NORTHWESTERN UNIVERSITY

High-density Lipoprotein Mimetic Nanoparticles: Roles in Therapy and Probing Intercellular
Communication

A DISSERTATION

SUBMITTED TO THE GRADUATE SCHOOL

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS

for the degree of

DOCTOR OF PHILOSOPHY

Field of Biomedical Engineering

By

Stephen E. Henrich

EVANSTON, ILLINOIS

September 2021



© Copyright by Stephen Henrich 2021

All rights reserved



ABSTRACT

Bio-inspired materials have a distinct advantage over other materials by virtue of their
mimicry of nature’s own products, which have been subjected to the inimitable tests of time and
evolutionary pressure. Here we have taken instruction from natural nanostructures that are
ubiquitous across the animal kingdom, namely high-density lipoproteins (HDL). These native
nanoparticles circulate in the bloodstream and transport lipids between organs and tissues.
Primary among the lipids that HDLs and other lipoproteins transport is cholesterol. Cholesterol is
an indispensable component of animal cell membranes that regulates a host of biological
processes such as ligand-receptor interactions, endocytosis, membrane protein scaffolding,
intercellular communication, second messenger signaling and others. There is a vast possibility
space for applications of HDL-mimicking nanoparticles (HDL NP), only a fraction of which
have been explored to date. In this thesis, we explore three primary applications: 1) anti-
atherosclerosis therapy by way of cholesterol transport, 2) probing the cholesterol-dependence of
intercellular signaling, particularly via exosomes, and 3) inhibiting viral infection by targeted
depletion of cholesterol. In addition to the application of these materials for translational
purposes, we also report fundamental strides in HDL NP synthesis. In particular, we describe the
fabrication of nanoparticles that mimic mature, spherical HDLs using novel, small molecule-
phospholipid conjugates as core scaffolds. These materials are distinctive for several reasons: 1)
they represent a successful synthesis of monodisperse lipid nanoparticles in the sub-20 nm size
regime, which is extremely challenging without using an inorganic template, 2) most synthetic
HDL mimics resemble immature, discoidal HDL, while these particles represent a genuine

functional mimic of mature spherical HDL (the most abundant HDL sub-species in humans), 3)
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these particles possess a dynamic, hydrophobic core that can accommodate a diverse range of
hydrophobic cargo, and 4) these particles reduce atherosclerotic burden in LDL-R™ mice by
approximately 70%. The second major focus of this dissertation is on the cholesterol dependence
of exosome communication in the setting of cancer. Others have shown that primary tumors can
establish long-range communication with distant organ sites to transform them into fertile soil
for circulating tumor cells to implant and proliferate, a process called pre-metastatic niche
formation. Tumor-derived exosomes can be potent mediators of pre-metastatic niche formation.
Here we explore the role of prostate cancer exosomes as promoters of pre-metastatic niche
formation in bone, and we interrogate the cholesterol dependence of this intercellular
communication. We show that exosome-mediated communication between prostate cancer cells
and bone marrow myeloid cells is highly sensitive to the cholesterol burden of the target myeloid
cell population. In particular, reducing cellular cholesterol in myeloid cells in a targeted fashion
using HDL NPs reduces the transduction of prostate cancer exosome signaling, ultimately
inhibiting both pre-metastatic niche formation and metastasis. HDL NPs enabled us to
interrogate the cholesterol dependence of exosome communication in vivo with greater precision
than other methods due to the intrinsic targeting properties of HDL NPs and their favorable
toxicity profile. HDL NPs enabled us not only to identify that cholesterol is a critical parameter
for this intercellular communication, but also to demonstrate that cholesterol modulation may be
a viable approach to metastasis therapy and prevention. Finally, we demonstrate that HDL NPs
can function as anti-viral agents to inhibit infection of a SARS-CoV-2 pseudovirus by targeted

depletion of cellular cholesterol.
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Chapter 1: Introduction

Four major classes of biomacromolecules comprise the bulk of matter in living things:
nucleic acids, proteins, carbohydrates, and lipids. Lipids play many roles in biological systems,
but one of the most important is the formation and maintenance of biological barriers such as the
cell’s plasma membrane.! The three dominant classes of structural lipids that comprise the
plasma membrane are phospholipids, glycolipids, and sterols.? Sterols are a class of lipid with
four fused rings and typically an alcohol group which are essential components of eukaryotic cell
membranes.* Cholesterol is the hallmark sterol of animal cells and plays critical roles in animal
cell membranes including 1) regulating membrane fluidity and stability, 2) serving as a precursor
for steroid hormones and bile acids, and 3) maintaining the integrity of lipids rafts which, in turn,
regulate protein-protein interactions, cell-cell adhesions, intercellular communication,
endocytosis, and membrane architecture.®* In Homo sapiens and other animals, cholesterol
homeostasis is dynamically regulated according to the physiologic demands of particular cells
and tissues.* Accordingly, cholesterol must be efficiently synthesized and transported between
organs and tissues. However, because cholesterol is poorly soluble in aqueous solutions,
organisms use carrier particles called lipoproteins to shuttle cholesterol from one place to another

in the systemic circulation.®

1.1 High-density lipoproteins: overview and roles in atherosclerosis

1.1.1 Native High-Density Lipoproteins: Structure and Composition
Lipoproteins are proteinaceous lipid-containing nanoparticles that vary in size and
composition. High-density lipoproteins (HDL) are 7-13 nm in diameter, making them the

smallest and most dense of the five classes of lipoproteins (HDL, LDL, IDL, VLDL, and
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chylomicrons). The surface of HDLs consists of an external phospholipid layer with
interdigitated unesterified free cholesterol (FC), while the core of the particle contains mostly
hydrophobic lipids, such as cholesteryl esters (CE) and triacylglycerols (TG) (Figure 1.1). The
entire particle architecture is stabilized by the HDL-defining protein, apolipoprotein A-1 (apoA-
). ApoA-I consists of 11 amphiphilic alpha helical segments. Structural data demonstrate that
multiple apoA-I proteins wrap around the surface of growing HDL particles whereupon a portion
of the protein is buried in the hydrophobic milieu of the lipids, and the other portion is partially
exposed to solvent and responsible for function and targeting of the HDL particle.®”’
Morphologically, HDLs fall on a spectrum ranging from highly discoidal (nascent) to highly

spherical (mature), depending on the stage of maturation.

By weight, HDLs are roughly 30-50% protein with the remainder primarily accounted for
by phospholipids, FC, and CE. ApoA-I constitutes about 70% of the protein content of HDLs,
while apoA-Il is the second most prevalent protein, comprising ~20% of HDL protein.? Other
HDL proteins include apoA-IV, apoC-1, apoC-Il, apoC-Ill, apoE, and apoM; however, recent
data demonstrate a more extensive HDL proteome that impacts HDL structure and functions.®
The lipid constituents of HDLs are quite diverse, and include glycerophospholipids,
triacylglycerols, and sphingolipids. Some of the minority lipid and protein species of HDLs may
have targeted, powerful functions in the settings of atherosclerosis and cancer. For instance, the
aryldialkylphosphatase paraoxonase, and the sphingolipid sphingosine 1 phosphate (S1P), each
have significant association with HDL and seem to have important vascular and immune
functions with respect to atherosclerotic cardiovascular disease (ASCVD).1%*2 However, the role

of these minor HDL constituents in cancer has been under-investigated. HDLs also frequently
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harbor RNA cargo, especially miRNA, and function as endogenous RNAI delivery vehicles.'?
However, the functional consequences of miRNA delivery by HDLs in health and disease have

not been thoroughly elucidated to-date.
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Figure 1.1: Structure and composition of native mature HDL, and properties that make
HDLSs attractive for therapeutic applications. Adapted from reference.*

1.1.2 HDL biogenesis and reverse cholesterol transport

The canonical life cycle of HDL consists of a stepwise maturation process from (a) the
free, lipid-poor apoA-I protein, to (b) nascent, immature discoidal HDL, and finally to (c) FC
and CE-rich spherical HDL (Figure 1.2).%® The process begins when apoA-I1 is synthesized by
hepatocytes and enterocytes in the liver and small intestine, respectively.'® The amphiphilicity of

apoA-I then enables the protein to sequester phospholipids and cholesterol, which results in the
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production of an immature HDL particle that is discoidal in shape as it is released into the
circulation. This nascent HDL is also called pre-p HDL, and is cholesterol-poor. Pre-f HDL then
continues to mature by accumulating FC and CEs (the latter localizing to the particle core),
causing the particle to grow in size.!” FC is acquired primarily from peripheral cells such as
macrophages, where HDL binds to canonical cholesterol efflux receptors on the cell surface and
removes cholesterol from the plasma membrane. Some of this FC is then esterified by the
enzyme lecithin:cholesterol acyltransferase (LCAT) to generate CEs.® ® HDLs can also
exchange their lipid cargo with other circulating lipoproteins. For instance, HDLs can exchange
their CEs for TGs from LDL or VLDL via cholesteryl ester transfer protein (CETP).1® After
maturing from discoidal into spherical HDL by scavenging FC and CE, mature HDL eventually
returns to the liver to deliver FC and CE for excretion in the bile.!” Specifically, mature spherical
HDLs bind to scavenger receptor class B type | (SR-B1) on hepatocytes which facilitates
delivery of FC and CE for excretion (Figure 1.2). This process whereby circulating HDLs
scavenge FC and CE from the periphery and deliver it to the liver for excretion is called reverse
cholesterol transport (RCT), and is considered to be the primary mechanism by which HDLs

exert their atheroprotective effects.®

The two major steps in HDL catabolism are lipid hydrolysis and clearance and
degradation of the apoA-1 protein. While FC and CE are metabolized in the liver and excreted in
the bile as previously mentioned, the phospholipid cargo of HDLs is hydrolyzed by lipases such
as endothelial lipase (LIPG).}” ApoA-1, by contrast, is catabolized by both the liver and the

kidney. The precise clearance and degradation mechanism in hepatocytes remains unclear.
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However, in the kidney, apoA-1 is filtered by the glomerular apparatus and subsequently uptaken

by renal tubular epithelial cells where it is degraded.’

Blood

Liver and Intestine

Intestine

Q9 G~ Triglyceride
=\ Q ;\O 60
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()
ODo 0%
VLDL and LDL

Figure 1.2: Schematic of the canonical HDL life cycle and reverse cholesterol transport

HDL begins its life cycle when lipid-poor apoA-1 is produced by hepatocytes or enterocytes.
ApoA-1 then acquires phospholipids and free cholesterol from the plasma membrane via
ABCAL as it is released into the circulation as nascent, discoidal HDL (step 1). Nascent HDL
then circulates in the blood until it encounters cells in the periphery that express cholesterol
efflux receptors such as macrophages. Nascent HDL then binds to ABCAL1 on the surface of
peripheral cells to induce cholesterol efflux whereby nascent HDL becomes loaded with free
cholesterol (step 2). As nascent HDL becomes loaded with free cholesterol, some of this
cholesterol is converted to cholesteryl esters by the enzyme lecithin:cholesterol acyltransferase
(LCAT), leading the HDL particle to swell in size due to the successive packing of cholesteryl
esters into the core of the particle, resulting in a mature spherical HDL particle (step 3). Mature
spherical HDL then returns to the liver where it binds to SR-B1 on the surface of hepatocytes to
deliver its cholesterol cargo (step 4). Finally, the delivered cholesterol is transported into the bile
by hepatic ABCG5 and ABCGS8 for excretion into the intestine (step 5). Adapted from
reference.’®

In addition to the canonical view of the HDL life cycle, there is an alternative view which
has recently been detailed by Sacks and others which is consistent with the canonical view in

many respects but different in others. The alternative view does not differ in the proposed



22
mechanisms of HDL clearance and catabolism, or of lipid exchange between lipoproteins;
however, it does differ in the proposed mechanism of HDL maturation. The alternative view
holds that the majority of HDLs are synthesized and secreted into the circulation as already fully-
formed particles, with most of these particles being rich in FC and CE, and spherical in shape
(Figure 1.3).1%29 In support of this model, a 2016 article investigating HDL biogenesis in humans
by Mendivil et. al. found that pre-B HDL constituted only 8% of total apoA-I secretion.?’ Thus,
the authors argue, the bulk of HDL particles in circulation do not follow the canonical maturation
process from nascent to spherical particles. According to this view, and contrary to conventional
thinking, spherical HDLs would likely be responsible for the majority of HDL function,
including atheroprotection and anti-cancer effects. However, the differential functions and

clinical benefits of discoidal and spherical HDLs remain the subjects of debate.

HDLs modulate cellular cholesterol levels by interacting with specific receptors on the
plasma membrane of target cells. There are three canonical cholesterol efflux receptors: two
ATP-binding cassette transporters, ABCA1 and ABCG1, that mediate active cellular cholesterol
efflux, and the scavenger receptor SR-B1, which engages in both passive efflux and influx of
cholesterol after HDL particle binding.® Immature, pre-B HDLs preferentially bind ABCAL,
while spherical HDLs typically bind SR-B1 and to a lesser extent ABCG1. Because pre- HDLs
have been presumed to be the predominant species involved in atheroprotection, the ABCAl
efflux receptor has been the subject of much study with respect to HDL therapy. However, if the
aforementioned alternative view of HDL biogenesis is correct, then SR-B1 and ABCG1 may

play larger roles than previously presumed with respect to atheroprotection.
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Figure 1.3: Alternative view of the HDL life cycle based on Kinetic experiments in humans

According to this model proposed by Mendivil et. al.,?° after apoA-1 is first produced by
hepatocytes and enterocytes it is released into the extracellular space as fully formed HDL
particles with the entire size range of HDL particles already represented (step 1). These particles,
with a range of cholesterol densities, then undergo LCAT-mediated esterification in several
locations before reaching the systemic circulation including the Space of Disse and the hepatic
sinusoids (step 2). Upon being released into the circulation, HDL particles may then interact with
peripheral cells such as macrophages to induce cholesterol efflux via ABCA1 and other efflux
receptors (step 3). After additional interactions with other plasma lipoproteins and LCAT-
mediated esterification, the HDL particles are primarily uptaken in the liver via holoparticle
uptake (step 4). Finally, the cholesterol delivered by the particles into the liver via holoparticle
uptake or via SR-B1-mediated cholesterol influx is then transported into the bile for excretion in
the intestinal tract (step 5). Adapted from reference.?
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1.1.3 Synthesis and Characterization of HDL Mimics

Synthetic HDL platforms fall into two broad categories: 1) mimics of immature, discoidal
HDL, and 2) mimics of mature, spherical HDL. The majority of platforms developed to date, and
all of the synthetic HDLs used in clinical trials, fall in the former category. Mimics of immature,
discoidal HDL are relatively easy to fabricate by using a combination of full-length apoA-1 or an
apoA-I mimetic peptide, and phospholipids. Scanu was the first to demonstrate that apoA-1 and
lipids isolated from human serum could, under certain conditions, be recombined to form stable,
lipoprotein nanoparticles.?* Subsequent studies found that the inclusion of the detergent sodium
cholate in the recombination process facilitated highly efficient particle self-assembly. This
protocol involves co-incubation of phospholipid vesicles and apoA-1 or apoA-1 mimetic peptides
with sodium cholate, followed by dialysis whereby the detergent is slowly removed from the
particle solution. This protocol offers several advantages over the direct assembly method,
particularly the incorporation of a variety of saturated or unsaturated lipids and precise control
over final particle diameter (~ 10 nm).2? Similar protocols have been used to assemble particles

that are closely related to rHDLs for various therapeutic applications.?*-%*

Spherical HDL mimics are generally more difficult to synthesize than discoidal HDL
mimics due to the requirement that the particle possess a robust and stable core material. One
approach is to start with a discoidal HDL particle such as rHDL, and subsequently “mature” the
particle by incubating the particles with cholesterol in the presence of LCAT, leading to
incorporation of cholesteryl esters into the particle core. This process, however, can be both
costly and time-intensive due to the enzymatic maturation steps necessary to produce these

particles. An alternative to this method is the use of inorganic nanoparticles as templates. In
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these approaches, a robust inorganic nanoparticle is used as a core scaffold, upon which the HDL
mimic is then built. One of the first such methods was developed by our group using a 5 nm gold
nanoparticle core. First, full-length apoA-1 is added to the gold nanoparticle colloid, followed by
addition of two phospholipid species: 1) thiol- or disulfide-modified lipids which largely bind
“head-down” to the gold nanoparticle surface, forming an inner leaflet, and 2) unmodified
phospholipids such as 1,2-dipalmitoyl-sn-glycero-3-phosphocholine to form the outer leaflet of
the particle bilayer.?® The resultant particle strongly resembles native mature HDL in its size (13
nm in diameter), shape, surface chemistry, and cholesterol binding function.?® Independently,
and at nearly the same time, Cormode et. al. also demonstrated the synthesis of spherical HDL
mimics via a similar method, using iron oxide nanoparticles, quantum dots, and gold

nanoparticles as core scaffolds and then employed the materials for imaging applications.?’

While synthetic HDLs vary in their composition and physicochemical properties, many
of them are quite similar to their native HDL counterparts. Specifically, synthetic HDLs such as
rHDLs and gold nanoparticle-templated HDLs (Au HDL NPs) are 10-13 nm in diameter,
compared to 7-13 nm diameter for native HDLs. Moreover, native HDLs exhibit surface zeta
potentials of approximately -20 mV, while synthetic HDLs generally range from -10 - -50mV.
Finally, synthetic HDLs typically harbor full-length apoA-1 or apoA-1 mimetic peptides, along
with phosphatidylcholine and/or other phospholipids. For native HDLs, apoA-1 is by far the
most abundant and identifying protein (~70% of HDL protein content), while
phosphatidylcholine is the predominant lipid species (~110 copies per particle).?® A common
point of distinction between native HDLs and synthetic HDLs is the composition of the particle

core. For instance, native HDLs possess a hydrophobic core of cholesteryl esters and
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triglycerides, while many synthetic HDLs lack cholesterol, cholesteryl esters, and triglycerides
entirely. In some cases, this may be desirable to enable synthetic HDLs to better accommodate
effluxed cholesterol into the particle upon interaction with the intended target cell. In sum, many
synthetic HDLs strongly resemble their native HDL counterparts in composition and

physicochemical properties.

. Synthetic HDLs resembling immature, discoidal HDL or spherical HDL have
differential binding affinities for the various cholesterol efflux receptors: ABCA1l, ABCGL1, and
SR-B1. Because these receptors are not uniformly expressed across all cell types, this enables
synthetic HDLs to specifically target particular cell populations, which provides a significant
advantage for therapeutic applications. As an example of this, spherical HDL mimics can
exquisitely target SR-B1, which is highly expressed on certain cancer cells and cells of the innate
immune system, such as myeloid cells. This targeting capacity reduces off-target effects and
imparts synthetic HDLs with a favorable toxicity profile. Moreover, cell-specific targeting, along
with the biomimicry of synthetic HDL surface chemistry, gives synthetic HDLs favorable

pharmacokinetic and pharmacodynamic profiles.

Incorporation of drug cargo into synthetic HDLs for cancer therapy can be accomplished
by several means. First, drugs can be covalently conjugated to lipids and subsequently co-
assembled with additional phospholipids and proteins or peptides into the surface lipid layer of
the particle. Second, hydrophobic drugs and biomolecules can be loaded into the particles via
hydrophobic interactions. This is perhaps the most common approach; and examples of
incorporated hydrophobic cargo include retinoids,?® paclitaxel,?* curcumin,®® and amphotericin

B.3! Cholesterol conjugation is also an efficient method that can be used to incorporate drugs or
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nucleic acids into HDL nanoparticle formulations.®2% Finally, several groups have demonstrated
that nucleic acids can be successfully incorporated into HDL mimics, typically on the surface of

the particle, via charge reconciliation with a cationic lipid.3*=°

Standard materials characterization of synthetic HDLs typically involves determination
of particle size, polydispersity, surface chemistry, and composition. The most common methods
used to evaluate particle size and polydispersity are dynamic light scattering, transmission
electron microscopy, and size exclusion chromatography.®® Surface charge is typically
determined via zeta potential measurements. Methods used to determine particle composition
vary from platform to platform, but may include elemental analysis, UV-Vis spectroscopy, and
fluorescent or colorimetric assays to quantify protein, phospholipid, and/or cholesterol content.
The secondary structure of apoA-I or apoA-1 mimetic peptides in the context of the particle can
also be determined via circular dichroism. Finally, functional characterization of synthetic HDLs
can be accomplished via many different application-specific assays. As a consequence of the
large number of studies examining the function of HDLs in cardiovascular disease, one of the
gold standard methods used to characterize HDL function is an in vitro radiolabeled cholesterol

efflux assay.’

The feasibility of scale-up is an important consideration for synthetic HDL platforms
aiming for clinical translation. The component of many HDL mimics that presents the greatest
challenge for scale-up is the apoA-I protein. To source the apoA-1 protein, apoA-1 can be
isolated in large quantities from pooled human serum by serial density ultracentrifugation, or it
can be produced recombinantly in vitro for instance in Chinese Hamster Ovary (CHO) cells.

Human clinical trials have been conducted with apoA-l isolated from human serum and
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produced from bacteria and mammalian cells.!® Phospholipids can be synthesized easily at large
scales with high purity. The large-scale production of assembled rHDLs under GMP conditions
has already been accomplished for use in human clinical trials. Moreover, inorganic core
materials used to synthesize spherical HDL mimics, particularly gold nanoparticles, have also
already been produced at scale under GMP conditions for human clinical trials. Overall,
significant precedents exist that demonstrate the feasibility of scale-up, which should facilitate

the translation of HDL-based therapies to the clinic.
1.1.4 Synthetic HDLs for atherosclerosis therapy

ASCVD is the leading cause of morbidity and mortality in the United States, causing
about 8 million deaths per year.%® Low HDL cholesterol (HDL-C) is strongly associated with
poor ASCVD outcomes, due in large part to HDL’s robust promotion of RCT.% ¢ As a result,
synthetic HDLs have long been attractive as a potential therapy for ASCVD. Synthetic HDLs
possess intrinsic atheroprotective and anti-inflammatory properties as well as intrinsic targeting
of atherosclerotic plaques.®® This makes synthetic HDLs particularly attractive for ASCVD
therapy over other nanoparticle systems, since they do not need to be functionalized with
additional targeting moieties or loaded with anti-atherosclerotic drugs. Synthetic HDLs can be
injected into the systemic circulation, bind to their target receptors, ABCA1l, ABCG1, and SR-
B1, on the surface of foam macrophages in atherosclerotic plaques, induce cholesterol efflux,

and then deliver this cholesterol to the liver for excretion.3®

A wide range of synthetic HDLs have been tested for their therapeutic efficacy in
ASCVD. The vast majority of these platforms have been mimics of immature, pre-p HDL.38-%

The most common synthetic HDL used for this purpose has been reconstituted HDL (rHDL).
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These particles are typically synthesized by the cholate dialysis method, and consist of
phospholipids and the apoA-1 protein.?! Another simple HDL mimic which has been tested for
ASCVD efficacy is a naturally occurring variant of apoA-1 called apoA-1 Milano.®° In total,
three HDL mimics have been tested in human trials: apoA-1 Milano, CSL-112, and CER-001.%
A large, multi-center randomized controlled trial was performed to test the efficacy of apoA-1
Milano (MDCO-216) to reduce atherosclerotic burden in post-acute coronary syndrome
patients.*® Five weekly injections were administered and the outcomes measured by intravascular
ultrasound (IVUS) were percent atheroma volume, normalized total atheroma volume, and
atheroma volume of the most diseased arterial segment. Unfortunately, none of these metrics was
found to be significantly different between the treatment group and the controls. Likewise, CER-
001 has also been tested for efficacy in reducing ASCVD. CER-001 is an rHDL platform
consisting of apoA-1, diphosphatidylglycerol, and sphingomyelin.®® Early studies showed that
CER-001 was able to mobilize significant quantities of cholesterol into the HDL fraction.*
However, when tested for efficacy in the CHI-SQUARE and CARAT studies, CER-001 failed to
produce significant changes in outcomes measured by IVUS and quantitative coronary
arteriography (QCA).>® %! One observation from these studies was that CER-001 produced a
dose-dependent mobilization of cholesterol into the circulation. However, CER-001 also induced
a dose-dependent downregulation of ABCAL, which is hypothesized to be the mechanism
prohibiting efficacy of this drug and other rHDLs.*? CSL-112 is an rHDL consisting of apoA-1
and phospholipids which has shown similar mobilization of cholesterol to CER-001. CSL-112 is
currently being tested for anti-ASCVD efficacy in the ApoA-1 Event Reducing in Ischemic
Syndromes Il (AEGIS I1) study, which is a phase I, multi-center, double-blind randomized

controlled trial expected to conclude in 2022.%3 The results from this trial will provide additional
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insight into whether dose-dependent reduction in ABCA1 expression is a pervasive obstacle for

rHDL-based therapies.

In addition to the synthetic HDL platforms that have been tested in human trials, there are
a host of other materials that have been tested in vitro and in vivo. A study by Muller and
colleagues published in 2014 demonstrated that rHDLs could be loaded with statins and used for
anti-ASCVD therapy.** The authors showed that statin-loaded rHDLs targeted macrophages in
atherosclerotic plaques in apoE” mice and reduced plaque inflammation. Another group then
improved upon this platform by reporting that modifying the statin-loaded rHDL with
hyaluronan (HA) increased the targeting and efficacy of the particles by approximately two-
fold.*® HA was used to inhibit the accumulation of rHDLs in the liver and thereby to enhance
localization to atherosclerotic plaques. The particles exhibited superior performance in reducing

plaque inflammation and plaque lesion size.

Another approach to anti-ASCVD synthetic HDLs was also developed by Muller and
colleagues and then expanded upon by other groups. For this tactic, hybrid nanoparticles
consisting of a PLGA core surrounded by a corona of phospholipids and apoA-1 were
synthesized using a microfluidic device.*® The resulting particles exhibited cholesterol efflux
properties characteristic of synthetic HDLs while also exhibiting the slow release properties of
PLGA. In particular, PLGA can be used to encapsulate a wide variety of hydrophobic drugs in
the core of the particle, which the group demonstrated using Nile Red as a proof of principle.
The group showed that these particles can effectively target atherosclerotic plaques in vivo in
apoE™ mice using fluorescence imaging.*® However, they did not show therapeutic efficacy for

plague reduction. Liu and colleagues then developed hybrid PLGA-HA-rHDLs which exploited
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the liver evading properties of HA while simultaneously imparting the slow release properties of
PLGA for delivery of statins.*” Statin-loaded PLGA-HA-rHDLs successfully targeted
macrophages in atherosclerotic plaques, promoted cholesterol efflux, reduced the burden of

oxidized LDL, and decreased plaque lesion size.

