Epidemiology, Patterns of Care, and Mortality for Patients With Acute
Respiratory Distress Syndrome in Intensive Care Units in 50 Countries. Jama 315, 788-
800, doi:10.1001/jama.2016.0291 (2016).

Ding, Q., Wang, Y., Yang, C., Tuerxun, D. & Yu, X. Effect of Sivelestat in the
Treatment of Acute Lung Injury and Acute Respiratory Distress Syndrome: A Systematic
Review and Meta-Analysis. Intensive Care Research 3, 140-149, doi:10.1007/s44231-
023-00032-9 (2023).

Sinha, P. & Calfee, C. S. Phenotypes in acute respiratory distress syndrome: moving
towards precision medicine. Curr Opin Crit Care 25, 12-20,
d0i:10.1097/mcc.0000000000000571 (2019).

Moraes, T. J., Zurawska, J. H. & Downey, G. P. Neutrophil granule contents in the
pathogenesis of lung injury. Curr Opin Hematol 13, 21-27,
d0i:10.1097/01.moh.0000190113.31027.d5 (2006).

Abraham, E., Carmody, A., Shenkar, R. & Arcaroli, J. Neutrophils as early immunologic
effectors in hemorrhage- or endotoxemia-induced acute lung injury. Am J Physiol Lung
Cell Mol Physiol 279, L1137-1145, doi:10.1152/ajplung.2000.279.6.L.1137 (2000).
Matthay, M. A., Eschenbacher, W. L. & Goetzl, E. J. Elevated concentrations of
leukotriene D4 in pulmonary edema fluid of patients with the adult respiratory distress
syndrome. J Clin Immunol 4, 479-483, doi:10.1007/bf00916578 (1984).

Williams, A. E. & Chambers, R. C. The mercurial nature of neutrophils: still an enigma
in ARDS? Am J Physiol Lung Cell Mol Physiol 306, L217-230,
doi:10.1152/ajplung.00311.2013 (2014).

Aulakh, G. K. Neutrophils in the lung: “the first responders”. Cell and Tissue Research
371, 577-588, doi:10.1007/s00441-017-2748-z (2018).

Ley, K., Laudanna, C., Cybulsky, M. I. & Nourshargh, S. Getting to the site of
inflammation: the leukocyte adhesion cascade updated. Nature Reviews Immunology 7,
678-689, doi:10.1038/nri2156 (2007).

Sadik, C. D., Kim, N. D. & Luster, A. D. Neutrophils cascading their way to
inflammation. Trends Immunol 32, 452-460, doi:10.1016/j.it.2011.06.008 (2011).
Auten, R. L., Whorton, M. H. & Nicholas Mason, S. Blocking neutrophil influx reduces
DNA damage in hyperoxia-exposed newborn rat lung. Am J Respir Cell Mol Biol 26,
391-397, doi:10.1165/ajrcmb.26.4.4708 (2002).

122


https://www.mathworks.com/
https://www.mathworks.com/

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

El Kebir, D., Jozsef, L., Pan, W. & Filep, J. G. Myeloperoxidase delays neutrophil
apoptosis through CD11b/CD18 integrins and prolongs inflammation. Circ Res 103, 352-
359, doi:10.1161/01.RES.0000326772.76822.7a (2008).

Ginzberg, H. H. et al. Neutrophil-mediated epithelial injury during transmigration: role of
elastase. Am J Physiol Gastrointest Liver Physiol 281, G705-717,
d0i:10.1152/ajpgi.2001.281.3.G705 (2001).

Lee, C. T. et al. Elastolytic activity in pulmonary lavage fluid from patients with adult
respiratory-distress syndrome. N Engl J Med 304, 192-196,
d0i:10.1056/nejm198101223040402 (1981).

Roper, J. M. et al. In vivo exposure to hyperoxia induces DNA damage in a population of
alveolar type Il epithelial cells. Am J Physiol Lung Cell Mol Physiol 286, L1045-1054,
doi:10.1152/ajplung.00376.2003 (2004).

Schenck, E. J. et al. Rapidly Improving ARDS in Therapeutic Randomized Controlled
Trials. Chest 155, 474-482, d0i:10.1016/j.chest.2018.09.031 (2019).

Getts, D. R. et al. Therapeutic inflammatory monocyte modulation using immune-
modifying microparticles. Sci Transl Med 6, 219ra217,
doi:10.1126/scitransimed.3007563 (2014).

Park, J. et al. Intravascular innate immune cells reprogrammed via intravenous
nanoparticles to promote functional recovery after spinal cord injury. Proceedings of the
National Academy of Sciences 116, 14947, doi:10.1073/pnas.1820276116 (2019).
Fromen, C. A. et al. Neutrophil-Particle Interactions in Blood Circulation Drive Particle
Clearance and Alter Neutrophil Responses in Acute Inflammation. ACS Nano 11, 10797-
10807, doi:10.1021/acsnano.7b03190 (2017).

