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Abstract

Atherosclerosis is a complex process responsible for a major burden of cardiovascular morbidity and mortality. Macrophages
and smooth muscle cells (SMCs) are abundant within atherosclerotic plagues. This review discusses the role of macrophages
and SMCs in plaque progression and provides an overview of nanoparticle-based approaches and other current methods for

local targeting of atherosclerotic plaques.

Introduction

Atherosclerotic cardiovascular disease is the leading cause of
mortality in the world, accounting for approximately one-third of
all global deaths.! Atherosclerosis is a complex process that con-
tributes to the development of myocardial infarctions, chronic an-
gina, cerebrovascular events, aortic disease, and peripheral arterial
disease. The pathogenesis of atherosclerosis is multifaceted and
includes endothelial dysfunction, a myriad of inflammatory and
immunologic factors, oxidative stress, and plaque rupture. Smok-
ing, dyslipidemia, hypertension, and diabetes are well known risk
factors for the development of atherosclerosis and its subsequent
complications. The role of inflammation and the immune system
is well established as central to the development of atherosclerosis
and to arterial remodeling.?

While 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA)
reductase inhibitors (i.e., statins) have revolutionized the treatment
of hyperlipidemia since their first clinical use in the 1980s, there is
still an unmet need for novel therapies due to statin intolerance, in-
adequate reduction of low-density lipoprotein cholesterol (LDL-C),
and the residual risk of cardiovascular (CV) events that persists
despite statin use. For example, despite intensive lipid therapy
with statins, the residual annual risk of CV events such as myocar-
dial infarction or stroke remains at approximately 9%.> While the
pleiotropic effect of statin therapy is thought to include some anti-
inflammatory properties, therapies directed to specifically target
the inflammatory and immune pathways are lacking in the clinical
arena.

Role of Macrophages and Smooth Muscle Cells in
Atherosclerosis

Although the composition of atherosclerotic plaques is complex
and may include lymphocytes, dendritic cells, mast cells, neutro-
phils, and endothelial cells, macrophages and smooth muscle cells
are major determinants of plaque progression and plaque stability.

Macrophages in Atherosclerosis

Macrophages are phagocytic cells that ensure clearance of any
foreign or unwanted cells and waste material. In early atheroscle-
rosis, the endothelium is activated by oxidized LDL-C (oxLDL)
retained in the arterial intima and secretes chemokines that attract

circulating monocytes. The latter transmigrate into the intima and
differentiate into macrophages.* There are several phenotypically
distinct populations of macrophages found in atherosclerotic le-
sions, including M1, M2, and Mox. M1 and Mox macrophages are
inflammation-promoting cells enriched in progressing plaques,
whereas M2 macrophages are inflammation-resolving cells found
in regressing plaques.®

In the arterial intima, macrophages oxidize and uptake lipopro-
teins. LDL-C digestion in lysosomes releases free cholesterol that
can either be effluxed from the cell or esterified to store in cytosol
as lipid droplets.®” Because there is little negative feedback fol-
lowing lipoprotein uptake, macrophages ingest LDL-C until they
become overloaded with lipids and esterified cholesterol.® These
enlarged “foamy” cells, with diminished capacity to migrate, accu-
mulate in the intima and build up the atherosclerotic plaque.®

Excessive LDL-C uptake leads to disruption of cholesterol
metabolism and accumulation of free cholesterol. The latter pro-
motes activation of inflammatory signaling and ultimately results
in apoptotic cell death.? Since these apoptotic lipid-laden macro-
phages cannot be efficiently cleared, they undergo secondary ne-
crosis, thereby releasing cellular components and lipids that form
the lipid-rich necrotic core of the plaque.’ The core enlarges in size
as atherosclerosis progresses. If the fibrous cap of the plaque ul-
cerates or ruptures, it can cause vessel occlusion or embolism with
respective clinical symptoms." Furthermore, proinflammatory
macrophages secrete proteolytic enzymes that degrade collagen,
thus facilitating thinning and rupture of the fibrous cap.'?