Our group recently reported a novel nitric oxide-modified HDL NP for ASCVD
therapy.*® For this study, we synthesized a spherical HDL mimic using a 5 nm gold nanoparticle
as a core scaffold in addition to apoA-1 and two species of phospholipids to form an apoA-1-
containing lipid bilayer surrounding the gold nanoparticle core. The key step involved the
incorporation of a phospholipid onto the particle surface (DPPNOTE) which was functionalized
with an S-nitrosyl (SNO) group to generate SNO HDL NPs. While our group has previously
shown that HDL NPs exhibit intrinsic anti-inflammatory properties without the SNO group,**-°
the addition of DPPNOTE is targeted to specifically ameliorate ASCVD-related inflammation.
We found that SNO HDL NPs reduced inflammation, inhibited aortic smooth muscle cell
migration, and reduced ischemia/reperfusion injury in a mouse model.*® Additionally, SNO HDL
NP reduced atherosclerotic plaque burden by nearly 50%, which was a greater effect than seen

with ordinary HDL NPs.
1.2 High-density lipoproteins: roles in cancer biology
1.2.1 HDL Cholesterol and Cancer: Clinical Correlations and Causal Connection

The relationship between serum HDL cholesterol levels (HDL-C) and cancer has been
the subject of much recent study and debate. Most large studies have demonstrated that HDL-C

is inversely correlated with cancer risk.>* However, it remains controversial whether low HDL-C
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is primarily a biomarker for cancer, or whether it is causative. In 2010, Jafri et. al. published a
meta-analysis of 24 randomized controlled trials of lipid-altering interventions, examining the
correlation between HDL-C and cancer risk.>? In total, the trials had 625,477 person-years of
follow-up and 8,185 incident cancers. The authors found a significant inverse correlation
between HDL-C and cancer risk, such that for every increment of increased HDL-C by 10
mg/dL, there was a corresponding reduction in cancer risk by 36%. In a 2015 study, Yang et. al.
used a Mendelian randomization meta-analysis to specifically examine the question of causality.
Drawing data from 25 articles and 91,070 participants, the authors demonstrated that low HDL-C
may be a causal risk factor for the development of cancer, and not merely a correlative risk
factor.>® Further, several studies have shown that patients with elevated HDL-C respond more
favorably to therapy in some populations.>**° In addition to pan-cancer correlations, there are
many studies that have directly examined the link between HDL-C and particular tumor sub-
types. For instance, low HDL-C is associated with increased incidence of lung cancer®® and non-
Hodgkin lymphoma.®’, as well as an increased risk of breast cancer.®®° Each of these tumor-
specific associations has been demonstrated in large, prospective studies, indicating that there
may be a causal connection between low HDL-C and cancer onset. A 2019 study by Penson et.
al. corroborated these results by demonstrating that low HDL levels (< 30 mg/dL) was
significantly correlated with increased cancer mortality in women, with a hazard ratio of 2.31.%°
In sum, the robustness of the inverse correlation between HDL-C and cancer risk indicates that
using synthetic HDLs to augment the ordinary function of HDLs may be an effective therapeutic
approach for cancer, in addition to any therapeutic effects afforded by concomitant delivery of

chemotherapeutic drugs, photothermal agents, RNAI, etc.
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1.2.2. HDL Cholesterol and Cancer: Biology

To deepen our understanding of the clinical correlation between reduced HDL-C and
cancer risk with an eye toward therapy, it is important to understand the underlying biology of
cholesterol homeostasis in the setting of cancer. Cholesterol is an essential component of the
mammalian cell membrane and is required to maintain plasma membrane fluidity, stability, and
organization, both in ordinary cells and in cancer cells.%:52 Consequently, cancer cells require a
steady diet of cholesterol to support the generation of new biological membranes during their
rapid proliferation. Cholesterol is also a precursor in the synthesis of various hormones and
vitamins that are required for cell proliferation and maintenance.®?®* Prostate cancer, breast
cancer, adrenocortical carcinoma and other tumors are highly dependent upon sterol-derived
hormones for their growth; and these tumors therefore often have a vociferous appetite for
cholesterol.% Additionally, cholesterol can be found at high densities in specialized regions of
the plasma membrane known as lipid rafts. These membrane microdomains serve as scaffolds for
protein assemblies, and thereby regulate a host of ligand-receptor interactions and downstream
intracellular signaling processes, many of which are hi-jacked in cancer cells. One instance of
this is lipid raft-dependent B cell receptor signaling in B cell lymphomas, which can be inhibited
by targeted reduction of cellular cholesterol.%®-% The fact that synthetic HDLs directly induce
cell death in lymphoma cells via this mechanism also provides evidence that HDLs may play a

causal role in slowing the progression of malignancy in cancer patients.

Cholesterol homeostasis is maintained at the organismal level in vivo by the dynamic
regulation of cholesterol synthesis, efflux, and influx. Because cholesterol is minimally soluble

in water, it requires transport via amphiphilic carriers. These carriers are the five classes of
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lipoproteins, which form colloidal suspensions in the blood.®® LDL is the primary transporter of
cholesterol from the liver to peripheral cells. Cholesterol is delivered by LDL to recipient cells
via LDL receptor-mediated endocytosis.”” HDL, by contrast, removes cholesterol from the
periphery and delivers it back to the liver for excretion in the bile.”* However, HDL, unlike LDL,
is capable of both delivering and removing cholesterol from cells. HDL removes cholesterol
from cells by binding to one of its three receptors, ABCA1, ABCG1, and SR-B1. However, SR-
B1 is the only receptor through which HDL can both efflux and influx cholesterol.”® Because of
this, SR-B1 is frequently overexpressed in neoplastic cells and has been the most thoroughly
investigated of the cholesterol efflux receptors in the context of cancer.”’* A comprehensive
treatment of the crossover between HDL biology and cancer, and the respective roles of each of

the HDL receptors can be found in a recent review article published by Ganjali et. al..”

The ordinary function of the immune system is also highly dependent upon cholesterol
homeostasis, which therefore has significant implications for cancer immunotherapy.’® The
immune system can play both tumor-supporting and anti-tumor roles in the setting of
malignancy. Anti-tumor adaptive immunity, specifically that mediated by effector T cells, has
proven to be especially potent for targeting and eradicating cancer cells.”” Importantly, innate
immune cells play a critical role in facilitating or suppressing anti-tumor adaptive immunity.
Myeloid derived suppressor cells (MDSCs) have emerged as important players of the innate
immune system which promote focal immunosuppression in cancer.”® MDSCs are of particular
interest for this review given their dependence on cholesterol homeostasis for their function, and
their expression of cholesterol efflux receptors such as SR-B1.” MDSCs are mobilized from the

bone marrow and infiltrate tumors, where they use a variety of signaling processes to enhance
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the activity of regulatory T cells (Tregs) while suppressing the activity of anti-tumor cytotoxic T
cells. This activity can reduce the therapeutic efficacy of immunotherapeutic agents such as
checkpoint inhibitors.”® Highlighting the importance of cholesterol homeostasis in the function of
the innate immune system, Yvan-Charvet et. al. found that knocking out ABCA1 and ABCG1 in
mice resulted in enhanced proliferation of myeloid cells.?8! Furthermore, if HDLs were
exogenously administered to these mice, the hyperproliferative effect could be abolished,
indicating that HDLs interact with myeloid cells independently of these receptors to regulate
their proliferation, likely via SR-B1. Because spherical HDLs are the primary HDL targets for
SR-B1, this result is consistent with the hypothesis that spherical HDLs may be highly
significant from a therapeutic perspective in cancer. The role of cholesterol homeostasis in innate
immunity, and its gate-keeper function for anti-tumor adaptive immunity, may also provide a
window into a possible mechanism for the causal connection between low HDL-C and increased

cancer risk.

Ordinary HDL biology can also be impaired by pathological processes. To illustrate this,
it is interesting to consider the relatively common scenario in which patients with cancer, or
patients in a pre-cancerous state, also have concomitant cardiovascular disease. In such cases,
pathological processes including inflammation, increased glycation, and oxidative stress can
significantly alter HDL properties, potentially resulting in HDLs with impaired function.®? This
raises interesting questions regarding the clinical benefit of elevating HDL-C in these patients. A
recent report by Mazidi et. al. found that elevated HDL-C does not always correlate with clinical
benefit. Specifically, patients with extremely high HDL (> 100 mg/dL) were found to have

higher quantities of inflammatory factors such as C-reactive protein and fibrinogen, and higher
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mortality rates, consistent with previous studies.®*8* There are several possible explanations for
this observation, including genetic variants in HDL- and RCT-related proteins. From a
therapeutic perspective, if the pathological processes of inflammation, glycation, and/or
oxidative stress primarily reduce the function of HDLs by negatively impacting particle
properties, then exogenously administered synthetic HDLs may benefit these patients. However,
this would require that these particles were able to exert their functional effects acutely, prior to
undergoing significant pathological modification themselves. However, if the effects of these
pathological processes on HDL function occur primarily at the level of the target cell, then
exogenously administered synthetic HDLs may have reduced potency. Questions of this sort
could be probed by investigating the efficacy of synthetic HDLs as cancer therapy in mice with
co-morbid condition(s) and comparing the effects on mice with cancer without co-morbid

condition(s).
1.2.3 Synthetic HDLs for Cancer Therapy

Native HDLs are endogenous delivery vehicles for a wide range of biomolecules
including lipids, cholesterol, vitamins, hormones, metabolites, and other small molecules.®
Recently, it was discovered that native HDLs also function as endogenous transporters of
miRNA for intercellular regulation of gene expression.®® This versatile carrying capacity, along
with HDL’s intrinsic targeting properties, makes synthetic HDLs exceptionally attractive as drug

delivery vehicles for cancer therapy.

Optimizing pharmacokinetics and clearance properties is a critical step for any HDL-
based drug delivery system hoping to achieve clinical utility. One significant challenge is

avoiding rapid clearance of the delivery vehicle and therapeutic cargo by the mononuclear
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phagocyte system (MPS). The MPS consists primarily of monocytes and macrophages residing
in the spleen, liver (Kupffer cells), lymph nodes, and peripheral blood. Nano- and micro- sized
particles in the systemic circulation are vulnerable to MPS-mediated clearance largely on the
basis of size and charge. Particles less than 100 nm in diameter are considered most favorable to
avoid MPS-mediated clearance.® Particles with neutral surface charge are considered optimal,
compared to positively or negatively charged counterparts. Importantly, the surface charge of
circulating nanoparticles also significantly impacts the binding of serum proteins to the surface
of the particle, which can increase the hydrodynamic diameter of the particle significantly.®
Binding of serum proteins can be unfavorable for several reasons, such as preventing efficient
renal clearance, and activating MPS clearance mechanisms that reduce therapeutic efficacy.
Synthetic HDLs possess a significant advantage in this regard by virtue of their size and surface
chemistry. The diameter of synthetic HDLs (~10 nm) is well below the desired threshold for
size-dependent MPS-mediated clearance (100 nm). Moreover, the surface of synthetic HDLs
usually closely resembles that of native HDLs, providing a ‘“cloaking” mechanism that protects
synthetic HDLs from clearance mechanisms which might otherwise be initiated in response to
foreign bodies in circulation, such as opsonization and complement activation. Zwitterionic or
neutral surfaces are considered optimal for preventing non-specific adsorption of serum proteins.
Synthetic HDLs harbor zwitterionic phospholipids on the particle surface, and are usually
slightly negatively charged due to the presence of negatively charged apoA-1 and, perhaps, other
constituents. It is also important to note that renal clearance is usually an important consideration
for nanoparticles that are developed for clinical application. Nanoparticles with hydrodynamic
diameters less than 6 nm are cleared by the kidney.8” The typical route of excretion for HDLs

occurs when HDL binds to SR-B1 in hepatocytes, and the particle is subsequently catabolized



38
and the products are largely excreted in the bile. However, the kidneys play an underappreciated
role in metabolism of HDLs. Specifically, circulating apoA-1 and small, immature HDLs are
able to be filtered by the renal glomerular apparatus, while larger, more mature HDLs are
prohibitively large for glomerular filtration.® Synthetic HDL nanoparticles often exploit the
native HDL recycling process and are typically processed by the liver and excreted in the bile.
This clearance route endows synthetic HDLs with favorable pharmacokinetic properties for drug
delivery. Reduced excretion by the kidney may make mature, spherical HDL mimics more
attractive with regard to pharmacokinetic and pharmacodynamic properties compared to their

immature, discoidal counterparts.®

Multiple clinical trials have demonstrated that synthetic HDLs exhibit favorable
pharmacokinetic and safety profiles.2% One recent randomized clinical trial examined the
pharmacokinetics of rHDLs that were formulated using a soybean-derived phospholipid.”* The
study used once or twice weekly systemic infusions of the particles (27 subjects) or placebo (9
subjects). Results of this trial revealed that the half-lives of apoA-1 and phospholipid each had
quite wide ranges: 19 - 93 h for apoA-1, and 3 — 82 h for phospholipid. The authors also found
that apoA-1 levels remained above baseline for 3 days after infusion. Despite the wide range of
half-lives, the mean half lives for both apoA-1 and phospholipid indicate that rHDLs exhibit
favorable pharmacokinetic properties for therapy. Other clinical trials have shown that rHDLs
can be administered at high doses (up to 8 g of protein per infusion) without adverse effects,
demonstrating that synthetic HDLs are safe for therapeutic use.'® Three different HDL mimics

have been tested in humans to date, none of which have produced serious adverse events.3%4!
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Several groups have recently investigated the effects of PEGylation on synthetic HDL
pharmacokinetics, pharmacodynamics, and efficacy. A recent article by Li et. al.%? investigated
the impact of PEGylation on the circulation half-life of synthetic HDLs, as well as their
cholesterol transport functions. This group found that greater amounts of PEG incorporated onto
the surface of synthetic HDLs, as well as longer PEG chains, increased the circulation half life of
synthetic HDLs, while preserving the particle’s cholesterol efflux and influx efficiency. These
results are consistent with a report by Murphy et. al. demonstrating that PEGylation of lipid-poor
apoA-1 significantly impaired cholesterol efflux, while PEGylation of holo-HDL particles did
not reduce cholesterol efflux function.®® The group also found that PEGylation appeared to
increase RCT in vivo, as determined by increased mobilization of plasma FC. An additional
testament to the robustness of synthetic HDLs as tumor-targeting agents can be found in data
recently published by Tang et. al.** Specifically, this group found that PEGylated HDL-like
nanoparticles achieved 12-fold and 3-fold more efficient tumor penetration in vivo than
liposomes and PEGylated liposomes respectively, all prepared using the same lipid components,
in a flank tumor murine model of colon carcinoma. While these and other studies illustrate the
positive effects of PEGylation on pharmacokinetics, PEGylation also has some potential
drawbacks. For instance, PEG modifications can lead to the production of anti-PEG antibodies
by the host immune system.®® Furthermore, PEGylation may also reduce efficacy, for instance by

reducing the affinity of ligands on the nanoparticle surface for their target receptor(s).%®

A recent study showed that SR-B1 expression is an independent prognostic factor for
patient outcomes in breast cancer.®” Of 150 cases examined, 54% of patients were found to have

elevated expression of SR-B1. This elevated expression was associated with significantly more



40
advanced pTNB stage, larger tumor volume, and decreased overall survival. As a result, the
prospect of using synthetic HDLs for breast cancer therapy has been a topic of great interest, and
a significant body of recent work has been devoted to investigating synthetic HDLs as therapy
for breast cancer. One recent study investigated the impact of loading reconstituted HDLs
(rHDLs) with valrubicin and lapatinib as therapy for triple negative breast cancer.®® The group
found that using rHDLs for drug loading reduced the ICso of valrubicin from 3.5 uM to 2.3 uM,
and reduced the 1Csg of lapatinib from 1.4 uM to 0.8 uM in the breast cancer cell line, MDA-MB-
231. Moreover, uptake of the drug from loaded rHDLs into these cells was shown to be inhibited
by the SR-B1 inhibitor, BLT-1. A recent paper from Wang et. al. reports the fabrication of a
novel rHDL nanoparticle that was formulated for dual loading with paclitaxel and plasmid DNA
encoding the p53 gene, for transfection of breast cancer cells.** The nanoparticles were
assembled by combining lipids, cholesterol and paclitaxel in chloroform followed by evaporation
and re-suspension in the presence of a cationic lipid complex containing p53 plasmid DNA.
After sonication and several purification steps, apoA-1 was added the mixture to obtain the final
dual-loaded rHDL-like nanoparticles. Of note, these particles were larger than typical rHDL
particles with a diameter of ~177 nm as determined by dynamic light scattering. The particles
were to uptaken by MCF-7 cells in vitro in a lysosome-independent mechanism, induced robust
p53 expression, and effectively targeted tumors in vivo. The nanoparticles also outperformed free
drug and all other controls in an in vivo study of tumor inhibition using an orthotopic MCF-7
breast cancer model. The dual-loaded nanoparticles achieved 65% inhibition of tumor growth,

and an increase in animal subject survival.
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Adrenocortical carcinoma (ACC) is a rare endocrine tumor that is particularly well-suited

to synthetic HDL therapy, as these cells require cholesterol for steroid hormone production, and
achieve this requirement via overexpression of SR-B1. A recent article describes the use of
synthetic HDL nanodisks (SHDL) loaded with a natural product compound to treat ACC.1% The
specific natural product these investigators used, withalongolide A 4, 19, 27 triacetate (WGA-
TA), is poorly soluble in water, but was able to be efficiently loaded into sHDLs, which were
synthesized using the apoA-1 mimetic peptide, 22A. The investigators found that WGA-TA-
loaded sHDLs accumulated at the site of ACC xenograft tumors in vivo, and significantly

inhibited tumor growth.

Synthetic HDLs have also been employed for the delivery of photothermal agents. A
recent study was published demonstrating that indocyanine green (ICG) can be efficiently loaded
into rHDL for effective photothermal cancer therapy.'®® Encapsulation of ICG by rHDL
improved stability, and greatly improved tumor targeting in vivo, compared to free ICG and
lipid/ICG controls. Formulation with rtHDL also enhanced ICG’s cytotoxicity in cancer cells; and
importantly, the rHDL/ICG showed a near-IR response equivalent to that of free ICG upon

exposure to laser radiation.
1.3 Exosomes, cholesterol and pre-metastatic niche formation

The above sections introduce native and synthetic HDLs and their roles in ASCVD and
cancer. The following sections will pivot to focus on exosome signaling and pre-metastatic niche
formation. The link between these two sets of introductory material lies in our recent discovery
that synthetic HDLs can be used to disrupt exosome signaling.'% As a result, HDL NPs represent

targeted agents that could be used to study the role of exosome signaling in various physiologic
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and pathophysiologic processes both in vitro and in vivo. Moreover, HDL NPs could potentially
be explored as therapeutic inhibitors of exosome signaling in settings where such signaling is
pathogenic. Toward these ends, we introduce the following background material regarding
exosome signaling and pre-metastatic niche formation to provide adequate context for our work
described in Chapter 4 using HDL NPs to probe the cholesterol-dependence of exosome

communication in the setting of prostate cancer.
1.3.1. Exosome structure, biogenesis, and signaling

Extracellular vesicles (EV) are particles released by cells into the extracellular space that
are delimited by a lipid bilayer and incapable of replication.'® EVs fall into three main sub-
classes: ectosomes, exosomes, and apoptotic bodies.!® Ectosomes are produced by a direct
outward budding of the plasma membrane, while exosomes are of endocytic origin.l%
Microvesicles, or microparticles, are a common sub-class of ectosomes which are typically 0.2-
1.0 um in diameter. Exosomes, by contrast, are typically 30-160 nm in diameter.®® Apoptotic
bodies are a heterogenous group of vesicular structures that are produced as cells undergo

programmed cell death, ranging in size from 50-5000 nm in diameter.%

Exosome biogenesis occurs in a several step process. First, inward invaginations on late
endosomes are separated from the endosomal membrane to produce intraluminal vesicles (ILV)
that are contained within the mature late endosome, which upon ILV production is now termed a
multivesicular body (MVB). The MVB can then fuse with the plasma membrane to release the
ILVs into the extracellular space as exosomes, or alternatively the MVB can fuse with lysosomes
whereupon the ILVs are degraded. Because ILVs are produced by inward budding into late

endosomes, the inner contents of exosomes are derived from the cytoplasm. % As a result,
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exosomes typically harbor a diverse array of lipids, soluble proteins, membrane-bound proteins,

and RNA cargo such as miRNA.1%

One of the most well-characterized pathways of exosome biogenesis is the endosomal
sorting complex transport (ESCRT) pathway. There are four complexes of ESCRT proteins,
termed ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT 111.1% In total there are approximately 30
proteins involved in these four complexes.!® Sorting cargo into membrane domains that are
destined for ILV formation frequently requires a ubiquitin signal.11%° ESCRT-0, ESCRT-1, and
ESCRT-II each have multiple ubiquitin-binding domains that are used to recruit proteins into
membrane domains on late endosomes that will eventually become ILVs.'® ESCRT-0 is
primarily responsible for recruiting ILV cargo as well as recruiting the other ESCRT complexes
to the endosomal membrane.!%1% The ESCRT-1 and ESCRT-II complexes then facilitate the
inward budding of the endosomal membrane followed by ESCRT-III-mediated membrane

invagination and vesicle fission. 108109

There remains ongoing debate regarding the fundamental reason(s) why cells produce
exosomes. One hypothesis is that exosome production primarily serves the purpose of waste
removal.*'%1* However, others argue that a fundamental purpose of exosomes is their role as
mediators of intercellular communication; and there has been a resurgence of research and
interest to this effect over the past decade.’®> 2113 Despite a lack of consensus on the
fundamental purpose of exosomes, it is abundantly clear that exosomes are frequently uptaken by
local or distant cells in a manner which alters the recipient cell’s intracellular signaling, gene

expression, and cellular phenotypes, 107 113115
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There are several mechanisms by which exosomes can interact with a target cell. First,
exosomes can bind to the target cell surface via ligand-receptor interactions and stimulate
downstream intracellular signaling. Second, exosomes can be endocytosed by clathrin-dependent
endocytosis or by macropinocytosis, eventually resulting in either vesicle degradation or
successful delivery of exosomal cargo to various intracellular target sites.!® Finally, exosomes
can fuse with the target cell plasma membrane to release their contents into the target cell

cytoplasm.tt’

Exosomes can be further classified by several parameters. First, exosome properties
sometimes vary according to size.!® For instance, Lyden and colleagues demonstrated that
exosomes of two different size regimes (60-80 nm and 90-120 nm) displayed different
characteristic protein, lipid, and miRNA profiles, and also exhibited distinct biodistribution
patterns when systemically injected into mice.!*® These results indicate that exosomes of
different size regimes may play distinct roles in intercellular communication. Alternatively,
exosomes can be classified according to their biomarkers. While there are no proteins that are
considered universal exosome markers, there are many proteins that are acknowledged to be
enriched in exosomes compared to cell lysates. For instance, CD63, CD9, and CD81 are all
considered markers of exosomes. Other exosome-enriched proteins include TSG101, ALIX,
Flotillin-1, and others. Classification by protein profiling can sometimes identify distinct
exosome sub-populations which may have differential function.'® Finally, exosomes can also be

classified according their function and their cell source.*®®

Exosome characterization typically consists of determining physicochemical properties

and molecular profiling. Particle size is often determined by dynamic light scattering (DLS),
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nanoparticle tracking analysis (NTA), or transmission electron microscopy (TEM).1% The target
size regime is usually between 30 and 150 nm for TEM diameter and between 40 nm and 200 nm
for the hydrodynamic diameter. For molecular profiling, western blot for CD63, CD9, and CD81
are most commonly used to identify exosomes.'® Importantly, the abundance of these proteins
should be compared to a paired cell lysate to confirm that there is greater expression in the
exosome sample. In addition to CD63, CD9, and CD81, there are often cell type specific markers
that are used to confirm the source of the exosome, such as PSMA for prostate-originating
exosomes.?® Specific applications often require further characterization of exosome samples,

such as RNA profiling, lipid profiling, or functional assays.%
1.3.2. Exosomes in cancer progression and pre-metastatic niche formation

Exosomes are produced by all cells,'® yet some cell types produce far more exosomes on
average than others. In particular, cancer cells notoriously produce an abundance of exosomes
compared to their unmutated counterparts,*?*1?2 and circulating exosomes are elevated in the
blood of cancer patients compared to healthy individuals.'?? As a result, exosomes derived from
cancer cells have been studied extensively for the roles they play in promoting cancer
progression. Tumor-derived exosomes (TEX) are frequently uptaken by a number of different
cell types in the tumor microenvironment (TME). Primary among these are stromal cells such as
tumor-associated macrophages, neutrophils, fibroblasts, endothelial cells and myeloid-derived
suppressor cells (MDSC).*?2122 By interfacing with these various cell types, exosomes have been
shown to promote tumor progression locally by a variety of mechanisms. For instance, in renal
cell carcinoma and multiple myeloma, TEx can mediate intercellular communication with

endothelial cells in the tumor-associated vasculature to promote angiogenesis, ultimately leading
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to enhanced delivery of nutrients and oxygen to support the growing tumor.1?412> Moreover, TEx
can mediate intercellular communication between cancer cells and tumor-associated
macrophages to induce a favorable inflammatory state for tumor progression. For instance,
Takano et. al. provided evidence that in colorectal cancer TEx are capable of delivering miRNA
cargo to tumor-associated macrophages to induce M2 polarization, ultimately enhancing the
metastatic potential of the tumor.!?® A similar phenomenon was reported in hepatocellular
carcinoma.'?” In other settings, TEx can act as inhibitors of cancer progression. For instance in
breast cancer, TEx have been shown to deliver miRNA to tumor-associated macrophages and
inhibit tumor progression by inducing M1 polarization.*?® In addition to exosomes produced by
cancer cells themselves, exosomes originating from other cells in the TME such as cancer-

associated fibroblasts have also been studied for their roles in cancer progression.?°

Exosomes have long been investigated for their roles in promoting cancer progression by
altering the TME of the primary tumor. However, it wasn’t until a seminal paper was published
in 2012 that the field began to recognize that exosomes may also play important roles as
promotors of metastasis by communicating with target cells at distant organ sites to prepare the
pre-metastatic niche (PMN).23 The PMN is a microenvironment at a potential site of metastasis
that is prepared for the successful implantation and proliferation of circulating tumor cells.*3t A
subset of EVs that are produced by primary tumor cells find their way into the systemic
vasculature and interact with target cells at pre-metastatic organ sites. These EVs can then
facilitate PMN formation by several mechanisms, including promoting inflammation,
angiogenesis, or altering extracellular matrix composition to favor the seeding of circulating

tumor cells.*> One important mechanism by which EVs can promote PMN formation at multiple
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sites of metastasis is by mediating communication with bone marrow-derived cells (BMDC). For
instance, Peinado et. al. demonstrated that melanoma-derived exosomes “educate” BMDCs using
the hepatocyte growth factor receptor, MET, to promote pro-migratory and pro-vasculogenic
phenotypes in these cells.’*® After TEx-mediated education, BMDCs are mobilized from the
bone marrow, traverse the systemic vasculature, and then infiltrate the lung to promote PMN
formation. In addition, melanoma exosomes can also stimulate PMN formation in the lung
directly by inducing vascular leakiness, and enhancing the production of cytokines and
chemokines such as TNF-a and SI100A proteins to produce a pro-inflammatory
microenvironment favorable for the colonization of tumor cells.!™ This pro-inflammatory state

can in turn lead to the recruitment of additional BMDCs to the developing PMN.