Rezvantalab, S. et al. PLGA-Based Nanoparticles in Cancer Treatment. Frontiers in
Pharmacology 9, doi:10.3389/fphar.2018.01260 (2018).

Choi, J.-S., Seo, K. & Yoo, J.-W. Recent advances in PLGA particulate systems for drug
delivery. Journal of Pharmaceutical Investigation 42, 155-163, doi:10.1007/s40005-012-
0024-5 (2012).

Danbhier, F. et al. PLGA-based nanoparticles: an overview of biomedical applications. J
Control Release 161, 505-522, doi:10.1016/j.jconrel.2012.01.043 (2012).
Rosario-Meléndez, R., Ouimet, M. A. & Uhrich, K. E. Formulation of salicylate-based
poly(anhydride-ester) microspheres for short- and long-term salicylic acid delivery.
Polym Bull (Berl) 70, 343-351, doi:10.1007/s00289-012-0839-2 (2013).

Schmeltzer, R. C., Schmalenberg, K. E. & Uhrich, K. E. Synthesis and Cytotoxicity of
Salicylate-Based Poly(anhydride esters). Biomacromolecules 6, 359-367,
d0i:10.1021/bm049544+ (2005).

Butt, Y., Kurdowska, A. & Allen, T. C. Acute Lung Injury: A Clinical and Molecular
Review. Arch Pathol Lab Med 140, 345-350, doi:10.5858/arpa.2015-0519-RA (2016).
Kong, S. L., Chui, P., Lim, B. & Salto-Tellez, M. Elucidating the molecular
physiopathology of acute respiratory distress syndrome in severe acute respiratory
syndrome patients. Virus Res 145, 260-269, doi:10.1016/j.virusres.2009.07.014 (2009).
Rawal, G., Yadav, S. & Kumar, R. Acute Respiratory Distress Syndrome: An Update and
Review. J Transl Int Med 6, 74-77, doi:10.1515/jtim-2016-0012 (2018).

Rockx, B. et al. Early upregulation of acute respiratory distress syndrome-associated
cytokines promotes lethal disease in an aged-mouse model of severe acute respiratory
syndrome coronavirus infection. J Virol 83, 7062-7074, doi:10.1128/jvi.00127-09 (2009).

123



95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

Kelley, W. J., Onyskiw, P. J., Fromen, C. A. & Eniola-Adefeso, O. Model Particulate
Drug Carriers Modulate Leukocyte Adhesion in Human Blood Flows. ACS Biomater Sci
Eng 5, 6530-6540, doi:10.1021/acshiomaterials.9b01289 (2019).

Potey, P. M., Rossi, A. G,, Lucas, C. D. & Dorward, D. A. Neutrophils in the initiation
and resolution of acute pulmonary inflammation: understanding biological function and
therapeutic potential. J Pathol 247, 672-685, doi:10.1002/path.5221 (2019).

Borregaard, N. et al. Changes in subcellular localization and surface expression of L-
selectin, alkaline phosphatase, and Mac-1 in human neutrophils during stimulation with
inflammatory mediators. J Leukoc Biol 56, 80-87, doi:10.1002/j1b.56.1.80 (1994).

Ivetic, A., Hoskins Green, H. L. & Hart, S. J. L-selectin: A Major Regulator of Leukocyte
Adhesion, Migration and Signaling. Front Immunol 10, 1068,
doi:10.3389/fimmu.2019.01068 (2019).

Shimada, Y., Sato, S., Hasegawa, M., Tedder, T. F. & Takehara, K. Elevated serum L-
selectin levels and abnormal regulation of L-selectin expression on leukocytes in atopic
dermatitis: soluble L-selectin levels indicate disease severity. J Allergy Clin Immunol
104, 163-168, d0i:10.1016/s0091-6749(99)70128-4 (1999).

Soler-Rodriguez, A. M. et al. Neutrophil activation by bacterial lipoprotein versus
lipopolysaccharide: differential requirements for serum and CD14. J Immunol 164, 2674-
2683, d0i:10.4049/jimmunol.164.5.2674 (2000).

Walcheck, B. et al. Neutrophil rolling altered by inhibition of L-selectin shedding in
vitro. Nature 380, 720-723, d0i:10.1038/380720a0 (1996).

Marsik, C. et al. Endotoxin down-modulates P-selectin glycoprotein ligand-1 (PSGL-1,
CD162) on neutrophils in humans. J Clin Immunol 24, 62-65,
d0i:10.1023/b:Joci.0000018064.13793.83 (2004).

Green, C. E. et al. Dynamic shifts in LFA-1 affinity regulate neutrophil rolling, arrest,
and transmigration on inflamed endothelium. Blood 107, 2101-2111, doi:10.1182/blood-
2005-06-2303 (2006).

