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SUMMARY

As a novel biomaterial, protein nanoparticles have been designed for a variety of drug
delivery applications. The reproducibility and tunability of protein nanoparticles are
applicable to many therapeutic applications. Since March 2020, the world has been
engulfed in a pandemic that has a high rate of infection. With symptoms of severe
pneumonia, cardiovascular complications, organ failures that resulted in many deaths,
COVID-19 primarily targets the endothelial cells lining the vasculature of many organs
such as the lungs. Although there are anti-inflammatory treatments being administered,
these treatments do not specifically treat inflammation at the source and typically have
negative side-effects. Therefore, there is an urgent need to develop a therapeutic that can
be delivered intracellularly to regulate inflammation. The ability to conjugate functional
groups onto the surface of protein nanoparticles make them a promising candidate to
deliver anti-inflammatory protein therapeutics to inflamed cells which could prevent tissue
and organ damage; thereby, mitigating the progression of many inflammatory diseases.
However, translating these nanocarriers into the clinical setting remains a challenge as
unspecific cell targeting remains a concern for nanoparticles delivery. To address this
limitation, we have developed protein nanoparticles with ICAM-1 antibodies to evaluate
the uptake of targeted and coated nanoparticles in endothelial cells. In addition, we assessed
the biodistribution of these nanoparticles in healthy mice to determine if the conjugated
coating improved targeting efficiency to vascularized endothelial cells. In response to the
pandemic, we engineered protein nanoparticles with ACE2 antibodies to target endothelial
cells. This work highlights engineering of a functional antibody coating to target the

ICAM-1 receptors on cells to enhance nanoparticle uptake and the fabrication of mouse



serum albumin nanoparticles which were used to assess the biodistribution of the

nanoparticles in mice following intravenous administration.



CHAPTER 1. INTRODUCTION

1.1 Inflammation

Inflammation is a crucial factor in many diseases and is part of the body’s defense
mechanism and its initial response to trauma[1]- [3]. Inflammation is the result of tissue damage
that initiates vascular, molecular, and cellular events that are designed to clear out debris or
pathogens and initiate repair. An inflammatory response is induced when host cells are activated
by antigens on pathogens, which result in the secretion of proinflammatory cytokines and
chemokines expressed by myeloid cells like microphages, monocytes, and dendritic cells.
Inflammation has been historically defined as comprising symptoms of swelling, redness, warmth,
pain, heat, and joint immobility. There are many causes of inflammation: physical trauma,
chemical trauma, infectious micro-organisms, and many diseases including autoimmune diseases.

Through these causes, inflammation can be categorized as acute or chronic.

There are two defining categories of inflammation: acute and chronic. Acute inflammation
typically lasts for a shorter duration, eliminating injurious agents while initiating the repair
process[1]. An example of acute inflammation is that resulting from a bacterial infection. On the
other hand, chronic inflammation lasts weeks to years, contributing to the progression of tissue
damage due to repeated acute injury and/or impaired resolution of inflammation. Chronic
inflammation is the leading cause of death worldwide, where three out of five individuals die[4].
Cancer, obesity, inflammatory bowel disease, and diabetes are some examples of many diseases
that are the cause or are associated with chronic inflammation. Recently, the most impactful

disease that exacerbates hyperinflammation has been attributed to the coronavirus disease 2019



(COVID-19), with more than 163 million confirmed cases and 5.9 million deaths worldwide[5],

[6].

Common symptoms of COVID-19 include fatigue, shortness-of-breath, and brain fog [[5]. In
severe cases, patients exhibited a dysregulated immune/inflammatory response that led to tissue
damage, organ failure and, in some cases, death within 6-12 months after initial onset of COVID-
19[5]. Therapies targeting inflammation have been researched to understand the inflammatory
pathways to enable further therapeutic advancements. Currently, there is no curative drug that
specifically treats COVID-19. Researchers have explored therapeutic options such as convalescent
plasma therapy, the transfusion of blood from a recovered COVID-19 patient to a patient with the
infection, non-steroidal anti-inflammatory drugs (NSAIDS), T-cell targeted therapies, cytokine
inhibitors, and corticosteroids have been evaluated to suppress the inflammation [6]. However,
these options had varying results, with some adverse effects, and were unsuccessful in significantly
reducing inflammation or mortality rates. Ultimately, there is a need for new anti-inflammatory

therapeutics that are safe and effective.

Microbes, both pathogens and commensals, have evolved highly effective mechanisms to
modulate the immune system through active manipulation of regulators of the inflammatory
response. AvrA is a Salmonella enzyme that functions in the cytosol to acetylate key serine and
threonine residues on MKK4/7, which inhibits phosphorylation of the JNK pathway and prevents
cell apoptosis[7], [8]. In addition, AvrA indirectly deubiquitinates IkBo by an unknown
mechanism that stabilizes phosphorylated-IkBa and prevents additional phosphorylation, blocking
the transcription of nuclear factor-«B (NF-«B)[8]. AvrA is a promising anti-inflammatory, anti-
apoptotic protein that can potentially work against several chronic diseases. A challenge of AvrA

as a new therapeutic is the delivery of the protein to the cytosol of the cell. Therefore, we propose



preclinical validation of AvrA to treat hyper-inflammation via development of protein
nanoparticles that will deliver AvrA to the cytosol of SARS-CoV-2 infected or susceptible cells to

arrest inflammation at the source.

1.2 Nanoparticles for Protein Delivery

Nanoparticles have been developed as drug carriers for treatment of various diseases that
require the delivery of therapeutic agents to a target tissue or cell type. Conventional therapeutic
methods such as small drugs and chemotherapy have limitations such as poor biodistribution, low
efficiency, non-specific targeting, and undesirable side effects[9], [10]. In cancer treatment for
example, nanoparticle drug delivery systems have been shown to overcome drug resistance, be
precise in the targeting of tumor cells, demonstrate reduction of side effects, and promote good
pharmacokinetics [11]. Using recombinant protein engineering, many therapeutic proteins have
been developed to treat a plethora of diseases including autoimmune and inflammatory diseases,
genetic disorders, cancers, and infectious diseases[ 12]. Despite the advantages of nanoparticles in
delivering small hydrophobic drugs, these therapeutic drug delivery systems must overcome the
additional challenges that accompany protein therapeutics, including instability, immunogenicity,
and limited permeability through biological barriers due to large size and hydrophilic surface.
Different kinds of nanoparticles have been used for protein delivery. Some existing nanoparticles

have been adapted for protein while others have been newly created for protein cargo.

1.2.1 Lipid Nanoparticles

Liposomes and solid lipid nanoparticles (SLNs) are two common lipid-based
nanoparticles. Liposomes are spherical vesicles with an aqueous core that consist of a phospholipid

layer with hydrophilic compounds enclosed in the core and hydrophobic compounds in the lipid



membrane. SLNs have solid cores at room temperature and provide some additional protection
against degradation. Liposomes are the first functionalized nanoparticle drug delivery system that
has been successfully administered through different routes such as parenteral, oral, pulmonary,
nasal, ocular, and topical[ 12]. One example of therapeutic liposome treatment is the use of hepatic-
directed vesicles-insulin (HDV-1), an insulin containing diabetic treatment that is delivered orally
and subcutaneously to target the hepatocytes of the liver. These liposomes have been tested in
phase II clinical trials and contain a hepatocyte targeting molecule that showed to be an effective
insulin replacement treatment with very low toxicity and successful targeting in insulin deficient
animals[13]. Proteins such as Dendra2, eGFP, and other peptides have been successfully
incorporated into mammalian cells using fusogenic liposomes where the carrier membrane is fused
with cell membrane and the protein cargo is released into the cytosol[14]. Solid lipid nanoparticles
have been successfully loaded with enrofloxacin, an antibiotic, used to enhance intracellular
delivery and efficacy against Salmonella[15].  SLNs are a promising drug carrier system
alternative due to their biocompatibility, stability, and cost effectiveness; however, they have low
drug loading efficiency and drug expulsion and burst release due to crystallization process[15],
[16]. The advantage of liposomes as a therapeutic delivery system is that they are biocompatible,
non-immunogenic, provide sustained drug release, and have minimal side effects. Some of the
disadvantages of liposomes include encapsulation limitations, irregular particle size distributions,
and the use of organic solvents that can impact protein stability and safety in clinical

applications[12], [17].

1.2.2  Polymer Nanoparticles

Polymeric nanoparticles have been studied extensively in the pharmaceutical field because

their surface and size are easily tuneable. Like lipid nanoparticles, polymer nanoparticles have



difficulty encapsulating proteins as various organic solvents are essential for fabrication, which
can denature the proteins or negatively impact their biological functionality[18]. Some synthetic
polymer materials that are biocompatible and biodegradable, non-toxic, and stable are poly (lactic-
co-glycolic acid) (PLGA), polyvinyl imine (PEI), polycaprolactone (PCL), and polyvinyl alcohol
(PVA)[17], [19], [20]. The functionality of drug release in polymer nanoparticles is dependent
upon the particle size, chain length, protein loading amount, and environmental changes such as
pH and temperature[21]. One example of intracellular delivery of protein using polymeric
nanoparticles, is the use of polybutylcyanoacrylate (PBCA) with apolipoprotein E coatings to
improve uptake across the blood-brain barrier (BBB) and delivery into neurons[22]. PLGA
nanoparticles have been developed to release loaded bone morphogenetic protein (BMP-2) for
bone regeneration using mesenchymal stromal cells. In certain applications, protein encapsulation
using polymer nanocarriers are hindered by uncontrolled release and protein denaturation[23].
Additionally, aggregation and toxicity are potential disadvantages to polymer nanoparticles[24],

[25].