Exosome-mediated PMN formation has also been demonstrated in other tumor types,
including pancreatic cancer and prostate cancer. Costa-Silva et. al. found that exosomes derived
from pancreatic ductal carcincoma (PDAC) cells promoted pre-metastatic niche formation in the
liver. PDAC exosomes were uptaken by Kupffer cells and stimulated TGF-f3 secretion, which in
turn enhanced fibronectin production by hepatic stellate cells.’*> The resulting fibrotic
microenvironment in the liver led to enhanced seeding and growth of PDAC cells in the liver in a
metastatic model. Similar to the circumstance in melanoma, PDAC exosomes also promoted
mobilization of BMDCs from the bone marrow and enhanced BMDC infiltration at the PMN in
the liver. In the setting of prostate cancer (PCa), Dai et. al. found that systemic injections of PCa
exosomes led to enhanced seeding of PCa cells in the bone marrow by approximately 115%,

ultimately leading to greater metastatic burden. The group found that PCa exosome-mediated
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enhancement of metastasis was the result of exosomal transfer of pyruvate kinase M2 (PKM2) to

bone marrow stromal cells which upregulated CXCL12 production at the bone PMN.133

Despite these examples of exosome-mediated promotion of PMN formation, exosomes
do not always play a pro-metastatic role. In fact, exosomes from the same tumor type can play
different roles at different stages of disease. In melanoma, several groups showed that melanoma
cells can switch from a poorly metastatic state to a more aggressive, highly metastatic state that
is accompanied by a loss of pigment-derived epithelial factor (PEDF) expression.®** Plebanek et.
al. showed that the TEx produced by poorly metastatic melanoma cells actively inhibit metastasis
by stimulating immune surveillance by patrolling monocytes in a PEDF-dependent manner,**®

while TEx produced by highly metastatic melanoma cells promoted metastasis and lacked PEDF.
1.3.3 Cholesterol-dependence of exosome signaling

Exosomes can interact with target cells in multiple ways, including ligand-receptor
interactions, endocytosis, or fusion with the host cell plasma membrane.!® When exosomes
encounter the target cell plasma membrane, a subset of the surface proteins that exosome interact
with are embedded in cholesterol-rich microdomains called lipid rafts. Lipid rafts are discrete
domains on the outer leaflet of the plasma membrane that are more ordered than the surrounding
lipid bilayer, but also exhibit a high degree of mobility.** Lipid rafts are rich in cholesterol,
sphingolipids and sphingomyelin, and serve as scaffolding domains that promote interaction and
clustering between membrane proteins.’®” By serving as a solid platform for these interactions,
lipid rafts can protect macromolecular membrane complexes from the chaotic forces present in

the disorderly liquid phase of the plasma membrane. Disruption of lipid rafts can therefore result
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in the disruption of key protein-protein interactions that are necessary for downstream signaling

pathways or for the uptake of exogenous material.

The cholesterol sequestrant methyl-B-cyclodextrin (MBCD) can be used to extract
cholesterol from cells and thereby disrupt the integrity of lipid rafts. Svensson et. al. found that
exosome uptake by target cells depends heavily upon the integrity of lipid rafts.'®® The
investigators found that treating recipient HUVEC cells with MBCD led to dose-dependent
inhibition of exosome uptake. Given these results, a natural next step is to determine whether this
cholesterol dependence in exosome uptake could be investigated in vivo. However, MBCD is
highly non-specific and interacts with many cell types when administered in vivo which makes

the acquisition of precise mechanistic data challenging.

To circumvent the limitations of non-specific cholesterol sequestrants, our group has
investigated the cholesterol-dependence of exosome uptake using targeted HDL-mimicking
nanoparticles (HDL NP) which also disrupt lipid raft integrity, albeit in a targeted fashion. HDL
NPs specifically bind to cells expressing SR-B1, which include macrophages, hepatocytes, and
steroidogenic cells.**® Thus, HDL NPs represent a powerful tool for interrogating the cholesterol
dependence of exosome uptake in cells that express SR-B1, both in vitro and in vivo. Plebanek
et. al. showed that HDL NPs inhibit uptake of melanoma exosomes in macrophages and
endothelial cells.’®> HDL NPs bind to SR-B1 on the surface of target cells where they induce
cholesterol efflux and inhibit the influx of cholesteryl esters. This results in the disruption of
lipid rafts and reduced mobility of SR-B1 on the cell surface, ultimately inhibiting exosome
uptake. This previous work indicates that HDL NPs may be powerful tools for inhibiting

exosome uptake for numerous cell types and applications.
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Chapter 2: Supramolecular assembly of soft-core high-density lipoprotein
mimics using lipid-conjugated core scaffolds

2.1.  Objectives and Significance

High-density lipoproteins (HDL) are endogenous nanoparticles that circulate in the blood
and transport cholesterol. Synthetic mimics of HDL represent promising therapeutic agents for
cardiovascular disease by virtue of their cell-specific targeting properties and their ability to
reduce inflammation and atherosclerotic burden. However, synthetic approaches to date have
been unable to reproduce the key structural features of mature spherical HDL, the most abundant
HDL sub-species in humans. In this chapter, we report the synthesis and characterization of a
spherical HDL mimic using lipid-conjugated organic core scaffolds. The core design motif
constrains and orients phospholipid geometry to facilitate the self-assembly of soft-core HDL-
like nanoparticles. We investigated three core scaffolds varying in size, hydrophobicity, and
oligonucleotide linker length. We show that two of these core scaffolds support the assembly of
HDL-like nanoparticles. The resulting particles strongly resemble native human HDL in their

size, polydispersity, surface charge, composition, and protein secondary structure.

2.2  Background and Motivation

HDL cholesterol levels exhibit an inverse correlation with risk of atherosclerotic
cardiovascular disease (ASCVD).10141 At the cellular level, HDLs target macrophages and
hepatocytes to remove and deliver cholesterol respectively, which leads to reduced inflammation
and atherosclerotic burden.8® 142 Due to the favorable association between HDL-C and reduced

risk of ASCVD, the cell-specific targeting properties of HDL, and the intrigue of using HDLs for
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targeted drug delivery, a great deal of effort has focused on synthesizing HDL-like particles that
strongly resemble their natural counterparts.!4®

There are multiple HDL species in the blood that serve as synthetic targets. Immature
HDLs are cholesterol-poor and discoidal in shape, consisting mainly of the HDL-defining
protein, apolipoprotein A-1 (apoA-1), and phospholipids. Mature forms of HDL, which also
harbor apoA-1 and a surface layer of phospholipids, are rich in cholesterol and cholesteryl esters,
and are roughly spherical (Figure 2.1). Spherical HDLs comprise the majority of HDLs in
circulation.*1% Yet, synthetic forms of HDL used in the clinic have exclusively resembled
immature, discoidal HDL, largely because these recombinant HDLs (rHDL) are relatively easy
to fabricate by self-assembling phospholipids and apoA-1.3¢ 8%-9. 146-147 Eyen outside of the
clinic, the vast majority of previously reported synthetic HDLs have resembled immature,
discoidal HDL.'* *® However, emerging evidence suggests that spherical HDLs, not immature
discoidal HDLs, may be responsible for a majority of RCT activity.!®?° To this end, we sought to
develop a synthetic mimic of mature spherical HDL both to address the dearth of such mimics in
the literature and to provide a tool for investigating the relative anti-ASCVD functions of
discoidal vs. spherical HDLs. We also note in passing that a wide range of HDL-like
nanoparticles have previously been reported, including soft-core, discoidal particles using
amphiphilic peptides,?® rationally engineered HDL-like nanodiscs,**®1%° and drug-loaded
rHDLs.24' 44,150

Spherical HDLs are challenging to synthesize due to the enzymatic steps required to
mature discoidal HDLs into cholesterol- and cholesteryl ester-containing spherical HDLs. Our
group, and others, have attempted to circumvent these biological maturation steps by using

inorganic nanoparticles as templates.?> 2" %1 The templates can be functionalized with
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phospholipids and apoA-I, and successfully restrict the size of HDL mimics to < 15 nm in
diameter.’® These HDL-like nanoparticles have demonstrated exquisite properties for
modulating cellular cholesterol,?® 1%2 in vivo imaging,*®® and drug delivery.3? However, these
materials fail to recapitulate a critical feature of native HDLs, namely a robust, soft material core

capable of dynamically loading and off-loading cholesterol and cholesteryl esters.

Macrophages Cholesterol efflux

FCc,PL Immature discoidal HDL

Cholesterol influx Hepatocytes

Figure 2.1: The canonical reverse cholesterol transport pathway

Abbreviations: FC = free cholesterol, CE = cholesteryl esters, PL = phospholipids, and LCAT =
lecithin:cholesterol acyltransferase.

2.3 Results and Discussion
Herein, we describe the synthesis of soft-core, spherical HDL-like nanoparticles using

lipid-conjugated core scaffolds (LC HDL NP). Three organic scaffolds varying in size and
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composition were investigated. The first scaffold is a highly hydrophobic small molecule-
phospholipid conjugate (PLs) that was synthesized using copper-free click chemistry.
Specifically, a headgroup-modified phospholipid harboring a ring-strained alkyne, 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-dibenzocyclooctyl (DBCO PL), was click
coupled to tetrakis(4-azidophenyl)methane, a small molecule with four terminal azides (SM-Azs)
(Figure 2.2 and 2.4a). The molecular weight of PL4 was confirmed by electrospray ionization
mass spectrometry (ESI MS). ESI MS results revealed a peak at 4402 m/z which was precisely

consistent with theoretical prediction (Figure 2.3).
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Figure 2.2: PL4 synthesis scheme
The PL4 scaffold is synthesized via copper-free click chemistry. A small molecule with four

azidophenyl groups (SM-Azs) is conjugated to four equivalents of a DBCO-functionalized
phospholipid (DBCO PL) to produce the final PL4 conjugate.
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Figure 2.3: Electrospray ionization mass spectrum of PL4 core

Product m/z = 4401.6 (Theoretical: 4401.7).
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The second (9-DNA-PL4) and third (18-DNA-PL4) core scaffolds are amphiphilic DNA-

linked PL4 cores, with differing DNA linker length (9- vs. 18-mer dsDNA) (Figure 2.4b) (Table
2.1). While DNA linkers enhance the core’s solubility in aqueous solution, externally oriented
phospholipid tails enable hydrophobic interaction with apoA-1 and phospholipids. The arm
lengths of these core scaffolds can be easily tuned by incorporating DNA linkers of varying
length. DNA-PL4 cores were synthesized in a two-step fashion (Materials and Methods, Section
S2a). First, we synthesized DNA-phospholipid conjugates (ssDNA-PL), and tetrahedral small
molecule-DNA hybrids (SMDHg4). Second, ssSDNA-PL and SMDH4 with complementary base-
pairing sequences were hybridized to yield the final DNA-PL4 cores (Figure 2.4b). The ssDNA

sequences used for the syntheses of 9-DNA-PL4 and 18-DNA-PL4 are shown in Table 2.1.
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Figure 2.4: Synthesis schemes for PL4 and DNA-PL4 core scaffolds

a) PL4 is synthesized by copper-free click chemistry conjugation of DBCO-functionalized
phospholipids (DBCO PL) to a tetrahedral small molecule with four azidophenyl groups (SM-
Azs). b) DNA-PL4 scaffolds are synthesized in a stepwise process. First, a tetrahedral small
molecule-DNA hybrid with four ssSDNA arms (SMDH.) and a ssDNA-phospholipid conjugate
(ssDNA-PL) are synthesized and purified separately. Then, the two species are hybridized two
produce the final DNA-PL,4 scaffold. Chemical structures of DPPC, DBCO PL, and SM-Az, are
shown in the figure legend, along with the DNA sequences used in the synthesis of 9-DNA-PL..
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Table 2.1: List of DNA sequences of SMDH4 DNA arms and DNA-lipid conjugates.

DNA Length DNA sequences?

9-SMDHy4 3'-TCG GCT GGA-small molecule

18-SMDHg4 3-TTG CTG AGT ATA ATT GTT-small molecule
9-DNA-PL 3’-TCC AGC CGA-lipid
18-DNA-PL 3’-AAC AAT TAT ACT CAG CAA-lipid

®DNA sequences of SMDH4 DNA arms are complementary to those of DNA-lipid conjugates
(i.e., 9-SMDHj4 to 9-DNA-lipid and 18-SMDHj4 to 18-DNA-lipid).

The successful synthesis and purification of 9-SMDHs and 18-SMDHs were
demonstrated by MALDI-ToF and analytical RP-HPLC while tracking absorbance at 260 nm to
monitor DNA content. MALDI-ToF revealed molecular weights of 12,144 m/z and 23,264 m/z
for 9-SMDH4 and 18-SMDH. respectively, which were precisely consistent with theoretical
predictions (Figures 2.5 and 2.6, insets). Analytical RP-HPLC revealed a single peak in each
case, indicating high purity and consistent with a single species of DNA hybrid with four
functionalized arms (Figures 2.5 and 2.6).

Synthesis of DNA-phospholipid conjugates was similarly confirmed by MALDI-ToF.
Results revealed molecular weights of 3,340 m/z and 6,115 m/z for 9-DNA-PL and 18-DNA-PL
respectively, which were consistent with theoretical predictions (Figures 2.7 and 2.8). Semi-
preparative RP-HPLC traces are also shown in Figures 2.7 and 2.8, and the indicated peaks with

the longest retention times were collected and used for MALDI-ToF.
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Figure 2.5: Analytical RP-HPLC trace of 9-SMDHj4

RP-HPLC trace from the coupling reaction of the tetrakis(4-azidophenyl) methane with alkyne-
functionalized 9-mer DNAs on the CPGs. The trace is the signal from the diode detector set at
260 nm. Inset shows the MALDI-ToF spectrum of the pure product: m/z =12,144 (12,144.1
theoretical).
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Figure 2.6: Analytical RP-HPLC trace of 18-SMDHz4

RP-HPLC trace from the coupling reaction of the tetrakis(4-azidophenyl) methane with alkyne-
functionalized 18-mer DNAs on the CPGs. The trace is the signal from the diode detector set at
260 nm. Inset shows the MALDI-ToF spectrum of the pure product: m/z = 23,264 (23,263.7
theoretical).
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Figure 2.7: Semi-preparative RP-HPLC trace of crude 9-DNA-lipid

The trace is the signal from the diode detector set at 260 nm. The pure 9-DNA-lipid at 33-42
min was isolated and identified by MALDI-ToF (Inset): m/z = 3,340 (3,342.4 theoretical).
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Figure 2.8: Semi-preparative RP-HPLC trace of crude 18-DNA-lipid

The trace is the signal from the diode detector set at 260 nm. The pure 18-DNA-lipid at 38-45
min was isolated and identified by MALDI-ToF (Inset): m/z = 6,115 (6,118.2 theoretical).
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Figure 2.9: Denaturing PAGE-gel image of 9- and 18-SMDH4’s and 9- and 18-DNA-lipid
conjugates.

The gel experiment was carried out in 1x TBE buffer at 180 V for 1 h and then the gels were

stained with SYBR Gold (Thermo Fisher Scientific, Inc., Grand Island, NY) and their pictures
were taken using a Typhoon 9400 (GE Healthcare, Pittsburgh, PA).

DNA polyacrylamide gel electrophoresis (PAGE) was used as an additional
characterization method for these materials. Results showed that the DNA hybrids migrated on
DNA-PAGE in a manner consistent with their varying sizes. In particular, the size of the four
hybrids in decreasing order is 18-SMDHas, 9-SMDH,, 18-DNA-PL, and 9-DNA-PL; and the
migration distance along the gel inversely correlated with hybrid size (Figure 2.9). 18-DNA-PL
and 9-DNA-PL migrated approximately at the expected migration distances of ordinary 18-mer
and 9-mer ssDNA. While 18-SMDH4 and 9-SMDH4 possess 72 and 36 nucleotides in total
respectively, we hypothesized that the tetrahedral configuration of these hybrids would lead to
slower migrations than ordinary 72-mer and 36-mer ssSDNA. The results shown in Figure 2.9 are

consistent with this hypothesis.
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Using the resulting core scaffolds, we then performed and optimized the assembly of LC

HDL NPs. We first prepared liposomes from 1,2-dipalmitoyl phosphatidyl choline (DPPC)
(Materials and Methods, Section 2c). PL4 scaffolds were then prepared as thin films, while
improved aqueous solubility enabled us to begin with DNA-PL4 scaffolds already in aqueous
buffer. ApoA-1 protein and DPPC liposomes were then added to the core scaffolds and the
mixture was subjected to three rounds of sonication, allowed to relax on ice, then filtered and
concentrated using a 50 kDa MWCO spin column (Figure 2.10). Illustrations of LC HDL NPs,
gold nanoparticle-templated HDL NPs (Au HDL NP), and human HDLs are illustrated in Figure

2.11, highlighting the differences in core composition.

PL, DPPC apoA-|

DNA-PL, DPPC apoA-| ’
DNA-PL, HDL NP

Figure 2.10: Schematics of LC HDL NP assembly

a) PLs HDL NPs are assembled by first dissolving PLs in an organic solvent and then
evaporating the solvent to generate a thin film of the PL4 core scaffold. DPPC liposomes and the
apoA-1 protein are then added to the core scaffold to resuspend the thin film in PBS, which leads
to the production of PL4s HDL NPs after several rounds of sonication and spin filtration. b) DNA-
PL4s HDL NPs are assembled by first preparing an aqueous solution of the hybridized DNA-PL4
core scaffold. Then, DPPC liposomes and apoA-1 are added to the core scaffold solution to
produce DNA-PL4 HDL NPs after several rounds of sonication and spin filtration.
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Figure 2.11: Hlustrations of native and synthetic HDLs that differ in their core composition

Mature human HDLs possess a hydrophobic core comprised of cholesteryl esters and
triglycerides, while free cholesterol is interspersed throughout a surface monolayer of
phospholipids. Au HDL NPs possess a gold nanoparticle core that is 5 nm in diameter,
surrounded by a phospholipid bilayer consisting of two species of phospholipid.? PL4 and DNA-
PLs HDL NPs each have a lipid-conjugated core scaffold on the interior of the particle,
surrounded by a surface monolayer of phospholipids. Each of these synthetic and native HDL
species include the apoA-1 protein that is primarily localized to the surface of the particle.

TEM imaging revealed monodisperse nanoparticles for assemblies using PLs and 9-
DNA-PL4 scaffolds (PLs HDL NP diameter: 10 £ 2 nm, 9-DNA-PLs HDL NP diameter: 9 + 2
nm) (Figures 2.12 and 2.13). Notably, the morphology of the particles was not characteristic of
immature, discoidal HDLs, or rHDLs, both of which exhibit a hallmark rouleaux formation of
stacked phospholipid discs.?® 52 15 Instead, the particles appeared roughly spherical, with a

peripheral hypodense region. Dynamic light scattering demonstrated hydrodynamic diameters of
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13.8 nm and 13.3 nm for PL4 and 9-DNA-PL4 HDL NPs respectively (Table 2.2), which were
found to be similar to the hydrodynamic diameters of native HDL, and HDL3 isolated from

human plasma.

23,000x mag 30,000x mag

49,000x mag 98,000x mag

Figure 2.12: Ultrastructural characterization of PLs HDL NPs via TEM

Imaging was performed with FEI Tecnai Spirit TEM. Inset (bottom right panel) is under
120,000% magnification. Scale bars labeled on each image, from 50-200 nm.
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Figure 2.13: Ultrastructural characterization of DNA-PL4 HDL NPs via TEM

Imaging was performed with FEI Tecnai Spirit TEM. Scale bar is 50 nm.

Table 2.2: Hydrodynamic diameters of LC HDL NPs and controls determined by DLS

Sample Hydrodynamic Diameter (nm)
Free apoA-I 76x0.2
Human HDL: 141+5.0
Human HDLs 13.6+6.1
PL4s HDL NP 13.8+3.9
DNA-PL4s HDL NP 13.3+4.6

As an additional means of determining particle size and polydispersity, we performed
size exclusion chromatography (SEC) on LC HDL NPs and controls. SEC results demonstrated
peak retention volumes of 8.22 and 8.88 mL for 9-DNA-PLs HDL NPs and PLs HDL NPs

respectively (Table 2.3 and Figure 2.14). PLs HDL NP exhibited two slightly offset peaks,
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perhaps due to a heterogeneity in apoA-l copies per particle, while DNA-PLs HDL NPs
exhibited a single peak. SEC also revealed a small amount of free apoA-I protein in LC HDL NP
samples, which was also observed for native HDL controls.

Table 2.3: Retention volumes for LC HDL NPs and controls from SEC

Sample Peak Retention VVolume (mL)
Free apoA-I 10.13
Human HDL; 8.21
Human HDL3 8.26
PLs HDL NP 8.88
DNA-PLs HDL NP 8.22
DNA-PL4scaffold alone 6.33

apoA-I + DPPC (no scaffold) 6.98




DMA-PL; scaffold alone (void volume cnirl)
Peak retention volume: 6.33 mL

Human HDL,
Peak retention volume: .21 mL

Human HDL,
Peak retention volume: 8.26 mL

apoh-|
Peak retention volume: 10.13 mL

DMA-PL,-HDL NP
Peak retention volume: 8.22 mL

Absorbance at 280 nm (au)

PL,-HDL NP
Peak retention volume: .88 mL

apoA-l + DPPC alone
Peak retention volume: 6.98 mL

>
Retention volume (mL)

Figure 2.14: Size exclusion chromatography results for LC HDL NPs and controls

UV absorbance at 280 nm (arbitrary units) is plotted against retention volume (mL).
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While assemblies using PL4 and 9-DNA-PL4 scaffolds successfully generated sub-20 nm
particles according to TEM, DLS, and SEC, the assemblies using 18-DNA-PL4 scaffolds
persisted as large vesicular structures after the addition of DPPC and apoA-1 (Figure 2.15). We
hypothesize that this is a result of the DNA hybrid’s size being prohibitively large for apoA-1
assembly. Interestingly, 9-DNA-PLs HDL NPs were not significantly larger than PL4s HDL NPs.
This result, in conjunction with the lack of assembly using 18-DNA-PL., suggests that LC HDL
NP size may be determined primarily by apoA-1 protein folding, irrespective of core size below
a given threshold. All figures and remaining text refer to the particles formed using 9-DNA-PL4

scaffolds simply as DNA-PLs HDL NPs.

23,000x mag 30,000x mag 49,000x mag

Figure 2.15: Ultrastructural characterization of the nanoparticle assemblies using 18-mer
DNA-PL4 scaffolds

Imaging was performed with FEI Tecnai Spirit TEM. Scale bars are 100-200 nm.

To confirm that both apoA-1 and the core scaffolds were required for LC HDL NP
assembly, TEM was conducted on control assemblies using 1) each of the core scaffolds with
DPPC liposomes without apoA-1 (Figure 2.16), 2) apoA-1 and DPPC without the core scaffolds
(Figure 2.17), and 3) the core scaffolds alone (Figure 2.18). In the absence of apoA-1, TEM

revealed a heterogenous group of vesicular structures ranging in diameter from approximately
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20-100 nm (Figure 2.16), demonstrating that apoA-1 is necessary for the formation of sub-20 nm

particles.

49,000x mag

23,000x mag

30,000x mag

DNA-
PL4 core

+ DPPC

PL4 core

+ DPPC

Figure 2.16: TEM imaging of core scaffolds + DPPC control samples, without apoA-I
Imaging was performed with FEI Tecnai Spirit TEM. We note that DNA-containing samples and
non-DNA-containing samples have differential propensities for uptake of uranyl acetate stain.
Scale bars are 100-200 nm.

23,000x mag 30,000x mag 49,000x mag

Figure 2.17: TEM imaging of apoA-1 + DPPC control assembly without a core scaffold
Imaging was performed with FEI Tecnai Spirit TEM. Scale bars are 100-200 nm.
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30,000x mag 48,000x mag 98,000x mag

9-mer DNA-PL4

alone

23,000x mag 30,000x mag 48,000x mag

PL4 alone

Figure 2.18: TEM images of core scaffolds alone, without DPPC or apoA-I

Imaging was performed with FEI Tecnai Spirit TEM. We note that DNA-containing samples and
non-DNA-containing samples have differential propensities for uptake of uranyl acetate stain.
Scale bars are 50-200 nm.

In the absence of a core scaffold, mixtures of apoA-1 and DPPC under these conditions
resulted in the formation of a mixture of large aggregates and vesicles (Figure 2.17),
demonstrating that the core scaffolds are required for the formation of sub-20 nm particles. The
TEM results for apoA-1 + DPPC without a core scaffold were consistent with the SEC results for
the same sample (Figure 2.14). The SEC results showed a heterogenous population of larger
particles that eluted off the column at shorter retention times than LC HDL NPs. Finally,
solutions of the core scaffolds alone showed the formation of a heterogenous group of vesicle-
like structures ranging in diameter from about 20 nm to 300 nm Figure (2.18), which were
similar in size and polydispersity to the results shown in Figure 2.16 for the core scaffolds +

DPPC without apoA-1.



69

Table 2.4. Structural analysis of native and synthetic HDLs via circular dichroism

apoA-I 57+3 4+2 14 +3 25+5
Au HDL NP 73+1 0+0 6+1 21+2
Human HDL2 50+2 71 18+4 24 +2
Human HDLs3 42 +1 15+1 15+1 28 + 3
PLsHDL NP S0+1 71 16+5 27 +1
DNA-PL4sHDL NP 40+1 20+ 2 16+2 25+ 7

We then determined the composition of LC HDL NPs by weight and found that the
particles closely mirror the composition of HDL, and HDL3, with the exception that LC HDL
NPs do not contain cholesterol or cholesteryl esters (Figure 2.19a). Next, to characterize particle
structure in terms of apoA-1 protein conformation, circular dichroism was performed on LC
HDL NPs and controls, and was analyzed using three distinct reference protein data bases. PL4
HDL NPs and DNA-PL4 HDL NPs were found to closely resemble human HDLSs in their protein
secondary structure, while Au HDL NPs exhibited excess alpha helicity and less beta sheet and
turn content (Table 2.4 and Figure 2.19b). To further characterize LC HDL NP structure, we
investigated protein oligomerization state by cross-linking LC HDL NPs with

bissulfosuccinimidy! suberate followed by immunoblot.?® ApoA-1 interaction with LC cores was
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found to induce stable oligomer formation (Figure 2.20). Moreover, the surface zeta potential of
LC HDL NPs was more negative (PL4: -21 £ 2 mV, DNA-PL4: -19 £ 1 mV) than apoA-1 alone
(-10 = 3 mV) or apoA-1 and DPPC without the core scaffold (-12 £ 2 mV), but consistent with

human HDL> (-19 £ 2 mV) and HDL3 (-21 £ 5 mV).

a b "
Human HDL PL, HDL NP
15% 3% %
\\
20 A\ \
51%  46% 51% 15\
34%
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Au HDL NP DNA-PL, HDL NP 5
8% 19% 190 \ 210 23V"2_50
25% -5 \
52% -10 e
67% 29% ! 15
" —— Human HDL 2 PL4 HDL NP
= Protein  Phospholipid = Gold Core - Lipid Conjugate Core = Cholesterol ===Human HDL 3 DNA-PL4 HDL NP

Figure 2.19: LC HDL NP composition and protein secondary structure

a) Composition by weight of human HDL, LC HDL NPs, and Au HDL NPs. b) Circular
dichroism spectra of human HDLs and LC HDL NPs.