Diaz-Gonzélez, F. et al. Prevention of in vitro neutrophil-endothelial attachment through
shedding of L-selectin by nonsteroidal antiinflammatory drugs. The Journal of Clinical
Investigation 95, 1756-1765, doi:10.1172/JC1117853 (1995).

Gbomez-Gaviro, M. V. et al. Down-regulation of L-selectin expression in neutrophils by
nonsteroidal anti-inflammatory drugs: role of intracellular ATP concentration. Blood 96,
3592-3600, doi:https://doi.org/10.1182/blood.VV96.10.3592 (2000).

Dominguez-Luis, M. et al. Superoxide anion mediates the L-selectin down-regulation
induced by non-steroidal anti-inflammatory drugs in human neutrophils. Biochemical
Pharmacology 85, 245-256, doi:https://doi.org/10.1016/].bcp.2012.10.024 (2013).
Levine, A. P., Duchen, M. R., de Villiers, S., Rich, P. R. & Segal, A. W. Alkalinity of
neutrophil phagocytic vacuoles is modulated by HVCN1 and has consequences for
myeloperoxidase activity. PLoS One 10, e0125906-e0125906,
doi:10.1371/journal.pone.0125906 (2015).

de Haro, C. et al. Patient-ventilator asynchronies during mechanical ventilation: current
knowledge and research priorities. Intensive Care Medicine Experimental 7, 43,
d0i:10.1186/s40635-019-0234-5 (2019).

Matthay, M. A. & Zimmerman, G. A. Acute lung injury and the acute respiratory distress
syndrome: four decades of inquiry into pathogenesis and rational management. Am J
Respir Cell Mol Biol 33, 319-327, doi:10.1165/rcmb.F305 (2005).

124


https://doi.org/10.1182/blood.V96.10.3592
https://doi.org/10.1016/j.bcp.2012.10.024

110  Matthay, M. A. et al. Future research directions in acute lung injury: summary of a
National Heart, Lung, and Blood Institute working group. Am J Respir Crit Care Med
167, 1027-1035, d0i:10.1164/rccm.200208-966WS (2003).

111 Huang, C. et al. Clinical features of patients infected with 2019 novel coronavirus in
Wuhan, China. Lancet 395, 497-506, doi:10.1016/s0140-6736(20)30183-5 (2020).

112 Lagunas-Rangel, F. A. Neutrophil-to-lymphocyte ratio and lymphocyte-to-C-reactive
protein ratio in patients with severe coronavirus disease 2019 (COVID-19): A meta-
analysis. J Med Virol 92, 1733-1734, doi:10.1002/jmv.25819 (2020).

113 Wang, D. et al. Clinical Characteristics of 138 Hospitalized Patients With 2019 Novel
Coronavirus—Infected Pneumonia in Wuhan, China. JAMA 323, 1061-1069,
doi:10.1001/jama.2020.1585 (2020).

114 Zhou, F. et al. Clinical course and risk factors for mortality of adult inpatients with
COVID-19 in Wuhan, China: a retrospective cohort study. Lancet 395, 1054-1062,
d0i:10.1016/s0140-6736(20)30566-3 (2020).

115  Zuo, Y. et al. Neutrophil extracellular traps in COVID-19. JCI Insight 5,
doi:10.1172/jci.insight.138999 (2020).

116  Ragaller, M. & Richter, T. Acute lung injury and acute respiratory distress syndrome. J
Emerg Trauma Shock 3, 43-51, doi:10.4103/0974-2700.58663 (2010).

117  Doerschuk, C. M., Tasaka, S. & Wang, Q. CD11/CD18-dependent and -independent
neutrophil emigration in the lungs: how do neutrophils know which route to take? AmJ
Respir Cell Mol Biol 23, 133-136, doi:10.1165/ajrcmb.23.2.f193 (2000).

118  Kelley, W. J., Fromen, C. A., Lopez-Cazares, G. & Eniola-Adefeso, O. PEGylation of
model drug carriers enhances phagocytosis by primary human neutrophils. Acta
Biomaterialia 79, 283-293, doi:https://doi.org/10.1016/].actbio.2018.09.001 (2018).

119  Safari, H. et al. Neutrophils preferentially phagocytose elongated particles-An
opportunity for selective targeting in acute inflammatory diseases. Sci Adv 6, eabal474-
eabal474, doi:10.1126/sciadv.abal474 (2020).

120  Kimura, T. et al. Suppressive effect of selective cyclooxygenase-2 inhibitor on cytokine
release in human neutrophils. International immunopharmacology 3, 1519-1528,
d0i:10.1016/s1567-5769(03)00179-6 (2003).

121  Ortiz-Mufioz, G. et al. Aspirin-triggered 15-epi-lipoxin A4 regulates neutrophil-platelet
aggregation and attenuates acute lung injury in mice. Blood 124, 2625-2634,
doi:10.1182/blood-2014-03-562876 (2014).

