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Abstract

Macrophages are central players during atherosclerosis. Especially, macrophage cholesterol
efflux, which promote the removal of free cholesterol from foam cells, are crucial to prevent
lipid accumulation and reverse atherogenesis. microRNAs (miRNAs) are important regulators
of various pathways involved in atherosclerosis. During inflammation, macrophages secrete
extracellular vesicles (EVs) carrying miRNAs to communicate signals to nearby cells.
However, the role of macrophage-derived EVs in atherogenesis is not known. In the first study,
we find that EVs derived from cholesterol-loaded macrophages can inhibit macrophage
migration in vitro and in vivo. This effect appears to be mediated by the transfer of several
miRNAs, including miR-146a, to recipient macrophages where they repress the expression of
specific pro-migratory target genes /gf2bpl and HuR. Our studies suggest that EV-derived
miRNAs secreted from atherogenic macrophages may accelerate the development of
atherosclerosis by decreasing cell migration and promoting macrophage entrapment in the
vessel wall. Understanding macrophage communication via EVs provided the rationale for the
design of nanoparticles (NPs) that mimic macrophage EVs to deliver beneficial miRNAs to
the atherosclerotic plaque. While cationic lipid/polymer-based NPs have been employed as
systemic delivery vehicles of siRNA, none of these have been used to deliver miRNAs to
macrophages in vivo. In the second study, we developed a chitosan NP platform for effective
delivery of miRNAs to alter macrophage function in vivo. We showed that our NPs made using
a cross-linked chitosan polymer can protect as well as transfer miR-33 to naive macrophages
and regulate the expression of its target gene (4bcal) as well as cholesterol efflux in vitro and
in vivo. Finally, almost all miRNAs that have been characterized are efflux-repressing miRNA,
thereby accelerating atherosclerosis. miR-223 is one of a few miRNAs whose overexpression
can promote cholesterol efflux, modulate the inflammatory response, and thus, be anti-
atherogenic. However, its contribution to the pathogenesis of atherosclerosis in vivo and the
mechanism underlying its effects has not been thoroughly characterized. We herein find that
miR-223 is capable of suppressing plaque development via modulating cholesterol efflux and
inflammatory responses, thus may serve as a potential therapeutic to reduce atherosclerosis.
These effects of miR-223 appear to be dependent on the inhibition of its target gene, the
transcription factor Sp3. Overall, this thesis highlights the importance of both endogenous and

extracellular miRNAs in controlling different aspects of atherogenic response.
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1. Introduction

Cardiovascular disease (CVD), which accounts for 31% of all global deaths in 2016
worldwide!, remains a persistent health burden worldwide. It is well established that
atherosclerosis is the major underlying factor leading to fatal cardiovascular complications?>.
Atherosclerosis is a chronic inflammatory disease that is driven by the interplay of excess
cholesterol accumulation in the vessel wall and a maladaptive immune response. It is
characterized by retention of cholesterol-rich lipoproteins (LPs) in susceptible areas of the
arterial vasculature, endothelial activation, and macrophage infiltration resulting in plaque
formation, narrowing of the arterial lumen and subsequently, leading to the formation of a pro-
thrombotic necrotic core. This necrotic core is a hallmark of more advanced, complex plaques
and contributes to plaque rupture and intravascular blood clot that underlies myocardial
infraction and stroke*®. Traditionally, lipid lowering therapies, such as statins, have been the
gold-standard treatment for atherosclerosis, yet a significant burden of atherosclerotic disease
still remains even in the setting of low plasma cholesterol’®. In addition, the potential adverse
effects in muscle and other tissues of lipid-lowering drugs has reduced the adherence to this
therapy across many groups’. Thus, not only a better understanding of the mechanisms that
govern atherogenesis but also identification of novel therapeutic targets important in the
development of atherosclerosis are still needed to improve the diagnosis, prevention and
treatment of atherosclerosis and to reduce the global burden of this disease.

Recently, the ENCODE consortium has revealed that around 90% of the eukaryote
genome is actively transcribed into non-coding RNA!?, suggesting the potential importance of
this neglected genetic information. microRNAs (miRNAs), which are defined as highly

conserved small RNA sequences of 20 to 23 nucleotides, are the most popular and well



characterized class of non-coding RNAs. Instead of serving as transcriptional “noise”, several
lines of evidence have indicated that miRNAs indeed play important roles in modulating
atherogenesis, with many miRNAs dysregulated in different disease states and alterations in
miRNA expression associated with atherosclerosis progression'!:!2, Therefore, targeting
miRNAs as an effective therapeutic strategy for treating atherosclerosis has gained
considerable attention.
1.1. Macrophages in atherosclerosis

Although many cell types, including endothelial cells (ECs) and smooth muscle cells
(SMCs), contribute to the disease, macrophages are fundamental to atherosclerotic progression
due to their capacity to engulf modified lipoproteins and induce a pro-inflammatory state. In
addition, macrophages are not only the first inflammatory cells to invade atherosclerotic
lesions but also the most abundant component in atherosclerotic plaques (Figure 1.1).