1.2.3  Inorganic Nanoparticles

Inorganic nanoparticles are often very porous which gives the advantage of a larger surface
area to volume ratio and an easily modified surface conjugation chemistry than organic
nanoparticles[26]. Gold nanoparticles, silica nanoparticles, magnetic nanoparticles, quantum dots,
and carbon nanotubes are the common inorganic nanoparticles that have been studied[25]. Silica
nanoparticles are known to be non-immunogenic, inert, and easily modifiable as therapeutic
agents. Gold nanoparticles have been extensively used due to its biocompatibility, spectroscopic
properties, and ease of modifying the surface via thiol group[21], [26]. Ghosh et al. used

functionalized gold nanoparticles, coated with a short peptide, to intracellularly deliver a



membrane-impermeable enzyme in active form to a variety of cell lines[27]. Lee et al.
demonstrated that gold nanoparticles conjugated to DNA and complexed with cationic endosomal
disruptive polymers can deliver Cas9 ribonucleoprotein into a wide variety of cell types; efficiently
correcting DNA mutations that cause Duchenne muscular dystrophy with minimal off-target DNA
damage when assessed in mice[28]. These inorganic nanoparticles improve the transport and
loading efficiency of therapeutic drugs and are easily modified via the integration of various
functional groups. However, the biosafety of inorganic nanomaterials and slow biodegradation

rates may be a challenge in clinical applications[17].

1.2.4 Hybrid Nanoparticles

Hybrid nanoparticles are comprised at least two different materials and present new
properties and functionalities that are not possible for single-component nanoparticles. As a hybrid
drug delivery system, the properties of the nanoparticle allow for enhanced treatment efficacy and
reduced drug resistance[21], [26]. A newly designed hybrid nanoparticle comprised of a
fluorescent inorganic silica core with a biocompatible polymer shell and a terminal unit to facile
conjugations via click chemistry has demonstrated the potential to be biocompatible carriers for

intracellular delivery via in vitro experiments on lung cancer cells[29].

1.2.5 Protein Nanoparticles

Protein nanoparticles are a unique alternative to all other classes of nanoparticles because
they are comprised entirely of protein. Therefore, the therapeutic protein drug can either be
incorporated as the cargo or be a direct building block of the nanoparticle itself. Not only are
protein nanoparticles biodegradable but they are usually fabricated using milder processes than

synthetic nanoparticles. Self-assembly and desolvation are two strategies implemented to fabricate



protein nanoparticles. Self-assembled nanoparticles are formed via noncovalent interactions such
as hydrophobic or electrostatic forces[30]. One example of self-assembled nanoparticles is virus
like particles (VLP). These particles mimic the structure of viruses, yet do not contain the viral
enzyme protease, reverse transcriptase, and integrase [31], [32]. Voelkel et al. reported that they
were able to deliver green fluorescent protein (GFP) and functional Flp recombinase to cells using
murine retroviral particles[33]. However, the encapsulation efficiency of VLPs is limited by the
number of protein subunits that make up the capsid[34]. Desolvation is a fabrication technique that
allows for varied particle size depending on the protein concentration, solvent, desolvant, volume,
pH, temperature, and crosslinker [16]. Using this method, an organic desolvent, such as acetone
or ethanol, is continuously added to a protein dissolved in a solvent, which force the proteins to
cluster together [36]. Then, a crosslinker is added to stabilize the clusters of protein into
nanoparticles. Optimizing this fabrication technique to obtain the proper nanoparticle size and
polydispersity can be challenging. However, the advantage of this method is that it is reproducible

and stable over periods of time and can be implemented with a variety of proteins [36].

Our lab has adapted a protein desolvation process that incorporates AvrA, an effector
protein from Salmonella, into a condition responsive cross-linked protein nanoparticle that can un-
crosslink in the reducing environment inside cells, while maintaining the bioactivity of AvrA.
Moreover, previous work has demonstrated that AvrA delivered by protein nanoparticles can
suppress proinflammatory pathways in vitro and tissue inflammation in vivo. Our lab has
conducted two murine dextran sulfate sodium colitis (DSS) models following transrectal delivery
of AvrA and enhanced green fluorescent protein (eGFP) particles targeting the colon and observed

a reduction in clinical symptoms and histological indices[7], [37]. In previous work, the delivery



routes have been localized; however, to treat inflammation that is more systemic, intravenous

delivery and targeting is needed.

1.3 Targeting with Protein Nanoparticles

The development of targeted drug delivery systems allows for effective transport of
functional molecules and their release into diseased tissues. There are both passive and active
forms of targeting. Passive targeted delivery refers to the circulation of nanoparticles in the
bloodstream that can localize in tissues primarily by passive diffusion via enhanced permeability
and retention (EPR) [[38], [39]. When EPR is not suitable or inefficient to selectively deliver
nanoparticles to diseased tissues, nanoparticles are conjugated with targeting ligands such as small
molecules, antibodies, peptides, engineered proteins, or nucleic acids which enable direct targeting

of these particles to certain cell types.

Vascular endothelium is a prime target for drug delivery. The endothelium is involved in the
pathological processes of inflammation and represents an important drug delivery target[40].
Intercellular adhesion molecules (ICAMs) are glycoproteins that are present on the surface of
many cells and are ligands for lymphocyte function-associated antigen (LFA-1) and macrophage
integrin (MAC-1). ICAM-1 is functionally involved in inflammation and expression is enhanced
constitutively with inflammation[40]. ICAMs play a crucial role in immune and inflammatory
responses; particularly, in signal transduction pathways through outside-in signaling events.
However, ICAM-1 is not readily internalized by endothelial cells by itself. When incorporated into
nanoparticles, these anti-ICAM particles are internalized in a unique actin dependent process
requiring the activation of protein kinase C[40]. This ICAM mediated endocytosis is distinct from

caveolar and clathrin mediated endocytosis. Another glycoprotein that is expressed on endothelial



cells is platelet endothelial cell adhesion molecule 1 (PECAM-1). PECAM-1 is highly expressed
by endothelium; however, some literature reports that PCAM-1 expression is not increased by
inflammation[41], [42]. Previous research has proven that ICAM-1 targeted nanoparticles exhibit
superior targeting to inflamed vasculature following intra-arterial and intravenous
administration[40], [41], [43]. Therefore, anti-ICAM nanoparticles appear to be well-suited for
targeted delivery of therapeutic enzymes to endothelial cells and may provide a basis for treatment

of hyperinflammatory diseases like COVID-19.

1.4 Motivation and Objectives

Inefficient targeting and other biological barriers severely limit the delivery of nanoparticles
in biological environments. The goal of this research is to understand how desolvated protein
nanoparticle uptake and biodistribution be modulated by addition of targeting antibodies. This
knowledge allows us to engineer nanoparticles that enhance intracellular delivery of therapeutic

proteins and minimize nonspecific delivery.

There is a myriad of hyperinflammatory diseases such as SARS-CoV-2, rheumatoid
arthritis, diabetes, and inflammatory bowel syndrome that would benefit from targeted protein
delivery of therapeutic drugs. A drug is only as good as its delivery system - meaning if the drug
is unable to get to the inflamed cells or immune actuators, its pharmacological capabilities are
irrelevant. The main objectives of this thesis are: (1) to assess desolvated protein nanoparticle
uptake in different cell lines using various antibody coatings, (2) to fabricate and optimize targeted
protein nanoparticles for in vivo use, and (3) to enhance protein nanoparticles delivery to achieve

targeted, intracellular delivery of coated nanoparticles.



1.5 Thesis Overview

The overall goal of this thesis is to investigate the delivery of targeted coated nanoparticles and
assess the biodistribution in healthy mice. To accomplish the objectives, outline in the previous
section, Chapter 2 details the engineering of a functional antibody coating to target the ICAM-1
receptors on cells to enhance nanoparticle uptake and Chapter 3 focuses on the fabrication of
mouse serum albumin nanoparticles and the biodistribution of the targeted nanoparticles in mice

following intravenous administration.
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CHAPTER 2. ENGINEERING ICAM-1 TARGETING PROTEIN

COATINGS TO ENHANCE NANOPARTICLE DELIVERY IN VITRO

2.1 Introduction

Nanoparticles have been heavily investigated in drug delivery and medical applications[18],
[20], [44]-[47]. In the previous chapter, we discussed the impact of chronic inflammation and the
emerging class of protein based intracellular therapeutics that can target specific intracellular
pathways. A major obstacle in the treatment of various diseases is the delivery of therapeutic agents
to the target area. Nanoparticles have been proven to overcome delivery challenges. In our lab, we
have fabricated bovine serum albumin particles (BSA), but BSA alone does not have specific
targeting properties. Albumin binding proteins have been identified on a variety of cell lines and
tissues. Due to the abundance of receptors on multiple cell types, BSA lacks the ability to target
specialized receptors on specific cell types[48], [49]. Thus, BSA NPs could non-specifically
interact with undesired cells and would not have a high affinity to targeted cells involved in
inflammation. This obstacle could be overcome by decorating the surface of nanoparticles with
high affinity specific targeting ligands to enhance selective delivery of therapeutic drugs to desired

cell types.

Antibodies, proteins, small molecules, and peptides are typically used as targeting ligands for
targeting inflammation in cancer tumors and endothelial cells. Selectins and cellular adhesion
molecules (CAMs) are the main kinds of inflammation-involved molecules. P-selectin, L-selectin,
E-selectin, ICAM-1, and VCAM-1 are highly expressed receptors that are used to target inflamed
vascular endothelium[50]. P-selectin glycoprotein ligand 1 (PSGL 1) was presented on the surface
of liposomes to actively target tumor cells using a novel streptavidin molecule to successfully

target selectins [51]. In addition, anti-VCAM-1 has been adsorbed onto iron oxide nanoparticles

11



and shown increase specificity and affinity to recombinant human VCAM-1 chimeras [46].
Expression of CAMs are locally induced or enhanced at areas of inflammation and are an easily
accessible targeting molecule for therapeutics circulating in the blood[52], [53]. Although ICAM-
1 is present on several cell types, the level of ICAM-1 expression is orders of magnitude higher
on vascular endothelial cells[54]-[57]. Compared to selectins, once ICAM-1 is upregulated, it
remains on the cell surface for more than 48 hours[58]. Ultimately, [CAM-1 is well suited as the
targeting receptor for the following reasons: (1) ICAM-1 is highly expressed on the surface of
endothelial cells and is (2) functionally involved in inflammation while selectively (3)
internalizing 100-300nm diameter conjugates, but not monomolecular antibodies or conjugates,
and (4) allows for the delivery and release of cargo across cells to the site of inflammation [54]—-
[57], [59]. A targeting ligand incorporated onto BSA NPs could improve specific targeting and
affinity to receptors, which may improve the efficacy of these nanoparticles as a delivery system

to target cells involved in inflammation.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a virus that primarily
targets the lungs, systemic small vessels, and immune organs resulting in decreased immune
function and pneumonia and may progress into acute respiratory distress syndrome (ARDS) [[60].
Like all viruses, SARS-CoV-2 has proteins on the viral capsid that have evolved to specifically
target cell surface receptors of host cells to increase viral uptake and replication. SARS-CoV-2
infects host cells by binding the surface receptor of angiotensin converting enzyme 2 (ACE-2) via
the surface spike protein, where it releases RNA and is cleaved by a serine protease TMPRSS2,
facilitating the fusion between the viral and host membranes [7]— [9]. ACE-2 protein is expressed

in lung and small intestine epithelial cells, arterial and venous endothelial cells, and vascular
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smooth muscle cells[62]. The abundance of ACE2 receptors in the epithelial and endothelial cells

provide multiple routes of systemic SARS-CoV-2 infection in the body.