122 Looney, M. R. et al. Platelet depletion and aspirin treatment protect mice in a two-event
model of transfusion-related acute lung injury. The Journal of Clinical Investigation 119,
3450-3461, doi:10.1172/JC138432 (2009).

123 Kaplan, M. J. & Radic, M. Neutrophil Extracellular Traps: Double-Edged Swords of
Innate Immunity. The Journal of Immunology 189, 2689-2695,
doi:10.4049/jimmunol.1201719 (2012).

124 Vorobjeva, N. V. & Chernyak, B. V. NETosis: Molecular Mechanisms, Role in
Physiology and Pathology. Biochemistry (Moscow) 85, 1178-1190,
d0i:10.1134/S0006297920100065 (2020).

125  Pfeiler, S., Stark, K., Massberg, S. & Engelmann, B. Propagation of thrombosis by
neutrophils and extracellular nucleosome networks. Haematologica 102, 206-213,
doi:10.3324/haematol.2016.142471 (2017).

125


https://doi.org/10.1016/j.actbio.2018.09.001

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

Potey, P. M., Rossi, A. G., Lucas, C. D. & Dorward, D. A. Neutrophils in the initiation
and resolution of acute pulmonary inflammation: understanding biological function and
therapeutic potential. The Journal of Pathology 247, 672-685,
doi:https://doi.org/10.1002/path.5221 (2019).

Stark, K. & Massberg, S. Interplay between inflammation and thrombosis in
cardiovascular pathology. Nature Reviews Cardiology 18, 666-682, doi:10.1038/s41569-
021-00552-1 (2021).

Ekaney, M. L. et al. Impact of plasma histones in human sepsis and their contribution to
cellular injury and inflammation. Critical Care 18, 543, d0i:10.1186/s13054-014-0543-8
(2014).

Mutua, V. & Gershwin, L. J. A Review of Neutrophil Extracellular Traps (NETS) in
Disease: Potential Anti-NETs Therapeutics. Clinical Reviews in Allergy & Immunology
61, 194-211, doi:10.1007/s12016-020-08804-7 (2021).

Papayannopoulos, V., Staab, D. & Zychlinsky, A. Neutrophil Elastase Enhances Sputum
Solubilization in Cystic Fibrosis Patients Receiving DNase Therapy. PLoS One 6,
e28526, doi:10.1371/journal.pone.0028526 (2011).

Okeke, E. B. et al. Inhibition of neutrophil elastase prevents neutrophil extracellular trap
formation and rescues mice from endotoxic shock. Biomaterials 238, 119836,
doi:https://doi.org/10.1016/j.biomaterials.2020.119836 (2020).

Zeng, W., Song, Y., Wang, R., He, R. & Wang, T. Neutrophil elastase: From
mechanisms to therapeutic potential. Journal of Pharmaceutical Analysis,
doi:https://doi.org/10.1016/j.jpha.2022.12.003 (2023).

Mufioz, L. E. et al. Nanoparticles size-dependently initiate self-limiting NETosis-driven
inflammation. Proc Natl Acad Sci U S A 113, E5856-e5865,
d0i:10.1073/pnas.1602230113 (2016).

Russell, P., Esser, L., Hagemeyer, C. E. & Voelcker, N. H. The potential impact of
nanomedicine on COVID-19-induced thrombosis. Nature Nanotechnology 18, 11-22,
d0i:10.1038/s41565-022-01270-6 (2023).

Lee, Y. Y. et al. Long-acting nanoparticulate DNase-1 for effective suppression of
SARS-CoV-2-mediated neutrophil activities and cytokine storm. Biomaterials 267,
120389, doi:https://doi.org/10.1016/].biomaterials.2020.120389 (2021).

Park, H. H. et al. Bioinspired DNase-I1-Coated Melanin-Like Nanospheres for Modulation
of Infection-Associated NETosis Dysregulation. Advanced Science 7, 2001940,
doi:https://doi.org/10.1002/advs.202001940 (2020).

Masuda, S. et al. NETosis markers: Quest for specific, objective, and quantitative
markers. Clinica Chimica Acta 459, 89-93, doi:https://doi.org/10.1016/j.cca.2016.05.029
(2016).

Kasprzycka, W., Homa-Mlak, 1., Mlak, R. & Matecka-Massalska, T. Direct and indirect
methods of evaluating the NETosis process. Journal of Pre-Clinical and Clinical
Research 13, 50-56, doi:10.26444/jpccr/105563 (2019).

Carmona-Rivera, C. & Kaplan, M. J. Induction and Quantification of NETosis. Current
Protocols in Immunology 115, 14.41.11-14.41.14, doi:https://doi.org/10.1002/cpim.16
(2016).