Monocyte recruitment. In the early stages of atherosclerosis, the key inflammatory response

to lipid accumulation and endothelial activation is recruitment of circulating monocytes into
the vascular intima. Circulating monocytes in mice consist of two major subsets, GR1*Ly6Ch
and GR1-Ly6C"", of which the inflammatory Ly6C" subset comprises approximately 80% of
the monocytes entering progressing atherosclerotic lesions and is proposed to be the source of
the pro-inflammatory M1 macrophages that are found in the plaque!*!'4. These monocyte
subsets express different chemokine receptors including CC-chemokine receptor 1/5
(CCR1/5), or CX3C-chemokine receptor 1 (CX3CR1) that interact with cognate chemokines
on activated ECs, which results in the adhesion of leukocyte to the vasculature!*>!'®. Monocytes
then become firmly adhered to the luminal surface of the endothelium through the interactions

of monocyte integrins VLA4 (very late antigen 4) and LFA1 (lymphocyte function-associated



antigen 1) with EC ligands VCAMI1 (vascular cell adhesion molecule 1) and ICAMI
(intercellular adhesion molecule 1), respectively. Finally, different chemokine-chemokine
receptor pairs such as CCR2 (CC-chemokine receptor 2)-CCL2 (CC-chemokine ligand 2),
CX3CR1-CX3CL1 (CX3C-chemokine ligand 1), and CCR5-CCL5 (CC-chemokine ligand 5)
are proposed to mediate the transmigration of monocytes across the endothelium into
plaques'. Inhibition of monocyte entry by blocking different chemokines or their receptors

retards atherosclerotic development in mouse models'”!%.

Foam cell formation: In the subendothelial space, the majority of recruited monocytes

differentiate into macrophages, a process driven by macrophage colony-stimulating factor (M-
CSF) and other factors'®. Trapped LPs in the artery wall do undergo modification such as
lipolysis, proteolysis, aggregation and, more importantly, oxidation, which cause them to be
rapidly internalized by macrophages*?°. Different mechanisms mediated by enzymes such as
12/15-lipoxygenase?! and by free radicals including superoxide, hydrogen peroxide and nitric
oxide have been shown to promote LP oxidation?’. Monocyte-derived macrophages take up
retained modified LPs via numerous scavenger receptors including scavenger receptor A1/A2
(SR-A1/A2), CD36, scavenger receptor Bl (SR-BIl), lectin-like oxidized low-density
lipoprotein (LDL) receptor 1 (LOX1), and scavenger receptor for phosphatidylserine and
oxidized LDL (SR-PSOX), which eventually transform them to cholesterol-laden foam
cells?®. Among these receptors, SR-A1 and CD36 have been shown to mediate the majority of
modified LP uptake by macrophages?*. Additional mechanism such as phagocytosis of
aggregated LDL and micropinocytosis of native LDL also contribute to foam cell formation

in vivo*-%°,
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Figure 1.1. Macrophages in the pathogenesis of atherosclerosis. The primary initiating
events in atherosclerosis are subendothelial accumulation of cholesterol-rich LPs and
endothelial activation, leading to recruitment of circulating monocytes into the vascular
intima. In the subendothelial space, recruited monocytes differentiate into macrophages that
scavenge retained modified lipoproteins, which transforms them into cholesterol-laden foam
cells. The internalized LPs are digested in the lysosome to release free cholesterol that can
traffic to the ER or to plasma membrane for cholesterol efflux out of the cells. However,
excessive free cholesterol accumulation in macrophage-derived foam cells results in activation
of downstream cascades including NLRP3 inflammasome, TLR signaling, and ER stress
responses. These inflammatory signals exacerbate not only oxidative stress in the plaques but
also the transmigration of additional inflammatory cells including monocytes into the intima.
Conversely, lesion regression requires the resolution of inflammation and macrophage
emigration out of the plaques through reverse transmigration.