Recently, it was shown that the amount of macrophages within
the plaque is not solely dependent on monocyte recruitment.”® Al-
though macrophages do proliferate within the plaque, they have a
relatively short life span there. In the murine model of atheroscle-
rosis, macrophage turnover within the developed plaques is about
1 month."”® Monocyte recruitment occurs as an initial response to
LDL-C accumulation in the intima, with activation of the endotheli-
um and expression of endothelial adhesion molecules. Macrophage
proliferation within the plaques drives further disease progression.

Vascular Smooth Muscle Cells in Atherosclerosis
Vascular smooth muscle cells (SMCs) are responsible for vessel
contraction and relaxation to maintain blood pressure and blood
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Figure 1. The role of macrophages and smooth muscle cells (SMCs) in ath-
erogenesis.
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flow distribution. In the vessel wall, these cells reside underneath
the basal lamina, which is overlaid by the endothelium monolayer.
It is known that vascular SMCs can undergo phenotype switching
and participate in the development of atherosclerotic plaque.*

In addition, extensively proliferating SMCs play a pivotal role in
restenosis that occurs after vascular procedures such as endarterec-
tomy and percutaneous coronary intervention.'

Intact vascular SMCs have a very low proliferation rate and ex-
press proteins responsible for physical contraction of the cells. This
phenotype is referred to as “contractile.” In response to retained
lipoproteins and proinflammatory signals of endothelial cells
and macrophages, these contractile, quiescent SMCs lose contrac-
tion-specific markers and migrate through the basal lamina. In the
artery intima, SMCs proliferate and produce fibrous tissue, thereby
forming the fibrous cap of the plaque.' Moreover, these cells can
produce proinflammatory cytokines and engulf lipoproteins. The
molecular regulation of SMC phenotype switching involves tran-
scriptional factors, microRNAs, and epigenetic modifications.'
Whether SMC phenotype switching is a physiologic defensive re-
sponse to injury or a pathologic component of the disease process
remains unclear. On one hand, the fibroproliferative response of
SMCs seems to sequester the injury agent (e.g., oxXLDL) by forming
the cap of the plaque. On the other hand, this fibroproliferative
response progresses above and beyond that required to repair a
small area of injury.'® In addition, normal fibrotic response to inju-
ry is ensured by fibroblasts rather than SMCs, therefore SMCs are
thought to produce pathologic fibrous tissue.

The ability of activated SMCs to engulf lipoproteins also makes
these cells a major contributor to plaque development.'” Because
they are devoid of SMC-specific markers and can express macro-
phage-specific markers, it is difficult to estimate what fraction of
foam cells within the atherosclerotic lesion is SMC derived. Recent
SMC in vivo fate-tracing studies proved that SMCs do indeed
undergo clonal expansion, transdifferentiate into macrophage-like
cells, and make up large areas of the plaques.’® ' The phenotype
of these cells resembles that of Mox macrophages. Furthermore,
some SMCs within the plaque were shown to express markers
specific to other cell types, such as mesenchymal stem cells and
myofibroblasts. This plasticity of SMCs likely leads to misidenti-
fication of these cells and underestimation of their importance in
disease pathogenesis. For instance, the lineage-tracing study has
determined that more than 80% of SMCs within brachiocephalic

artery lesions in mice are phenotypically modulated and therefore
undetectable by conventional techniques."

Vascular SMCs are also involved in calcification of the vascular
wall seen in advanced atherosclerosis. Calcifying SMCs produce
matrix vesicles that contain a number of molecules essential to
induce hydroxyapatite crystallization.” The mechanism of replica-
tive senescence is thought to induce calcifying SMCs through the
activation of several transcription factors.?! Calcification decreases
vessel elasticity and changes local hemodynamics and thus may
aggravate systolic hypertension and endothelial dysfunction.
Moreover, microcalcifications in the fibrous cap may be associat-
ed with plaque rupture.”? The role of SMCs and macrophages in
atherogenesis is summarized in Figure 1, and major inflamma-
tory pathways in which these cells are involved are depicted in
Figure 2.