Hoppenbrouwers, T. et al. In vitro induction of NETosis: Comprehensive live imaging
comparison and systematic review. PLoS One 12, e0176472,
doi:10.1371/journal.pone.0176472 (2017).

126


https://doi.org/10.1002/path.5221
https://doi.org/10.1016/j.biomaterials.2020.119836
https://doi.org/10.1016/j.jpha.2022.12.003
https://doi.org/10.1016/j.biomaterials.2020.120389
https://doi.org/10.1002/advs.202001940
https://doi.org/10.1016/j.cca.2016.05.029
https://doi.org/10.1002/cpim.16

141

142

143

144

145

146

147

148

149

150

151

152

Khan, M. A. et al. INK Activation Turns on LPS- and Gram-Negative Bacteria-Induced
NADPH Oxidase-Dependent Suicidal NETosis. Scientific Reports 7, 3409,
d0i:10.1038/s41598-017-03257-z (2017).

Alyami, H. M. et al. Role of NOD1/NOD?2 receptors in Fusobacterium nucleatum
mediated NETosis. Microbial Pathogenesis 131, 53-64,
doi:https://doi.org/10.1016/j.micpath.2019.03.036 (2019).

Maria José, L. et al. Regulation of Neutrophil Extracellular Trap Formation by Anti-
Inflammatory Drugs. Journal of Pharmacology and Experimental Therapeutics 345, 430,
d0i:10.1124/jpet.112.202879 (2013).

van der Linden, M., Westerlaken, G. H. A., van der Vlist, M., van Montfrans, J. &
Meyaard, L. Differential Signalling and Kinetics of Neutrophil Extracellular Trap
Release Revealed by Quantitative Live Imaging. Sci Rep 7, 6529, doi:10.1038/s41598-
017-06901-w (2017).

Gupta, S., Chan, D. W., Zaal, K. J. & Kaplan, M. J. A High-Throughput Real-Time
Imaging Technique To Quantify NETosis and Distinguish Mechanisms of Cell Death in
Human Neutrophils. The Journal of Immunology 200, 869-879,
doi:10.4049/jimmunol.1700905 (2018).

Inozemtsev, V. et al. Stages of NETosis Development upon Stimulation of Neutrophils
with Activators of Different Types. International Journal of Molecular Sciences 24
(2023).

Roberts, R. E. & Hallett, M. B. Neutrophil Cell Shape Change: Mechanism and
Signalling during Cell Spreading and Phagocytosis. International Journal of Molecular
Sciences 20 (2019).

Siebenhaar, M., Kullmer, K., de Barros Fernandes, N. M., Hullen, V. & Hopf, C.
Personalized monitoring of therapeutic salicylic acid in dried blood spots using a three-
layer setup and desorption electrospray ionization mass spectrometry. Analytical and
Bioanalytical Chemistry 407, 7229-7238, doi:10.1007/s00216-015-8887-8 (2015).
Schwenger, P. et al. Sodium salicylate induces apoptosis via p38 mitogen-activated
protein kinase but inhibits tumor necrosis factor-induced c-Jun N-terminal Kinase/stress-
activated protein kinase activation. Proceedings of the National Academy of Sciences 94,
2869-2873, d0i:10.1073/pnas.94.7.2869 (1997).

Cavallini, L., Francesconi, M. A., Zoccarato, F. & Alexandre, A. Involvement of nuclear
factor-kappa B (NF-«xB) activation in mitogen-induced lymphocyte proliferation:
inhibitory effects of lymphoproliferation by salicylates acting as NF-«xB

inhibitors22 Abbreviations: ASA, acetylsalicylic acid; COX, cyclooxygenase; ERK,
extracellular receptor-activated kinase; FBS, fetal bovine serum; IL-2, interleukin-2;
JNK, c-Jun N-terminal kinase; MAP, mitogen-activated protein kinase; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NF-KB, nuclear factor-kappa B;
PBL, peripheral blood lymphocytes; PHA, phytohemagglutinin; and TNF-a, tumor
necrosis factor alpha. Biochemical Pharmacology 62, 141-147,
doi:https://doi.org/10.1016/S0006-2952(01)00640-2 (2001).

Agarwal, S. et al. Disruption of Neutrophil Extracellular Traps (NETSs) Links Mechanical
Strain to Post-traumatic Inflammation. Frontiers in Immunology 10,
d0i:10.3389/fimmu.2019.02148 (2019).

Pletz, J., Allen, T. J., Madden, J. C., Cronin, M. T. D. & Webb, S. D. A mechanistic
model to study the Kkinetics and toxicity of salicylic acid in the kidney of four virtual

127


https://doi.org/10.1016/j.micpath.2019.03.036
https://doi.org/10.1016/S0006-2952(01)00640-2

153

154

155

156

157

158

159

160

161

162

163

164

165

166

individuals. Computational Toxicology 19, 100172,
doi:https://doi.org/10.1016/j.comtox.2021.100172 (2021).