In severe cases, SARS-CoV-2 is associated with pneumonia, acute respiratory syndrome, and
kidney failure[63]. These symptoms are accompanied by hyperinflammation, neutrophilia, and
hypoxia[64]. Usually, the first line of immune defense is a coordinated, regulatory response to
mitigate infection or repair injured tissue[64], [65]. However, excessive inflammatory responses
results in destructive tissue and organ damage. There have been attempts to use ACE2 inhibitors
and blockers by targeting the host cells; however, these methods have been shown to increase the
risk of COVID-19 infection by upregulating ACE2[65]. Monoclonal antibodies such as
Tocilizumab and Sarilumab have been utilized to reduce the detrimental effects of SARS-CoV-2.
The cytokine, Interleukin-6 (IL-6), is one of the key cytokines responsible for the inflammatory
effects of SARS-CoV-2. Tocilizumab and Sarilumab are IL-6 receptor antagonists that have been
used to manage severe cases of COVID-19, rheumatoid arthritis, and cytokine release

syndrome[65], [66].

Other small molecule drug treatments have been tested and evaluated for their effectiveness in
targeting SARS-CoV-2. Remdesivir, also known as Veklury, is an antiviral drug that inhibits viral
replication by terminating RNA transcription[65]-[67]. Remdesivir has been shown to shorten the
time to recovery in COVID-19 patients and minimize respiratory tract infections. Some of the
adverse effects of this drug include respiratory failure, anemia, hypersensitivity, and
hyperglycemia[67]. Dexamethasone, a corticosteroid, has also been used to inhibit lung
inflammation in SARS-CoV-2 infected patients[67], [68]. However, these drugs have low
specificity towards inflamed cells and produce adverse side effects when administered. An

effective therapy to treat hyperinflammation would target host cells susceptible to SARS-CoV-2
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infection and regulate the inflammatory response. In this chapter, we propose to covalently coat
therapeutic protein nanoparticles with the ICAM-1 antibody to effectively target endothelial cells,
especially inflamed cells, and the ACE-2 antibody to target cells susceptible to the SARS-CoV-2
virus. The success of this work would create a new drug delivery protein nanoparticle that could
potentially be used to successfully deliver an anti-inflammatory protein drug, like AvrA, to

suppress systemic inflammation.

2.2 Methods

2.2.1 BSA Nanoparticle Fabrication

Bovine Serum Albumin (BSA) nanoparticles were fabricated using a desolvation
method[69]. 10 mg of BSA was dissolved in 1 mL Milli-Q water (18.2 MQ-cm). Then, 400 pL of
acetone desolvent was added dropwise at 1 mL/min to 100 pL of protein solution. Next, 3,3'-
dithiobis (sulfosuccinimidyl propionate) (DTSSP) was added in a molecular ratio of 2.2 molecules
lysines present in the protein to one molecule DTSSP and the solution was mixed on a stir plate at
700 rpm. After mixing for one hour, the protein nanoparticles were centrifuged at 10,000 x g for
10 minutes. The supernatant was removed, and the pellet was resuspended in 0.5 mL of phosphate
buffered saline (PBS, pH 7.4). The nanoparticles were sonicated twice on ice for 1 minute, with 2
second pulses at 60% amplitude. The nanoparticles were then centrifuged for 5 minutes at 700 x g
at 4 °C and the supernatant was collected while the pellet was discarded. This centrifugation step

was repeated twice.

2.2.2  Alexa Fluor-488 Fluorescent Nanoparticle

AlexaFluor 488 5-SDP Ester (Thermo Fisher Scientific) was dissolved in dimethyl

sulfoxide (DMSO) according to the manufacturer manual. 10 mg BSA and Alexa Fluor 488 dye
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were mixed at a ratio of 0.4 mg of protein to 1 pL of dye in 1M sodium bicarbonate solution
(pH=8.3) and stirred continuously at room temperature for 1 hour. After conjugation, excess dye
was removed through filtered centrifugation cycles using a 10 kDa molecular weight cutoff filter
buffer exchanged to phosphate-buffered saline (PBS, pH 7.4). Degree of labeling and the final
protein concentration was measured using the fluorescent dye labeling settings on a NanoDrop
2000. To make fluorescent NPs, the nanoparticle fabrication and characterization procedures

described above were used to fabricate fluorescent protein nanoparticles.

2.2.3  Covalent Protein Coatings

Anti-ACE2 Coatings: The ACE-2 targeting antibody used was monoclonal (CL4013)
mouse IgG recognizing mouse, human, and rat ACE-2 (Thermo Fisher Scientific). 500 ug of BSA
NPs, 5 pg/mL anti-ACE2 antibody (the volume of the solution was adjusted to 200 uL with PBS),
and 0.1 mg of DTSSP were mixed in a 1.5 mL eppendorf tube. Samples were reacted for 12 hours
at 4°C under constant stirring of 1200 rpm. Once the reaction was complete, 25 pL of 1 M Tris
base (pH = 7.6) was added to the nanoparticles to quench unreacted DTSSP for 10 minutes on a
stir plate. Nanoparticles were then collected using centrifugation (15,000 x g, 10 mins, 4°C) and
the pellets were resuspended in 200 pL of sterile PBS. The nanoparticles were sonicated twice on
ice for 1 minute, with 2 second pulses at 60% amplitude. Nanoparticle concentration was assessed
using BCA assay and the size distribution was measured using DLS. When appropriate, the amount

of anti-ACE2 was changed to 10 pg/mL, 50 pg/mL, and 100 pg/mL.

Anti-ICAM1 Coatings: The ICAM-1 targeting antibody used was monoclonal
(CD54/R6.5) mouse IgG recognizing human I[CAM-1(Thermo Fisher Scientific). 500 pg of BSA

NPs, 5 pg/mL anti-ICAM1 antibody (the volume of the solution was adjusted to 200 puL with
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PBS), and 0.1 mg of DTSSP were mixed in a 1.5 mL eppendorf tube. Samples were reacted for 12
hours at 4°C under constant stirring of 1200 rpm. Once the reaction was complete, 25 uL of 1 M
Tris base (pH = 7.6) was added to the nanoparticles to quench unreacted DTSSP for 10 minutes
on a stir plate. Nanoparticles were then collected using centrifugation (15,000 x g, 10 mins, 4°C)
and the pellets were resuspended in 200 pL of sterile PBS. The nanoparticles were sonicated twice
on ice for 1 minute, with 2 second pulses at 60% amplitude. Nanoparticle concentration was
assessed using BCA assay and the size distribution was measured using DLS. When appropriate,

the amount of anti-ICAMI1 was changed to 10 pg/mL, 50 pg/mL, and 100 pg/mL.

IgG Coatings: 500 pg of BSA NPs, 5 pg/mL anti-human IgG (the volume of the solution
was adjusted to 200 pL with PBS), and 0.1 mg of DTSSP were mixed in a 1.5 mL eppendorf tube.
Samples were reacted for 12 hours at 4°C under constant stirring of 1200 rpm. Once the reaction
was complete, 25 pL of 1 M Tris base (pH = 7.6) was added to the nanoparticles to quench
unreacted DTSSP for 10 minutes on a stir plate. Nanoparticles were then collected using
centrifugation (15,000 x g, 10 mins, 4°C) and the pellets were resuspended in 200 pL of sterile
PBS. The nanoparticles were sonicated twice on ice for 1 minute, with 2 second pulses at 60%
amplitude. Nanoparticle concentration was assessed using BCA assay and the size distribution was
measured using DLS. When appropriate, the amount of IgG was changed to 10 pg/mL, 50 pg/mL,

and 100 pg/mL.

2.2.4 Nanoparticle Characterization

Protein nanoparticle size distribution were determined using Dynamic Light Scattering
(DLS) with a Malvern Zetasizer Nano ZS90. Each sample was measured 3 times and each

measurement had 10 runs with a dispersion medium of PBS. Protein nanoparticle concentrations
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were assessed using a BCA Assay according to the manufacturer's instructions (Thermo Scientific,

Waltham, MA).

2.2.5 SDS-PAGE

Nanoparticle composition was determined using gel electrophoresis by heating 50 ug of NPs
in sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer (VWR)
for 5 minutes at 95°C and loaded into a 12% SDS polyacrylamide gel at 180 V for 75 min. SDS-

Gel was then stained using Coomassie blue and washed with water overnight.

2.2.6 Identifying Antibody Coating

BSA nanoparticles were fabricated and conjugated with anti-ACE2 and anti-ICAM1. Bare
BSA, anti-ACE2- BSA, and anti-ICAM1-BSA nanoparticles were incubated with 2% (w/v) BSA
in PBS at room temperature for 30-60 minutes. There were rinsed with PBS and collected using
centrifugation (15,000 x g, 10 mins, 4°C). The pellets were resuspended in 300 uL of 2% (w/v)
BSA and 1ul of antibody (mouse-IgG) and incubated for 60 minutes at room temperature. The
nanoparticles were rinsed with PBS and collected using centrifugation, twice. The nanoparticles

were analyzed using flow cytometry.

