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ABSTRACT

The effects of oxidized LDL in the inflammation

of early stage atherosclerosis

Jinwon Seo

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor In-Hong Choi)

Atherosclerosis is a chronic inflammatory disease of the arterial wall. Many studies
have shown that retention of low-density lipoprotein (LDL) and recruitment of
monocytes into subendothelial space are critical early events in atherosclerotic
development. Accumulated LDL in the arterial wall is undergone oxidative
modification according to a variety of oxidizing agents and the exposure duration. For
these reasons, LDL with different degrees of oxidation exist in the atherosclerotic
plaque. However, there is no report regarding the degree of LDL oxidation and

macrophage differentiation.

Therefore, the specific goal of the Part I study is to know the effects of degree of
LDL oxidation on macrophage differentiation and polarization. Based on the level of
lipid peroxidation, LDL is classified into high-oxidized LDL (high-oxLDL) and low-
oxidized LDL (low-oxLLDL). The differentiation profiles of macrophages were

determined by surface receptor expression and cytokine secretion profiles in THP-1



cells and primary human monocytes. As a result, low-oxLDL induces macrophage
polarization towards MI-like phenotype whereas high-oxLDL induces M2-like
phenotype. Therefore, these results suggest that the degree of LDL oxidation influences
the differentiation of monocytes into M1 or M2 macrophages and determines the

inflammatory fate in early stages of atherosclerosis.

The Part II of my study focuses on neutrophils. Neutrophils are the first line of the
defense against invading pathogens. Neutrophil extracellular traps (NETs) are most
recently defined host defense mechanism to eliminate extracellular pathogens. Also,
NETSs have been implicated in chronic inflammatory diseases such as atherosclerosis.
Recent studies have shown that NET components can be found in lesions associated
with atherosclerosis. However, the role of NETs in early atherosclerosis is not identified
clearly. Therefore, the effects of NETs during early atherosclerosis were tested in the

Part 11 study using 4poE”" mice and human neutrophils.

NETs were detected in ApoE”" mice in early stage of atherosclerosis and circulating
oxLDL induces NET formation. Especially, NETs induced by oxLDL promote
endothelial dysfunction vie MMP-9. Collectively, our results suggest that oxLDL-
induced NET formation affects endothelial cells in early atherosclerosis and promotes

LDL deposition into the intima.

Taken together with the results from the Part I and Part II, I suggest that the
circulating oxLDL as well as intimal oxLDL play crucial roles for development of early

atherosclerosis.

Key Words: atherosclerosis, LDL, oxidation, macrophage, differentiation, oxLDL,

neutrophils, NETs, MMP-9, endothelial dysfunction



CHAPTER 1. Literature review
1. Atherosclerosis

1.1. Introduction

Atherosclerosis is a complex, progressive vascular disease of the large- and medium-
sized arteries, and is characterized by two main features: lipid retention and
inflammation. It is a main cause of cardiovascular diseases such as myocardial
infarction, sudden cardiac death, unstable angina, and stroke, and is responsible for
nearly 50% of deaths in Western countries. This is likely to soon be the worldwide
status." For many years, atherosclerosis was believed to be merely a lipid storage
disease in the vessel wall. However, atherosclerosis is much more complex than this,
and it is now recognized as a chronic inflammatory disease of vessel walls,
characterized by infiltration of a variety of immune cells such as monocytes,

neutrophils, T cells, dendritic cells, and mast cells.*
1.2. Developmental process of atherosclerosis

Atherosclerotic plaque formation is initiated by accumulation of apolipoprotein B-
containing lipoproteins, such as very low-density (VLDL) and low-density (LDL)
lipoproteins, in the subendothelial space. This initiating process leads to endothelial
activation and recruitment of monocytes. Consequently, early lesions appear. These
‘fatty streaks’ are characterized by lipid-laden foam cell formation by macrophages and
lipid retention. Other immune cells, including dendritic and T cells, are also recruited,
and lesions are established through the formation of a collagen-rich fibrous cap by
vascular smooth muscle cells (VSMCs). Over time, accumulation of excess lipids and

proinflammatory cytokines induces endoplasmic reticulum (ER) stress, resulting in