Negrotto, S. et al. Aspirin and Salicylate Suppress Polymorphonuclear Apoptosis Delay
Mediated by Proinflammatory Stimuli. Journal of Pharmacology and Experimental
Therapeutics 319, 972-979, doi:10.1124/jpet.106.109389 (2006).

Alsaab, H. O. et al. PLGA-Based Nanomedicine: History of Advancement and
Development in Clinical Applications of Multiple Diseases. Pharmaceutics 14, 2728
(2022).

Ratzinger, G. et al. Surface Modification of PLGA Particles: The Interplay between
Stabilizer, Ligand Size, and Hydrophobic Interactions. Langmuir 26, 1855-1859,
d0i:10.1021/1a902602z (2010).

Sobczynski, D. J. et al. Plasma Protein Corona Modulates the Vascular Wall Interaction
of Drug Carriers in a Material and Donor Specific Manner. PLoS One 9, 107408,
doi:10.1371/journal.pone.0107408 (2014).

Banka, A. L. et al. Cargo-free particles divert neutrophil-platelet aggregates to reduce
thromboinflammation. Nature Communications 14, 2462, doi:10.1038/s41467-023-
37990-z (2023).

Parkos, C. A. Neutrophil-Epithelial Interactions: A Double-Edged Sword. The American
Journal of Pathology 186, 1404-1416, doi:https://doi.org/10.1016/].ajpath.2016.02.001
(2016).

Dransfield, I. & Rossi, A. G. Granulocyte apoptosis: who would work with a ‘real’
inflammatory cell? Biochemical Society Transactions 32, 447-451,
doi:10.1042/bst0320447 (2004).

Burkersroda, F. v., Schedl, L. & Gopferich, A. Why degradable polymers undergo
surface erosion or bulk erosion. Biomaterials 23, 4221-4231,
doi:https://doi.org/10.1016/S0142-9612(02)00170-9 (2002).

Manosalva, C. et al. Role of Lactate in Inflammatory Processes: Friend or Foe. Frontiers
in Immunology 12, doi:10.3389/fimmu.2021.808799 (2022).

Nicolete, R., Santos, D. F. d. & Faccioli, L. H. The uptake of PLGA micro or
nanoparticles by macrophages provokes distinct in vitro inflammatory response.
International Immunopharmacology 11, 1557-1563,
doi:https://doi.org/10.1016/j.intimp.2011.05.014 (2011).

Alexis, F. Factors affecting the degradation and drug-release mechanism of poly(lactic
acid) and poly[(lactic acid)-co-(glycolic acid)]. Polymer International 54, 36-46,
doi:https://doi.org/10.1002/pi.1697 (2005).

Makadia, H. K. & Siegel, S. J. Poly Lactic-co-Glycolic Acid (PLGA) as Biodegradable
Controlled Drug Delivery Carrier. Polymers 3, 1377-1397 (2011).

Kemme, M., Prokesch, I. & Heinzel-Wieland, R. Comparative study on the enzymatic
degradation of poly(lactic-co-glycolic acid) by hydrolytic enzymes based on the
colorimetric quantification of glycolic acid. Polymer Testing 30, 743-748,
doi:https://doi.org/10.1016/j.polymertesting.2011.06.009 (2011).

Washington, M. A. et al. Monomer sequence in PLGA microparticles: Effects on acidic
microclimates and in vivo inflammatory response. Acta Biomaterialia 65, 259-271,
doi:https://doi.org/10.1016/j.actbio.2017.10.043 (2018).

128


https://doi.org/10.1016/j.comtox.2021.100172
https://doi.org/10.1016/j.ajpath.2016.02.001
https://doi.org/10.1016/S0142-9612(02)00170-9
https://doi.org/10.1016/j.intimp.2011.05.014
https://doi.org/10.1002/pi.1697
https://doi.org/10.1016/j.polymertesting.2011.06.009
https://doi.org/10.1016/j.actbio.2017.10.043

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

Chen, E. Y. et al. CD200 modulates macrophage cytokine secretion and phagocytosis in
response to poly(lactic co-glycolic acid) microparticles and films. J Mater Chem B 5,
1574-1584, doi:10.1039/c6tb02269c (2017).

Kim, Y. K., Chen, E. Y. & Liu, W. F. Biomolecular strategies to modulate the
macrophage response to implanted materials. Journal of Materials Chemistry B 4, 1600-
1609, doi:10.1039/C5TB01605C (2016).

Zolnik, B. S. & Burgess, D. J. Evaluation of in vivo—in vitro release of dexamethasone
from PLGA microspheres. Journal of Controlled Release 127, 137-145,
doi:https://doi.org/10.1016/j.jconrel.2008.01.004 (2008).

Zhou, H.-c. et al. Lactic acid in macrophage polarization: The significant role in
inflammation and cancer. International Reviews of Immunology 41, 4-18,
doi:10.1080/08830185.2021.1955876 (2022).