Table 2.5: Molar composition ratios for PLs HDL NPs and DNA-PL4 HDL NPs.

apoA-I/core scaffold DPPC/core scaffold DPPC/apoA-I
Sample
(mol/mol) (mol/mol) (mol/mol)
PL; HDL NP -- 89* 35
DNA-PL4 HDL NP 2.56 54 21

*Calculated using the protein/core scaffold ratio experimentally determined for DNA-PLs HDL
NPs.
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Figure 2.20: Characterization of apoA-1 oligomerization profile of LC HDL NPs
LC HDL NPs were cross-linked using bissulfosuccinimidyl suberate prior to Western blot for
apoA-1.

Having characterized the physicochemical and materials properties of LC HDL NPs
using a wide range of techniques, we now offer additional discussion and speculation regarding
the structure and organization of LC HDL NPs. On the likelihood of the particles possessing a
surface monolayer of phospholipids versus a bilayer, we offer the following calculations. For a
spherical particle with a diameter of 10 nm (i.e., as determined by TEM), the surface area of the
outer leaflet is 4nr? = 4n(5 nm)? = ~314 nm?. Given a bilayer thickness of 40 A, the inner
leaflet of a bilayered, 10 nm diameter particle would have a radius of 2 nm and a surface area of
~13 nm2. Therefore, if we assume that a hydrated phospholipid head group has a surface area of
~0.72 nm?2,1® the particle would require approximately 454 lipids/particle to form a bilayer,
excluding the surface area contribution of apoA-I on the particle. If we allow for apoA-I to
assume 50% of the particle surface (a generous estimate), the particles would require
approximately ~227 phospholipids to form a bilayer over the remaining surface. If instead we

consider a monolayer model, we then predict ~209 phospholipids/particle. The latter estimate is

closer to the ratios we observed experimentally. More importantly, the severe curvature required
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for an inner leaflet of a bilayer to self-assemble at a diameter of 2 nm is extremely unfavorable,
and unlikely to occur.

In fact, if we assume that there is only one core scaffold per particle, our determined
phospholipid values are below the expected number of phospholipids required for a monolayer.
We therefore believe that either apoA-l occupies a greater portion of the particle surface on
average than expected (plausible given the oligomerization results), and/or that some fraction of
the particles contain more than one core scaffold. If we assume an average of two core scaffolds
per particle, we obtain estimates of 106-180 phospholipids per particle, which are more
consistent with the estimate calculated above for a monolayer than for a bilayer. Note that these
calculations assume the LC HDL NP diameter determined via TEM. The SEC results, for
instance in the case of PLs HDL NPs, indicate that one could manipulate these assumptions and
parameters to account for other populations of particles that may have different numbers of
constituents (e.g. apoA-I).

We note that the aforementioned calculations also neglect any perturbations to the outer
phospholipid layer, which may be introduced by the externally oriented lipid tails from PL4 and
DNA-PL4 scaffolds. These perturbations would then increase the effective surface area per
phospholipid (i.e., > 0.72 nm?, which would move the estimated number of
phospholipids/particle even lower than the aforementioned estimate for a monolayer, which
would trend even more toward our experimentally determined data, and away from a bilayer
model. Independently of these calculations, Yetukuri et. al. estimates 109 phospholipids per
native human HDL particle.*® This is directly in the vicinity of our molar composition data,
assuming an average of 1-2 cores per particle. While the calculations provided above represent a

cursory examination of particle composition as it relates to our proposed model, future studies
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could be devoted to computational simulations with atomic-level precision in order to determine
particle structure more precisely.

Regarding the apoA-l copy number per particle, the cross-linking results presented in
Figure 2.20 reveal the highest-intensity bands for particles with 2-3 apoA-I molecules, with
significant presence of bands for particles with 4-5 copies. This data is consistent with the best
models of human HDL available, for instance in Figures 5 and 6 of a manuscript by Huang et.
al.’™® These figures illustrate models in which apoA-1 is arranged in HDLs in trimers, tetramers,
and pentamers in various conformations.

We offer the following discussion regarding the validity of comparing phospholipid and
protein composition between synthetic and native HDLs using our quantification methods, and
whether the outputs of the colorimetric assays that we used are reflective of total HDL
composition. While native HDLs do certainly harbor a diverse range of phospholipids, non-
phosphatidylcholine lipids comprise quite a small minority of total HDL lipid content by mass or
mol %. For instance, Yetukuri et al.™®" report the following data for ordinary human HDL:

Table 2.6: Molar composition of native HDLs.*’

Phosphatidyl Free Cholesteryl Lyso-
apoA-1  Sphingomyelins Triglycerides
Choline Cholesterol Esters PC
Copy # 2 19 109 50 90 19 10

Given this data, we calculate that by quantifying the amounts of PC and lyso-PC (both detected
by the choline detection kit), and free cholesterol and cholesteryl esters (detected by Amplex Red
assay), we will on average account for 259/297 lipid molecules in a typical native HDL particle.

This represents 87% of the total lipid constituents of HDLs. Furthermore, our protein
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quantification method is unbiased as bicinchoninic acid does not discriminate between the
exclusive apoA-I harbored by LC HDL NPs vs the combination of apoA-I (~70%), apoA-II
(~20%), and non-apoA proteins in native HDLs. Consequentially, we are confident that our
quantification methods are capable of detecting nearly all of the lipids and proteins in native and
synthetic HDLs in a largely unbiased fashion.

Here, we provide further discussion regarding our interpretations of the SEC results.
First, we used two different control samples with large hydrodynamic diameters to determine the
void volume: 1) DNA-PL4 scaffold alone, which exhibited diameters between 100 and 200 nm
via TEM, and 2) Collagen 1V, a large extracellular matrix protein (~160 kDa; predicted to be
trimerized in aqueous solution). Both DNA-PL4 scaffold alone (Figure 2.14) and Collagen 1V
(data not shown) began to elute from the column at ~6.0 mL, defining the void volume. Note that
the DNA-PL4 scaffold alone also exhibited a small peak at 9.28 mL, which likely represents the
core scaffold monomers or oligomers, without adopting higher order self-assembled structures
such as vesicles. PLs HDL NPs and DNA-PL4 HDL NPs exhibited retention volumes of 8.88 and
8.22 respectively, compared to 8.21, 8.26, and 10.10 for human HDL, human HDL3, and apoA-I
respectively. Notably, PLs HDL NPs exhibited two slightly offset peaks (8.59 and 8.88 mL), and
both LC HDL NPs exhibited small right-sided tails consistent with free apoA-I (~10.10 mL). We
also ran apoA-l + DPPC without a core scaffold as a control, and observed a heterogenous
mixture of large, intermediate, and small species (Figure 2.14). Importantly, the apoA-I + DPPC
control sample assembled primarily into large protein aggregates (consistent with TEM results),
as the vast majority of protein was lost upon filtration with a 0.2 um filter. In sum, SEC results
support the other size characterization methods (TEM and DLS) in suggesting that LC HDL NPs

are within the size regimes of native HDLs. SEC reveals that LC HDL NPs are generally
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monodisperse, the PLs HDL NP sample has two distinct populations of particles that are of
similar size, and that there is a small amount of free apoA-I protein in samples.

Lastly, we provide the following discussion regarding the mechanism of action for LC
HDL NP cholesterol transport, taking DNA-PLs HDL NPs as a case study. Our working
hypothesis for DNA-PL4s HDL NP particle function is as follows: DNA-PL4s HDL NP particles
diffuse through the aqueous biological medium and bind to HDL-specific cell surface receptors
(ABCA1, ABCG1, SR-B1) via the apoA-I protein on the particle surface. Upon binding to the
receptor, the particle induces a conformational change in the receptor whereby cholesterol is
mobilized from the plasma membrane through a non-aqueous pore in the receptor and onto the
particle. The non-esterified, effluxed cholesterol forms constructive enthalpic interactions with
the hydrophobic portions of the apoA-I protein and the phospholipid tail groups of the surface
monolayer, while the alcohol group may interact with the negatively charged DNA moiety or the
phospholipid head groups via hydrogen bonding. Upon sequestering effluxed cholesterol, the
particle eventually dissociates from the receptor and diffuses back into the medium. When LCAT
is present, apoA-l on the particle serves as a co-factor for the enzymatic esterification of
cholesterol in the particle. When this particle-bound cholesterol becomes esterified, the
hydrophobic portion of the cholesteryl ester likely reorients preferentially to hydrophobic
residues on apoA-1 and phospholipid tails. Another possibility is that after esterification, some of
the cholesteryl ester is transferred from the DNA-PL4 particles to other lipoproteins in solution
(e.g. via CETP). For delivery function, DNA-PL4 particles loaded with cholesterol (primarily
unesterified cholesterol) engage SR-B1 on the surface of hepatocytes, and transfer cholesterol
into hepatocytes via a non-aqueous pore in the receptor. A single cohort of DNA-PL4 particles

may be able to on-load and off-load cholesterol for multiple rounds of efflux and delivery. The
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mechanism by which PLs HDL NPs would be very similar to that of the DNA-PLs HDL NPs
with the exception that PLs HDL NPs can harbor and transport considerably more hydrophobic
cargo due to its significantly more hydrophobic core, as evidenced by the enzymatic

esterification results.

2.4 Conclusions

We report the synthesis and characterization of soft-core, HDL-like nanoparticles (LC
HDL NPs) that strongly resemble native mature, spherical HDLs. We used novel, lipid-
conjugated organic core scaffolds to direct the self-assembly of HDL NPs upon addition of
apoA-1 and phospholipids (DPPC). LC HDL NPs were found to be 9-13 nm in diameter by
TEM, DLS, and SEC, consistent with the standard size regime of native HDLs. LC HDL NPs
also closely mimic native mature HDLs in their surface charge, composition, and protein

secondary structure.®

2.5 Materials and Methods

Unless otherwise stated, all reagents and reagent-grade solvents were purchased from
Sigma-Aldrich (Milwaukee, WI) and used as received. All lipids— 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-dibenzocyclooctyl (DBCO PE) and 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC)- and fluorescent cholesterol (22-(N-(7-Nitrobenz-2-Oxa-1,3-
Diazol-4-yl)Amino)-23,24-Bisnor-5-Cholen-3p-Ol ((NBD)-cholesterol)),were obtained
from Avanti Polar Lipids (Alabaster, AL). Monomeric ApoA-I protein and lecithin:cholesterol
acyltransferase (LCAT) protein were obtained from MyBioSource (San Diego, CA). Ultrapure

deionized (DI) H20 (18.2 MQ-cm resistivity) was obtained from a Millipore system (Milli-Q
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Biocel). Tetrakis(4-azidophenyl)methane!® and lipid phosphoramidite'®® were synthesized
according to previously published procedures.

The syntheses of hexynyl-functionalized DNA strands and DNA-lipid conjugates were
carried out on an Expedite 8909 Nucleic Acid System. DNA products were purified and
analyzed on an Agilent 1100 HPLC equipped with reverse-phase (RP) semi-preparative
(Dynamax, 250 x 10 mm, Microsorb 300 A/10 um/C18, Agilent # R083213C10) and analytical
(Dynamax, 100 x 4.6 mm, Microsorb 100 A/3 um/C18, Agilent # R0080200E3) columns,
respectively. The coupling of hexynyl-functionalized DNA with tetrakis(4-azidophenyl)methane
was carried out in a Thermomixer R 5355 (Eppendorf AG North America, Hauppauge, NY)
instrument.

Absorption spectra of DNA materials were recorded on a Varian Cary 300 Bio UV-vis
spectrophotometer (Varian, Inc., Palo Alto, CA) using a masked quartz cell (path length = 10
mm, catalog # 29B-Q-10-MS, Starna cells Inc., Atascadero, CA).

Negative stain transmission electron microscopy (TEM) images were acquired using a
FEI Tecnai Spirit TEM operating at 120 kV, using 300-mesh carbon-coated copper grids
(Electron Microscopy Services). Dynamic light scattering (DLS) and zeta potential
measurements were carried out on a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK)
equipped with a He-Ne laser (633 nm). Size exclusion chromatography was carried out with a
PSS Suprema column 7.6*250 mm using Agilent 1260 HPLC system equipped with UV detector
and connected to Wyatt Heleos Il MALS and RI detectors. Confocal imaging was carried out
with a Nikon A1R Spectral microscope. Flow cytometry was performed using a BD
LSRFortessa cell analyzer. Matrix-assisted laser desorption/ionization time-of-flight (MALDI-

ToF) mass spectrometric data were collected as negative ions using the linear mode on a Bruker
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AutoFlex 111 MALDI-ToF mass spectrometer (Bruker Daltonics, Billerica, MA). The instrument
was equipped with Smartbeam™ laser technology operated at 30-40% power with a sampling
speed of 10 Hz. One thousand scans were averaged for each mass spectrum. Data from Agilent
HPLC and Bruker MALDI-ToF instruments were processed using MestreNova software version
8.1.1-11591.
Synthesis and purification of 9- and 18-SMDHz4’s

Small molecule-DNA hybrids (SMDHs) with 9 and 18 mer DNA arms (9- and 18-
SMDHpy’s, respectively) were synthesized and purified according to a previously published
procedure’®? and DNA sequences used in this study are listed in the Table S1. To identify the
different products that were formed in the SMDH preparation, an aliquot of the collected sample
of crude SMDHs was first analyzed using an analytical RP-HPLC column (see Section S1) and a
gradient method beginning with 955 v/v 0.1 M TEAA (aq):MeCN (TEAA (agq) =
triethylammonium acetate, aqueous solution), and increasing to 60:40 v/iv 0.1 M
TEAA(aq):MeCN over 35 min (at a ramp of +1 vol% MeCN/min), with a flow rate of 1 mL/min.
Then, the whole sample was subjected to purification using a semi-preparative RP-HPLC
column (see Section S1) and a gradient method beginning with 95:5 v/iv 0.1 M TEAA
(ag):MeCN and increasing to 60:40 v/v 0.1 M TEAA(aq):MeCN over 70 min (at a ramp of +0.5
vol % MeCN/min, a slower gradient was employed here to ensure adequate separation of the
peaks), with a flow rate of 3 mL/min. The identity of the collected SMDHa4 product was
confirmed by MALDI-ToF MS analysis (insets in Figures S1 and S2) and its purity was
reassessed using analytical RP-HPLC (Figures S1 and S2) with the aforementioned analytical
RP-HPLC solvent program.

Solid-phase synthesis and purification of DNA-phospholipid conjugates
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Syntheses were carried out from the 3’ direction using controlled pore glass (CPG) beads
possessing 1 umol of either adenine (Glen Research, dA-CPG # 20-2001-10, (1000 A, 28
umol/g)) or thymine (Glen Research, dT-CPG # 20-2031-10 (1000 A, 27 pmol/g)) attached to
the surface. The CPG beads were placed in a 1 umol synthesis column and 3’-phosphoramidites
(Glen Research, dA-CE phosphoramidite # 10-1000-C5, Ac-dC-CE phosphoramidite # 10-1015-
C5, dmf-dG-CE phosphoramidite # 10-1029-C5, dT-CE phosphoramidite # 10-1030-C5) were
then added using the standard 1 pmol protocol on an Expedite 8909 synthesizer to make the
CPG-3'-ssDNA (see Table S1 for sequences). A lipid phosphoramidite was added to the 5" end
of ssDNA strand and then the beads were dried with a stream of dried nitrogen gas and placed in
a vial containing aqueous fresh AMA solution (1 mL of a 1:1 v/v mixture of 30 wt % aqueous
ammonium hydroxide solution and 40 wt % aqueous methylamine solution). The vial was then
capped and heated at 65 °C for 15 min to cleave DNA-lipid conjugates from the solid supports.
The ammonia and methyl amine byproducts were then removed by passing a stream of dry
nitrogen gas over the content of the vial until the characteristic ammonia smell disappears. The
remaining liquid, which contains the crude DNA-lipid conjugates, was collected by pipette and
the remaining beads were further extracted with ultrapure deionized water (200 pL). The extract
was combined with the initial solution of crude DNA-lipid conjugates (affording a total volume
of 0.4 mL at the end) and filtered through a 0.45 um nylon syringe filter (Acrodisc® 13 mm
syringe filter # PN 4426T). The collected sample of crude product was subjected to purification
using analytical RP-HPLC (Figures S3 and S4) and a gradient method beginning with 95:5 v/v
0.1 M TEAA (ag):MeCN (TEAA (aq) = triethylammonium acetate, aqueous solution), and
increasing to 100% MeCN over 50 min (at a ramp of +1.9 vol% MeCN/min), with a flow rate of

1 mL/min. The identity of the collected product was confirmed by MALDI-ToF analysis (insets
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in Figures S3 and S4) and its purity was verified by denaturing polyacrylamide gel
electrophoresis (PAGE) (Figure S4).

Hybridization of DNA-phospholipid conjugates and SMDHz4

Equimolar mixtures of the as-prepared SMDHs4 and its complementary DNA-lipid
conjugate in TAMg buffer solution (40 mM Tris, 20 mM acetic acid, and 7.5 mM MgCl»; pH
7.4) were added into 0.5 mL Eppendorf tubes. The resulting solutions were then heated to 90 °C
in a heating block (Thermomixer R; Eppendorf, Hauppauge, NY) and kept there for 5 min to
remove all initial DNA interactions. The power to the heating block was then turned off to allow
the solution to slowly cool to rt over 3 h (for a typical cooling profile of this equipment, please
see Fig. S16 in the Sl for Yildirim, I.; Eryazici, I.; Nguyen, S. T.; Schatz, G. C. J. Phys. Chem. B
2014, 118, 2366-2376).
Synthesis of PL4 core scaffold

PL4 core materials were synthesized by copper-free click chemistry conjugation of 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-dibenzocyclooctyl (DBCO PE) with a
tetrahedral small molecule core (tetrakis(4-azidophenyl)methane) with four terminal azides
(Figure S6). In a typical reaction, the DBCO PE and tetrakis(4-azidophenyl)methane were each
dissolved at 0.1 wt % in N,N-dimethylformamide (DMF, Sigma Aldrich) and mixed at a 10:1
molar ratio of DBCO PE to tetrakis(4-azidophenyl)methane in DMF. The reaction mixture was
subjected to three rounds of alternating vortexing and bath sonication, and was then allowed to
react at room temperature under vortex for 24 h. HPLC and electrospray ionization mass
spectrometry (Figure S7) was then used to characterize the resulting reaction mixture. As Figure

S7 only show a single species at the right mass for PL4, we conclude that there is no partially
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coupled product (PLs, PL>, etc.) and use the reaction mixture for the assembly step. As the
assembly step (see Section S2¢ below) involves adding a large excess of DPPC lipids, there is no
need to separate the excess DBCO PE molecule from the PL4 core prior to its use in the
assembly.

LC HDL NP assembly

Nanoparticle assembly was carried out by first preparing 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) liposomes. DPPC was dissolved at 0.1 wt % in chloroform in 5 mL
glass vials. A thin film was then generated by evaporating the solvent with N> gas. The film
was further dried under reduced pressure in a desiccator for > 2 h. Liposomes were then
generated by resuspending the thin film in phosphate-buffered saline (PBS, 10 mM phosphate
and 137 mM NaCl, pH = 7.4) at a DPPC concentration of 1 mM and then subjecting to
alternating bath sonication and vortexing. For PLs HDL NPs, the PL4 core scaffold was prepared
by generating a thin film from a 0.1 wt % solution in DMF by evaporating the solvent with N>
gas. For DNA-PL4 HDL NPs, the core scaffolds were prepared as a solution in TAMg buffer (40
mM Tris, 20 mM acetic acid, and 7.5 mM MgCly; pH = 7.4) due to the improved water solubility
of the core imparted by the oligonucleotides.

To initiate particle assembly, the non-scaffold nanoparticle components were then added
sequentially to the core scaffolds. In a typical assembly, DPPC (20 nmol from a 1 mM
suspension in PBS) was combined with the lipid conjugate core scaffold (either PLs or DNA-
PL4, 2 nmol from a thin film (PL4) or a 1 mM suspension in PBS (DNA-PL4)), followed by the
addition of apoA-I (4 nmol from an 1 mg/mL suspension in PBS). This combined suspension
was then diluted in PBS to a final core concentration of 10 uM in PBS. Next, the resulting

suspension was subjected to three rounds of alternating bath sonication (90 s ON, 30 s OFF) and
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vortexing, and allowed to relax on ice for 30 min. The particles were then filtered away from the
supernatant and concentrated using spin columns (MilliPore; 0.5 mL 50 kDa MWCO). The
column was first rinsed in PBS for 10 min at 10,000 g at 4°C, prior to three rounds of spin
filtration of the particles under the same conditions. An aliquot of PBS (500 pL) was added to
the column after each spin. After each round of filtration, the particles were centrifuged by
desktop centrifugation to remove aggregates, if any. After the final round of filtration, the small
volume of concentrated particles (~ 20 pL) was diluted to 100-200 pL in PBS and the protein
concentration was determined by bicinchoninic acid assay (BCA), with spectroscopic
measurement of absorbance at 562 nm after incubation with BCA reagents at 37 °C for 30 min.
The particles were then either used immediately or placed at 4 °C for short-term storage. For all
downstream assays, the concentration of LC HDL NPs was determined by BCA quantification of
protein; and protein concentration was held constant across all groups. The core concentration of
DNA-PL4 was determined directly using UV-vis spectroscopy and Beer’s Law, upon knowing
the molar extinction coefficient of the DNA. After the protein concentration was determined via
BCA, aratio of core to protein could then be determined.
Preparation of controls for TEM

Control samples were prepared to investigate the LC HDL NPs assembly process, and its
dependence on the lipid conjugated core scaffold and apoA-l. Core scaffold + lipids without
apoA-1 controls were prepared by first making DPPC liposomes as described above (Section
S2c). DPPC liposomes were then added to core scaffolds at the same concentration and molar
ratio as in LC HDL NPs, with PL4 scaffolds thin filmed and DNA-PL4 scaffolds in aqueous
buffer. The mixtures were then subjected to three rounds of alternating sonication and vortexing,

and were filtered and concentrated through 50 kDa MWCO spin columns as above. apoA-I and
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DPPC alone controls were assembled in an identical manner, in the absence of core scaffolds.
Core scaffold alone controls were subjected to the same sonication and filtering process, without
addition of DPPC or apoA-I.
Synthesis of Au HDL NPs.

Au HDL NPs were synthesized and purified as previously reported by the Thaxton
group.?® In the indicated reference, the synthesis and purification protocol can be found in the
Materials and Methods section entitled “Synthesis of fmHDL”. We note that the Au HDL NPs
terminology used in the current work refers to the fmHDLs assembled using ordinary apoA-I,
not “apoA-1-SH”, which was also being investigated therein.

HDL2 and HDLz3 isolation from human serum

HDL, and HDL3zwere isolated from human universal donor serum. The serum was
obtained from the Matthews Center for Cellular Therapy at Northwestern University. A density
gradient isolation procedure was used to obtain HDL, and HDLs. First, the serum density was
adjusted by adding potassium bromide (KBr) to the density of LDL (1.063 g/mL) using the
following formula: g KBr = ((Vi(D+Di))/(1-(V x Ds)), where Vi is the initial volume of the
plasma (mL), D is the final density (g/mL), Diis the initial density (g/mL), and V is the partial
specific volume of KBr (0.298 mg/mL for LDL). Phenylmethylsulfonyl fluoride (PMSF) was
added to the serum at a final concentration of 10 uM followed by the addition of KBr. This step
was performed on ice. The mixture was constantly stirred to solubilize the KBr. Once KBr was
solubilized, 12.5 mL of adjusted-density serum was added to ultracentrifuge tubes with 37.5 mL
of KBr (d 1.063 g/mL) layered on top. Tubes were centrifuged in a Beckman Coulter
ultracentrifuge (rotor: Ti45) at 4 °C at 41,500 x g for 22 hours. After centrifugation the LDL

layer (top layer) was removed. Next, we isolated HDL, from the LDL-free sample. The density
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of the LDL-free serum fraction was adjusted to the density of HDL>(1.125 g/mL) with KBr using
the above formula (V = 0.314 mg/mL for HDL,) and centrifuged as above. The top layer
containing HDL, was collected. Finally, HDL3 was isolated from the serum volume remaining
after removal of LDL and HDL,. The density of the HDL-free serum fraction was adjusted to
the density of HDL3(1.23 g/mL) with KBr using the above formula (V = 0.318 mg/mL for
HDL3) and centrifuged as above. The top layer containing HDL3 was collected. Each of the
HDL. and HDL3s fractions were dialyzed using 10K cut-off Slide-A-Lyser (TheremoFisher
#66830) against 4 L of PBS + 1 mM EDTA at 4 °C overnight. Dialyzed HDL, and HDL3 were
then run on a Superdex 200 16/60 size-exclusion chromatography column (GE #28989335).
Fractions were collected in 1.7 mL volumes. Fractions that contained either HDL, or HDL3 as
determined by SDS-PAGE gel and Coomassie staining were pooled and the concentration
determined by BCA assay. The quantified HDLs were frozen in liquid nitrogen and stored at -80
°C.

Transmission electron microscopy (TEM)

For grid preparation, samples were prepared at a concentration of 500nM-2 uM protein in
PBS, dropcast on UV-treated carbon-coated copper 300-mesh grids (Electron Microscopy
Services) and air dried in a chemical fume hood. The grids were washed twice with PBS, stained
twice with 2% uranyl acetate for 20 sec, then washed three times with PBS and air dried prior to
imaging. Imaging was conducted using a FEI Tecnai Spirit TEM operating at 80 kV.
Dynamic light scattering (DLYS)

DLS and zeta potential measurements were carried out on a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) equipped with a He-Ne laser (633 nm). Non-invasive backscatter

method (detection at 173° scattering angle) was used. Correlation data were fitted, using the
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method of cumulants, to the logarithm of the correlation function, yielding the diffusion
coefficient (D). The hydrodynamic diameters (D) of the particles were calculated using D and
the Stokes-Einstein equation (Dn = ks7/3znD, where kg is the Boltzmann constant, T is the
absolute temperature, and # is the solvent viscosity (y = 0.8872 cP for water)). The
polydispersity index (PDI)—represented as 2c/b?, where b and c are first- and second-order
coefficients, respectively, in a polynomial of a semi-log correlation function—was calculated by
cumulants analysis. Size distribution of particles was obtained by non-negative least squares
(NNLS) analysis.’®® Samples were prepared in distilled water or PBS, typically at 10-100 nM
particle concentration. For each sample, three measurements were acquired with ten runs per
measurement.

Size exclusion chromatography (SEC).