apoptotic cell death of macrophages.’ These apoptotic cells are not sufficiently cleared
by phagocytosis, a process also called ‘efferocytosis,’ in advanced lesions. As a result,
a necrotic core, which is composed of apoptotic as well as necrotic cells, cell debris,
inflammatory cytokines, proteases, and thrombotic factors, is established. The necrotic
core contributes to thinning of the fibrous cap by smooth muscle cell death, together
with degradation of the extracellular matrix by matrix metalloproteinases (MMPs) and
proteases such as cathepsins. Eventually, a thinned fibrous cap causes plaque instability
and rupture, which mediates thrombus formation through the release of pro-coagulant

and thrombotic factors.*”®
1.3. Initiation of atherosclerosis

The key initiating step of atherosclerosis is the accumulation of LDL cholesterol in
the subendothelial space, also known as the intima, and the oxidative modification of
LDL. LDL particles are composed of esterified cholesterol and triglycerides (TG),
surrounded by a shell of phospholipids (PL), free cholesterol, and apolipoprotein B100
(apoB100).* Circulating LDL particles penetrate the endothelial layer, and are deposited
in the intima. Specifically, binding between ApoB100 and proteoglycans in the intimal
extracellular matrix through ionic interaction amplifies the accumulation of LDL
particles in the intima.”® Subsequently, LDL particles undergo oxidative modification
by various oxidizing agents such as reactive oxygen species (ROS), myeloperoxidase
(MPO), and lipoxygenase (LO). These oxidized LDL (oxLDL) particles stimulate
vascular endothelial cells, and the activated endothelial cells increase the expression of
adhesion molecules, such as vascular cell adhesion molecule-1 (VCAM-1), on their
surfaces, thus increasing attachment of the blood monocytes. Once monocytes adhere

to the endothelium, they migrate into the intima in response to chemokines such as



monocyte chemoattractant protein-1 (MCP-1). Eventually, circulating monocytes are
recruited to the inflamed sites, which is a crucial process in the development of early

atherosclerosis.®!!!

1.4. Monocyte differentiation into macrophages

Infiltrated monocytes differentiate into macrophages in response to macrophage
colony-stimulating factor (M-CSF), which is secreted by endothelial cells and vascular
smooth muscle cells in the arterial wall. Differentiated macrophages upregulate a
variety of scavenger receptors, including SR-A1, CD36, and LOX-1 (lectin-like oxLDL
receptor-1), and innate immune receptors such as Toll-like receptors (TLRs). These
macrophages then take up oxLDL via scavenger receptors and develop into lipid-laden
foam cells—a major hallmark of early-stage atherosclerotic lesions. Lipid-laden foam
cells increase the expression of migration-inhibitory molecules such as netrin-1 and
semaphorine 3E, decreasing macrophage migration from atherosclerotic lesions and
amplifying foam cell accumulation in these lesions.'”? In addition, differentiated
macrophages are activated by recruited T lymphocytes and macrophages to produce
proinflammatory mediators such as ROS, reactive nitrogen species (RNS),

inflammatory cytokines, and proteases.”'?
2. Macrophages in atherosclerosis

2.1. Macrophage phenotypes in atherosclerosis

Macrophages are principal contributors to the development and progression of
atherosclerosis, and a variety of macrophage phenotypes are involved in this disease.
In atherosclerotic lesions, macrophages face numerous micro-environmental signals,

including cytokines, lipids, iron, and calcium, which can polarize and activate



macrophages. Macrophage phenotypes include classically activated M1 macrophages
and alternatively activated M2 macrophages. Recently, additional stimulus-specific
macrophage phenotypes were identified and termed Mox, Mhem, M(Hb), and M4. In
addition, in response to the micro-environment milieu, polarized macrophages are
skewed toward different types of macrophages, which is termed ‘macrophage
plasticity’.'* Polarized macrophages in atherosclerotic lesions can influence
progression and regression of these lesions; however, the relative ratio of macrophage
subpopulations, rather than the absolute numbers in these populations, is the preferred

parameter to measure lesion progression.'>'®

2.2. Classically activated M1 macrophages

Classically activated M1 macrophages are induced by type 1 T helper cell (Tul)-
derived cytokines such as interferon-y (IFN-y) and tumor necrosis factor-a (TNF-a), as
well as bacterial products such as lipopolysaccharide (LPS). Polarized Ml
macrophages secrete proinflammatory cytokines and chemokines including
interleukin-1p (IL-1p), TNF-a, IL-6, IL-12, IL-23, CXCL9, CXCL10, and CXCL11. In
addition, M1 macrophages produce nitric oxide (NO) and ROS to eliminate invading
pathogens. M1 macrophages increase the expression of class II major
histocompatibility complex (MHC) molecules and costimulatory molecules such as
CD80 and CD86. These proinflammatory properties are beneficial in acute infections;
however, sustained induction of M1 macrophages can induce tissue damage and impair

wound healing.'>"