2.2.7 A549 Cells

A549 cells, human alveolar basal epithelial cells, (ATCC CCL-185) were cultured in
complete media containing 1% penicillin and streptomycin, 10% fetal bovine serum (FBS) and
Ham’s F-12K Medium (Kaighn’s Modification of Ham’s F-12 Medium). Cells were cultured in a

75 ¢cm? flask with 18 ml media/flask until ~ 80% confluent. Passages 5-12 were used in this work.
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2.2.8 HUVEC Cells

Human umbilical vein endothelial (HUVEC) cells (ATCC CRL-1730) were cultured in
complete media containing 1% penicillin and streptomycin, 10% fetal bovine serum (FBS), 0.1
mg/ml heparin, 50 ug/mL of endothelial cell growth media from bovine neural tissue, and Ham’s
F-12K Medium (Kaighn’s Modification of Ham’s F-12 Medium). Cells were cultured in a 75 cm?

flask with 18 ml media/flask until ~ 90% confluent. Passages 2-10 were used in this work.

2.2.9 Flow Cytometry

Nanoparticle uptake was assessed using flow cytometry. Fluorescent nanoparticles were
fabricated as previously described with BSA containing 10 wt% AlexaFluor 488-conjugated BSA. 3
x 10* HUVEC or A549 cells were plated in triplicate in a 48-well dish overnight. 30 pg of
corresponding protein nanoparticle treatments were incubated with cells for 12 hours at 37°C. Cells
were washed once with ice cold PBS, briefly trypsinized, filtered with a cell strainer (VWR) and
resuspended in chilled trypan blue to quench external fluorescence. Then, cells were analyzed using
a Beckman Coulter CytoFLEX. Gating was established using cells without exposure to nanoparticles,
and all conditions were run with triplicates. Positive uptake events were identified as cells with an

increase in fluorescein isothiocyanate (FITC) fluorescence compared to a PBS treated control.

2.2.10 Confocal Microscopy

A549 or HUVEC cells were seeded at a density of 2x10* cells per well in a 6-well chamber
with No. 1.5 coverslip glass bottoms (Mattek) in growth medium. After 24 hours, cells were
incubated with fresh PBS with 20 ug of BSA particles with and without coatings (ICAM-1, ACE-

2, and IgQ) for 4 hours. Cells were washed three times with ice cold PBS and fixed with 3.7%
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paraformaldehyde for 15 minutes at room temperature. Cells were permeabilized with 1% Triton
X-100 in PBS for 15 minutes at room temperature and rinsed three times in PBS. Cells were
incubated with 0.0528 uM rhodamine phalloidin (Biotium) in blocking buffer for 15 minutes at
room temperature to stain for actin, and cell nuclei were stained with 0.02 uM Hoechst 33342 for
20 minutes at room temperature. Cells were washed three times after each stain with PBS and

imaged with a PerkinElmer Spinning Disk Confocal.

2.3 Results and Discussion

2.3.1 Protein Nanoparticle Fabrication and Characterization

Antibodies were crosslinked on BSA protein nanoparticles with DTSSP for 12 hours at
4°C under constant stirring at 1200 rpm. After quenching with Tris-Base, the nanoparticles were
collected using centrifugation and visualized by SDS-PAGE (Figure 2.1A). SDS-PAGE was used
to visualize the mass and molecular weight composition of the various antibody coatings (anti-
ICAM-1 and anti-ACE2) on each nanoparticle. Using this technique, we established that some of
the protein nanoparticles did break apart during gel migration and are retained at the top of the gel
in the bottom of the loading wells. This result was expected when engineering protein
nanoparticles held together by a reducible crosslinker, like 3,3'-dithiobis (sulfosuccinimidyl

propionate), whose central disulfide bond can be cleaved with reducing agents.
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Figure 2.1 Characterization of BSA NPs. A) SDS-PAGE of bare BSA, ACE-2, and ICAM-1 NPs.

B) Flow cytometry data using secondary antibody to bind the Fc region of the ACE-2 and ICAM-
1 NPs to determine coating.

To prove that the antibody coatings were present on the BSA NPs, the NPs were blocked
with 1% BSA solution and incubated for an hour with fluorescent anti-Mouse IgG to target the Fc
receptors of the mouse ICAM1 and ACE2 antibodies and confirmed via flow cytometry (Figure
2.1B). The low fluorescent signal of the Bare NPs may be due to non-specific binding of IgG that
adsorbed to the NP surface despite washing and blocking. However, the anti-ICAM1 and anti-
ACE2 coated NPs show much higher labeling with fluorescent anti-mouse IgG. Therefore, it can

be concluded that the antibody coatings are present.
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Nanoparticle size is one of the most important physiochemical properties that influence the
interaction between the nanoparticle and the cell. In addition, size plays an important role in how
the body responds to, distributes, and clears nanoparticles. When particles are smaller than 20nm
in diameter, the nanoparticles pass through tight endothelial junctions and are quickly cleared from
circulation. Larger particles, greater than 1pm, are rapidly phagocytosed[70], [71]. Nanoparticles
must be larger than 20nm to avoid filtration by the kidney, and smaller than 100 nm to avoid
accumulation in the spleen and liver. However, it has been demonstrated that particles larger than
200nm will be cleared by Kupffer cells of the liver[71]. Therefore, it is imperative that the
fabricated protein nanoparticles are between 100-200nm in size. Using Dynamic Light Scattering
(DLS), fabrication bare BSA and coated BSA nanoparticles were confirmed to be 200nm in size

(Figure 2.2 and 2.3).
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Figure 2.2 Characterization of BSA NPs. A) Size distribution overlay of BSA NPs using dynamic
light scattering (DLS). B) DLS correlogram overlay of BSA NPs confirming the similar size of all
nanoparticles. Exponential decay occurs around a 200 ps lag time correlating to a 200 nm
hydrodynamic diameter for the nanoparticles.
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Figure 2.3 Characterization of BSA NPs. A) Size distribution overlay of BSA NPs with conjugated
ACE-2, ICAM-1, or IgG antibodies at 5,7, and 10 ug/ml using dynamic light scattering (DLS). B)
DLS correlogram overlay of BSA NPs confirming the similar size of all nanoparticles. Exponential
decay occurs around a 200 ps lag time correlating to a 200 nm hydrodynamic diameter for all three
nanoparticles (anti-ACE2, anti-ICAM1, IgG). The overlapping length of exponential decay
indicates similar size distributions for all NPs.

2.3.2  Cellular Responses

2.3.2.1 Specific and Functional Coating Verification

The specificity of the various crosslinked coatings was assessed by incubating them with
A549 cells. The hypothesis was that in A549 cells, a human alveolar basal epithelial cell line, anti-
ACE2 coated NPs would have reduced or similar uptake to bare BSA NPs because there are few
ACE2 receptors to target[72]. In this flow cytometry experiment, nanoparticle uptake was
evaluated with bare, crosslinked anti-ICAM-1 coating, anti-ACE2 coating, and IgG coating. All
crosslinked coatings had a concentration of 5 ug/ml (Figure 2.4). Between the bare BSA NPs and
the anti-ACE2 coated NPs, the internalization of nanoparticles was similar which satisfied the
hypothesis given the low expression levels of ACE2 receptors in A549 cells. Non-specific IgG
showed more uptake than BSA and anti-ACE-2 which highlight the FcR interactions of the

antibody with the cells [73]. The anti-ACE2 and anti-ICAM1 coatings could also bind to the
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neonatal Fc receptors on the A549 cell surface, indicating that Fc- receptor endocytosis could be

an alternative pathway for nanoparticle internalization.
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Figure 2.4 Protein nanoparticle uptake in A549 cells. (n=3, One-way ANOVA, *p<0.05,
**p<0.01, ****p<0.0001)

ICAM-1 coated BSA NPs had four times more uptake than all the other nanoparticles in
the A549 epithelial cells. A549 cells express ICAM-1 receptors which corroborates the uptake
without TNF- a stimulation. There is a lack of research on the effect of proinflammatory cytokine
TNF-a on A549 cells; however, based on the literature on the upregulation of ICAM-1 receptors
in many cell types including smooth muscle cells, keratinocytes, intestinal epithelial cells, and
endothelial cells it was expected that TNF-a stimulation would induce more uptake of ICAM
coated nanoparticles[74]-[76]. Previous studies have shown that the upregulation of ICAM-1 is
dose dependent and time dependent [76]. In Figure 2.4, A549 cells were treated with 10 ng/ml of

TNF-a for 12hrs and then flow cytometry was conducted. If this experiment was repeated, treating
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cells with 20 ng/ml of TNF- a for 24 hours and measuring ICAM-1 expression with flow or a

western blot may confirm previous studies results using different cell lines.

2.3.3 ICAM-1 Expression
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Figure 2.5 ICAM-1 Expression in A549. (n=3, One-way ANOVA, *p<0.05, **p<0.01,
*Ax%p<0.0001)

To determine whether ICAM-1 expression was upregulated due to inflammation or
nanoparticle treatments an ICAM-1 expression staining test was conducted (Figure 2.5). A549
cells were seeded at ~ 3.0-5.0 x 10 cells per well in a 48 well plate. The control were cells with
no treatment or antibodies (A549---). The control for non-specific binding of non-specific antibody
were cells with no treatment but exposed to a secondary antibody, goat anti-mouse IgG (A549--
+). A549 cells with both the primary, mouse anti-ICAM, and secondary antibodies (A549-++).

A549 cells with TNF-a stimulation (10ng/ml) and both antibodies (TNF++). A549 cells with BSA
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NPs (10ug) and both antibodies (NP++). A549 cells with Lipopolysaccharide (LPS) (Sug/ml) and
both antibodies (LPS++). Based on Figure 2.7, A549 cells express similar levels of ICAM-1
receptors for all treatments: TNF-a, LPS, and NPs. The ICAM-1 receptors were not shown to be
upregulated in the presence of lipopolysaccharide (LPS). Based on the literature on the
upregulation of ICAM-1 receptors in A549 cells, it was expected that LPS stimulation would
induce more uptake of ICAM coated nanoparticles[77]. Previous studies have shown that the
upregulation of ICAM-1 is dose dependent and time dependent [76]. In Figure 2.7, A549 cells
were treated with 5 pg/ml of LPS for 12 hours and then flow cytometry was conducted. If this
experiment was repeated, treating cells with 10 pg/ml of TNF- a for 2,4,6, or 8 hours and
measuring ICAM-1 expression with flow or a western blot may confirm previous studies results

using different cell lines.