SEC analysis was performed on PSS Suprema column 7.6*250 mm using Agilent 1260
HPLC system equipped with UV detector and connected to Wyatt Heleos Il MALS and RI
detectors. Flow rate was 1 ml/min with PBS as a mobile phase.
Circular dichroism

Circular dichroism was carried out using a JASCO J-815 CD spectrometer. All samples
were diluted to 75 pg/mL protein in distilled water. Spectra were derived from three
accumulations of a single sample. Secondary structure data was acquired using CDPro software
package running the CONTIN analysis algorithm. Three distinct analyses were performed using
different soluble protein reference sets. The values reported in Table 1 reflect the mean £ SEM

results of these three analyses.
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The CD spectra of the DNA-PL4 conjugates alone exclusively exhibit circular dichroism
peaks at ~ 260 nm, which is typical of nucleic acids, with no signal in the low-UV regions where
alpha helicity, beta sheet, or turn content is observed for apoA-I-containing particles.
Composition characterization: protein quantification

To quantify protein content of nanoparticles and native HDL, we used a commercially
available bicinchoninic acid (BCA) assay (Thermo Fisher) per the manufacturer’s instructions.
Briefly, we generated a protein standard curve by diluting bovine serum albumin (BSA) samples
from 0.125-2 mg/mL into a final volume of 80 ul per well in 96-well plates using BCA reagent
solution. Nanoparticle samples were diluted in the same manner; standards and samples were
diluted by a factor of 40. Standards were plated in duplicate and samples were plated in
triplicate. Plates were incubated for 30 min at 37°C and then absorbance at 562 nm was
measured using a Synergy plate reader.
Composition characterization: phospholipid quantification

Phospholipid content of nanoparticles and native HDL was quantified using a
colorimetric Phospholipid Assay Kit (Sigma-Aldrich) per the manufacturer’s instructions.
Briefly, a phospholipid standard calibration curve was prepared with a 15-200 pM range via
serial dilution. Samples were serially diluted in PBS to obtain one or more dilutions within the
range of the standard curve.! Samples and standards were then incubated with the enzyme
reaction mixture for 30 min at rt and then absorbance at 572 nm was determined using a Synergy
plate reader.

Composition characterization: cholesterol, cholesteryl ester, and core quantifications

1 As an example calculation, an initial stock solution that contains 20 nmol of DPPC in a volume of 100 uL has a
DPPC concentration of 200 pM. After particle synthesis and filtration, dilution and some DPPC loss occurred,
reducing the final DPPC concentrations to the 100-200 uM range, which falls nicely in the range detected by the
assay kit (range = 3-200 pM).
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Cholesterol and cholesteryl ester concentrations were determined using an Amplex Red
Cholesterol Assay (ThermoFisher) per the manufacturer’s instructions. Briefly, cholesterol
standard curves were prepared in Kit-provided aqueous buffer (1x Reaction Buffer) from 8
pg/mL to 125 ng/mL. Two sets of samples were prepared in triplicate and diluted into 1x
Reaction Buffer. Two reaction mixtures were then prepared containing hydrogen peroxide,
resorufin, and the enzymes horseradish peroxidase, cholesterol oxidase, with or without
cholesterol esterase to enable quantification of both free cholesterol and cholesteryl esters. One
set of samples was then incubated with reaction mixture containing cholesterol esterase, and the
other set was incubated with reaction mixture without cholesterol esterase. Microplates were
then incubated at 37 °C for 1 h or until fluorescent signal began to decline. The core
concentration of DNA-PLs HDL NPs was determined by measuring absorbance at 260 nm via
UV-Vis spectroscopy. For composition data, the PL4 core concentration was estimated using the
experimentally determined core:protein molar ratio obtained for DNA-PLs particles.
Composition of Au HDL NPs was reported from previously published work.?®
Oligomerization assay
The cross-linking agent bis[sulfosuccinidimidyl]suberate (BS3) (Sigma Aldrich) was
used to stabilize any higher order oligomerization states of apoA-1 in LC HDL NPs upon
assembly, prior to detection via immunoblot. The method used here was adapted from a
previously reported protocol 26, LC HDL NPs were prepared as described above and diluted to
50 pg/mL protein in PBS. BS3 cross-linking agent was then added to LC HDL NPs for a final
BS3 concentration of 2.5 mM, and the reaction was allowed to proceed for 30 min at room
temperature. To produce an apoA-I oligomer ladder, lipid-free pure apoA-1 (MyBioSource) was

dialyzed in PBS, and then subjected to cross-linking with BS3 (0.25 mM) at elevated protein
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concentration (500 pg/mL) for 4 h at room temperature. 0.5 M Tris base was used to stop the
cross-linking reactions (45 mM final).

BioRad apparatuses were used for gel electrophoresis and protein transfer. Pre-cast 4-
20% polyacrylamide gels (MiniProtean TGX, BioRad) were used for separation. Protein transfer
to polyvinylidine fluoride (PVDF) membrane was performed using Tris-Glycine buffer with 20
vol % methanol. PVDF membrane was then rinsed in TBS and blocked in 5 wt % nonfat dry
milk for 1 h at rt. Primary antibody (rabbit anti-apoAl, Abcam) was added to the membrane at
1:1000 dilution in 5 wt % nonfat dry milk, and incubated at 4 °C overnight. The membrane was
then washed in TBS-Tween (0.1%) three times for 10 min each. Secondary antibody (goat anti-
rabbit HRP, BioRad) was then added at 1:2000 dilution in 5 wt % nonfat dry milk. The
membrane was then washed three times in TBS-Tween for ten minutes each, and then bathed in
electrochemiluminescence substrate solution for 1 min, and exposed to autoradiography film for

10-90 sec for optimal exposure duration and developed (Figure S12).
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Chapter 3: Soft-core high-density lipoprotein mimics efficiently transport
cholesterol and reduce atherosclerotic burden

3.1 Objectives and Significance

HDL mimicking nanoparticles have been tested extensively for their efficacy as anti-
atherosclerotic agents (see Section 1.1.4). However, the vast majority of these synthetic HDLs
have resembled immature, discoidal HDL, not mature spherical HDL. Having demonstrated that
we could synthesize genuine, soft-core mimics of spherical HDL (PL4s and DNA-PLs HDL NPs)
that strongly resemble native HDL in their size, composition, surface chemistry, and protein
secondary structure, we then sought to determine whether these constructs could function
similarly to native HDLs in vitro and ultimately whether they could reduce atherosclerotic
burden in vivo. We first find that LC HDL NPs execute salient HDL functions in vitro.
Specifically, LC HDL NPs efflux cholesterol from macrophages, deliver cholesterol to
hepatocytes, support the enzymatic esterification of cholesterol via lecithin:cholesterol
acyltransferase, and suppress inflammation. We then find that systemic injections of LC HDL
NPs drastically reduce atherosclerotic burden in LDL-R” mice by ~65-75%. These results
indicate that LC HDL NPs represent a promising therapeutic agent for atherosclerosis.
3.2 Background and Motivation

Synthetic mimics of HDL have been explored for their efficacy as anti-atherosclerotic
agents for the past two decades. The vast majority of synthetic HDLs reported to date, such as
rHDLs, have resembled immature, discoidal HDL. This circumstance can largely be attributed to
the canonical view that immature, discoidal HDLs are responsible for the majority of RCT
activity, and that RCT is the most significant mechanism responsible for ASCVD risk

reduction.’® However, there remains ongoing debate regarding the relative contributions of
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discoidal and spherical HDLs to anti-atherosclerotic effects, and hence a question about which
subspecies are ideal synthetic targets for potential therapies. Clinical trials investigating the anti-
ASCVD efficacy of discoidal rHDLs have thus far failed to demonstrate the desired results.8-%
147 Moreover, there is also evidence that larger, spherical HDL species are specifically associated
with reduced risk of ASCVD.%>1% This correlative data, in combination with emerging evidence
regarding HDL metabolism,?° has led some investigators to propose an alternative model'® that
suggests spherical HDLs play a primary role in atheroprotection (see section 1.1.2). To this end,
we sought to investigate the efficacy of our recently reported class of novel spherical HDL
mimics as anti-ASCVD agents.

3.3. Results and Discussion.

Complementary biological assays were performed to investigate whether LC HDL NPs
could recapitulate salient HDL functions in vitro. A critical property for HDL mimicry is the
ability to efflux cholesterol from lipid-laden macrophages. Efflux efficiency of LC HDL NPs
was determined using an in vitro radiolabeled cholesterol efflux assay.3’ Briefly, J774
macrophages were loaded with tritium-labeled cholesterol ([*H]-chol), cultured with cAMP to
upregulate cholesterol-efflux receptors, and then treated with nanoparticles or controls for 4 h.
The media supernatant was subjected to liquid scintillation counting to quantify percent effluxed
[*H]-chol. Results showed that both PLs HDL NPs and DNA-PLs HDL NPs facilitated robust
cholesterol efflux (PL4: 6.2 £ 0.7%, DNA-PL4: 6.5 + 0.2%; 100 nM protein) in a dose-dependent

fashion (Figure 3.1a).
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Figure 3.1: LC HDL NPs efflux and deliver radiolabeled cholesterol in vitro

(@) LC HDL NPs efflux [®H]-chol from J774 macrophages. (b) % Influx of [3H]-chol
to HepG2 hepatocytes in a tandem efflux-influx assay. (c) Quantification of [*H]-chol in all
fractions from tandem assay. Two-tailed Student’s t test: **p < 0.01. *** p < 0.001.

Encouraged by these results, we then designed an experiment to simulate the entire RCT
process in a single assay. We accomplished this by carrying out the standard radiolabel efflux
assay followed by an influx step where the conditioned efflux media was removed from the
original J774 culture wells and introduced to cultured hepatocytes (HepG2). Influx of [*H]-chol
was then allowed to proceed for an additional 4 h. Liquid scintillation counting analyses of all

three fractions from macrophages, hepatocytes, and media supernatant then revealed that LC
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HDL NPs exhibited superior cholesterol transport capacity compared to human HDLS, apoA-1,
and Au HDL NP (Figure 3.1b, c). This assay demonstrates not only that LC HDL NPs are
capable of robust cholesterol efflux and delivery, but that a single particle cohort can execute

these functions sequentially by on- and off-loading cholesterol in a dynamic fashion.
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Figure 3.2: LC HDL NPs facilitate delivery of NBD-chol to hepatocytes in 30 min

(a,b) Flow cytometry of HepG2 cells after treatment with NBD-chol and LC HDL NPs, Au HDL
NPs, human HDLs, or controls. (c) Confocal microscopy of HepG2 cells of select groups treated
with NBD-chol. Two-tailed Student’s t test: *p < 0.05. ***p < 0.001.

We next investigated the efficacy of LC HDL NPs as cholesterol delivery agents
independently of efflux, a function carried out in the native setting by mature HDLs. HepG2
cells were co-treated with fluorescent cholesterol (NBD-chol) and LC HDL NPs or controls, and
subsequently processed for flow cytometry or confocal microscopy. Results showed that LC

HDL NPs facilitated efficient delivery of NBD-chol in only 30 min (Figure 3.2), with 23% of
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PLs HDL NP-treated cells being NBD-positive compared to 8.5%, 6.8%, and 5.7% for HDL.,

apoA-1, and Au HDL NP respectively.

Native HDLs also support the enzymatic esterification of free cholesterol, a reaction
carried out in the blood by the enzyme lecithin:cholesterol acyltransferase (LCAT). We found
that both PLs and DNA-PLs HDL NPs were able to support LCAT-mediated esterification
(Figure 3.3a). However, PLs HDL NPs exhibited a substantially greater capacity for
esterification over DNA-PL4s HDL NPs and Au HDL NPs, converting 87% of bound cholesterol
to cholesteryl esters. We hypothesize that this can be attributed to the increased hydrophobicity
of the PL4 core over Au and DNA-PL4 cores, which enables efficient stabilization and
sequestration of cholesteryl esters.

Inflammation promoted by macrophage NF-kB activity is a hallmark of ASCVD that
drives disease progression and increases morbidity and mortality. We treated human monocyte
NF-kB-reporter cells (THP1-Dual) with lipopolysaccharide to stimulate NF-kB activity prior to
treatment with LC HDL NPs or controls. While apoA-1 alone exhibited no capacity to reduce
NF-xB activity under these low-dosing conditions, both PLs HDL NPs and DNA-PLs HDL NPs
reduced NF-kB activity in a dose dependent manner, by 31% and 16% respectively at

concentrations of 150 nM (Figure 3.3b).
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Figure 3.3: LC HDL NPs support enzymatic esterificatlon of cholesterol and suppress
inflammation

(a) LC HDL NPs support LCAT-mediated cholesterol esterification. (b) LC HDL NPs suppress
pro-inflammatory NF-«xB signaling. Two-tailed Student’s t test: *p < 0.05. ** p < 0.01.

Having determined that LC HDL NPs efficiently transport cholesterol and reduce
inflammation in vitro, we then proceeded to investigate whether LC HDL NPs exhibited efficacy
as anti-ASCVD agents in vivo. For in vivo testing, we used LDL-R” mice fed on a high fat diet
(42% fat), a well-established model of atherosclerosis. LDL-R™ mice were started on a high-fat
diet at 3-6 weeks of age and were fed for 15 weeks before treatment to establish atherosclerotic
plague formation. Mice were then split into four treatment groups: 1) PBS control, 2)
reconstituted, discoidal HDL (rHDL) (5 uM), 3) PLsHDL NP (5 uM), and 4) DNA-PLs HDL NP
(5 uM). rHDL was purchased from Genway Biotech and consisted of apoA-1 and 1-palmitoyl-2-
oleoyl phosphatidylcholine prepared at a 1 to 100 molar ratio using the cholate dialysis method.
PL4 and DNA-PLs HDL NPs were fabricated as previously described. Briefly, the core scaffolds
of the particle were synthesized using copper-free click chemistry to generate small molecule-
phospholipid conjugates with or without 9-mer DNA linkers. These core scaffolds were then

used to facilitate nanoparticle self-assembly upon addition of apoA-1 and free phospholipids.
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Mice were treated via tail vein every other day for 4 weeks for a total of 13 injections. Mice were

then sacrificed and aortas were harvested for quantification of atherosclerotic plaque burden

using Sudan IV staining.

PBS rHDL (Discoidal)

Figure 3.4: LC HDL NPs reverse atherosclerotic plaque formation in LDL-R” mice

Mice were injected three times per week for three weeks with saline control (PBS), reconstituted,
discoidal HDL (rHDL), or organic core HDL NPs (DNA-PL4 or PL4). Images show mouse aortas
stained with Sudan 1V. Red regions represent atherosclerotic plaques.
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Aortic plaque quantification results revealed that mice treated with PLs HDL NPs and
DNA-PL4s HDL NPs exhibited 71.9% and 64.6% less atherosclerotic plaque burden than PBS
treated controls, respectively, while mice treated with rHDL exhibited only 29.5% reduced
plaque burden (Figures 3.4 and 3.5). PL4 and DNA-PLs HDL NPs also reduced the circulating
white blood cell (WBC) counts of treated mice compared to PBS-treated controls (Figure 3.6),

consistent with the particles' anti-inflammatory properties that have been previously published.'>®
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Figure 3.5: Quantification of atherosclerotic burden in mice fed on a high fat diet treated
with PBS control, rHDL, DNA-PLs HDL NPs, or PLs HDL NPs

Average % of the aorta covered by atherosclerotic plaques as determined by Sudan IV staining.

Serum lipid profiling revealed that mice treated with PLs HDL NPs and DNA-PL4 HDL
NPs exhibited elevated levels of circulating LDL cholesterol (Figure 3.7). Interpreting the lipid
profiling results in parallel with the aortic plaque results, we hypothesize that the elevated levels
of circulating LDL cholesterol are indicative of enhanced mobilization of cholesterol from the
periphery. However, it remains unclear why this mobilized cholesterol would partition into the

LDL fraction and not the HDL fraction. One possibility is that when LC HDL NPs have effluxed
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large quantities of cholesterol from the periphery, these particles can dynamically swell as they
are loaded with cholesterol and cholesteryl esters, because large enough and hypodense enough
to partition into the LDL fraction. An alternative hypothesis is that when LC HDL NPs mobilize
cholesterol from the periphery, much of this cholesterol is temporarily transferred to the large
number of circulating LDL particles that LDL-R” mice possess at baseline, prior to its eventual
delivery for biliary excretion. Despite some uncertainty regarding the precise reason why these
mice exhibit elevations in LDL cholesterol specifically, a sharp increase in serum cholesterol
levels after infusion of synthetic HDLs is consistent with what has been observed clinically in
human trials.®® Overall, these results provide strong evidence that LC HDL NPs are outstanding

candidates for anti-atherosclerosis therapy.
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Figure 3.6: Complete blood count (CBC) results for LDL-R” mice fed on a high fat diet
and treated with HDL NPs or controls.
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Figure 3.7: Lipid panel results for LDL-R” mice fed on a high fat diet and treated with
HDL NPs or controls.

3.4 Conclusions

In summary, we determined that LC HDL NPs are efficient transporters of cholesterol in
vitro and exhibit anti-ASCVD activity in vivo. Both PLs HDL NPs and DNA-PLs HDL NPs
interface with macrophages and hepatocytes to remove and deliver cellular cholesterol
respectively, closely mimicking the salient cholesterol transport functions of human HDLs.
Moreover, LC HDL NPs supported LCAT-mediated esterification of cholesterol and reduced
NF-kB-associated inflammation. In vivo anti-ASCVD efficacy studies of LC HDL NPs in LDL-
R mice demonstrated that LC HDL NPs reduced atherosclerotic plaque burden by 65-75%.
Because synthesis of LC HDL NPs is straightforward and does not require time-intensive and
costly enzymatic maturation steps, we anticipate these nanoparticles will be strong candidates for

the next generation of HDL-based anti-ASCVD therapeutics.
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3.5 Materials and Methods

Radiolabel Assays

For efflux experiments, we used the gold-standard assay in the field, efflux of tritium-
labeled cholesterol ([*H]-chol) from J774 macrophages. J774 macrophages were cultured for at
least two passages prior to seeding at 150,000 cells per well in 24 well plates in RPMI, 10% fetal
bovine serum (FBS), 1% penicillin-streptomycin (PenStrep) on Day 1. Ethanol stocks of [3H]-
chol were handled under sterile conditions. [3H]-chol stocks were evaporated, redissolved in
ethanol (1 mL) and incubated at 37 °C for 60 min. The solution was then evaporated again and
redissolved in ethanol (50 pL) and incubated at 37 °C for 30 min. Heat-inactivated FBS
(Corning, NY) (1.5 mL) was then added to the [3H]-chol solution and the resulting mixture was
incubated at 4 °C overnight.

On Day 2, serum-free RPMI with 1% PenStep and 2 pg/mL Sandoz (Sigma-Aldrich, St.
Louis, MO) was added to the [3H]-chol-containing FBS to yield a final labeling media
comprising [®H]-chol (2 pCi/mL), 5 vol % FBS in RPMI. Note that Sandoz is an ACAT
inhibitor used to prevent esterification of [°*H]-chol. Media was aspirated from 24 well plates and
500 pL of [®H]-chol labeling media was added (1 uCi per well). Labeling was allowed to
proceed for 24 h.

On Day 3, labeling media was removed, cells were washed twice with MEM, 25 pM
HEPES, and upregulation media (RPMI, 1% PenStrep, 300 uM cAMP, 2 pg/mL Sandoz, 1%
BSA) was added to upregulate the canonical cholesterol efflux receptor ABCA1. (Note: for
CAMP(-) efflux assays (Figure 4d), this media was added without cCAMP in order to investigate
SR-B1-dependent efflux.) Upregulation was allowed to proceed for 24 h prior to addition of

efflux media. Efflux samples containing nanoparticles and controls were prepared in serum-free
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media (MEM, 25 uM HEPES, 1% PenStrep) to reduce non-specific [*H]-chol efflux by serum
cholesterol carriers. Cells were washed twice in MEM, 25 uM HEPES and efflux media was
added to each well according to the treatment regimen. Efflux was allowed to proceed for 4 h.
Efflux media was then removed, vacuum filtered, and added to 3 mL UltimaGold scintillation
fluid for scintillation counting. A separate triplicate cohort of [3H]-chol-loaded macrophages
were washed, air dried, and incubated at room temperature in isopropanol to extract [*H]-chol as
a measure of total cholesterol at t = 0 at the beginning of efflux.

A PBS treated control cohort was used as a baseline, and the counts obtained for these
samples were then subtracted from experimental groups to obtain baseline-corrected counts.
Efflux percentages were then calculated as ratios of baseline-corrected counts for efflux media to
counts for t = 0 macrophages, indicating the fraction of [*H]-chol which was removed from cells
over the course of 4 h treatment not due to diffusion alone. Protein concentration was held
constant across all samples at 200 nM for all experiments with the exception of dose-dependence
studies.

For tandem efflux-influx experiments, efflux from J774 cells was conducted identically
as above (Section 7a). Hepatocytes (HepG2 cells) were plated at 100,000 cells/well in DMEM,
10% FBS, 1% PenStrep in 24 well plates on Day 3. On Day 4, immediately after 4 h of efflux,
HepG2 cells were washed twice in serum-free MEM, 25 uM HEPES, and then efflux media
from J774 macrophages was removed and added directly to HepG2 cells. Influx was allowed to
proceed for 4 h prior to harvesting. Influx media supernatant was then collected and processed
identically as efflux media described above. [*H]-chol was then extracted from HepG2 cells and

J774 cells by incubating in 500 pL isopropanol for 4 h at rt, sealed in Parafilm. [*H]-chol-
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containing isopropanol was then collected, evaporated, and redissolved in xylene prior to
addition to UltimaGold for scintillation counting.

NBD-cholesterol delivery experiments

For confocal microscopy experiments, HepG2 cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) containing 10% FBS and 1% PenStrep. One day prior to
treatment, cells were plated at 100,000 cells/well in 24 well plates on top of glass coverslips. On
the day of treatment, cells were washed three times with PBS and fresh media containing 5
pg/mL NBD-cholesterol was then added to each to each well with or without a delivery agent
according to treatment regimen. Uptake was allowed to proceed for 30 min when the cells were
fixed and prepared for confocal microscopy. Cells were fixed in 4% PFA for 10 min at rt. Cells
were then washed three times in PBS, stained with DAPI (300 nM in PBS) for 5 min, and
washed two more times in PBS. Coverslips were then mounted on glass slides, and allowed to
seal at rt for at least 24 h prior to imaging. Confocal microscopy was performed using a Nikon
A1R Spectral, and image processing was conducted with Nikon Elements and Fiji software.

For flow cytometry experiments, HepGz2 cells were plated at 200,000 cells/well in 24-
well plates one day prior to treatment. On the day of treatment, cells were washed three times
with PBS and fresh media containing 5 pg/mL NBD-cholesterol was then added to each to each
well with or without a delivery agent according to treatment regimen. Uptake was allowed to
proceed for 30 min prior to harvesting. Cells were then trypsinized, neutralized in serum-
containing media, and centrifuged at 300 x g for 6 min to pellet the cells. Cells were resuspended
in PBS containing 2% bovine serum albumin (BSA) and then subjected to flow cytometry using

a BD LSRFortessa cell analyzer (BD Biosciences). Analysis was performed using FlowJo
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software. Events were gated to exclude cellular debris and aggregates prior to quantification of
NBD-chol positivity.

Lecithin cholesterol acyl transferase (LCAT) activity assays

LC HDL NPs and Au HDL NPs (250 nM) suspended in PBS were incubated with LCAT
(10 nM) and free cholesterol (100 pg/mL) in PBS at 37 °C for 15 h in a ThermoMixer shaking at
300 rpm. Samples were then centrifuged three times at 10,000 g for 10 min through a 50 kDa
spin column to remove excess unbound cholesterol. Samples were then diluted 100 times in 1x
Reaction Buffer prior to quantification with Amplex Red Cholesterol Assay (Thermo Fisher).
Amplex Red Cholesterol Assay was performed per manufacturer’s instructions. Briefly, a
cholesterol standard curve was prepared by serially diluting cholesterol in kit-provided aqueous
buffer from 8 pg/mL to 125 ng/mL and adding 50 pl to a 96-well black-bottom microplate. 50 pl
of sample were also added to each well of the microplate in triplicate. Two sets of Amplex Red
reaction mix were prepared, with and without cholesterol esterase. 50 ul of Amplex Red reaction
mix were then added to each well. Microplates were incubated at 37 °C for 1 h or until
fluorescent signal began to decline.
NF-«xB activity assays

For NF-kB activity experiments, THP1-Dual cells were used in conjunction with a
QUANTI-Blue secreted embryonic alkaline phosphatase (SEAP) detection kit (Invivogen).
THP1-Dual cells were cultured in suspension in RPMI with 10% FBS and passaged at least
twice prior to use in experiments. THP1-Dual cells were plated at 100,000 cells per well in 96
well plates. Lipopolysaccharide (LPS) (5 ng/mL) was used to stimulate NF-xB activity.
Experimental wells were treated with LPS 1 h prior to addition of nanoparticles or controls.

Cells were then incubated with particles or controls for 24 h prior to detection. QUANTI-Blue
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solution was prepared by dissolving the contents of the packet in endotoxin-free water and
incubating at 37 °C for 30 min. QUANTI-Blue solution (180 pL) was added to each well in 96-
well plates. THP1-Dual cells supernatant (20 uL) was then added to QUANTI-Blue solution,
and the plate was incubated at 37 °C for 2-4 h. SEAP levels were the quantified by detecting
absorbance at 650 nm using a Synergy plate reader.

In vivo atherosclerosis model:

LDL-R” mice were used as a model of atherosclerosis. LDL-R”" mice were fed on a high
fat diet (42% fat) for four months prior to treatment to establish atherosclerotic plaque formation.
Mice were then split into four treatment groups: 1) PBS, 2) rHDL, 3) PLs HDL NPs, and 4)
DNA-PL4s HDL NPs. Mice were then subjected to tail vein injections of the indicated treatment
every other day for three weeks for a total of 13 injections. Particle concentration used for all
treatments was 5 pM. Injection volume was 100 pl. The day following the last injection, mice
were sacrificed, perfused with 10 mL of ice cold PBS, and aortas were harvested and fixed in
10% neutral buffered formalin (NBF). Aortas were then flayed, pinned, and stained with Sudan
IV and imaged with a light microscope. ImageJ was used to quantify the percent atherosclerotic

plaque.
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Chapter 4: Prostate cancer extracellular vesicles mediate intercellular
communication with bone marrow cells and promote metastasis in a
cholesterol-dependent manner

4.1 Objectives and Significance

Primary tumors can establish long-range communication with distant organs to transform
them into fertile soil for circulating tumor cells to implant and proliferate, a process called pre-
metastatic niche (PMN) formation. Tumor-derived extracellular vesicles (EV) are potent
mediators of PMN formation due to their diverse complement of pro-malignant molecular cargo
and their propensity to target specific cell types.!*> 130132, 167 \while significant progress has been
made to understand the mechanisms by which pro-metastatic EVs create tumor-favoring
microenvironments at pre-metastatic organ sites, comparatively little attention has been paid to
the factors intrinsic to recipient cells that may modify the extent to which pro-metastatic EV
signaling is received and transduced. Here, we investigated the role of recipient cell cholesterol
homeostasis in prostate cancer (PCa) EV-mediated signaling and metastasis. Using a bone
metastatic model of enzalutamide-resistant PCa, we first characterized an axis of EV-mediated
communication between PCa cells and bone marrow that is marked by in vitro and in vivo PCa
EV uptake by bone marrow myeloid cells, activation of NF-xB signaling, enhanced osteoclast
differentiation, and reduced myeloid thrombospondin-1 expression. We then employed a
targeted, biomimetic approach to reduce myeloid cell cholesterol in vitro and in vivo prior to
conditioning with PCa EVs. Reducing myeloid cell cholesterol prevented the uptake of PCa EVs
by recipient myeloid cells, abolished NF-kB activity and osteoclast differentiation, stabilized

thrombospondin-1 expression, and reduced metastatic burden by 77%. These results demonstrate
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that cholesterol homeostasis in bone marrow myeloid cells regulates pro-metastatic EV signaling

and metastasis by acting as a gatekeeper for EV signal transduction.
4.2 Background and Motivation

Extracellular vesicles (EV) are particles released by cells that are delimited by a lipid
bilayer and incapable of replication.’®® Sub-types of EVs include endosome-originating
exosomes, plasma membrane-derived ectosomes or microvesicles, large oncosomes, apoptotic
bodies, and others. Small EVs (SEV), on the order of 30-200 nm in diameter, are often released
in abundance by neoplastic cells and have been shown to promote metastasis by communicating
with cells at distant, pre-metastatic organ sites to create tumor-favoring microenvironments, a
process called pre-metastatic niche (PMN) formation.t*? 15 This phenomenon has been found to
occur in melanoma,’*® pancreatic cancer,!® prostate cancer!®®, and other tumor types.
Comparatively little attention has been paid, however, to the factors intrinsic to recipient cells
that may influence the ability of tumor-derived EVs to efficiently mediate PMN formation. Here,
we investigate the role of recipient cell cholesterol homeostasis in regulating cancer EV-

mediated signaling and metastasis in the setting of prostate cancer (PCa).