Takakura, A. & Zandi-Nejad, K. Lactate-induced activation of HCA2 improves survival
in mice with sepsis. The FASEB Journal 33, 7625-7634,
doi:https://doi.org/10.1096/].201801982R (2019).

Murata, N. et al. Inhibition of superoxide anion production by extracellular acidification
in neutrophils. Cellular Immunology 259, 21-26,
doi:https://doi.org/10.1016/j.cellimm.2009.05.008 (2009).

Condliffe, A. M., Chilvers, E. R., Haslett, C. & Dransfield, I. Priming differentially
regulates neutrophil adhesion molecule expression/function. Immunology 89, 105-111,
doi:https://doi.org/10.1046/j.1365-2567.1996.d01-711.x (1996).

Xu, Y., Kim, C.-S., Saylor, D. M. & Koo, D. Polymer degradation and drug delivery in
PLGA-based drug—polymer applications: A review of experiments and theories. Journal
of Biomedical Materials Research Part B: Applied Biomaterials 105, 1692-1716,
doi:https://doi.org/10.1002/jbm.b.33648 (2017).

Anderson, J. M. & Shive, M. S. Biodegradation and biocompatibility of PLA and PLGA
microspheres. Advanced Drug Delivery Reviews 28, 5-24,
doi:https://doi.org/10.1016/S0169-409X(97)00048-3 (1997).

Beck, L., Cowsar, D. & Lewis, D. Systemic and local delivery of contraceptive steroids
using biodegradable microcapsules. Biodegradable and delivery system for
contraception. Boston: GK Hall Medical Pub, 63-82 (1980).

Holy, C. E., Cheng, C., Davies, J. E. & Shoichet, M. S. Optimizing the sterilization of
PLGA scaffolds for use in tissue engineering. Biomaterials 22, 25-31,
doi:https://doi.org/10.1016/S0142-9612(00)00136-8 (2000).

Houchin, M. L. & Topp, E. M. Physical properties of PLGA films during polymer
degradation. Journal of Applied Polymer Science 114, 2848-2854,
doi:https://doi.org/10.1002/app.30813 (2009).

Kumskova, N. et al. How subtle differences in polymer molecular weight affect
doxorubicin-loaded PLGA nanoparticles degradation and drug release. Journal of
Microencapsulation 37, 283-295, doi:10.1080/02652048.2020.1729885 (2020).
Auguste, D. T. & Lavik, E. B. What Comes after Liposomes? Bioconjugate Chemistry
33, 1955-1956, doi:10.1021/acs.bioconjchem.2c00474 (2022).

Alper, J. US NCI launches nanotechnology plan. Nature Biotechnology 22, 1335+
(2004).

129


https://doi.org/10.1016/j.jconrel.2008.01.004
https://doi.org/10.1096/fj.201801982R
https://doi.org/10.1016/j.cellimm.2009.05.008
https://doi.org/10.1046/j.1365-2567.1996.d01-711.x
https://doi.org/10.1002/jbm.b.33648
https://doi.org/10.1016/S0169-409X(97)00048-3
https://doi.org/10.1016/S0142-9612(00)00136-8
https://doi.org/10.1002/app.30813

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

Dobrovolskaia, M. A. Lessons learned from immunological characterization of
nanomaterials at the Nanotechnology Characterization Laboratory. Frontiers in
Immunology 13, doi:10.3389/fimmu.2022.984252 (2022).

Lewis, A. J., Seymour, C. W. & Rosengart, M. R. Current Murine Models of Sepsis. Surg
Infect (Larchmt) 17, 385-393, doi:10.1089/sur.2016.021 (2016).

Zschaler, J., Schlorke, D. & Arnhold, J. Differences in Innate Immune Response between
Man and Mouse. 34, 433-454, doi:10.1615/CritRevimmunol.2014011600 (2014).
Fingerhut, L., Dolz, G. & de Buhr, N. What Is the Evolutionary Fingerprint in Neutrophil
Granulocytes? International Journal of Molecular Sciences 21, 4523 (2020).

Dézsi, L., Rosivall, L., Hamar, P., Szebeni, J. & Szénasi, G. Rodent models of
complement activation-related pseudoallergy: Inducers, symptoms, inhibitors and
reaction mechanisms. European Journal of Nanomedicine 7, 15-25,
doi:doi:10.1515/ejnm-2015-0002 (2015).

Szeto, G. L. & Lavik, E. B. Materials design at the interface of nanoparticles and innate
immunity. Journal of Materials Chemistry B 4, 1610-1618 (2016).

Dézsi, L. et al. Features of complement activation-related pseudoallergy to liposomes
with different surface charge and PEGylation: Comparison of the porcine and rat
responses. Journal of Controlled Release 195, 2-10,
doi:https://doi.org/10.1016/j.jconrel.2014.08.009 (2014).