2.3.4 Antibody Coating Density Optimization

In human umbilical vein endothelial cells (HUVEC), an ICAM-1 positive and ACE2
positive, the hypothesis was that anti-ICAM coated NPs would have an increased uptake
compared to bare NPs and anti-ACE2 NPs because the ICAM-1 receptor is constitutively
expressed primarily in endothelial cell lines, providing a target for the ICAM antibodies.
Chemical crosslinking was used to stabilize the anti-ACE-2, anti-ICAM-1 and IgG protein
coatings, producing covalently bound protein coatings on BSA NPs. Covalent methods to coat
proteins onto the surface of protein nanoparticles have been used previously in our lab to create
vaccines. To create covalent protein coatings with ACE-2, ICAM-1, and IgG antibodies, the

same methods used to create vaccines were adapted. Nanoparticle internalization was measured
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to determine the optimum amount of protein needed in the coating (Figures 2.6-2.8). From this
analysis, the 7 pg/mL anti-ACE2 and 35 pg/mL anti-ICAM-1 protein coatings successfully
facilitated increased nanoparticle uptake (Fig. 2.8). Furthermore, uptake results using the 50 and
100 pg/mL protein coatings were similar to the 10 pg/mL antibody coating results, which
suggested that the optimization was still necessary (Fig. 2.6-2.7). Due to material constraints, a
larger amount of protein coating (>105 pg/mL) was not evaluated. However, 5, 7, 35, and 105
pg/mL antibody coatings were evaluated. Overall, the 7 ng/mL anti-ACE2 and 35 pg/mL anti-
ICAM-1 protein coatings were chosen as the covalent coatings because they had the most

significant uptake between the different coating densities.
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Figure 2.6 Optimization in HUVECs at A) 5Sug/ml, 7ug/ml, and 10 ug/ml and B) 10ug/ml,

50ug/ml, and 100 ug/ml coating densities.
*Ax%p<0.0001)

(n=3, One-way ANOVA, *p<0.05, **p<0.01,
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Figure 2.7 Flow cytometry histogram based in Figure 2.6B optimization in HUVECsS at 10ug/ml,
50ug/ml, and 100 ug/ml coating densities.

The histograms above in Figure 2.7 display the data from Figure 2.6B. The FIT-H is on
the x-axis and the number of events is on the y axis. There is a visible shift in the population

between the PBS (control) and Bare BSA NPs compared to the conjugated antibody coatings for
10,50, and 100 ug/ml NPs.
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Figure 2.8 Optimization in HUVECs at 7ug/ml, 35ug/ml, and 105 ug/ml coating densities. (n=3,
One-way ANOVA, *p<0.05, **p<0.01, ****p<0.0001)

2.3.4.1 Bangs Laboratory Calculation

To further determine the optimum coating density for covalently coated protein
nanoparticles, an estimation for amount of protein that would comprise a monolayer of protein was
used (Equation 1). Based on Bangs Laboratories covalent coupling protocols for polystyrene
microspheres, the calculated value of ~ 4 mg of ICAM1 and ACE2 antibodies were needed to
saturate 1 gram of 0.2 um protein nanoparticles (2ug antibody per 500ug NPs).

)
C

Equation 1

Where S was the amount of protein required to saturate the surface of the NP, rS was the
density of solid sphere (protein density assumed to be 1.33 g/cm? based on BSA) [78], d was

the mean diameter (um), and C was the capacity of microsphere surface for a given protein
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(assumed to be ~ 2.7 mg/m? based on MW of ICAM1 and ACE2). Comparing the MW of anti-
ICAMI and anti-ACE2 (90-110 kDa) to that of BSA (66.5 kDa) and IgG (150 kDa), with a
capacity value, C, of 3 mg/m? and 2.5 mg/m? for BSA and IgG respectively. With these
parameters, the surface saturation of ICAM1 and ACE2 was approximated[79]. The final number
calculated was higher than the in vitro calculations for the anti-ACE2 coating (1.4ug antibody per
500ug NPs) and lower than the anti-ICAM1 coating calculated (7ug antibody per 500ug NPs).
Ultimately, the optimal protein concentration may be substantially higher (10x) or lower than the
monolayer value calculated depending on the activity of the target. Therefore, the flow cytometry

data was used to determine optimal protein concentration.

2.3.5 Confocal Microscopy

The combination of nanoparticle surface ligands, size, and cellular interactions with
epithelial and endothelial cells affect uptake. Protein nanoparticles with conjugated antibody:
ICAM-1, ACE-2, and IgG were incubated, along with uncoated particles, with A549 epithelial
cells and endothelial HUVEC cells and internalization was observed by confocal microscopy

(Figure 2.5).
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Figure 2.9 Representative confocal microscopy of internalized Bare BSA, ICAM-1 BSA, ACE-2
BSA, and IgG BSA NPs. Fluorescent protein nanoparticles (1 ng/cell), fabricated conjugating BSA
protein with Alexa Fluor 488 prior to desolvation, were incubated with A549 and HUVEC cells
for 4 hours at 37°C. Images were obtained after NP incubation using a PerkinElmer Spinning Disk
Confocal. (Scale bar — 14 um; nanoparticles — green, A549/HUVEC actin cytoskeleton — red,
nuclei - blue)

The cellular uptake profile using HUVEC endothelial cells indicated the highest cellular
uptake for anti-ACE2 protein nanoparticles, which is the opposite of what is shown in the A549
cells. Moreover, anti-ICAMI1 particles have been shown to have 4x more uptake in A549 cells
than anti-ACE2 and Bare NPs. Internalization of anti-ICAM-1 nanoparticles has been confirmed
to utilize a unique kinase induced pathway that is distinct from clathrin or caveolin mediated
endocytosis[80]. However, the endocytosis pathway that is used by ACE2 is unspecified. Based
on the confocal data, there appears to be aggregation of the nanoparticles in the A549 cell line.
This aggregation is not present in the HUVEC representative images which implies that cell culture

medium may have resulted in surface charge adjustments causing the particles to aggregate.
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2.4 Summary

The clinical application of nanoparticles requires specific modifications to achieve targeted
delivery. Decorating the surface of nanoparticles with high affinity, specific targeting ligands has
been shown to enhance selective delivery of nanoparticles. Furthermore, ensuring optimum
coating density for functionality and increased targeting is crucial to minimize nonspecific
accumulation in organs and tissues. To maximize specific targeting to the ICAM-1 and ACE-2
receptors, we fabricated and optimized the protein nanoparticles in vitro with antibodies (ICAM-
1 and ACE-2) at various coating densities. Our analysis revealed distinct changes in uptake in both
endothelial and epithelial cells based on the coating density and the receptor-ligand interaction.
We demonstrated methods to modify the surface of nanoparticles with conjugated antibodies and
characterized the nanoparticles. Moreover, our findings report that BSA nanoparticles crosslinked
with antibodies increase cellular uptake in HUVEC and A549 cell lines. The challenge of in vitro

studies is that it rarely translates to the biological environment of in vivo studies[81].
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CHAPTER 3. IN VIVO BIODISTRIBUTION OF PROTEIN

NANOPARTICLES

3.1 Introduction

With an increasing number of proteins used as therapeutic agents, the efficacy of these
proteins is usually impaired due to poor delivery in the body, limited targeting to diseased organs
and tissues, and intracellular delivery of cargo [82]. These challenges can be improved by
conjugating these therapeutic proteins with nanoparticles to increase affinity for specific tissues
and delivering therapeutic proteins intracellularly. Surface density of the targeting ligand on the
nanoparticle and the bulk concentration in the case of ICAM-1 targeted nanocarriers severely
improves targeting specificity and efficiency[82]. Targeting ICAM-1 receptors induces transport
of nanoparticles across cellular barriers and into lysosomes[83], [84]. However, the administration
of targeted nanoparticles intravenously will not prevent accumulation of nanoparticles in other,

non-targeted tissues.

Previous research on nanoparticle biodistribution in vivo has determined that nanoparticles
preferentially accumulate in the liver, spleen, and kidney [47], [85], [86]. The liver functions to
remove foreign material from the blood stream and the kidneys filter waste and nutrients, receiving
substantial blood flow, which explains the nonspecific accumulation of nanoparticles in these
organs which in confirmed in literature[87]-[89]. There is an inverse relationship between serum
proteins and clearance time in the blood. The more extensive serum protein opsonization and
interactions, the quicker the particles are cleared[90]. In addition, the endothelial targeted
nanoparticles would specifically accumulate in the liver with its abundance of endothelial cells.

The spleen is comprised of endothelial cells called the splenic sinuses which would interact with
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anti-ICAM1 and anti-ACE2 coated nanoparticles. In addition, the macrophages of the spleen tend
to selectively internalize particles between 100-200nm. There is evidence that demonstrated that
particles larger than 200nm are incapable of being internalized by endothelial cells and will be
retained and internalized by pulp macrophages and destroyed [91]. This preferential accumulation
presents a barrier to clinical applications, especially for nanomedicines administered

intravenously.

There are a few methods that have been utilized in literature to assess biodistribution of
nanocarriers (NCs) in vivo. The range of techniques to evaluate biodistribution of nanoparticles
includes, but are not limited to histology, electron microscopy (EM), indirectly measuring drug
concentrations, liquid scintillation counting (LSC), and magnetic resonance imaging (MRI),
radiolabeling, and optical imaging [92]. Histology has the advantage of being a cost-effective
method that allows for the study of large tissue sections, especially within a cellular context.
However, low resolution for fluorescent microscopy, limited tissue sections, and human error and
labor are disadvantages to this technique. Electron microscopy is predominantly used in vitro but
has high resolution; allowing for visualization of accumulated nanoparticles. EM is a very
expensive technique and incapable of evaluating large tissue sections. LSC requires that particles
are labeled with isotopic markers before administration, but has the advantage of being a sensitive,
specific, and quantitative technique that has been used to label anti-ICAM-1 liposomes before
being administered intravenously in rats with inflammation[93]. This technique is laborious and
does not provide information regarding specific accumulation of particles in tissues. Measuring
drug concentration in tissues assumes that the particles make it to the tissues before releasing its
cargo; however, it does not consider the premature release from the nanoparticles and the

biodistribution of the drug. Furthermore, this research did not incorporate a protein drug as cargo
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within the particle. Optical (fluorescence) imaging is another method of visualizing accumulation
and biodistribution of nanoparticles in organs and tissues[94]. This technique utilizes equipment
such as the In Vivo Imaging System (IVIS) and has the advantage of being direct, non-invasive,
and simple to conduct. Imaging can be performed in real-time which allows biodistribution to be
assessed over many time points with high sensitivity and resolution. Limitations of this technique
are the limited tissue penetration, tissue autofluorescence, and the inability to visualize individual
particles[95], [96]. For the in vivo work discussed in this chapter, IVIS imaging was used to assess

nanoparticle biodistribution in mice.