PMN formation requires long-range intercellular communication to be persistently
mediated by soluble or membrane-bound factors that originate from the primary tumor,11> 131, 168
After traversal of vascular and interstitial spaces, these factors eventually engage with the
cholesterol-rich plasma membrane of recipient cells at pre-metastatic organ sites. The synaptic
events of intercellular communication, such as ligand-receptor interactions or endocytosis, may
then lead to successful transduction of a pro-metastatic signal, for instance by perturbing

intracellular signaling and/or gene expression. These events are tightly controlled by the
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organization of the recipient cell’s plasma membrane!®®1’® which, in turn, is regulated by
cholesterol. Cholesterol comprises approximately 40 mol% of mammalian plasma membrane
lipids,'"* and alters membrane organization by influencing protein scaffolding,'’?*™ lipid raft
stability,% 1% and the cohesion and orientation of membrane phospholipids.}” In addition,
cholesterol is required for the structure of clathrin and caveolin-dependent membrane
invaginations, and lipid raft-dependent signaling and endocytosis.**® 1’6 Hence, cholesterol is
well-poised to globally regulate the efficiency of intercellular communication in PMN formation
and other settings. Moreover, our group and others have shown that perturbation of cell
membrane cholesterol can inhibit uptake of EVs by recipient cells.1% 13 We therefore
hypothesized that cellular cholesterol burden at pre-metastatic sites may critically regulate the

efficiency of cancer EV-mediated intercellular communication with target cells at these sites.

The bone marrow compartment is a dynamic repository for triglycerides, fatty acids, and
cholesterol, and is particularly sensitive to serum lipid levels.2’-1’® Hence, it represents an ideal
tissue for probing lipid-dependent intercellular communication. Moreover, bone marrow-derived
cells (BMDC) are frequently the targets of pro-metastatic signals originating from the primary
tumor, making the bone marrow compartment a hotbed for pro-metastatic signaling and
metastasis. 130132 179-180 Tymor-derived EVs frequently target BMDCs and have proven to be
versatile and potent mediators of PMN formation via horizontal transfer of pro-metastatic
biochemical signals.!t> 130 132133, 167, 181 Therefore, we investigated tumor-derived EVs as
mediators of pro-metastatic signaling and identified bone marrow-resident myeloid cells as a
potential target cell population. Finally, we focused on a uniformly lethal metastatic process,

namely the development of bone metastases in PCa. Approximately 90% of men who succumb
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to PCa are found to have bone metastasis at autopsy.'®? Moreover, PCa bone metastases are
heavily laden with cholesterol in comparison to healthy bone and metastases of other origins, 8
making PCa bone metastasis particularly attractive for a case study in cholesterol-dependent

PMN formation.
4.3 Results and Discussion

We first characterized a previously unreported axis of intercellular communication
between PCa cells and bone marrow myeloid cells. We selected enzalutamide resistant (EnzR)
CWR-RL1 cells as a source of EVs (EnzR EVs) and as a model of bone metastatic PCa. These
cells exhibit two important characteristics of late stage PCa in humans: 1) resistance to anti-
androgen therapy, and 2) a propensity to seed clinically relevant sites of PCa metastasis (e.g.
lung, bone, and liver) when systemically injected into mice.’® EVs from normal prostate
epithelial cells (PNT2 EVs) were used as a control. EnzR and PNT2 EVs were characterized by
multiple complementary techniques in accordance with the most recent guidelines for
characterization of EVs.1% The size and morphology of EnzR and PNT2 EVs were evaluated
using transmission electron microscopy (TEM) and dynamic light scattering (DLS). TEM
revealed vesicles exhibiting a cup-shaped morphology typical of sEVs (Figure 4.1a, b), while
DLS demonstrated hydrodynamic diameters in the size regime of sEVs (EnzR: Dy = 101.0 £
23.0 nm, PNT2: Dn = 83.56 + 31 nm) (Figure 4.1d, e). Both EnzR and PNT2 EVs expressed EV
proteins (CD63, CD9, and Flotillin-1), while they importantly lacked the cis-Golgi marker
GM130 (Figure. 4.1f), indicating EV isolates of high purity. Moreover, we found that EnzR
CWR-R1 cells produced approximately five-fold more EVs (EV protein per cell) than PNT2

cells (Figure 4.1c).
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Figure 4.1: Characterization of EnzR and PNT2 EVs
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Transmission electron microscopy imaging of a) EnzR EVs and b) PNT2 EVs. ¢) Quantification
of EV production by enzalutamide resistant CWR-R1 cells (EnzR) and normal prostate epithelial
cells (PNT2). Size distribution profiles of d) EnzR EVs and €) PNT2 EVs measured by dynamic
light scattering. f) Western blots of EnzR and PNT2 EVs and cell lysates for EV-enriched
proteins (CD63, CD9, and Flotillin-1) and the non-EV, cis-Golgi protein GM130.

The site where circulating tumor cells initially seed the bone, whether in the appendicular

or axial skeleton, is the highly vascular bone marrow compartment.'®8" Therefore, we first

investigated whether EnzR EVs were efficiently taken up by bone marrow cells in vitro and in

vivo. We found that fluorescently labeled (Dil) EnzR EVs were robustly uptaken by primary
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cultures of mouse bone marrow macrophages (BMMs) (Figure 4.3a) and by mouse bone
marrow-resident cells in vivo (Figure 4.2a, b) as determined by immunocytochemistry and flow
cytometry, respectively. Notably, EnzR EVs were taken up by bone marrow cells in vivo to a
greater extent than PNT2 EVs by approximately five-fold (Figure 4.2b) (mean frequency of EV*

cells: PNT2 = 0.031%, EnzR = 0.14%).
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Figure 4.2: EnzR EVs are uptaken by bone marrow-resident myeloid cells in vivo and
induce alterations in gene expression

a) In vivo uptake of Dil-labeled EnzR and PNT2 EVs in mouse bone marrow (top panel). Bottom
panel displays the distribution of CD11b and Ly6C expressing cells. b) Quantification of in vivo
uptake of EnzR and PNT2 EVs in mouse bone marrow. c) Distribution of CD11b and Ly6C
expressing sub-populations in EV-targeted cells vs. PBS-treated control total bone marrow. d)
Alterations in gene expression of CD11b" bone marrow cells harvested from mice conditioned
with EnzR EVs, determined by RNA sequencing (n = 3 per group), in relation to PBS treated
control. e) Entrez gene names for the genes with the greatest log2 fold changes in response to
conditioning with EnzR EVs. One-way ANOVA with Tukey’s method, two-sided was used to
determine significance. *P < 0.05, **P < 0.01. Data are mean % s.e.m.
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Figure 4.3: EnzR EVs are uptaken by primary cultures of mouse BMMs in vitro and do not
exhibit preferential targeting of granulocytes in mouse bone marrow in vivo

a) Immunocytochemistry of primary mouse BMM cultures treated with Dil-labeled EnzR EVs
(red). Far right panel is under high magnification (100X). Green: Phalloidin. Blue: DAPI. Scale
bars are 50 um (top left, top right, and bottom left panels) and 20 um (bottom right panel). b)
Quantification of the frequency of Ly6G™ cells in total bone marrow vs. EnzR and PNT2 EV-
targeted cells. ¢c) Sample gating scheme for EV targeting experiments in mouse bone marrow.
One-way analysis of variants (ANOVA) with Tukey’s method, two-sided was used to determine
statistical significance. NS, non-significant. Data are mean + s.e.m.
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Next, we defined the target cell populations of EnzR EVs in the bone marrow
compartment with greater specificity. The population of EV-targeted cells was interrogated for
myeloid, monocytic, and granulocytic markers (CD11b, Ly6C, Ly6G, respectively). We found
that the EnzR EV-positive cell population was enriched in CD11b"9", Ly6C"i9" cells (monocytes)
(40.0%) compared to the baseline frequency in total bone marrow (20.3%) (Figure 4.2a, c). By
contrast, there was no difference in the frequency of Ly6G expressing cells (Figure 4.3b)
between EnzR EV-targeted cells and total bone marrow cells, indicating preferential
communication of EnzR EVs with monocytic over granulocytic BMDCs. Interestingly, the
population of cells targeted by EnzR EVs was enriched in both CD11b'", Ly6C"9" and
CD11bMo" Ly6CM9" cells (Figure 4.2c). Both of these cell types have been recognized as
osteoclast precursor populations,'8-18% which led us to further investigate the impact of EnzR

EVs on osteoclast differentiation as a feature of PMN formation later in the study.

Next, we performed RNA sequencing of target bone marrow myeloid cells (CD11b") to
identify alterations in gene expression induced by EnzR EVs. To do this, we simulated PMN
formation in vivo according to precedent literature®*® 132 13 by subjecting mice to three rounds of
systemic injections of EnzR EVs, a process we define as “conditioning”. The most significantly
upregulated and downregulated genes by EnzR EV conditioning are displayed in Figure 4.2d.
Two of the altered genes were of particular interest with respect to PMN formation:
thrombospondin-1 (TSP1; THBS1) was the most significantly downregulated gene, while the
chondroitin sulfate proteoglycan, versican (VCAN), was significantly upregulated. Interestingly,
TSP1 and VCAN have each been reported to play significant roles at the lung PMN; and in both

cases, myeloid cells were responsible for aberrant TSP1 or VCAN expression.'*1°t To our
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knowledge, neither of these alterations has been reported at the bone PMN, or in PCa bone
metastases. Using Gene Ontology clustering analysis, we observed that the most upregulated
biological processes were related to cell division and proliferation (Figure 4.2d), while NF-xB
activity was also upregulated. Activation of NF-xB signaling was later confirmed using an in
vitro reporter system (Figure 4.4b). Among the most significantly downregulated processes were
regulation of cell adhesion and response to wounding, both of which are relevant to PMN

formation.
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Figure 4.4: EnzR EVs stimulate NF-kB signaling and promote osteoclast differentiation

a) Quantification of the frequency of EV-targeted cells in mouse bone marrow that are potential
osteoclast precursors (CD11b"9" Ly6C"9" or CD11b'%, Ly6C"9") (n = 3 per group). Osteoclast
precursor % reflects the percent of Dil positive bone marrow cells (EV treated) or total (PBS
treated) bone marrow cells that were osteoclast precursors. b) NF-«xB activity assay using THP1-
Dual monocytes treated with varying concentrations of EnzR EVs (n = 4 per group). Absorbance
reflects secreted alkaline phosphatase (SEAP) activity which is indicative of NF-xB activation.
¢) In vitro osteoclast differentiation assay using RAW264.7 osteoclast precursor cells. TRAP+
(dark staining), multinucleated cells are osteoclasts. Scale bars are 50 pum. d) TRAP staining of
hind limb bones. Arrowheads indicate osteoclasts (TRAP+ multi-nucleated cells, inside or
outside lacunae). Scale bars are 200 pum. One-way ANOVA with Tukey’s method, two-sided was
used to determine significance. ***P < 0.001. Data are mean * s.e.m.

Because EnzR EVs targeted osteoclast precursor populations in vivo (Figure 4.2c, Figure
4.4a), we hypothesized that EnzR EVs may promote osteoclast differentiation as a feature of

bone PMN formation. In the setting of bone metastasis, increased osteoclast and osteoblast
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activity is favorable for tumor cells due to the constitutive release of nutrients and growth factors
caused by rapid bone formation and resorption.192-1% Elevated osteoclast activity in particular is
associated with increased burden of bone metastases in PCa.!%1% Moreover, an inhibitor of the
osteoclast activating protein, receptor activator of NF- kB ligand (RANKL), delayed the
development of bone metastasis among patients with high risk PCa.!*® To test the impact of
EnzR EVs on osteoclast activity, we first used a well-established in vitro model system
(RAW264.7 cells) for osteoclast differentiation.?®® We found that EnzR EVs promoted osteoclast
differentiation in vitro with and without the addition of RANKL (Figure 4.4c). Confirming these
findings in vivo, we observed that osteoclasts were more abundant in the hind limbs of mice
conditioned with EnzR EVs compared to vehicle (PBS) control, while PNT2 EVs had no impact
on osteoclast differentiation (Figure 4.4d) (Figure 4.5a). We also found that EnzR EVs
stimulated NF-xB activity (a critical intracellular signaling pathway for osteoclast
differentiation) in human monocytes in a dose-dependent manner (Figure 4.4b). We
hypothesized that EnzR EVs may express RANK ligand (RANKL) as a means to stimulate
osteoclast differentiation, however Western blot revealed no RANKL expression in EnzR EVs,

in contrast with positive control PC3 EVs (Figure 4.5b).
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Figure 4.5: EnzR EVs promote osteoclast differentiation in vivo in a cholesterol-dependent
manner, and do not express RANKL

a) Quantification of in vivo osteoclast differentiation assay. Mouse hind limb tissue sections were
stained with TRAP to identify and quantify osteoclasts (Oc) (TRAP+, multinucleated cells). b)
Immunoblot of EnzR EVs and PC3 EVs (positive control) for RANKL. One-way analysis of
variants (ANOVA) with Tukey’s method, two-sided was used to determine statistical
significance. NS, non-significant. *** P < 0.001. Data are mean * s.e.m.

Recent evidence suggests that EV-mediated intercellular communication may be
influenced by cholesterol homeostasis in recipient cells. For instance, treating target cells with
the non-specific cholesterol sequestrant, methyl-B-cyclodextrin (MBCD), can reduce EV uptake
by disrupting lipid rafts at the cell surface.'® As a result, we hypothesized that PCa EV-mediated
signaling with bone marrow cells may be inhibited or abolished by reducing cholesterol in the
target bone marrow cells. To thoroughly investigate this hypothesis in vivo, we required an agent
that reduces cellular cholesterol in a manner similar to MBCD, while also being compatible with
systemic delivery in animal models. In mammals, cholesterol transport is mediated by
endogenous lipoproteins that circulate in the bloodstream. The lipoprotein sub-species that is

primarily responsible for reducing cellular cholesterol in vivo is high-density lipoprotein



116
(HDL).'® Therefore, we employed a nanoparticle mimic of native HDL (HDL NP) (Figure 4.6a)
which we have previously characterized for in vitro inhibition of EV uptake,%? but which is also
compatible with systemic delivery in vivo. HDL NPs inhibit EV uptake in a manner similar to
MBCD by reducing cellular cholesterol and disrupting lipid raft stability.1? Importantly, HDL
NPs specifically target cells expressing the high-affinity receptor for HDL, scavenger receptor B-
1 (SR-B1) (Figure 4.6b), including myeloid-derived cells,®! and have demonstrated no
significant toxicities when used in animal models.}* 4 292 Therefore, we investigated the
cholesterol dependence of EnzR EV-mediated intercellular communication with myeloid cells

using HDL NPs. The HDL NP synthesis scheme is depicted in Figure 4.6a.
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Figure 4.6: HDL NP synthesis scheme and mechanism of cholesterol reduction.

a) Synthesis of HDL NPs is accomplished using a 5 nm diameter gold nanoparticle (AuNP) as a
core scaffold. Purified apolipoproteinA-1 (apoA-1) is added to the AuNP core scaffold to confer
the cell-specific targeting properties and cholesterol efflux capabilities of native HDL. Finally,
two species of phospholipids-- 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[3-(2-
pyridyldithio) propionate] (PDP PE) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) -
- are added to stabilize the resulting particle structure and to achieve HDL-mimicking surface
chemistry. b) Illustration of the cholesterol-rich plasma membrane of target bone marrow
myeloid cells, with the endogenous HDL receptor, SR-B1, displayed at the cell surface. c)
Illustration of HDL NPs binding to SR-B1 on the surface of bone marrow myeloid cells and
reducing cellular cholesterol via cholesterol efflux. Cholesterol transit from the cell membrane
onto the surface of HDL particles occurs via hydrophobic channels embedded in the SR-B1
receptor.?%3
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We first confirmed that mouse bone marrow myeloid cells expressed SR-B1 and would
therefore be susceptible to HDL NP-mediated reduction of cellular cholesterol (Figure 4.7a).
Next, we demonstrated that HDL NP treatment reduced cellular cholesterol in myeloid-derived
cells using human monocytes in an in vitro radiolabel assay (Figure 4.7b). We then confirmed
that HDL NPs reduced myeloid cellular cholesterol in vivo by treating mice with HDL NPs prior
to harvesting bone marrow cells and quantifying cellular cholesterol. Systemically injected HDL
NPs entered the bone marrow compartment and reduced cellular cholesterol in the total bone
marrow cell population (Figure 4.7c, d). Importantly, we observed a pronounced reduction of
cellular cholesterol in bone marrow monocytes specifically (Figure 4.7e), the dominant target

cell population of EnzR EVs.
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Figure 4.7: Bone marrow myeloid cells express SR-B1 and are susceptible to HDL NP-
mediated reduction of cellular cholesterol in vitro and in vivo

a) Immunocytochemistry of primary mouse BMM cultures to detect expression of the native
HDL receptor (and target receptor of HDL NPs), SR-B1. Scale bar = 50 um. b) Cellular
cholesterol measurements of THP1 monocytes after treatment with HDL NPs or PBS in a
radiolabel assay. ¢) Bone marrow cell pellets harvested from mice after systemic injection of
HDL NPs (100 pl, 1 uM) or PBS. Yellow/red discoloration is imparted by the gold nanoparticle
core. d) Quantification of cellular cholesterol in total bone marrow cells after systemic injection
with HDL NPs or PBS. e) Quantification of cellular cholesterol in bone marrow monocytes
(EasySep Isolation Kit) after systemic injection with HDL NPs or PBS. One-way ANOVA with
Tukey’s method, two-sided (b) and two-sided Welch’s t-test (d,e) were used to determine
significance. *P < 0.05, **P < 0.01, ***P < 0.001. Data are mean * s.e.m.
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We then investigated whether HDL NP treatment inhibited EnzR EV-mediated
intercellular communication with myeloid cells in vitro and in vivo. We first found that HDL
NPs inhibited EnzR EV uptake by BMMs in a time and dose-dependent fashion (Figure 4.8a-d).
Next, we observed that systemic administration of HDL NPs reduced the uptake of EnzR EVs by
bone marrow-resident cells in vivo via flow cytometry (Figure 4.8e). Importantly, to demonstrate
target specificity, we found that HDL NP treatment had no impact on EnzR EV uptake in BMM
cultures from SR-B17 mice (Figure 4.9), indicating that HDL NP-mediated inhibition requires
SR-B1. To determine whether the cholesterol dependence of PCa EV uptake in BMMs was
restricted to EVs derived from EnzR CWR-R1 cells, in vitro uptake experiments were repeated
using PCa EVs derived from DU145, PC3, LNCaP, EnzR LNCaP, and CWR-R1 (non-resistant)
cells. HDL NPs were found to significantly inhibit the uptake of each of these PCa EV
populations in BMMs (Figure 4.10), strongly suggesting that the cholesterol dependence of PCa

EV communication with bone marrow-resident cells is a general phenomenon.

Next, we determined the impact of HDL NPs on EnzR EV function. We found that HDL
NPs inhibited EnzR EV-mediated NF-xB signaling (Figure 4.8f) and abolished EnzR EV-
induced osteoclast differentiation in vitro and in vivo (Figure 4.8g) (Figure 4.5). Importantly, we
also found that HDL NP pre-treatment prevented EnzR EV-mediated reduction of TSP1 gene
expression in bone marrow myeloid cells in vivo (Figure 4.11a). Interestingly, HDL NP pre-

treatment did not impact the increased expression of VCAN caused by EnzR EVs (Figure 4.11b).
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Figure 4.8: EnzR EV-mediated intercellular communication with bone marrow myeloid
cells is inhibited by reduction of myeloid cellular cholesterol

In vitro uptake of Dil-labeled EnzR EVs (red) in mouse BMMs pre-treated with HDL NPs at
varying a) concentrations and b) time points. Green: actin. Blue: DAPI. Scale bars are 50 um. c)
Dose and d) time dependence of HDL NP-mediated inhibition of EnzR EV uptake. €) In vivo
uptake of Dil-labeled EnzR EVs in mouse bone marrow with and without HDL NP pre-
treatment. f) NF-kB activity in human monocytes treated with EnzR EVs with and without HDL
NP pre-treatment. g) TRAP staining of RAW264.1 cells (left panel) or mouse hind limb sections
(right panel) after conditioning with EnzR EVs and pre-treatment with HDL NPs. Scale bars are
50 um (left panel) and 200 um (right panel). One-way ANOVA with Tukey’s method, two-sided
(c,d,f) and two-tailed Welch’s t-test (e) were used to determine significance. *P < 0.05, **P <
0.01, ***P < 0.001. Data are mean + s.e.m.
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Figure 4.9: HDL NP-mediated inhibition of EnzR EV uptake requires SR-B1

a) Immunocytochemistry of primary mouse BMM cultures harvested from SR-B17 mice treated
with Dil-labeled EnzR EV (red). Green: Phalloidin. Blue: DAPI. Scale bars are 50 um. b)
Quantification of EnzR EV uptake in BMMs harvested from SR-B17 mice, with and without
HDL NP treatment. One-way ANOVA with Tukey’s method, two-sided was used to determine
significance. NS, non-significant. Data are mean + s.e.m.
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Figure 4.10: HDL NPs inhibit in vitro cellular uptake of PCa EVs derived from multiple
PCa cell lines

Quantification of EV uptake as determined by confocal fluorescence microscopy of mouse BMM
primary cultures treated with Dil-labeled PCa EVs with or without HDL NP pre-treatment (100
nM). Two-tailed Welch’s t-test was used to determine significance. *P < 0.05, **P < 0.01, ***
P < 0.001. Data are mean + s.e.m.
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Figure 4.11: Systemic injection of HDL NPs prevents EnzR EV-mediated reduction of
marrow TSP1 expression but does not prevent enhancement of VCAN expression

RNA expression of a) TSP1 and b) VCAN in CD11b* bone marrow myeloid cells harvested
from mice conditioned with EnzR EVs with or without HDL NP pre-treatment vs. vehicle (PBS)
controls. One-way ANOVA with Tukey’s method, two-sided was used to determine significance.
NS, non-significant; *P < 0.05, **P < 0.01. Data are mean + s.e.m.

Using a metastatic PCa mouse model which has been shown to establish tumors at
clinically relevant sites of PCa metastasis, including bone, lungs, and liver,'® we then tested
whether EnzR EV conditioning promoted metastatic tumor burden. A timeline of the model,
injection scheme, and monitoring with bioluminescence imaging is shown in Figure 4.12a. To
specifically determine whether EnzR EV conditioning altered the initial seeding and growth of
tumor cells, we quantified metastatic tumor burden at two weeks after intracardiac injection of
tumor cells. We found that EnzR EV conditioning significantly enhanced metastatic tumor
burden (Figure 4.12b). Strikingly, mice that were pre-treated with HDL NPs in addition to EnzR

EV conditioning exhibited no enhancement of metastatic tumor burden (Figure 4.12b, c).
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Figure 4.12: EnzR EVs enhance metastasis in a mouse model of metastatic PCa in a
cholesterol-dependent manner, and alter the composition of the bone marrow ECM

a) Timeline for the metastatic PCa mouse model, with EnzR EV and HDL NP injection scheme.
BLI = bioluminescence imaging. b) Metastatic PCa tumor burden at two weeks post-intracardiac
injection of tumor cells via BLI. ¢) Quantification of metastatic tumor burden at two weeks for
mice treated with PBS (n = 5), EnzR Exo (n = 8), or EnzR Exo + HDL NP (n = 8). d)
Immunohistochemistry of hind limb bone tissue from mice treated with EnzR EVs or vehicle
(PBS) control (left panel), and ECM quantification (right panel). Scale bars are 200 um. One-
way ANOVA with Tukey’s method, two-sided was used to determine significance. *P < 0.05,
**P <0.01, ***P < 0.001. Data are mean + s.e.m.

We then sought to shed additional light on the mechanism by which EnzR EV
conditioning led to enhanced metastasis. Motivated by the RNA sequencing results in Figure 2d,

we proceeded to determine whether pro-tumorigenic alterations in the mRNA expression of

TSP1 and VCAN in CD11b" cells were reflected in the protein content of the bone marrow niche
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in general. Immunohistochemistry revealed that EnzR EV-conditioned mice exhibited reduced
TSP1 and increased VCAN expression in the bone marrow compartment (Figure 4.12d),
consistent with RNA sequencing results. Type | collagen, by contrast, remained stable with EnzR
EV conditioning. Moreover, PNT2 EVs did not significantly impact TSP1 or VCAN expression
(Figure 4.12d). We hypothesized that EnzR EV-induced alterations in TSP1 and VCAN
expression may enhance the ability of tumor cells to seed the metastatic microenvironment by
increasing stable cellular adhesion to the ECM. To test this, we conducted an in vitro cellular
adhesion assay in which the ECM composition of two-dimensionally coated tissue culture wells
was varied, using Type | collagen as a filler material. Live cell imaging was used to determine
the efficiency with which EnzR CWR-R1 cells adhered and spread to each substrate. Confluence
curves exhibited consistent trends across samples, enabling us to identify distinct adhesion and
proliferation phases, with the adhesion phase taking place during the first 4 hours (Figure 4.13).
Consistent with our hypothesis, we found that greater proportions of TSP1 in ECM coatings led
to diminished adhesion of EnzZR CWR-R1 cells, while greater proportions of VCAN increased
adhesion (Figure 4.14a-e). While there were no statistical differences between groups with 5, 15,
and 45% VCAN substrates, there was a significant increase in cellular adhesion between 15 and
45% VCAN compared to collagen only control (Figure 4.14c). The trends observed for TSP1
and VCAN were consistent when each protein was varied in isolation, and when the two proteins
were co-varied in the same substrates (Figure 4.14d). Our findings are consistent with previous

reports that TSP1 can function as an anti-adhesive matricellular protein in other settings.?%4-20
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Figure 4.13: Confluence plots for live cell imaging of EnzR CWR-R1 cells introduced into
tissue culture wells coated with two-dimensional ECM substrates reveals distinct adhesion
and proliferation phases.