Current Strategies to Suppress Plaque Progression
Lowering blood cholesterol levels is a key component of the
therapeutic strategy used to clinically treat atherosclerosis and its
complications. Cholesterol lowering can be achieved in modest
amounts by dietary modifications and by increasing physical activ-
ity. Pharmacological approaches have been dominated by statins,
which inhibit cholesterol synthesis,” while other agents such as
ezetimibe, niacin, and fibrates are sometimes used in patients with
poor tolerance or response to statins or who have predominantly
non-LDL-C lipid abnormalities. Ezetimibe reduces cholesterol ab-
sorption in the small intestine* and predominantly lowers LDL-C,
whereas fibrates predominantly lower triglyceride levels and in-
crease high-density lipoprotein cholesterol (HDL-C) levels. Niacin
lowers LDL-C levels and increases HDL-C by mechanisms that are
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Figure 2. Macrophage- and smooth muscle cell (SMC)-related inflammatory
pathways involved in atherosclerosis progression and plaque rapture. Bio-
active molecules produced by macrophages are noted in red, the molecules
produced by SMCs in blue. IL: interleukin, GM-CSF: granulocyte macrophage
colony-stimulating factor, M-CSF: macrophage colony-stimulating factor,
TNFa: tumor necrosis factor ., IFN-y: interferon y, CD40L: soluble CD40 li-
gand, MMP: matrix metalloproteinase, ROS: reactive oxygen species.
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not clearly elucidated.” Compared to statins, these agents have a
lesser magnitude of clinical benefit.

Recently, the U.S. Food and Drug Administration approved
new agents that are monoclonal antibodies targeting proprotein
convertase subtilisin kexin 9 (PCSK9). These PCSK9 inhibitors low-
er LDL-C substantially—as much as 70% in patients intolerant to
statins or 60% in patients on statins—by improving its uptake by
the liver.® These agents are currently being studied to determine
their effect on CV event risk reduction, and they are approved for
use in patients with familial hypercholesterolemia and for those
with clinical atherosclerotic disease who require additional LDL-C
lowering beyond the effect of statins.

Antihypertensive drugs targeting the renin-angiotensin-aldo-
sterone system, such as angiotensin-converting enzyme inhibitors
and angiotensin II receptor blockers, have also proved to be ben-
eficial in preventing clinical complications of atherosclerosis in
high-risk patients.”” Angiotensin II suppresses the release of the
atheroprotective molecule nitric oxide (NO) and induces NAD(P)H
oxidase activity in endothelium, hence promoting oxidative stress
and LDL peroxidation. Furthermore, angiotensin II is involved in
activation of inflammatory signaling pathways, the recruitment of
inflammatory cells into injured endothelium, and proliferation of
vascular SMCs.” Inhibiting the renin-angiotensin-aldosterone sys-
tem, therefore, may slow inflammatory processes and atherosclero-
sis progression by increasing NO bioavailability and reducing ox-
idative stress. Since cigarette smoking also significantly promotes
vascular oxidative stress and is highly associated with CV disease,
the benefits of tobacco cessation should be stressed for all patients
with atherosclerosis.?”’

Since atherosclerosis is a chronic inflammatory disease, a broad
range of molecules targeting distinct inflammation-related sig-
naling pathways are currently being evaluated as possible thera-
peutic agents. Macrophages and SMCs are prime targets for the
development of novel agents since they are intricately involved in
the inflammatory pathways of plaque development and progres-
sion. A number of recombinant antibodies developed to interfere
with proinflammatory signaling molecules are now in trials.*In
addition, the inhibitors of leukotriene synthesis and those of the
p38 MAPK pathway demonstrate promising results in clinical
studies.’ %2 Both leukotriene and p38 MAPK pathways transduce
intracellular proinflammatory responses that are implicated in
monocyte recruitment and activation and in SMC proliferation.