In this chapter, nanoparticles were fabricated with covalent targeting ligands with specificity
for the ICAM-1 and ACE-2 receptors at an optimized density, based on Chapter 2 analysis, and
administered to healthy balb/c mice to study their biodistribution. Mouse serum albumin (MSA)
was used for the mouse experiments instead of bovine serum albumin (BSA) to incorporate a
native protein found in mice as the carrier protein. Based on previous in vivo studies, it was
expected that nonspecific organ accumulation in the liver, spleen, and kidneys would be found,
and the implications of protein corona may affect clearance time and cell interaction[97]. This
work assesses the biodistribution and blood circulation time of optimized targeted particles in
healthy mice to identify any preferential accumulation in the lungs using optical imaging
technology. Based on the in vitro studies, it is expected that coated nanoparticles will target
endothelial receptors. More specifically, due to the presence of endothelial cells in the lungs[98]—-
[100], the anti-ICAMI1 and anti-ACE2 particles should target the lungs with more specificity than

uncoated nanoparticles.

35



3.2 Methods

3.2.1 Mouse Serum Albumin Nanoparticle

Mouse Serum Albumin (MSA) nanoparticles were fabricated using a desolvation method
(Sigma-Aldrich). 10 mg of MSA, not endotoxin free, was dissolved in 1 mL endotoxin free water
at pH 9.0 (18.2 MQ-cm). Then, 400 pL of acetone desolvent was added dropwise at 1 mL/min to
100 puL of MSA protein solution. Next, 3,3'-dithiobis (sulfosuccinimidyl propionate) (DTSSP) was
added in a molecular ratio of 2.2 molecules lysines present in the protein to one molecule DTSSP
and the solution was mixed on a stir plate at 700 rpm. After mixing for one hour, the protein
solution was centrifuged at 10,000 x g for 10 minutes. The supernatant was removed, and the pellet
was resuspended in 0.5 mL of sterile medical grade phosphate buffered saline (PBS, pH 7.4). The
nanoparticles were sonicated twice on ice for 1 minute, with 2 second pulses at 60% amplitude.
The nanoparticles were then centrifuged for 5 minutes at 700 x g at 4 °C and the supernatant was

collected while the pellet was discarded. This centrifugation step was repeated twice.

3.2.2  Nanoparticles Characterization

Protein nanoparticle size distribution were determined using Dynamic Light Scattering
(DLS) with a Malvern Zetasizer Nano ZS90. Each sample was measured 3 times and each
measurement had 10 runs with a dispersion medium of PBS. Protein nanoparticle concentrations
were assessed using a BCA Assay according to the manufacturer's instructions (Thermo Scientific,

Waltham, MA).
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3.2.3 Alexa Fluor-647 Fluorescent Nanoparticle

AlexaFluor 647 5-SDP Ester (Thermo Fisher Scientific) was dissolved in DMSO according
to the manufacturer manual. 10 mg MSA and Alexa Fluor 647 dye were mixed at a ratio of 0.4 mg
of protein to 1 pL of dye in 1 M sodium bicarbonate solution (pH=8.3) and stirred continuously at
room temperature for 1 hour. After conjugation, excess dye was removed through filtered
centrifugation cycles using a 10 kDa molecular weight cutoff filter buffer exchanged to phosphate-
buffered saline (PBS, pH 7.4). Degree of labeling and the final protein concentration was measured
using the fluorescent dye labeling settings on a NanoDrop 2000. To make fluorescent NPs, the
nanoparticle fabrication and characterization procedures described above were used to fabricate
fluorescent protein nanoparticles. 15% soluble MSA conjugated with Alexa Fluor 647 was

supplemented into the MSA solution.

3.2.4 Covalent Protein Coatings

Anti-ACE2 Coatings: The ACE-2 targeting antibody used was monoclonal (CL4013)
mouse IgG recognizing mouse, human, and rat ACE-2 (Thermo Fisher Scientific). 500 ug of MSA
NPs, 7 pg/mL anti-ACE2 antibody (the volume of the solution was adjusted to 200 uL with PBS),
and 0.1 mg of DTSSP were mixed in a 1.5 mL eppendorf tube. Samples were reacted for 12 hours
at 4°C under constant stirring of 1200 rpm. Once the reaction was complete, 25 pL of 1 M Tris
base (pH = 7.6) was added to the nanoparticles to quench unreacted DTSSP for 10 minutes on a
stir plate. Nanoparticles were then collected using centrifugation (15,000 x g, 10 mins, 4°C) and
the pellets were resuspended in 200 pL of sterile PBS. The nanoparticles were sonicated twice on
ice for 1 minute, with 2 second pulses at 60% amplitude. Nanoparticle concentration was assessed

using BCA assay and the size distribution was measured using DLS.
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Anti-ICAM1 Coatings: The ICAM-1 targeting antibody used was monoclonal
(CD54/YN1) rat IgG recognizing mouse ICAM-1(Thermo Fisher Scientific). 500 pg of MSA NPs,
35 pg/mL anti-ICAM1 antibody (the volume of the solution was adjusted to 200 uL with PBS),
and 0.1 mg of DTSSP were mixed in a 1.5 mL eppendorf tube. Samples were reacted for 12 hours
at 4°C under constant stirring of 1200 rpm. Once the reaction was complete, 25 pL of 1 M Tris
base (pH = 7.6) was added to the nanoparticles to quench unreacted DTSSP for 10 minutes on a
stir plate. Nanoparticles were then collected using centrifugation (15,000 x g, 10 mins, 4°C) and
the pellets were resuspended in 200 pL of sterile PBS. The nanoparticles were sonicated twice on
ice for 1 minute, with 2 second pulses at 60% amplitude. Nanoparticle concentration was assessed

using BCA assay and the size distribution was measured using DLS.

3.2.5 Endotoxin Measurement

Protein nanoparticle endotoxin content was quantified using the Genscript ToxinSensor
Chromogenic LAL Endotoxin Assay according to manufacturer's guidelines. The endotoxin
threshold for subsequent mice experiments were a maximum drug dose of 0.200 mL and 1 EU per

mL of drug according to the United States Pharmacopeia (USP) limits for small animals[101].

3.2.6 Biodistribution Experiment

Mice in all experiments were 6—8-week-old Balb/c male and female (37M/37F). Balb-C
mice were ordered at least a week in advance and given time to adjust to the environment at least

three days before experiment. The mice were fed a non-fluorescent alfalfa free chow.
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3.2.6.1 Intravenous (IV) Administration

To prepare for IV administration, the oxygen supply was turned on for the procedure room.
Prior to bringing the mice to the procedure room, the working space was set up. The heating block
was turned to 107°F. Next, the isoflurane level was verified, and the oxygen line connected. The
anesthesia chamber was lined with paper towels and connected to the anesthesia mask. The
anesthesia chamber was turned on with the isoflurane unit set to 5% and a flowrate to 1000 ml/min.
The mice were checked out of the housing rooms and brought to the procedure room. One mouse
at a time, they were placed into the anesthesia chamber. After 15 minutes, the isoflurane was
reduced to between 2.5-3% and a flow rate of 200 ml/min. Then, the mouse was placed on its back
on the heating block. Both sides of the mouse’s face and neck were shaved. Nair was added
liberally, allowed to sit for 1-2 minutes, and removed with a dry gauze. Then, a 1 ml syringe was
placed under the neck of the mouse and the nose tilted down to lift the chest upwards. The arms
of the mouse were taped down and across the chest to pull the skin taught (with enough room for
the mouse to breathe). Next, using an uncapped insulin needle, 200 pL of sample for administration
was loaded. The syringe was tapped to remove any air bubbles. Next, the jugular vein was located,
and the needle was inserted angled downward, and towards the outer-ear into the chest with the
bevel facing up. Once the needle was positioned, the syringe was pulled back slightly. If blood
was not drawn, then adjustments were made. If blood was drawn, nanoparticles were administered
until syringe was empty and the plunger was pulled back until ~10 pL of blood was collected and
then removed. Finally, the isoflurane was turned off and the mouse was given time to recover
before returning to its cage. Injections were documented as unsuccessful or missed if a “bubble”
was observed during the injection or if blood was not drawn back into the syringe after injection.

These missed injections were not used in further in vivo analysis.
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3.2.6.2 Blood Sampling

To prepare for blood collection, the same steps from above for IV administration were
followed. After the allotted time for each group, each mouse was placed in the anesthesia chamber
and then placed on the heating block and prepped for blood collection. After 15 minutes, the
isoflurane was reduced to between 2.5-3% and a flow rate of 200 ml/min. A 1 ml syringe was
placed under the neck of the mouse and the nose was tilted down to lift the chest upwards. The
arms of the mouse were taped down and across the chest to pull the skin taught (with enough room
for the mouse to breathe). Next, an insulin needle was uncapped and primed, syringe plug pulled
back and forth to loosen. To remove any bubbles and push air out, the syringe was tapped lightly
at the end. Next, the jugular vein was located, and the needle was inserted angled downward, and
towards the outer ear into the chest with the bevel facing up. Once the needle was positioned the
syringe was slightly pulled back to ensure that the needle was in the jugular vein. The plunger was
pulled back until ~200 puL of blood was collected and then removed. Then the tape was removed,

and isoflurane turned off and mouse placed in euthanasia chamber.

3.2.6.3 Euthanasia

The CO2 tank was turned on and pre-label bags were prepped for mice to be placed in after
euthanasia and organ collection. The CO2 chamber was lined with paper towels and mice were

placed in the CO2 chamber for 5 minutes.
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3.2.6.4 Biodistribution Study
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Figure 3.1 Schematic of administration of nanoparticles and blood collection (BioRender). For all
three groups of mice (MSA647, ACE2, and ICAM1), there was an initial blood draw (before 43.2
pg dose of nanoparticles were administered) for all mice in the 2hr,6hr, and 24hr timepoints. Once
the nanoparticles were administered and the allotted time (2hr,6hr,24hr) was met, a terminal blood
draw was taken from each mouse. Then, the organs were harvested and prepped for IVIS.