Inflammatory activation of lesional macrophages: How the loading of macrophages with

lipoprotein-derived cholesterol affects macrophage function and promotes disease progression
has been extensively studied. In foam cells, the internalized LPs and their associated lipids are
hydrolyzed in the lysosome, resulting in the release of free cholesterol that can traffic to the
endoplasmic reticulum (ER) or to the plasma membrane for cholesterol efflux out of the

cells?7-28

. However, excessive cholesterol uptake, leading to excessive free cholesterol
accumulation, results in inflammatory activation during disease progression. Macrophages in
the lesion may secrete LP-binding proteoglycans, which magnify LP retention in the arterial
intima?®. Moreover, excessive free cholesterol accumulation in macrophage-derived foam
cells induces cholesterol crystal formation, lysosomal destabilization, and ultimately, the
release of proteases and reactive oxygen species into the cytosol to activate NLRP3 (NLR
family pyrin domain containing 3) inflammasome®. Enrichment of cell membranes with free
cholesterol triggers inflammatory signaling from lipid rafts, particularly Toll-like receptors
(TLR) signaling and NF-kB activation, resulting in the secretion of pro-inflammatory
mediators (cytokines, chemokines, and reactive oxygen and nitrogen species). These
inflammatory signals exacerbate not only oxidative stress in the plaques but also the
transmigration of more inflammatory cells including monocytes into the intima, which further
aggravate plaque inflammation®!. Furthermore, free cholesterol accumulation impairs ER

function and activates ER stress responses, which if prolonged and combined with other

insults, leading to apoptotic cell death and necrotic core formation®.

Macrophage polarization: Activation of macrophage foam cells through TLR signaling

pathways can result in macrophage polarization toward the classically activated Ml



phenotype. Different from alternatively activated M2 macrophages that secrete anti-
inflammatory cytokines (i.e. IL-10 and TGF-B) and mediators of tissue repair (i.e. collagen),
M1 macrophages produce high levels of pro-inflammatory cytokines (i.e. TNFa, IL-6, IL-1f3,
IL-12)313334 Studies of macrophage polarization in vitro and in mouse models of
atherosclerosis have indicated that increasing macrophage activation toward the M1
phenotype or inhibiting macrophage activation toward M2 can promote plaque inflammation
and potentiate atherosclerosis* . In contrast, driving plaque macrophages to M2-like cells
by the administration of IL-13 can attenuate atherosclerosis progression*!. Furthermore, even
though both M1 and M2 macrophages are present in human and mouse atherosclerotic

plaques, they localized to distinct areas*.

Lipid efflux: Conversely, plaque regression involves the removal of free cholesterol and other
lipids from macrophage-derived foam cells®! via the ATP-binding cassette transporters A1/G1
(ABCA1/Gl), of which ABCGI promotes cholesterol efflux to mature high-density
lipoprotein (HDL) particles while ABCA1 promotes efflux to lipid-poor apolipoprotein Al
(apoAl) that is the building block of HDL*+**, The expression of ABCA1 and ABCG1 in
macrophages is mainly regulated by liver X receptors (LXRs), which are nuclear receptors
activated in response to high intracellular cholesterol levels. Cholesterol efflux from
macrophages is the first and potentially the most important step in reverse cholesterol transport
(RCT), a pathway by which excess cholesterol from peripheral cells and tissues is transported
to the liver for excretion, thus crucial for the prevention of lipid accumulation and
atherosclerosis®. The significance of macrophage RCT and cholesterol efflux in preventing

or reversing atherogenesis has been highlighted by studies where disruption of Abcal genes



can induce atherosclerosis*®**’ and in patients where mutated ABCAI genes resulted in
increased atherosclerosis**#°,

Autophagy, an evolutionarily conserved process by which cytoplasmic components such
as damaged organelles and macromolecules are sequestered in double-membrane vesicles and
degraded on fusion with lysosomal compartments, also contributes to macrophage cholesterol
efflux. In macrophage foam cells, excess cellular cholesterol is stored as cholesterol ester in
cytosolic lipid droplets (LDs)3!. Aside from lipolysis by neutral cholesterol ester hydrolase 1
(NCEHL1), these LDs can be targeted for ABCA1-dependent efflux pathway via lipophagy, a
special form of selective macroautophagy. During this process, LDs are engulfed by
autophagosomes and delivered to the lysosomes for hydrolysis into free and modified
cholesterol available for efflux>®>!, In fact, it has been shown that lipophagy becomes
dysfunctional in atherogenesis and deletion of essential autophagy genes can exacerbate

laque formation as well as rupture®>>3, emphasizing the important role of autophagy in the
plaq p p g p phagy

pathological process of atherosclerosis.

Plague macrophage retention and emigration: Atherosclerosis resolution also involves

macrophage emigration out of the plaques through reverse transmigration to the lumen or
migration to the adventitial lymphatics>*. It is known that emigrating macrophages express
high levels of CC-chemokine receptor 7 (CCR7), which is the receptor for CC-chemokine
ligand 19/21 (CCL19/CCL21) regulating lymph node homing of dendritic cells (DCs), and
inhibition of this pathway leads to macrophage retention in the plaque>. However, the detailed
mechanisms that govern macrophage migration out of the artery wall are still poorly

understood. More importantly, this process seems to be impaired during atherosclerosis



progression>®. Studies have shown that uptake of oxidized LDL by CD36 induces macrophage

entrapment in atherosclerotic lesions>’->

. Furthermore, blocking the oxidized LDL uptake
decreases the number of F4/80-positive macrophages in the plaque®. Cholesterol-loaded
macrophages are known to express retention factors including adhesion molecules, the neuro-
immune guidance cues netrin 1 and semaphorin 3E, which shift the cells to a more sessile

phenotype and promote macrophage accumulation in the artery wall%%-62,

Given that macrophages play a central role in atherogenesis, it is well known that the
quantity as well as the phenotype of these cells influences plaque inflammation and
progression. Thus, a better understanding of mechanisms that regulate macrophage burden
will provide insights into pathways that may have therapeutic value for the treatment of
atherosclerosis.