Of note, low doses of cyclooxygenase inhibitors such as aspirin
not only affect platelets but can also prevent formation of throm-
boxane A, by macrophages in atherosclerotic lesions. Thrombox-
ane A, can induce proliferation of SMCs and activate inflammatory
and endothelial cells.*** Statins, in addition to lowering choles-
terol, are also known to reduce levels of C-reactive protein (CRP),
a biomarker of inflammation that independently predicts CV
events.* Because of this effect, statins may be considered for pa-
tients who do not have elevated cholesterol but, rather, have high
CRP levels that put them at risk for CV events.

Inhibiting the cell cycle with antiproliferative agents, such as
rapamycin or paclitaxel, is another promising therapeutic strategy
for suppressing plaque growth. Rapamycin inhibits the mTORC1
protein complex that regulates cell growth, proliferation, motility,
survival, protein synthesis, and transcription.®*® Rapamycin affects
SMC proliferation, macrophage and lipid accumulation within
the plaque and suppresses intraplaque neoangiogenesis. There
are many preclinical studies that show a significant reduction in
plaque (up to 50%-80%) after systemic administration of rapamy-
cin or its synthetic analog everolimus.* Although chronic systemic

administration of rapamycin in doses necessary to achieve such a
dramatic effect seems to be toxic, local administration of rapamy-
cin or everolimus through drug-eluting stents is successfully used
to prevent restenosis.

In addition to mTOR inhibitors, another antiproliferative agent,
paclitaxel, is used in drug-eluting stents to prevent restenosis.
Paclitaxel promotes polymerization of tubulin, thereby inhibiting
mitotic spindle formation.”” Other approaches to inhibit cell pro-
liferation include local delivery of B or yradiation to the stented
artery and gene therapy with antisense oligodeoxynucleotides
complimentary to cell cycle regulatory genes.*

Innovative Approaches for Local Targeting of
Atherosclerotic Plaques

Systemic drug administration is a common and simple way
to deliver a certain therapeutic molecule to its target (usually
consumed orally or intravenously injected). Since the drug is in-
troduced to the entire body, we are actually using more drug then
we need, as opposed to the case in which the drug is “delivered”
directly to the target site. In addition, when a drug is delivered
systemically, it predisposes other non-targeted to potential side ef-
fects. To overcome this, scientists have been investigating ways in
which to improve drug administration. A growing area of intense
study is the use of nanoparticles, specialized drug carriers aimed
at specific targets.**” Nanoparticles (NPs) have the ability to affect
biological systems on the cellular and molecular level that cause
an overall change in the tissue microenvironment. They also are
designed to target a specific site and release drugs in a controlled
fashion, thereby increasing the therapeutic index for molecules
considered toxic.*! For example, multiple clinical trials are current-
ly investigating immune-modulatory treatments for atherosclero-
sis.*? A major drawback of such treatment is the risks inherent in
systemic immune-suppression. Encapsulating anti-inflammatory
agents in NPs would mediate an anti-inflammatory effect but
spare the off-target effects. A variety of NP systems have recently
been developed, offering the potential to attack atherosclerotic
plaques using different pathways. The following highlights some
recent examples.

Given their role in the development of atherosclerotic plaque,*
many efforts are focused on targeting macrophages. Innovative
approaches for macrophage targeting include the design of hybrid
poly(lactic-co-glycolic acid) /HDL-C nanoparticles. These HDL-C
mimetic NPs were shown to have HDL-C characteristics, including
specific uptake by macrophages and accumulation in the plaque
in Apo E-/- mouse models.* In another study, HDL-C NPs were
loaded with statin and shown to inhibit macrophage prolifera-
tion in plaques, thereby decreasing plaque.*® Another attempt to
target macrophages was done using gold-coated iron oxide NPs
conjugated with an anti-CD163 antibody, a membrane receptor
expressed by macrophages and overexpressed in inflammatory
sites.* Macrophages use scavenger receptors, such as CD36, to
incorporate oxidized LDL (oxLDL). Based on that principle, NPs
decorated with CD36 ligand have demonstrated active targeting
and efficient biological activity when encapsulated with an agent
that reduces cholesterol accumulation and inflammatory response
in macrophages.*” The use of lipid-latex NPs bearing phagocytic
signals is a relatively new approach of targeting macrophages for
atherosclerosis treatment. Although initial results are promising,
additional investigation is required to optimize the specific ac-
tive-targeting abilities of NPs.* Since macrophages can play both
anti- and pro-inflammatory roles, a biological signal that induces
the anti-inflammatory pathway, as opposed to simply inhibiting
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the deleterious inflammatory activity, may prove to be beneficial in
supporting the “self-healing” of the atherosclerotic vascular tissue.