3.2.6.5 IVIS Imaging

After logging into the IVIS imaging software, the instrument was initialized until the camera
chilled to -90 °C. The software turned from red to green when ready. “Imaging wizard” was
selected, followed by “Fluorescence.” Then, the filter pair was chosen (AF647) and Field of
View was selected as “B”. Subject height: 0.5cm and a binning if medium was selected. Then,
the sequence was acquired using Radiant Efficiency. Region of Interest (ROI) tools were used to

measure fluorescence in each organ.
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3.2.6.6 Blood Processing

Blood samples (20ul) were taken from the mice initially and at the terminal time points
(2,6, or 24 hours after injection). The samples were then analyzed by a Biotek Synergy 2

Microplate plate reader.

3.3 Results and Discussion

3.3.1 Protein Nanoparticle Fabrication and Characterization

Nanoparticle size is one of the most important physiochemical properties that influence the
interaction between the nanoparticle and the cell. Therefore, it is imperative that the fabricated
protein nanoparticles are between 100-200nm in size. There were challenges initially in fabricating
MSA nanoparticles that resulted in poor stability, larger size distribution, and polydispersity index
(PDI). However, adjusting the pH of the solvent from 4 to 9 made a huge difference in the
nanoparticle size. I found that it was important to prepare the protein nanoparticles in unbuffered
aqueous medium due to the buffer ions influence on reducing surface charge density, leading to
attraction and fusion between particles and increasing the particle size [[102]. Using Dynamic
Light Scattering (DLS), fabrication bare MSA and coated MSA nanoparticles were confirmed to
be 200nm in size (Figure 3.2). Table 3.1 depicts the diameter of the protein nanoparticles used for

the biodistribution experiment.
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Figure 3.2 Characterization of MSA NPs. Size distribution overlay of BSA NPs with conjugated
ACE-2 or ICAM-1 antibodies at 7 ug/ml and 35ug/ml respectively using DLS

Table 3.1: Summary of Bare MSA NP, anti-ICAM-MSA NP, and anti-ACE2-MSA NP Size using
dynamic light scattering (DLS) (d.nm)

Sample? D (nm)® STD.DEV PDI* STDDEV
MSA NP Core 174.0 1.8 0.15 0.034
7 ng/mL ACE2 200.4 0.8 0.12 0.004
35 pg/mL ICAM1 246.6 3.5 0.27 0.021

an=3 independent batches of nanoparticles; ® hydrodynamic diameter; ¢ polydispersity index
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3.3.2 Biodistribution Results

3.3.2.1 Biodistribution Study

To assess biodistribution in healthy mice, 43.2 pg of 15% A647-labelled MSA NP with
optimized anti-ACE2, anti-ICAM- 1 or no coating were injected via jugular vein (Figure 3.2).
Terminal blood samples were taken at 2, 6, and 24 hours. At 2, 6 and 24 hours, animals were
sacrificed, and major organs (lungs, liver, spleen, heart, and kidneys) were collected, weighed, and
imaged by IVIS. Blood fluorescence was quantified by fluorimetry. Each group (n=4-8) were
successfully given a dose of nanoparticles via jugular injection. Animals that did not receive full
injections or mice that passed away, were not included in quantification analysis. It was expected
that ACE2, and CAM-1 targeted NPs will accumulate in the lungs to a greater extent than non-
targeted. Based on the in vitro studies, we expected that nanoparticles would target the lungs and

the liver with more specificity for the lungs with the anti-ACE-2 coated nanoparticles.

The IVIS images qualitatively showed more fluorescent signaling in the lungs for the
coated nanoparticles compared to the uncoated particles after 2 hours (Figures 3.3). However,
when quantified, there was no statistical difference between targeted and untargeted particle signal
in the lungs or liver (Figure 3.6). It was expected that targeting would accumulate in the liver and
spleen, as there are receptors for ICAM-1 and ACE-2 present. In addition, nanoparticles without
additional coatings tend to accumulate in these organs. There are ICAM-1 receptors in the spleen,
but expression of ACE-2 is reported to be low in the spleen [[103], [104]. The IVIS data at 2hr and
6hr were very similar for the liver and spleen, though no obvious signal was detected in the lungs
(Figure 3.3 and 3.4). However, the 24 hr. results show little to no fluorescence in any organs and

blood fluorescence was nonexistent after 2hr (Figures 3.7). This short circulation time was
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expected due to previous evidence that nanoparticles clear the blood after minutes[105], [106].

Remaining IVIS mice images are in the Appendix, A.1-A.3.
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Figure 3.3 This is a 2-hour representative ex vivo imaging of Bare NPs signal using IVIS (A) ACE
NPs signal and (B) ICAM NPs signal (C) of organs (left to right respectively liver, heart, kidney,
spleen, and lung). The unit of radiant efficiency is [(p/sec/cm?/s)/(uW/cm 2)].
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Figure 3.4 This is a 6-hour representative ex vivo imaging of Bare NPs signal using IVIS
(A) ACE NPs signal and (B) ICAM NPs signal (C) of organs (left to right respectively liver,
heart, kidney, spleen and lung). The unit of radiant efficiency is [(p/sec/cm?/s)/(WW/cm 2 )].
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Figure 3.5 This is a 24-hour representative ex vivo imaging of Bare NPs signal using IVIS
(A) ACE NPs signal and (B) ICAM NPs signal (C) of organs (left to right respectively liver,
heart, kidney, spleen and lung). The unit of radiant efficiency is [(p/sec/cm?/s)/(uW/cm 2 )].
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Figure 3.6 Quantification of organ fluorescence after 2 hours using IVIS (*p<0.05, **p<0.01,
*#%%p<0.0001). Data depicted are fully administered protein nanoparticle doses based on observed

|| 1

@ YD
& K
2hr Liver

Radiant Efficiency/Area

10—
ns ns
@ Af
109_ .-%. % A
108 1 1 I
@ YD
2hr Lungs

Radiant Efficiency/Area

1010_

10°

1
& ns

2

2hr Spleen

administration to the jugular vein. The unit of radiant efficiency is [(p/sec/cm?/s)/(uW/cm 2 )].

Altogether, neither coating (Anti-ACE-2 or Anti-ICAM-1) showed increased targeting to highly

vascularized tissue (i.e., lungs). Research has shown that increased accumulation in the lungs was

achieved when upregulating ICAM-1 with LPS administration[107]. However, the mice did not have
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induced inflammation, so ICAM-1 targeting inflamed endothelium may be improved in a disease
model that incorporates vascular inflammation. The quantification of organ fluorescence shows that
there is a statistical difference between the anti-ACE-2 coating targeting to the spleen than bare MSA
nanoparticles at 2 hours, but there is no significance between the anti-ACE-2 and anti-ICAM-1 NPs
in the spleen or between non-coated NP and anti-ICAM-1 NPs which can be explained by the,
minimized error bars, due to the smaller group size of the (n= 4) anti-ACE2 group compared to the
larger (n=8) anti-ICAM group. These results highlight the challenges associated with intravenous
delivery of nanoparticles to target cells and lack of correlation with in vitro data, a common situation.
Based on these findings, future studies need to examine new or different strategies of administering
coatings to tune organ and tissue delivery for better control in navigating through the circulatory
system. It is possible that increasing particle dose or coating density, modifying particles with
polyethylenglycol (PEG) to decrease opsonization and increase circulation[105], and delivering
nanoparticles directly to the lungs via aerosol delivery will show more targeting to the lungs. Another
explanation for the lack of targeting to the lungs, is that the very quick clearance did not allow for
many “passages” through the body, so the particles didn’t get many chances to bind their target as

they would if they were circulating longer.

Once injected into biological environments, nanoparticles undergo significant modifications
through interactions with biological fluid that control nanoparticle delivery to organs, tissue, and
cells[108]-[111]. Upon administration of the nanoparticles, biomolecules such as proteins from
plasma, swiftly adsorb onto the nanoparticles surface, creating a corona of proteins on the
nanoparticle. These absorbed proteins can either improve nanoparticle stability or destabilize the
nanoparticle through charge neutralization which causes aggregation [112], [113]. Protein corona

formation unpredictably changes the surface characteristics of the nanoparticle and influences the
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in vivo circulation, biodistribution, and bioavailability of nanoparticles by altering the interactions
with cells[114], [115]. It is important to note that protein corona can contradict predicted in vitro
results by initiating premature nanoparticle clearance and biodistribution due to the accumulation
of proteins altering nanoparticle surface properties. It should be noted that during in vitro
experiments, there was corona present, but from fetal bovine serum. The presence of
hydrodynamic forces in vivo increases the amount of protein adsorption on nanoparticles compared

to in vitro studies [72]

3.3.2.2 Blood Fluorescence
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Figure 3.7 Quantification of Blood Fluorescence using a Biotek Synergy 2 Microplate plate reader.
Based on the initial and final blood collection of the mice in the three experimental groups (Bare,
ACE2, ICAM1) over time (2hr, 6hr, and 24hr). The data depicted are fully administered protein

nanoparticle doses based on observed administration to the jugular vein.

The data in Figure 3.7 is normalized based on determining the ration between the initial and

final blood fluorescence for each “successful” administration. The ratio is around 1 for all the time
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points which proves that there was similar fluorescence signal before administering the particles
(initial blood draw) and after administering the particles (final blood draw); 2,6, and 24 hours later.
Previous research has shown that administering doses less than 1mg (50 pg/g tissue), the half-life
of the nanoparticles in blood circulation is around 1-1.5 minutes[105]. Therefore, it was expected
that the fluorescence in the blood after administering a 43.2 pg dose of nanoparticles would not be
detectable after 2 hours. If this biodistribution study was repeated, including 30-minute, 1 hour,

and 4-hour timepoints would be recommended.