1.2. miRNA in atherosclerosis

Since their discovery in Caenorhabditis elegans (C. elegans)®’, miRNAs have been
characterized as important transcriptional modulators that can both fine-tune and dramatically
alter cell behavior, with one miRNA repressing multiple target genes simultaneously and one
functional gene network can be regulated by a group of miRNAs®%. In humans, miRNAs are
predicted to control the activity of 60% of all protein-coding genes®>-%S.

1.2.1. miRNA biogenesis

miRNAs begin as long and primary molecules (pri-miRNAs) that are commonly
transcribed by RNA polymerase II from either independent miRNA genes or small parts of

protein-coding transcripts. The transcriptional regulation of pri-miRNAs is not fully

understood, except that most miRNAs are located in intergenic regions >1 kb away from



annotated/predicted genes and thereby might be transcribed as autonomous transcription units.
Several pri-miRNAs, on the other hand, are found in the intronic regions of known genes in
the sense or anti-sense orientation, and therefore might be transcriptionally regulated through
their host-gene promoters. Furthermore, certain miRNAs are clustered in a single polycistronic
transcription unit, indicating that they are coordinately regulated®”-%®. The pri-miRNAs are
cleaved in the nucleus by a complex containing the RNase IlI-type endonuclease Drosha and
DiGeorge syndrome critical region 8 (DGCRS) to form smaller precursor miRNA (pre-
miRNA) products. Each pre-miRNA possesses a signature motif composing of a short stem in
addition to a 2-nucleotide 3’ overhang that is recognized by the nuclear export factor Exportin
5, allowing it to be transported to the cytoplasm. Following export into the cytoplasm, these
hairpin-shaped pre-miRNAs are further shortened by the ribonuclease III enzyme Dicer to
give rise to the mature, double-stranded miRNA molecules. The preferred guide strand is
subsequently incorporated into the RNA-induced silencing complex (RISC) by directly
binding to the key protein components, the Argonautes (AGO). These complexes localize to
miRNA binding sites that are generally present in the 3’-untranslated regions (UTR) of
specific messenger RNAs (mRNAs) with perfect and imperfect complementarity, resulting in
destabilization and/or translational inhibition of their bound targets. For most cases,
complementarity to the “seed” sequence containing nucleotides 2-8 that is located in the 5’
region of the miRNA is critical for target recognition. Nevertheless, complementarity to the
3’ region of the miRNA also contributes to target selection in some rare circumstances where

the mRNA has a weak seed match®7!,



1.2.2. Macrophage miRNAs in atherosclerosis

miRNAs are important regulators of multiple signaling pathways involved in
atherosclerosis. Over the past decade, accumulating evidence have highlighted the role of
miRNAs in regulating lipoprotein homeostasis, vascular inflammation, leukocyte
recruitment/activation, and vascular smooth muscle function, thus controlling each stage of
atherosclerosis from development, progression to disruption'’!%72, Here, only miRNAs that
have been shown to alter macrophage function, which is the main subject of this thesis, are
discussed (Figure 1.2).

Cholesterol efflux: As mentioned above, removal of excess cholesterol through activation of

cholesterol efflux via ABCA1/Gl is critically important for maintain cholesterol homeostasis.
One of the most well-known examples of a miRNA that regulates cholesterol efflux is miR-
33. In humans and other large mammals, miR-33a and miR-33b are located in intronic regions
of two genes encoding key transcriptional regulators of cholesterol, fatty acid (FA) and
phospholipid synthesis: SREBF2 and SREBF I (sterol regulatory element binding transcription

factor 2 and 1), respectively’>’*

. Rodents and other species have only one copy of miR-33,
located in Srebf2. In sterol-depleted states, miR-33 down-regulates the expression of ABCA1
and ABCG1 by directly binding to the 3’UTR of these genes’>~7". This repression of ABCA1
and ABCG1 suppresses cholesterol efflux to apoAl and nascent HDL to raise intracellular
cholesterol levels. In contrast, miR-33 inhibition promotes cholesterol efflux and hence RCT
via derepressing ABCA1 and ABCGI. In addition 