Szebeni, J. Mechanism of nanoparticle-induced hypersensitivity in pigs: complement or
not complement? Drug Discovery Today 23, 487-492,
doi:https://doi.org/10.1016/j.drudis.2018.01.025 (2018).

Vlot, A. C., Dempsey, D. A. & Klessig, D. F. Salicylic Acid, a multifaceted hormone to
combat disease. Annu Rev Phytopathol 47, 177-206,
doi:10.1146/annurev.phyt0.050908.135202 (2009).

Maisha, N., Coombs, T. & Lavik, E. Development of a Sensitive Assay to Screen
Nanoparticles in vitro for Complement Activation. ACS Biomater Sci Eng 6, 4903-4915,
doi:10.1021/acsbiomaterials.0c00722 (2020).

McNeil, S. E. Characterization of nanoparticles intended for drug delivery. Vol. 697
(Springer, 2011).

Szebeni, J. et al. Complement Activation During Hemorrhagic Shock and Resuscitation
in Swine. Shock 20, 347-355, doi:10.1097/01.shk.0000082444.66379.17 (2003).

Crist, R. M. et al. Common pitfalls in nanotechnology: lessons learned from NCI's
Nanotechnology Characterization Laboratory. Integrative Biology 5, 66-73,
d0i:10.1039/c2ib20117h (2013).

Dawidczyk, C. M. et al. State-of-the-art in design rules for drug delivery platforms:
Lessons learned from FDA-approved nanomedicines. Journal of Controlled Release 187,
133-144, doi:https://doi.org/10.1016/j.jconrel.2014.05.036 (2014).

Tanaka, T., Narazaki, M. & Kishimoto, T. IL-6 in inflammation, immunity, and disease.
Cold Spring Harb Perspect Biol 6, 2016295, doi:10.1101/cshperspect.a016295 (2014).
Stillie, R., Farooq, S. M., Gordon, J. R. & Stadnyk, A. W. The functional significance
behind expressing two 1L-8 receptor types on PMN. Journal of Leukocyte Biology 86,
529-543, do0i:10.1189/jIb.0208125 (2009).

Arif H, A. S. Salicylic Acid (Aspirin),
<https://www.ncbi.nlm.nih.gov/books/NBK519032/> (2023 Jul 5).

130


https://doi.org/10.1016/j.jconrel.2014.08.009
https://doi.org/10.1016/j.drudis.2018.01.025
https://doi.org/10.1016/j.jconrel.2014.05.036
https://www.ncbi.nlm.nih.gov/books/NBK519032/

199

200

201

202

203

204

205

Szebeni, J. Complement activation-related pseudoallergy: A stress reaction in blood
triggered by nanomedicines and biologicals. Molecular Immunology 61, 163-173,
doi:https://doi.org/10.1016/].molimm.2014.06.038 (2014).

Moghimi, S. M. Nanomedicine safety in preclinical and clinical development: focus on
idiosyncratic injection/infusion reactions. Drug Discovery Today 23, 1034-1042,
doi:https://doi.org/10.1016/j.drudis.2017.11.006 (2018).

Csukas, D., Urbanics, R., Weéber, G., Rosivall, L. & Szebeni, J. Pulmonary intravascular
macrophages: prime suspects as cellular mediators of porcine CARPA. European Journal
of Nanomedicine 7, 27-36, doi:doi:10.1515/ejnm-2015-0008 (2015).

de Garavilla, L., Peltier, N. & Merisko-Liversidge, E. Controlling the acute
hemodynamic effects associated with 1V administration of particulate drug dispersions in
dogs. Drug Development Research 37, 86-96, doi:https://doi.org/10.1002/(SI1CI1)1098-
2299(199602)37:2<86::AID-DDR4>3.0.CO;2-H (1996).

Onwukwe, C. et al. Engineering Intravenously Administered Nanoparticles to Reduce
Infusion Reaction and Stop Bleeding in a Large Animal Model of Trauma. Bioconjugate
Chemistry 29, 2436-2447, doi:10.1021/acs.bioconjchem.8b00335 (2018).

Cagel, M., Grotz, E., Bernabeu, E., Moretton, M. A. & Chiappetta, D. A. Doxorubicin:
nanotechnological overviews from bench to bedside. Drug Discovery Today 22, 270-281,
doi:https://doi.org/10.1016/j.drudis.2016.11.005 (2017).

Protocols and Capabilities from the Nanotechnology Characterization Lab, August 18,
2023).

131


https://doi.org/10.1016/j.molimm.2014.06.038
https://doi.org/10.1016/j.drudis.2017.11.006
https://doi.org/10.1002/(SICI)1098-2299(199602)37:2
https://doi.org/10.1002/(SICI)1098-2299(199602)37:2
https://doi.org/10.1016/j.drudis.2016.11.005