3.4 Summary

Intravenous delivery often suffers the effect of opsonization or macrophage uptake barriers
that can significantly hinder the ability of nanoparticle delivery in vivo. Nanomedicine has proven
promising in preclinical trials; however, understanding the distribution of nanoparticles when
administered intravenously in vivo is crucial to facilitate translation to clinical applications. When
considering the preferred method of nanoparticle delivery, particularly when targeting the lungs,
intravenous injection is the most common[107], [116]. We have engineered 3 different protein
nanoparticles using MSA with conjugated antibodies to target endothelial cells. We have
demonstrated that improving the specificity of nanoparticles using coatings such as anti-ACE2 and
anti-ICAM-1 may improve uptake in vitro, but the combination of blood shearing, protein corona,

and other effects negated differences in vivo.
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CHAPTER 4. CONCLUSION AND FUTURE WORK

4.1 Conclusions

This defense assessed the in vitro uptake and in vivo biodistribution of protein nanoparticles
with various targeting ligand proteins. This work investigated the specificity and delivery of ACE-
2 and ICAM-1 antibodies engineered as coatings on albumin protein nanoparticles. While in vitro
cell studies demonstrated targeting, it was established that protein nanoparticles preferentially
accumulate in the liver and spleen during intravenous administration without targeting
vascularized tissues like the lungs. These studies corroborate previous understanding of
nanoparticles delivery for intravenous administration. They motivate different targeting

approaches or routes of administration in future work to achieve the delivery goals in vivo.

4.1.1 Protein Nanoparticle Characterization and Uptake

Chapter 2 explores the fabrication of different coatings on nanoparticles made from
proteins, determining the optimal coating density for increased cellular uptake. We have
engineered these coatings to bestow the nanoparticles with different surface ligands to improve
targeting to endothelial tissues delivered intravenously and epithelial cells delivered via other
routes. We characterized protein nanoparticle size and concentration with different ligands and
unmodified using both bicinchoninic acid assay (BCA) and dynamic light scattering (DLS)
analysis. In general, nanoparticles with higher coating densities (> 50 ug/ml) showed no increase
in uptake by epithelial and endothelial cells in the presence of anti-ICAM-1 and anti-ACE-2 coated
nanoparticles. The cellular uptake by A549 and HUVEC cell demonstrates the striking differences
between coated and non-coated nanoparticles. Ultimately, proving that coated nanoparticles

demonstrate statistically significant increases in uptake compared to uncoated nanoparticles. While
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the coated nanoparticles particles showed promise in vitro, further tailoring the surface of the

nanoparticles and the delivery route should be evaluated to improve in vivo conditions.

4.1.2 Nanoparticle Biodistribution

Intravenous delivery provides a rapid response and bioavailability. However, this route
faces the challenges of systemic circulation that may hinder therapeutics from being
delivered[117]. One challenge is reticuloendothelial system (RES) uptake, which consists of
phagocytic cells that clear particles and foreign material from the body. To improve delivery,
nanoparticles have been modified with antibodies to improve cellular uptake and increase
endothelial cell interactions. New methods of direct pulmonary delivery using dry powder
formulations containing nanoparticles have shown promise; however, particle sizes would need to
range between 1 and 5 um to be inhaled into the lungs and incorporated into a carrier matrix[118].
Oral delivery of nanoparticles to the lungs has not been promising[119]. Currently, intravenous

administration for nanoparticle administration has been the most used method[120]-[122].

In Chapter 3, we assessed the accumulation of protein nanoparticles with anti-ICAM-1 and
anti-ACE-2 antibody coatings in the liver, spleen, kidneys, lungs, and heart. Many nanoparticles
have been delivered through the intravenous route. However, little work has been done utilizing
protein nanoparticles with targeting ligands to intravenously target endothelial cells. Using the
same nanoparticles with ligands as the in vitro work in Chapter 2, we were unable to show
increased targeting to the lungs. However, the mice did not have induced inflammation, so ICAM-
1 targeting inflamed endothelium may be improved in a disease model. While these coatings biased
uptake in vitro, it is very possible that the combination of blood shearing, adsorbed serum protein

corona, rapid clearance, and other effects negated differences in vivo. Lastly, as expected for
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nanoparticles without PEG or some other kind of stealth coating, there was no detectable signal in

the blood at any of the time points.

4.2 Future Work

4.2.1 Invivo intravenous delivery AvrA-MSA647 nanoparticles

ICAM-1 targeting would be more effective in inflamed environments. Therefore, using the
same fabricated and optimized nanoparticles from this research, which accumulated in the liver
and spleen, may be effective in reducing systemic inflammation. To test the ability of anti-ACE-2
or anti-ICAM-1 coated AvrA- MSA NP to suppress systemic inflammation, a murine cecal ligation
and puncture model (CLP), a commonly used method for evaluation of overwhelming systemic
inflammation should be assessed[123]. The CLP model is systemic and not specific to the lungs.
Using anesthetized mice, this method involves opening the abdomen and using a suture to tie off
a section of the cecum, followed by controlled perforation of the ligated region. This allows escape
of fecal material into the peritoneum and rapidly developing systemic inflammation, including
vascular and pulmonary injury. The length of cecum ligated, and the gauge of needle used for
perforation allows graded response. AvrA will be delivered via the pulmonary route or
intravenously as anti-ICAM-1 or anti-ACE-2 coated AvrA-MSA NP, uncoated AvrA-MSA NP
and inert MSA NP. All particles will contain 15% AF647 labelled MSA. Animals will be
sacrificed, and responses will be measured by serum ELISA for inflammatory cytokines and
chemokines, circulating neutrophils, survival, and histological parameters of inflammation in
tissues such as lung and heart. Tissue sections will also be evaluated by microscopy for

fluorescence.
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4.2.1.1 Diabetes

Diabetes affects over 400 million people around the world and is the 7th leading cause of
death in the United States[124], [125] 90 percent of reported cases of diabetes are Type 2[124]. In
Type 2 diabetes, the body does not respond normally to insulin, and develops high blood sugar.
Insulin is a hormone made by beta(p) cells in the pancreas that lets blood sugar into cells. If cells
do not take up the sugar, the pancreas makes more insulin until the cells stop responding and sugar
accumulates in the blood. Type 2 diabetes develops over time; however, a poor diet, lack of
physical activity, genetics, and obesity are risk factors. As a future project, protein nanoparticles
would be engineered to deliver therapeutic proteins intracellularly to B-cells of the pancreas and
demonstrate the functionality by delivery of AvrA, an effector protein from Salmonella, to inhibit
inflammation that results in B-cell death and a progressive loss of insulin production found in pre-
diabetes and Type 2 diabetes. Ultimately, NP drug delivery to B-cells in the pancreas is a novel

concept that has yet to be examined.

4.2.1.2 Inhibiting Beta Death

Recently, Type 2 diabetes has been confirmed as an inflammatory disease; however, there
is little information regarding whether anti-inflammatory therapies might be beneficial. The
transcription of NF- kB in obese people increases the risk for Type 2 diabetes and up regulates
transcription of pro-inflammatory cytokines like IL-6, IL1 a and TNF-a[126], JNK has been
widely investigated in obesity models of insulin resistance and shown to drive insulin resistance
in obesity[127]. Activation of the JNK pathway has been linked to the inflammatory response and
oxidative stress in diabetic pathophysiology[128]. One significant challenge with AvrA is

delivering the enzyme into cells, as its large size prevents diffusion through cell membranes.
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However, our lab previously incorporated AvrA into albumin protein NPs and successfully
delivered it locally to the gastrointestinal tract to treat inflammatory bowel disease (IBD) in
mice[37]. The AvrA nanoparticles were not targeted to specific cells within the gut. The challenge
for this project is specifically targeting pancreatic B-cells. However, pancreatic islets where -cells
reside are highly vascularized. anti-ICAMI1 or anti-ACE2 coated NPs could allow intracellular
delivery to these cells. Targeted protein NPs can be utilized to create a novel therapeutic delivery

method that will block inflammation and prevent B-cell death.

4.2.1.3 Engineering Protein Nanoparticles

Protein NPs are fabricated by adding a desolvant, acetone, to an aqueous protein solution.
The subsequent addition of a cleavable water-soluble, amine-reactive, reducible crosslinker
ensures protein stability until endocytosis. Mixtures of AvrA and bovine serum albumin (BSA)
will be integrated into NPs to control NP size and preserve AvrA bioactivity. The BSA- AvrA
nanoparticles will be coated with exendin-4 and crosslinked to stabilize (Figure 4.1). Exendin-4 is
a GLP-1 (glucagon-like peptide-1) analogue that targets GLP-1 receptor, a B-cell biomarker that
is highly expressed[129] an alternative to GLP-1R, G protein-coupled receptor (GPR44), a
receptor for prostaglandin D2 (PGD2) and DiGeorge syndrome critical region gene 2 (DGCR?2),
an adhesion receptor, are both B cell specific proteins that are highly expressed. Their antibodies,
anti- PGD2 and anti-DGCR2, will serve as targeting ligands on the surface of the engineered NPs
using the same method of coating for exendin- 4[130]. The physiochemical properties of BSA-
Avra-exendin-4 nanoparticles will be characterized by SDS- PAGE to confirm the coating and

Dynamic Light Scattering to confirm NP size.
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Figure 4.1 Schematic of BSA-AvrA NP coated with Exendin-4 targeting the pancreatic Beta Cell

4.2.1.4 EndoC-BHI1 Nanoparticle Interaction

To determine uptake, EndoC- BHI1 cells will be treated with fluorescently labeled BSA-
AvrA-exendin-4/anti-PGD2/anti-DGCR2 or BSA-AvrA NPs at 2 or 5 pg/ml albumin
concentration. After 24 hrs., the cells will be examined with flow cytometry. Confocal Microscopy
will be used to confirm cellular uptake of the NPs. To determine the functionality of AvrA
treatment, the B-cells will be stimulated with TNF- o and a cell stress assay will be used to
determine when the cells endure endoplasmic reticulum (ER) stress, which induces B-cell
dysfunction[131] addition, the cytokines secreted will be quantified by ELISA. EndoC- BH1 cells
will be lysed and analyzed in the Human Insulin Kit to determine insulin secretion. The Cell Titer-
Glo 2.0 Assay will be used to quantify the amount of ATP present, which indicates metabolically
active cells[132]. If this in vitro work is successful, the next steps would be to assess these particles

in a murine study.
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APPENDIX A. IVIS IMAGING
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