Confluence plots for EnzR CWR-R1 cells added to collagenous ECM substrates with varying
TSP1 (left panel) and VCAN (right panel) content over 8 h, indicating that adhesion primarily
occurs within the first 4 h.
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Figure 4.14: Reduced TSP1, elevated VCAN are favorable for PCa cell adhesion to the
ECM

a) Live cell imaging of EnzZR CWR-R1 cells seeded onto ECM substrates varying in Type |
collagen, TSP1, and VCAN. Snapshot images shown were taken 4 h after seeding. Scale bars are
400 pm. b) Quantification of EnzZR CWR-R1 cell adhesion to collagenous ECM substrates with
variable TSP1 composition, ¢) varying VCAN composition, and d) co-varying TSP1 and VCAN
composition. e) Aggregate analysis at 4 h post-seeding of changes in cellular adhesion of EnzR
CWR-RL1 cells to substrates with univariate changes in TSP1 and VCAN composition. One-way
ANOVA with Tukey’s method, two-sided was used to determine significance. *P < 0.05, **P <
0.01. Data are mean + s.e.m.

A graphical abstract summarizing the cholesterol-dependence of PCa EV-mediated

signaling in the bone marrow is displayed below in Figure 4.15.
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Figure 4.15: Graphical summary illustrating the cholesterol-dependence of PCa EV
communication with bone marrow cells and metastasis

Top right panel depicts PCa EV communication with bone marrow myeloid cells with no
cholesterol-modifying intervention, in which bone marrow-resident myeloid cells are rich in
cholesterol. Bottom right panel depicts PCa EV communication with bone marrow cells after
HDL NP treatment, in which the cholesterol content of bone marrow-resident myeloid cells is
reduced.

4.4 Conclusions

Over the past two decades, Stephen Paget’s prescient 19" century “seed and soil”
hypothesis has now developed into a diverse literature on PMN formation, a significant portion
of which attests to the important role that EVs play in promoting metastasis. However,
modifiable factors intrinsic to pre-metastatic sites that render them more or less permissive to
pro-metastatic EV signaling have not been identified. Our results show that a crucial PMN target
tissue, bone marrow, can be rendered resistant to the transduction of PCa EV signaling by
reducing myeloid cell cholesterol.}'* Consistent with these findings, metabolomic studies have

previously demonstrated that bone metastases are heavily laden with cholesterol compared to
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healthy bone, and PCa bone tumors in particular bear especially high cholesterol burdens (127.3
vs. 35.85 mg/qg tissue).'®® Further, elevated serum total cholesterol and reduced HDL cholesterol
are both associated with progression of locally confined PCa to metastatic PCa,2%6-2%° while statin
use is also associated with reduced incidence of advanced disease.?® Our results provide
evidence for a PMN-based mechanism that could partly explain these clinical and
epidemiological observations.

Aberrant cholesterol homeostasis can influence cancer progression and metastasis by
perturbing neoplastic cells directly.?!*?13 However, it perhaps shouldn’t be surprising that
cholesterol, and likely other metabolic factors, also play critical gate-keeping roles with respect
to the reception of pro-metastatic signals by target cells at distant sites, which we demonstrate
here. We anticipate that these results will motivate strategic diagnostic and therapeutic
interventions aimed at preventing metastasis by modulating global, site-specific, or cellular
metabolic factors that regulate PMN formation. More generally, these results contribute to our
understanding of how intercellular communication is deciphered by recipient cells according to

their cholesterol metabolic state.
4.5 Materials and Methods

Cell cultures: All cells were maintained at 37°C, 5% CO2, and were handled under sterile
conditions in an Esco Class Il Type A2 biosafety cabinet. EnzR CWR-R1 cells and EnzR LNCaP
cells were gifts from Dr. Donald Vander Griend (University of Illinois at Chicago) and were
cultured in Roswell Park Memorial Institute (RPMI) 1640 medium containing 10% FBS, 1%
penicillin/streptomycin and 20 uM enzalutamide. PC3, DU145, LNCaP (non-resistant), CWR-

R1 (non-resistant), PNT2 and THP1-Dual cells (ATCC, Manassis, VA) were cultured in RPMI
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containing 10% fetal bovine serum (FBS), and 1% penicillin/streptomycin. RAW264.1 (ATCC)
cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% FBS and
1% penicillin/streptomycin. Cells were passaged upon reaching approximately 70-80%

confluence.

Experimental animals: Mice were housed and maintained in the Northwestern University
Center for Comparative Medicine, according to NIH guidelines and in concordance with
protocols approved by the Northwestern University Institutional Animal Care and Use
Committee (IACUC). Male C57BL/6 mice (3-6 weeks) were obtained from the Jackson

Laboratory and male C.B.-17 SCID mice (3-4 weeks) were obtained from Taconic Biosciences.

Bone marrow isolation: Total bone marrow was harvested from healthy male C57BL/6 mice by
dissecting hind limbs immediately after euthanasia, soft tissue was removed, and bone marrow
cavities of femurs and tibias were flushed with phosphate buffered saline (pH = 7.4) (PBS).
Flushed cells and tissue were then passed through 70 um filters to remove non-cellular tissue
components and debris. Cells were then centrifuged at 300 x g and resuspended in Red Blood

Cell Lysis Buffer (Invitrogen) for 5 minutes to lyse RBCs followed by centrifugation at 300 x g.

Primary bone marrow macrophage culture: Bone marrow cells were harvested as described
above, cells were resuspended in DMEM containing 10% FBS, 1% penicillin/streptomycin, and
20 ng/mL M-CSF (BioLegend). Cells were then seeded in 6 cm dishes at 1 million cells/dish
and macrophage differentiation proceeded for 7 days, with 5 mL of fresh, M-CSF containing

medium added at day 4.
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EV isolation: Cells were cultured and grown into 15 cm dishes. When cells reached
approximately 70-80% confluence, cells were washed with PBS and transferred to fresh media
containing EV-free serum for 48 hrs. Media was then collected and subjected to centrifugation at
300 x g for 5 min to pellet cells, then 2000 x g for 15 min to remove cellular debris. The
supernatant was then transferred to ultracentrifuge tubes and ultracentrifuged at 10,000 x g for 30
min to pellet and remove large vesicles. The supernatant was then transferred to new
ultracentrifuge tubes and ultracentrifuged twice at 100,000 x g for 90 min to pellet EVs; the EV
pellet was washed with PBS between the two centrifuge steps to remove co-pelleted non-EV
components, and then resuspended in PBS. After the final round of centrifugation, EVs were
resuspended in PBS and then either stored at 4°C for short-term use (less than 3 days) or stored
at -80°C for later use. Protein content of EVs was determined by BCA and treatment dosing was

determined by EV protein concentration.

HDL NP synthesis: High-density lipoprotein-like nanoparticles (HDL NPs) were synthesized
according to published protocols. Briefly, particle synthesis was initiated by adding purified
apolipoproteinA-1 (apoA-1) (MyBioSource) at fivefold molar excess to a solution of 5 nm
diameter citrate-stabilized, colloidal gold nanoparticles (Au NPs) (80-100 nM; Ted Pella, Inc).
The suspension was vortexed briefly, and placed on shaker at RT for 1 h. Next, two species of
phospholipid - 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[3-(2-
pyridyldithio)propionate] (PDP PE) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
(Avanti Polar Lipids)— were added to the suspension at 250-fold molar excess to Au NPs in a
mixture of ethanol and water (1:4) and incubated for 4 h at RT with gentle mixing on a flat-

bottom shaker. HDL NPs were then purified and concentrated using tangential flow filtration.
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HDL NP concentration was determined using UV-Vis spectroscopy (eaune = 9.696 x 10° Mlcm

1 Amax = 520 nm) and size was confirmed using dynamic light scattering.

Transmission electron microscopy and dynamic light scattering: EV samples were fixed by
adding an equal volume of 4% paraformaldehyde (PFA) to the EV suspension and incubating at
room temperature for 10 min. 5 pl of EV suspension were deposited on 300-mesh carbon-coated
copper grids to adsorb for 20 min. Grids were then floated on 100 pl drops of PBS on parafilm
for 2 min. Grids were then transferred to 50 pul drops of 1% glutaraldehyde for 5 min. Next, grids
were washed on 100 pl drops of PBS for a total of 8 washes and 2 min per wash. Grids were then
transferred to 50 pl drops of uranyl oxalate, pH = 7, for 5 min, and finally to 50 pl drops of
methyl cellulose-uranyl acetate for 10 min on ice. Excess fluid was then blotted off on filter
paper, and grids were dried at room temperature for 20 min prior to imaging or storage. Imaging
was performed using a FEI Tecnai Spirit transmission electron microscope (TEM) operating at
80 kV. Hydrodynamic diameter of EVs was determined by dynamic light scattering (DLS),
which was performed using a Zetasizer Nano ZS (Malvern). EV samples were diluted to
concentrations of 1-10 pug EV protein per mL in PBS. Hydrodynamic diameters reported are the
average of three separate measurements of a single sample, with each measurement being the

cumulative result of ten runs.

EV fluorescent labeling: EVs were isolated from cultured cells in an identical manner as
described above, with the exception that prior to the last round of ultracentrifugation at 100,000
X g, the lipophilic fluorescent dye 1,1'-Dioctadecyl-3,3,3',3'-

Tetramethylindocarbocyanine Perchlorate (Dil) was added to the EV sample at a
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concentration of 2.5 uM in PBS. After the final round of centrifugation, supernatant containing

excess Dil was discarded prior to resuspension of the EV pellet.

Flow cytometry: Dil-labeled EVs or vehicle control (PBS) were injected via tail vein into male
C57BL/6 mice (10 pg EV protein) 24 h prior to euthanasia. For in vivo uptake inhibition
experiments, mice were subjected to HDL NP injection via tail vein (100 uM, 100 pl) 24 h prior
to injection of Dil-labeled EVs. Bone marrow cells were then isolated as described above,
washed in PBS, and resuspended in FACS buffer [PBS containing 1% bovine serum albumin
(BSA), 0.1% sodium azide]. Samples were stained in LIVE/DEAD Aqua Dead Cell stain
(ThermoFisher) for 20 min at RT, washed in FACS buffer, and then blocked in F¢ block (BD
Pharmingen) for 20 min at RT. Cells were then incubated in 100 ul of fluorophore-conjugated
antibody cocktail (APC anti-mouse/human CD11b, PE-Cy7 anti-mouse Ly6C, Brilliant Violet
anti-mouse Ly6G; BioLegend) (1:100 dilutions for all antibodies) for 1 h at 4°C protected from
light, and then washed in FACS buffer. Samples were then analyzed using a BD LSR Fortessa
Analyzer and data was processed using FlowJo software. A sample of the gating scheme is

shown in Figure S1c. Experiments were performed using n = 3 mice per group.

In vitro EV uptake studies: Cells were plated at 20,000 cells per well in 24-well plates on top of
glass coverslips, in 0.5 mL of culture medium. The following day, cells were washed three times
in PBS prior to treatment with Dil-labeled EVs with or without HDL NP pre-treatment (2 h) in
serum-free media. For all in vitro EV uptake experiments excepting time-dependence studies
(Fig. 2a, c, Fig. Sla, Fig. S4), EV uptake was allowed to proceed for 30 min. For time-
dependence studies, EV uptake proceeded for 30 min, 2 h, or 12 h. Cells were then washed three

times in PBS and fixed in 4% paraformaldehyde for 15 min at RT. Subsequently, cells were
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washed three times in PBS, and incubated with AlexaFluor488-Phalloidin (1:1000) (Abcam) and
DAPI (300 nM) for 1 h at RT. Cells were then washed three times in PBS and mounted on
microscopy slides in Fluoromount G mounting medium (Southern Biotech). Three distinct

samples from each group were imaged using a Nikon A1R Spectral confocal microscope.

Osteoclast differentiation studies: For in vitro osteoclast differentiation assays, RAW264.7
cells were seeded at a density of 25,000 cells per well in 24-well tissue culture plates. After 48 h,
cells were incubated with vehicle control (PBS), EnzR EVs (5 pg/mL EV protein) with or
without RANKL (20 pg/mL), or RANKL alone for 7 days, with fresh media containing EVs
and/or RANKL added at day 4. For in vitro HDL NP inhibition studies, HDL NPs (100 nM)
were added to the media 2 h prior to addition of EnzR EVs, and osteoclast differentiation was
allowed to proceed for 7 days, with fresh media containing HDL NPs and EnzR EVs added at
day 4. After 7 days, cells were then fixed in 4% PFA and stained with TRAP using a
commercially available kit (Sigma) according to the manufacturer’s protocol. Experiments were

performed using three distinct biological replicates per group.

For in vivo osteoclast differentiation studies, C57BL/6 mice were subjected to three tail vein
injections of EnzR EVs (10 pg EV protein per injection) at 48 h intervals. Mice were euthanized
24 h after the third injection, hind limbs were dissected, soft tissue was removed, and bones were
fixed in 10% neutral buffered formalin (NBF) for 3-5 days. Hind limb bones were then rinsed
twice in PBS, placed in 70% ethanol for 24 hrs, and decalcified in 20% EDTA for 10 days prior
to paraffin embedding, sectioning, and mounting on microscopy slides. TRAP staining was then
performed to visualize osteoclasts using a commercially available kit (Sigma) according to the

manufacturer’s protocol. Experiments were performed using n = 3 mice per group.
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NF-kB reporter assay: THP1-Dual cells were maintained in culture medium containing 10
pg/mL blasticidin and 100 pg/mL Zeocin to maintain selection pressure and passaged every three
days. Cells were seeded in 96-well plates at 100,000 cells/well in 180 pl of cell suspension. Then
20 ul of EnzR EVs, vehicle control (PBS), or positive control (LPS) were added to each well to
achieve the desired final concentration. Plates were incubated at 37°C for 24 h. QUANTI-Blue
solution was then prepared according the manufacturer’s instructions, 180 pl of QUANTI-Blue
solution were added to each well of a new 96-well plate, and 20 pl of THP1-Dual supernatant
were added to each well. Plates were incubated at 37°C for 2 h and SEAP levels were determined
by measuring absorbance using a Synergy Plate Reader. For HDL NP inhibition experiments, the
experimental conditions were identical with the exception that HDL NPs (100 nM) were added
to THP1 cells 2 h prior to addition of EnzR EVs. NF-kB activity was measured from four distinct

biological replicates per group.

Radiolabeled cholesterol efflux assay: THP1 monocytes were seeded into 24-well plates at a
density of 50,000 cells/well and differentiated into macrophages by incubating with 100 ng/mL
phorbol 12-myristate 13-acetate (PMA) for 48 h at 37°C. Cells were then washed three times
with PBS and fresh, non-PMA containing media was added to allow cells to recover for 24 h
prior to loading with tritium-labeled cholesterol ([*H]-chol). An ethanol stock solution of [°H]-
chol was evaporated to generate a thin film, re-dissolved in 1 mL ethanol and incubated at 37°C
for 60 min. The solution was then evaporated again, re-dissolved in 50 pl ethanol, and incubated
at 37°C for 30 min. FBS was then added to the solution of [*H]-chol at a quantity calculated to
enable labeling of cells the following day with 1 pCi [*H]-chol per well in 5% FBS containing

culture medium. The resulting mixture was incubated at 4°C overnight. On the following day,
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serum-free RPMI with 1% penicillin/streptomycin was added to the mixture of [*H]-chol and
FBS to yield a labeling medium comprising 2 pCi/mL [3H]-chol, 5% FBS. Cells were washed
three times with PBS and 500 pl of labeling medium were added to the cells. After 24 h, cells
were washed three times with PBS to remove excess [®H]-chol, and fresh culture medium with
HDL NPs or vehicle (PBS) control was added. Cholesterol efflux was allowed to proceed for 4 h
when cells were washed three times with PBS, lipids were extracted with isopropanol, and [*H]-
chol was quantified using liquid scintillation counting. [*H]-chol was quantified from four

distinct biological replicates per group.

In vivo bone marrow cellular cholesterol quantification studies: Male C57BL/6 were injected
with HDL NPs (100 pl, 1 uM) or vehicle alone (PBS) via tail vein 2 h prior to euthanasia when
hind limbs were dissected and bone marrow cells were isolated as described above. Each bone
marrow sample was then divided into two groups: one for quantification of cellular cholesterol in
total bone marrow cells and the other for quantification of cellular cholesterol in bone marrow
monocytes. For the latter group, a commercially available mouse bone marrow isolation kit
(EasySep) was used to isolate monocytes from total bone marrow. Amplex Red Cholesterol
Assay (ThermoFisher) was then used to quantify cellular cholesterol in both groups according to
the manufacturer’s instructions. Protein content of the samples was determined by BCA, and
cholesterol quantification was normalized to the protein content. Experiments were performed

using n =5 mice per group.

Immunohistochemistry: Male C57BL/6 mice were subjected to three tail vein injections of
EnzR EVs (10 pg EV protein per injection) or vehicle (PBS) control at 48 h intervals. Mice were

euthanized 24 h after the third injection, hind limbs were dissected, soft tissue was removed, and
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bones were fixed in 10% neutral buffered formalin (NBF) for 3-5 days. Hind limb bones were
then rinsed twice in PBS, placed in 70% ethanol for 24 hrs, and decalcified in 20% EDTA for 10
days prior to paraffin embedding, sectioning, and mounting on microscopy slides. Tissues were
deparaffinized and rehydrated by incubating twice in xylene for 5 minutes, and then undergoing
successive 10-minute incubations in 100% ethanol, 95% ethanol, 70% ethanol, distilled water
and finally PBS. Tissues were then washed and permeabilized in TBS-Triton (0.025% Triton X-
100) twice for five minutes and blocked in TBS with 1% BSA, 10% donkey serum. Primary
antibodies (anti-mouse TSP1, Abcam, 1:50 dilution; anti-mouse/human VCAN, Sigma, 1:100
dilution; anti-mouse Type | Collagen, Sigma, 1:100 dilution) were then added using TBS, 1%
BSA as a diluent and allowed to incubate for 24 h at 4°C. Tissues were then washed twice in
TBS-Triton for 5 minutes each, prior to adding fluorescently tagged secondary antibodies at
1:250 dilutions in TBS, 1% BSA. Tissues were then washed with TBS for 5 minutes, then DAPI
(300 nM) in TBS, and once more in TBS for five minutes prior to mounting and cover slipping
on microscopy slides in Vectashield mounting media. Slides were imaged using a Nikon A1R

spectral confocal microscope. Experiments were performed using n = 3 mice per group.

Surgical castration: Male C.B.-17 SCID mice aged 3-4 weeks were surgically castrated two
weeks prior to injection of tumor cells. Mice were anesthetized under inhaled isoflurane. The
incision area was swabbed with alcohol and betadine prior to surgery. A single 2-4 mm incision
was made in the inferior scrotum. One testicle was removed from the scrotum, a knot was tied
around the base of the testicle, and the testicle was excised with surgical scissors. The process

was repeated for the other testicle. The incision site was then closed with absorbable sutures.
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Mice were given intraperitoneal injections of meloxicam (5 mg/kg) once per day for two days

following the operation.

Metastasis experiments: Male C.B.-17 SCID mice (Taconic Bioscience) were castrated two
weeks prior to intracardiac injection of EnzR CWR-R1 cells. Five days prior to intracardiac
injection, mice were subjected to three rounds of tail vein injections with EnzR EVs (10 pg EV
protein per injection, 100 pul) or vehicle control (PBS) at 48 h intervals. One group of mice was
also subjected to three rounds of HDL NP injections (100 uM, 100 pl) via tail vein on alternating
days from EnzR EV injections, beginning 24 h prior to the first EnzR EV injection. On the day
of intracardiac injection, mice were anesthetized under inhaled isoflurane, the injection site was
swabbed with alcohol and betadine, the syringe needle was then advanced through the skin
approximately 1 cm to the left of the inferior sternum and 5 mm inferior to the sternum. The
needle was then advanced through the diaphragm and into the left ventricle, and luciferase-
expressing EnzR CWR-R1 cells (250,000 cells) were injected into the left ventricle over the
course of 15-20 seconds. Mice were monitored for signs of pain following the procedure and
meloxicam was administered as needed. Tumor burden was assessed at 2 weeks post-intracardiac
injection via bioluminescence imaging. Mice were injected intraperitoneally with luciferin (150
mg/kg) 5 minutes prior to bioluminescence imaging under anesthesia. Experiments were
performed using n = 8 mice per group for experimental groups (EnzR EVs; EnzR EVs + HDL

NP) and n =5 mice were used for the PBS control group.

Adhesion assay: Recombinant type | collagen (Sigma), TSP1 (R&D Systems), and VCAN (Ray
Biotech) were diluted to 100 pg/mL in PBS. All ECM substrates were then prepared at a final

total protein concentration of 5 pg/mL using the appropriate combination of each of the three
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components. The remainder of the substrate that did not call for TSP1 or VCAN was filled with
type | collagen. For instance, a condition that called for 5% TSP1, 45% VCAN would be
prepared by adding 5 equivalents of TSP1, 45 equivalents of VCAN, and 50 equivalents of type |
collagen. Substrates were then sonicated to achieve greater alignment of ECM fibrils. 100 pl of
each substrate were then added in triplicate to wells in 96-well plates and incubated for 2 h at
room temperature. Excess substrates were then removed by inverting the 96-well plate over a
plastic reservoir and tapping gently. Wells were washed twice with PBS and blocked with
DMEM containing 10% FBS for 30 min at 37°C. Wells were washed once with PBS and 50,000
EnzR CWR-R1 cells were added to each well in full serum-containing culture medium and
incubated at 37°C in an IncuCyte S3 system to enable live cell imaging of the adhesion process.
Cells were imaged at 15 min intervals for the first 2 h and then every hour for the next 6 h.
IncuCyte Analysis software was then used to analyze the results. Statistical testing was
performed using three distinct biological replicates. Each data point from a single biological
replicate represents the mean confluence across five technical replicates (distinct images from

five different parts of the same tissue culture well).

RNA isolation for sequencing: For CD11b" bone marrow cell RNA sequencing studies, male
C57BL/6 mice were subjected to three rounds of tail vein injections with EnzR EVs (10 ug EV
protein per injection, 100 pl) or vehicle control (PBS) at 48 h intervals. One group of mice was
also subjected to three rounds of HDL NP injections (100 pM, 100 pl) via tail vein on alternating
days from EnzR EV injections, beginning 24 h prior to the first EnzR EV injection. 24 h after the
final injection, mice were euthanized and bone marrow cells were isolated as described above.

CD11b* cells were then isolated from the bone marrow population using a commercially
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available separation kit (EasySep) according to the manufacturer’s instructions. mRNA was then
isolated using RNeasy isolation kit (Qiagen). Experiments were performed using n = 3 mice per

group for CD11b" RNA isolation and sequencing.

RNA sequencing of CD11b* mouse bone marrow cells: Stranded total RNA-seq was
conducted in the Northwestern University NUSeq Core Facility. Briefly, total RNA examples
were checked for quality on Agilent Bioanalyzer 2100 and quantified with Qubit fluorometer.
The Illumina TruSeq Stranded Total RNA Library Preparation Kit was used to prepare
sequencing libraries from 200 ng of total RNA samples. The Kit procedure was performed
without modifications. This procedure includes rRNA depletion, remaining RNA purification
and fragmentation, cDNA synthesis, 3’ end adenylation, Illumina adapter ligation, library PCR
amplification and validation. lllumina NextSeq 500 Sequencer was used to sequence the libraries

with the production of single-end, 75 bp reads.

The quality of DNA reads, in FASTQ format, was evaluated using FastQC. Adapters were
trimmed, and reads of poor quality or aligning to rRNA sequences were filtered. The cleaned
reads were aligned to the Mus musculus genome (mm10) using STAR (Dobin et al, 2013). Read
counts for each gene were calculated using htseg-count (Anders et al, 2015) in conjunction with

a gene annotation file for mm10 obtained from UCSC (University of California Santa

Cruz; http://genome.ucsc.edu). Normalization and differential expression were determined using
DESeg2 (Love et al, 2014). The cutoff for determining significantly differentially expressed
genes was an FDR-adjusted p-value less than 0.05. A pathway analysis was performed on both
gene lists using GeneCoDis (Tabas-Madrid et al, 2012; Nogales-Cadenas et al, 2009; Carmona-

Saez et al, 2007) to identify pathways enriched with genes that are upregulated and


http://genome.ucsc.edu/
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downregulated. Results were obtained from n = 3 mice per group. RNA sequencing data has

been uploaded to NCBI GEO database (Accession: GSE158012).

Western blot: For Western blotting, 20 pg or 5 pg of total protein were used for cell lysates and
EV protein respectively. Samples were diluted in Laemmli buffer and incubated at 98°C for 5
min. Protein samples were resolved using Tris/Glycine/SDS pre-cast polyacrylamide gels and a
BioRad Western blot system running at 200 V for 32 min. Protein was transferred from
polyacrylamide gel to polyvinylidene fluoride membranes via wet transfer for 90 min at 70 V.
Membranes were then blocked in 5% non-fat milk in TBS-Tween (0.1% Tween 20) for 1 h at
RT. Membranes were incubated with primary antibodies at dilutions recommended by the
manufacturer (anti-CD9, Cell Signaling Technology, Cat#: D80O1A, 1:500 dilution; anti-CD63,
Novus Biologicals, Cat#: NB100-77913, 1:250 dilution; anti-flotillin-1, BD Biosciences, Cat#:
610820, 1:500 dilution; anti-GM130, BD Biosciences, Cat# 610822, 1:500 dilution) in blocking
buffer for either 3 h at RT or overnight at 4°C, washed three times in TBS-Tween for 10 minutes,
and incubated with HRP-conjugated secondary antibodies in blocking buffer for 1 h at RT.
Membranes were then washed three times in TBS-Tween for 10 min and developed in ECL

detection reagents (GE Healthcare).

Statistics and Reproducibility: All statistical analyses were performed using GraphPad Prism.
Statistical significance was calculated using either unpaired two-tailed Student’s t-test or one-
way ANOVA with Tukey’s post-hoc test, two-sided. *P < 0.05, **P < 0.01, ***P < 0.001. No
statistical methods were used to pre-determine sample sizes, blinding, or randomization methods.

The precise n for all experiments is explicitly indicated in each relevant Materials and Methods
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section, as well as in the main text and figure captions for select experiments. Details regarding

the use of technical and biological replicates are described in the Materials and Methods.
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Chapter 5: High-density lipoprotein mimics inhibit SARS-CoV-2 infection

5.1 Objectives and Significance

The novel human coronavirus, severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), emerged in Wuhan, China in late 2019 and has now caused a global pandemic. The
disease caused by SARS-CoV-2 is known as COVID-19. To date, few treatments for COVID-19
have proven effective, and the current standard of care is primarily supportive. As a result, novel
therapeutic strategies are in high demand. Viral entry into target cells is frequently sensitive to
cell membrane lipid composition and membrane organization. Evidence suggests that cell entry
of SARS-CoV-2 is most efficient when the target cell plasma membrane is replete with
cholesterol; and recent data implicate cholesterol flux through the high-affinity receptor for
cholesterol-rich high-density lipoprotein (HDL), called scavenger receptor B1 (SR-B1), as
critical for SARS-CoV-2 entry. Here, we demonstrate that a cholesterol-poor synthetic HDL
(HDL NP) targets SR-B1 and inhibits cell entry of a SARS-CoV-2 spike protein pseudovirus.
Human cells expressing SR-B1 are susceptible to SARS-CoV-2 infection, and viral entry can be
inhibited by 50-80% using HDL NPs. These results indicate that HDL NPs may be a powerful

therapy to combat COVID-19 and other viral diseases.