Given that the formation of plaque is an ongoing inflammatory
event, studies are increasingly exploring methods that target the
inflammatory pathway. For example, we previously demonstrat-
ed the effect of leukolike vectors (LLV), a biomimetic platform
composed of nanoporous silicon particles coated with leukocyte
membrane, on inflamed endothelia.* The LLV were shown to
exert leukocyte properties, such as avoiding immune recogni-
tion and specifically interacting with inflamed endothelia. Other
attempts to target inflammation include the design of glucocor-
ticoid-encapsulated NPs that passively target plaque according
to the Enhanced Permeability and Retention (EPR) effect™®' and
the targeting of collagen IV, which is exposed at the site of injury
and inflammation. NPs targeting collagen IV were coated with a
small peptide Ac-26 and specifically targeted plaque lesion in vivo
to improve diseased vessels by increasing the protective collagen
layer of the fibrous cap, reducing oxidative stress, and attenuating
plaque necrosis.”? Other molecular targets currently being explored
include the receptors for hyaluronic acid, stabilin-2, and CD44,
which are overexpressed in atherosclerotic vessels.>

Major advances in both nanotechnology and understanding of
atherosclerosis pathobiology have led to the design of new NPs for
plaque treatment. As the field of NP biologics is being established,
there is potential for the design of drug delivery systems that will
target atherosclerotic processes. In theory, any of the pathways
depicted in Figure 2 could be targeted locally with NPs. Recent-
ly, our group has proposed local delivery of an mTOR inhibitor
rapamycin to suppress intraplaque proliferation of macrophages
and SMCs. As a delivery system, we proposed using leukosomes
- bioinspired lipid nanoparticles enriched with purified cell mem-
branes isolated from circulating leukocytes. The latter display the
broad spectrum of leukocyte membrane proteins on their surface,
and therefore are not trapped by immune cells in the circulation
and feature tropism towards inflamed vasculature.* Although pre-
liminary studies are promising, in vivo experiments on the animal
model of atherosclerosis is still in progress.

Conclusion

The role of the immune system and inflammatory pathways in
the development of atherosclerosis is well established. Macrophages,
activated by oxLDL in the arterial intima, play a critical role in the
early stages and subsequent progression of atherosclerosis. Smooth
muscle cells also play a major role via mechanisms such as intimal
migration and proliferation as well as their uptake of lipoproteins
and subsequent proinflammatory state. Therapies directed at the
traditional risk factors (hypercholesterolemia, hypertension, diabetes
mellitus, and tobacco exposure) have had major clinical benefits, but
there remains a high residual risk of CV events. There is a lack of
therapies directly targeting macrophages and smooth muscle cells,
largely due to the concern for systemic toxicities. The use of nano-
technology to specifically target these pathways without causing
global suppression of the immune system is a promising approach.

Key points:

® Macrophages and smooth muscle cells (SMCs) are major
contributors to plaque growth.

® Macrophages and SMCs proliferate locally within the
atherosclerotic plaque.

* SMCs may transdifferentiate into macrophage-like cells.

¢ Although macrophages and SMCs are natural targets for
novel therapies, current approaches are limited.

 Using nanotechnology to specifically target macrophage- and
SMC-mediated inflammatory pathways without causing
systemic toxicity is a promising strategy to suppress plaque
progression.
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