5.2 Background and Motivation

COVID-19 disparately impacts the aging population, with the median age of COVID-19-
related death being 78 years.?** Individuals with pre-existing conditions such as coronary artery
disease,?>216 hypertension,?!’ and diabetes?!® are also disproportionately susceptible to serious
sequalae from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection.

However, the precise reasons why advanced age and pre-existing conditions lead to these
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disparities remain unclear. Prior evidence indicates that SARS-CoV-1 infectivity is highly
sensitive to cholesterol levels in the host cell.?!® Indeed, several recent studies demonstrate that
this is also the case for SARS-CoV-2.220-222 Specifically, cholesterol-rich membrane domains
constitute viral entry points for SARS-CoV-2.22 Moreover, cholesterol helps traffic angiotensin
converting enzyme 2 (ACE2) to these domains and increases the binding affinity for SARS-
CoV-2 to the cell surface.?®® Conversely, reducing cellular cholesterol reduces viral infectivity.
These findings provide valuable mechanistic insight into the existing disparities in COVID-19
outcomes for the elderly and those with pre-existing cardiovascular conditions and suggest that
targeted reduction of cellular cholesterol may be a viable therapeutic strategy. Here, we sought to
determine whether a targeted, cholesterol-reducing nanoparticle agent could inhibit SARS-CoV-

2 entry.

Coronaviruses are enveloped viruses with positive stranded RNA genomes. Enveloped
viruses typically infect their host cells in a two-step process whereby viral surface proteins first
bind to receptors on the cell surface to initiate viral attachment, followed by a fusion event which
leads to internalization of the virion by the host cell. Each virus in the coronavirus family
expresses three structural proteins that are incorporated into the viral capsid, the membrane (M),
envelope (E), and spike (S) proteins. The S protein is most important for viral attachment to host
cells. For SARS-CoV-1 and 2, viral entry is facilitated by binding of the S protein to its receptor
on the surface of certain host cells, ACE2. Furthermore, the high-affinity receptor for native
cholesterol-rich high-density lipoproteins (HDL), called scavenger receptor type B-1 (SR-B1),
has recently been implicated as a co-receptor to facilitate the entry of SARS-CoV-2, potentially

in lock-step with HDL, into cells of the host airway.??® SR-B1 is expressed by hepatocytes, 3% 224
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immune cells!® 201 225 and type Il pneumocytes,??® the latter representing a major cell type
targeted by SARS-CoV-2. SR-B1 has previously been appreciated as a co-receptor for other

viruses and pathogens, including hepatitis C virus?*’ and Plasmodium species.??®

Despite this basic knowledge regarding the mechanism by which SARS-CoV-2 infects
host cells, knowledge regarding therapeutic targets that could be exploited to inhibit SARS-CoV-
2 infectivity remains limited. Most work has been focused on antibodies or ACE2 receptor
decoys that target viral antigens, like the S protein, to reduce the productive interactions between
the virus and host cells.?2>232 However, strategies that target host cells to prevent SARS-CoV-2
entry are less well studied. It is known that SARS-CoV-1 and SARS-CoV-2 utilize cholesterol
and monosialotetrahexosylganglioside 1 (GM1)-rich lipid microdomains, or lipid rafts, for viral
entry in cultured mammalian cells. Specifically, treating cells with the non-specific cholesterol
sequestrant, methyl-p-cyclodextrin (MBCD), prior to introducing SARS-CoV-1 or SARS-CoV-2,
leads to significantly reduced infection. Furthermore, recent data demonstrate that modulating
cell cholesterol biosynthesis may be a critical pathway that controls SARS-CoV-2 entry into host
cells.?*® Taken together, a significant amount of data suggest that the entry of SARS-CoV-2 into
host cells is cholesterol-dependent and that targeting cell entry with an agent that modulates cell
membrane and cellular cholesterol metabolism may provide a unique therapy to prevent SARS-

CoV-2 entry into host cells.

HDLs are multi-functional particles that greatly impact inflammation and are taking on
increasing importance as guardians of the integrity of endothelial and epithelial barrier function
throughout the body. At the most basic level, HDLs are dynamic nanoscale particles (7-13 nm in

diameter) that circulate in the bloodstream of mammals and transport cholesterol. HDLs are
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specifically notable for their functions in so-called reverse cholesterol transport, whereby they
remove cholesterol from peripheral cells such as macrophages and deliver cholesterol back to
hepatocytes for excretion in the bile. As a result, HDLs can potently modulate cell cholesterol
metabolism. Our group and others have developed and tested synthetic HDLs for a variety of
therapeutic!# 34 159 202 234 and imaging®” ' purposes. In one iteration, an inorganic core
nanoparticle is used as a template to assemble the protein (apolipoprotein A-1) and lipids
naturally associated with the surface of native cholesterol-rich HDLs. By virtue of their surface
mimicry, HDL NPs tightly bind SR-B1. However, because synthetic HDLs lack a core of
esterified cholesterol, and other lipids, they have been shown to differentially modulate cell
membrane cholesterol and, by way of reducing cell cholesterol, stimulate a compensatory
increase in cellular cholesterol biosynthesis. From a therapeutic perspective, HDL NPs modulate
cell membrane cholesterol and lipid rafts, which has been shown to potently inhibit the uptake of
extracellular lipid vesicles, often referred to as exosomes, which share many properties with
viruses.?®>2% |n addition, HDL NP modulation of cell cholesterol has been leveraged to develop
potent anticancer therapies for tumor types that heavily depend upon cholesterol uptake through
SR-B1.* And, finally, tuning the lipids bound to the outer surface of HDL NP enables profound
targeting of Gram-negative bacterial lipopolysaccharide (LPS) to attenuate the activation of NF-

O Because of these properties, and a growing body of

kB and attendant cytokine expression.’
evidence demonstrating the dependence of SARS-CoV-2 infection upon cell cholesterol, we
employed synthetic HDLs to determine whether targeted reduction of cellular cholesterol would

inhibit viral entry of a SARS-CoV-2 spike protein pseudovirus.

5.3 Results and Discussion
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Synthetic HDL NPs target the high-affinity receptor for native cholesterol-rich HDLs,
SR-B1. As such, we assayed for the presence of SR-B1 in model cell lines of SARS-CoV-2
infection. The HepG2 and HEK293 (ACE2 over-expressing) cell lines both expressed SR-B1 as
determined by Western blot (Figure 5.1 a,b). Moreover, treating HEK293 (ACE2) and HepG2
cells with siRNA against SR-B1 was shown to knock down SR-B1 protein expression (Figure
5.1 a,b) in each of these cell lines. The latter result is important for downstream SR-B1-
dependence studies. Next, we treated HEK293 (ACE2) and HepG2 cells with PBS control or
HDL NPs to determine any alterations in SR-B1 expression. We found that HDL NPs did not
alter SR-B1 expression in these cell lines (Figure 5.1 c) at the concentration and treatment

duration used for viral entry experiments later in the study (50 nM HDL NP for 48 h).
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Figure 5.1: HEK293 (ACE2) and HepG2 cells express the native HDL receptor SR-B1

Western blot results for SR-B1 expression in a) HEK293 (ACE2 over-expressing) cells with
either PBS, scramble RNA (siCntrl) or siRNA against SR-B1 (siSR-B1), b) HepG2 cells with
either PBS, scramble RNA (siCntrl) or siRNA against SR-B1 (siSR-B1), ¢) HEK293 and HepG2
cells under conditions where cells were treated with HDL NPs (50 nM) or PBS control. In all
cases, blots for B-actin were used as a control.
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Figure 5.2: Neither SR-B1 knockdown nor HDL NP treatment alter ACE2 expression

Western blot results for ACE2 expression in a) HEK293 (ACE2 over-expressing) cells with
either PBS, scramble RNA (siCntrl) or siRNA against SR-B1 (siSR-B1), b) HepG2 cells with
either PBS, scramble RNA (siCntrl) or siRNA against SR-B1 (siSR-B1), ¢c) HEK293 and HepG2
cells under conditions where cells were treated with HDL NPs (50 nM) or PBS control. In all
cases, blots for B-actin were used as a control.

We then investigated whether HDL NP treatment or SR-B1 knockdown altered ACE2
expression. Because one of the overarching objectives of this study is to determine if HDL NPs
effectively inhibit SARS-CoV-2 infection, we sought to determine first whether ACE2
expression was stable upon HDL NP treatment, to rule out the possibility that HDL NP treatment
may indirectly alter SARS-CoV-2 infection by regulating ACE2 expression. We found that HDL
NP treatment of HEK293 (ACE2) and HepG2 cells did not appreciably alter ACE2 expression
(Figure 5.2c). Because we used siRNA against SR-B1 for mechanistic experiments later in the
study, we also wanted to confirm that knocking down SR-B1 would not significantly alter ACE2
expression compared to treatment with a scramble RNA control. We found that ACE2
expression in HEK293 (ACE2) and HepG2 cells subjected to SR-B1 knockdown did not differ

from cells treated with a scramble RNA control (Figure 5.2a, b).
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Figure 5.3: HDL NP treatment inhibits infection of SARS-CoV-2 pseudovirus in HEK293
(ACEZ2) cells

a) Live cell imaging snapshots of HEK293 (ACEZ2) cells treated with GFP-expressing SARS-
CoV-2 pseudovirus with or without HDL NP (50 nM) co-treatment. b) Quantification of GFP*
HEK?293 (ACE?2) cells (total integrated green fluorescence density) after 48 h of infection with or
without HDL NP co-treatment. Scale bars = 200 um.

Having established that HEK293 (ACE2) and HepG2 cells express SR-B1 and would
therefore potentially be susceptible to HDL NP targeting, we next performed experiments to
determine whether HDL NP treatment had any impact on the infectivity of a GFP-expressing
SARS-CoV-2 spike protein pseudovirus (SARS-CoV-2 pseudovirus). Cells were treated with
HDL NPs (50 nM) at the same time as SARS-CoV-2 pseudovirus was introduced, and cells were

monitored with live cell fluorescence imaging for 48 h for GFP expression. Live cell imaging
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snapshots (Figure 5.3a, 5.4a) and quantifications (Figure 5.3b, 5.4b) showed that HDL NP
treatment significantly inhibited SARS-CoV-2 pseudovirus infectivity by approximately 55% in
HEK293 (ACE2) cells and 80% in HepG2 cells after 48 h. These results are consistent with the
relative SR-B1 expression of the two cell lines, with HepG2 cells expressing more SR-B1 than

HEK?293 (ACEZ2) cells (Figure 5.1).
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Figure 5.4: HDL NPs inhibit infection of SARS-CoV-2 pseudovirus in HepG2 cells

a) Live cell imaging snapshots of HepG2 cells treated with GFP-expressing SARS-CoV-2
pseudovirus with or without HDL NP (50 nM) co-treatment. b) Quantification of GFP* HepG2
cells (total integrated green fluorescence density) after 48 h of infection with or without HDL NP
co-treatment. Scale bars = 200 pum.
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Figure 5.5: Impact of SR-B1 knockdown on SARS-CoV-2 infection and HDL NP inhibition

a) Live cell imaging of HEK293 (ACEZ2) cells infected with SARS-CoV-2 pseudovirus subjected
to treatment regimens of HDL NPs, anti-SR-B1 siRNA, and/or scramble RNA. b) Quantification
of GFP™ cells (total integrated green fluorescence density) in groups infected with SARS-CoV-2
pseudovirus with or without treatment with HDL NPs, SR-B1 siRNA, or scramble RNA control.
Scale bars = 200 pum.
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With the knowledge the SR-B1 has been identified as a possible co-receptor for SARS-
CoV-2, we then investigated whether knocking down SR-B1 had any effect on SARS-CoV-2
infectivity. To do this, we transfected HEK293 (ACEZ2) cells for 48 h with anti-SR-B1 siRNA or
a scrambled RNA control using Lipofectamine RNAIMAX, and then introduced the SARS-CoV-
2 pseudovirus and allowed infection to proceed for 48 h. We found that knocking down SR-B1
led to reduced viral entry (Figure 5.5a, top two rows; Figure 5.5b), consistent with the hypothesis

that SR-B1 is a co-receptor for SARS-CoV-2.

Finally, we sought to interrogate the complex relationship between viral entry, HDL NP
inhibition, and SR-B1 by knocking down SR-B1 prior to infection, in conjunction with HDL NP
treatment. Viral entry experiments were performed using SARS-CoV-2 pseudovirus in HEK293
(ACE2) cells treated with anti-SR-B1 siRNA for 48 h to reduce the expression of SR-BL.
Subsequently, cells were treated with SARS-CoV-2 pseudovirus with or without HDL NP (50
nM) for an additional 48 h. Live cell imaging revealed that cells treated with HDL NPs in
addition to SR-B1 knockdown exhibited lower rates of viral entry than merely reducing SR-B1
alone (Figure 5.5); however, the rate of viral entry was not as low as virus + HDL NP without

SiRNA (Figure 5.5).

Taken together, these results demonstrate that SARS-CoV-2 viral entry is reduced upon
SR-B1 knockdown, suggesting that SR-B1 is a co-receptor for SARS-CoV-2; moreover, data

support that HDL NPs target SR-B1 to inhibit SARS-CoV-2 entry.
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Figure 5.6: An SR-B1 blocking antibody inhibits SARS-CoV-2 infection

a) Live cell imaging of HEK293 (ACE2) cells infected with SARS-CoV-2 pseudovirus with or
without an SR-B1 blocking antibody. b) Quantification of GFP* cells (total integrated green
fluorescence density) in groups infected with SARS-CoV-2 pseudovirus with or without an SR-
B1 blocking antibody. Scale bars =200 pm.

5.4 Conclusions

The novel SARS-CoV-2 virus has caused a global pandemic. Recent data clearly
demonstrate that cellular infection by SARS-CoV-2 is impacted by cell membrane and cellular
cholesterol levels, as well as requiring the presence of the putative co-receptor SR-B1. As such,

we employed our synthetic HDL NP to target SR-B1 on the surface of cultured cells known to be
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targets of SARS-CoV-2. Our data clearly demonstrate potent reduction of productive infection of
target cells at low nM therapeutic doses of the HDL NP. Furthermore, inhibition of SARS-CoV-
2 is long lasting, up to 48 hours after the initiation of culture. No untoward side effects of HDL
NP therapy were observed. Furthermore, using siRNA to reduce the expression of SR-B1 in the
host cell types, data show that the HDL NPs are actively targeting this receptor; and data support
that SR-B1 is a co-receptor for SARS-CoV-2 entry as reduced infection is observed after SR-B1
knockdown in the absence of HDL NP treatment. Overall, HDL NPs are a promising therapeutic
candidate to inhibit SARS-CoV-2 infection and are also a candidate therapy for the general
reduction of viral entry to target host cells that express SR-B1 and depend upon cell membrane

cholesterol and lipid raft integrity for cell entry.
5.5 Materials and Methods
Materials and Methods:

Cell culture: HEK293 cells expressing the human ACE2 receptor and HepG2 cells were
cultured in DMEM containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin
(PenStrep). All cell cultures were maintained at 37°C and 5% CO,. Frozen aliquots of 10° cells

were used and cells were passaged fewer than 10 times for all experiments.

High-density lipoprotein nanoparticle (HDL NP) synthesis: HDL NPs were synthesized
according to previously published protocols. Briefly, particle synthesis was initiated by adding
apoA-1 (MyBioSource) at a 5:1 mole ratio to a colloidal suspension of 5 nm diameter citrate-
stabilized gold nanoparticles (AuNP) (Ted Pella). The suspension was vortexed briefly and then

incubated at RT for 1 h on a flat-bottom shaker. Next, a phospholipid--1,2-dipalmitoyl-sn-
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glycero-3-phosphoethanolamine-N-[3-(2-pyridyldithio)propionate] (PDP PE) (Avanti Polar
Lipids)—was added to the suspension at a 250-fold molar excess to [AuNP], followed by two
additional phospholipids, 1,2-dilinoleoyl-sn-glycero-3-phospho-(1°-rac-glycerol) (18:2 PG) and
cardiolipin (Avanti Polar Lipids), each at 125-fold molar excess to the AuNP. The lipids were
incubated with the suspension in a mixture of ethanol and water (1:4) for 4 h at RT with gentle
mixing on a flat-bottom shaker. The HDL NPs were then purified by tangential flow filtration.
The HDL NP concentration was determined by UV-Vis spectroscopy and Beer’s law (eaune =
9.696 x 10° Mlcm™, Amax = 520 nm). Particle hydrodynamic diameter was determined by

dynamic light scattering.

SARS-CoV-2 pseudovirus production: First, 293T cells grown to ~70-80% confluency. Before
transfection, the culture media was aspirated and changed to serum-free DMEM. Cells were
transfected with a SARS-CoV-2 spike expression plasmid (NR-52310 from BEI Resources)
using PEI. After 24 hours, VSV-dG*G-GFP virus was added at an MOI of 3, and incubated for 2
hours, rocking gently every 15 min. Two hours after infection, the media was replaced with
DMEM with 2% FBS and then cultured for another 48 hours. Finally, the cell supernatant was
removed and filtered through a 0.45 puM filter and then concentrated using an Amicon

concentrator (UFC910024 from Sigma Millipore).

Viral entry inhibition experiments: HepG2 and HEK293 (ACE2) cells were seeded in 24-well
or 96-well tissue culture plates at 50,000 or 10,000 cells/ well, respectively. After 24 h, cells
were washed once in PBS and SARS-CoV-2 pseudovirus was added to the cells in culture
medium containing 1% FBS at a concentration of 350 fluorescence-forming units (FFU)/mL. For

indicated groups, HDL NPs were then added to the wells at a final concentration of 50 nM.
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Plates were then placed in an IncuCyte S3 to enable live cell imaging. Phase and green
fluorescence images were acquired every hour for 48 h. IncuCyte S3 analysis software was used
to process the data. For experiments using SR-B1 siRNA or scramble control, the same protocol
was used as above with the exception that 24 h after cell seeding, cells were treated with SR-B1
siRNA or scramble RNA using Lipofectamine RNAIMAX according to the manufacturer’s

instructions for 48 h prior to addition of virus with or without HDL NP.

SR-B1 knockdown experiments: HEK293 (ACE2) cells were plated at 400,000 cells per well
in 6-well tissue culture plates. When cells had reached approximately 70% confluence, siRNA
targeting SR-B1 (Ambion) and negative control scramble RNA (Ambion) were prepared using
Lipofectamine RNAIMAX in Opti-MEM according to the manufacturer’s instructions. Pre-
prepared RNA was added to the cells at 30 nM and SR-B1 knockdown proceeded for 48 h. Cell
lysates were harvested using M-PER lysis buffer, samples were centrifuged for 10 min at 14,000
x g to pellet cellular debris. The supernatant was then transferred to a new tube and protease and

phosphatase inhibitors were added prior to processing for western blot.

Western blot: Sample protein concentration was determined using bicinchoninic acid (BCA)
assay. Samples were then normalized to total protein, mixed with 4X Laemmli loading buffer
containing 3-mercaptoethanol, and boiled for 10 minutes at 100 °C. Proteins were resolved using
a 4%- 20% polyacrylamide gel (120 V, 1 h) and transferred to a 0.45 um PVDF membrane (60
V, 1 h). The membrane was blocked using 5% milk in Tris buffered saline (TBS) and Tween-20
(0.1%) for 1 hour. SR-B1 antibody was applied (1:2000) (Abcam, ab52629) and incubated
overnight at 4 °C. Blot was washed 10 minutes (3X) in TBST (0.1% Tween-20) secondary goat

anti-rabbit antibody (BioRad, 1721019) was applied (1:1000) for 1 hour at R.T. and blot was
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washed (3X) same as described above. Protein was detected using enhanced chemiluminescence

(ECL) detection (Bio-Rad, 1705060) and an Azure 300 (Azure Biosystems) gel imaging system.
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Chapter 6: Discussion and Future Directions

6.1 HDL mimics as therapy for ASCVD

Strategies for the development of HDL mimics have primarily fallen into one of three
categories: 1) using a combination of phospholipids and apoA-1 or apoA-1 mimetic peptides to
assemble particles that resemble small, discoidal HDLs, 2) using an inorganic nanoparticle as a
scaffold to template the assembly of large, spherical HDL mimics upon addition of
phospholipids and apoA-1, and 3) using an organic nanoparticle (e.g. polymeric nanoparticle) as
a template to assemble HDL mimics upon addition of phospholipids and apoA-1. Representative
members of each of these groups are 1) rHDLs, 2) gold nanoparticle templated HDL NPs, and 3)
PLGA HDL NPs.

Of the different classes of HDL mimics, rHDLs have been the most extensively
investigated in vitro and in vivo, and are the only class of HDL mimic that has been tested in
human trials (along with apoA-1 Milano).®® Historically, rHDLs have garnered significant
interest due to their mimicry of small, discoidal HDL (or pre-p HDL), which has long been
thought to be the primary HDL sub-species responsible for RCT and HDL’s anti-ASCVD
functions. However, multiple clinical trials have thus far failed to demonstrate therapeutic
efficacy of rHDLs for reducing ASCVD burden.®® Thus, the future of HDL-based therapies for
ASCVD is currently uncertain.

Despite the ongoing prevailing view that discoidal HDLs are the dominant players in
ASCVD, there is growing evidence that large spherical HDLs may play greater roles in reducing
ASCVD risk that previously thought.'®2% 165 Hence, one possible route moving forward would
be to invest greater time and energy developing spherical HDL mimics for translation to the

clinic. There are several obstacles that have thus far impeded the development of spherical HDL
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mimics, in addition to the long-held perception that they may be inferior to small, discoidal
HDLs as promotors of RCT. These obstacles involve the core composition and the synthetic
pathway. The use of inorganic materials as templates, such as gold nanoparticles and quantum
dots, is extremely powerful for enabling the fabrication of monodisperse, sub-20 nm
nanoparticles that mimic spherical HDLs in their size and surface chemistry.?> 2" However, one
of the major limitations to these approaches is that the resulting particles do not possess a
dynamic core capable of loading and unloading large amounts of cholesterol and cholesteryl
esters. In brief, the inorganic template consumes too much real estate within the particle and also
fails to provide a hydrophobic milieu to support efficient loading of cholesterol cargo. Thus, the
translational potential of these materials for ASCVD therapy is limited. Polymeric nanoparticle
templates, such as PLGA, perform comparatively better for providing a hydrophobic core to
support cholesterol transport; however, synthetic approaches using PLGA as a core material have
thus far typically led to a heterogenous population of larger particles that don’t truly resemble
HDLs in their size, shape, and composition.*64/

Given these limitations of existing synthetic HDL platforms, the field could stand to
benefit from a robust, organic core scaffold that enables the synthesis of monodisperse, spherical
HDL-like nanoparticles with a hydrophobic core that are squarely in the size regime of native
HDLs. In this thesis, we have described the development of precisely such a class of core
scaffolds. Our approach was motivated by an objective to fabricate HDL mimics that resembled
native HDLs not only with respect to their surface chemistry but also with respect to the
properties of their core. Using organic scaffold materials with externally oriented hydrophobic
domains represents a robust, tunable method for assembling HDL mimics that have a dynamic

core region capable of loading and unloading cholesterol, and supporting LCAT-mediated
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esterification. We also demonstrated that these materials successfully regress atherosclerotic
plaques in LDL-R™ mice by a striking 65-75% after only three weeks of treatment.

Because the synthetic approach is modular, with the ability to incorporate different linker
moieties, a library of core scaffolds could be developed and screened for their ability to support
supramolecular assembly of HDL-like particles, as well as their anti-ASCVD activity in vivo.
For instance, DNA linkers could be exchanged for the incorporation of peptide linkers with
hydrophobic amino acid residues which may better support cholesterol loading and esterification.
Short polymer linkers such as PEG could also be tested. Other organic scaffolds with appropriate
size and composition for the production of HDL mimics could also be investigated, such as
dendrimers or dendrimer-nanocomposites. Moreover, while externally oriented phospholipid
acyl chains were used as the hydrophobic domain in our work, other hydrophobic domains could
be employed, such as cholesteryl ester conjugates, triglycerides, sphingolipids, or a variety of
long-chain alkyl groups incorporated into a synthetic scaffold. Finally, the hydrophobic core of
these particles may be compatible for loading various anti-ASCVD drugs, which would enable
the production of dual-functioning nanoparticles. In sum, there is considerable room for further
testing and optimization of the synthetic approach used here to direct the assembly of spherical
HDL mimics using organic core scaffolds for their use in ASCVD. These materials may provide
a new source of hope for the prospect of using synthetic HDLs for ASCVD therapy in human
patients, in a landscape recently marked by significant obstacles and pitfalls.

6.2 Cholesterol dependence of metastatic signaling

An impressive amount of evidence has been reported over the past decade demonstrating

that TEx can mediate intercellular communication with cells at distant pre-metastatic sites to

promote PMN formation. This exosome-mediated pro-metastatic signaling can lead to radical
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pro-tumorigenic changes in the pre-metastatic microenvironment, including alterations in
extracellular matrix composition, anti-tumor immunity, inflammation, and angiogenesis.

While there have been many contributions to our collective knowledge regarding
mechanisms of exosome-mediated PMN formation, there has been considerably less attention
paid to the manner in which this pro-metastatic signaling is regulated and the ways in which it
might be inhibited. In this thesis we have reported that in the setting of PCa, exosome-mediated
pro-metastatic signaling in bone is highly sensitive to cholesterol burden in the recipient bone
marrow cells. Specifically, exosome-induced changes in gene expression, intracellular signaling,
extracellular matrix composition, and osteoclast differentiation were all dependent upon
cholesterol homeostasis in the target bone marrow cells. Targeted reduction of cellular
cholesterol using HDL NPs inhibited each of these exosome-mediated pro-metastatic signaling
processes. Importantly, exosome-mediated enhancement of metastasis itself was also prevented

by HDL NP treatment in a metastatic PCa mouse model.

While our studies were performed specifically in the context of PCa, our findings have
strong implications for exosome-mediated PMN formation in other cancers. In particular,
exosome-induced mobilization of BMDCs has been shown to be a feature of PMN formation in
both the lung and liver for melanoma and pancreatic cancer, respectively.®® 132 |n fact,
mobilization of BMDCs from the marrow and subsequent infiltration at pre-metastatic sites
seems to be a nearly ubiquitous feature of PMN formation.!'® Thus, our results demonstrating
that reducing cellular cholesterol in bone marrow cells inhibits PCa TEXx signaling suggest that
targeted depletion of cholesterol in BMDCs might be an effective general tactic for inhibiting

exosome-mediated PMN formation.



162

These results also have important implications for metastasis risk in humans. For
instance, our data suggest that metabolic factors such as elevated cholesterol may be significant
markers of metastasis risk for certain cancers. Follow-up studies examining the relationship
between plasma cholesterol levels and bone marrow cholesterol burden would provide valuable
insight for determining whether elevated plasma cholesterol could be a relevant marker to
indicate heightened risk of metastasis. Alternatively, assays that directly quantify the cholesterol
content of circulating BMDCs could also be useful for prognostic testing. Moreover, if
cholesterol burden in bone marrow cells is positively correlated with pro-metastatic signal
transduction and metastasis risk, the use of statins and other cholesterol lowering agents for
metastasis prevention may be warranted in some cases. In sum, we have established a strong
mechanistic link between bone marrow cholesterol burden and metastasis which could be

exploited for various diagnostic and therapeutic interventions.
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