2.3. Alternatively activated M2 macrophages

In contrast to M1 macrophages, alternatively activated M2 macrophages show anti-



inflammatory properties. M2 macrophages are polarized by type 2 T helper cell (Tu2)-
mediated cytokines such as IL-4 and IL-13, and produce anti-inflammatory cytokines,
including IL-10 and transforming growth factor-B (TGF-B)."® Moreover, M2
macrophages typically express mannose receptor (MR, CD206), dectin-1, and CD163
on their cell surfaces. These M2 macrophages are associated with tissue repair,

angiogenesis, and tumor progression.'®!

M2 macrophages are further classified into four distinct subgroups: M2a, M2b, M2c,
and M2d. M2a macrophages are induced by IL-4 and IL-13, and express high levels of
the mannose receptor (MR, CD206) and IL-1 receptor agonist. M2a macrophages
contribute to tissue repair, and are referred to as ‘wound-healing macrophages.” M2b
macrophages are induced by immune complexes, Toll-like receptor (TLR) agonists, and
IL-1 receptor ligands. These macrophages represent typical M2 characteristics;
however, they also produce proinflammatory cytokines such as IL-1p, IL-6, and TNF-
a.. M2c macrophages are induced by IL-10 and glucocorticoids, and they express high
levels of Mer receptor tyrosine kinase (MerTK), which is involved in efferocytosis.
M2b and M2c macrophages are referred to as ‘regulatory macrophages.’ Finally, M2d
macrophages are induced by the combination of a TLR agonist and adenosine Aja
ligands, and they produce IL-10 and vascular endothelial growth factor (VEGF), but do
not express the mannose receptor. These M2d macrophages have pro-angiogenic and

pro-tumoral capacities.'2%%?

2.4. Stimulus-specific macrophages

In addition to M1 and M2 macrophages, macrophages with different phenotypes co-
exist in atherosclerotic lesions. Mox macrophages are polarized by oxidized PL through

transcription factor nuclear erythroid-2 related factor (Nrf2). These macrophages



display lower chemotactic and phagocytic capacities. Nrf2-dependent genes encoding
proteins such as heme oxygenase-1 (HMOX-1), sulforedoxin-1 (Srx1), and thioredoxin
reductase 1 (Txnrdl) are reported to be specific markers for Mox macrophages. Notably,
Mox macrophages are a prominent subpopulation representing nearly 30% of the total
number of macrophages in mouse lesions; however, they have not yet been reported in
human lesions. M(Hb) macrophages are induced by hemoglobin/haptoglobin ingestion
and characterized by high levels of MR and CD163, which are associated with
hemoglobin clearance after plaque hemorrhage. In addition, M(Hb) macrophages show
enhanced cholesterol efflux capacity related to liver X receptor (LXR)a and induce the
expression of ferroportin, an iron exporter. As a result, M(Hb) macrophages contribute
to the prevention of foam cell formation and decrease ROS production generated by
intracellular iron. Mhem macrophages are polarized in response to heme stimulation,
and activate transcription factors such as activating transcription factor (ATF)-1 and
liver X receptor (LXR)B. Similar to M(Hb), Mhem show an enhanced cholesterol efflux
capacity that inhibits foam cell formation. Finally, M4 macrophages are induced by the
platelet-derived chemokine CXCL4, also known as platelet factor 4 (PF4). Typically,
M4 macrophages express matrix metalloproteinase 7 (MMP7) and S100A8, a calcium

binding protein, whereas they do not express CD163 completely.'>!62

2.5. Localization of macrophage sub-populations in atherosclerotic lesions

Atherosclerotic lesions are an extremely complex microenvironment, with properties
dependent on the specific spatial distribution of different macrophage subpopulations.
M1 macrophages are detected predominantly in the lesion shoulder, which is the most
rupture-prone area, and the necrotic core. On the other hand, M2 macrophages are

mostly located in the adventitia and iron-rich neovascularization areas. In the fibrous



cap, similar amounts of both M1 and M2 macrophages exist. Moreover, Ml
macrophages are exclusively found in unstable lesions of symptomatic patients
following an acute ischemic attack, while M2 macrophages are predominant in lesions
of asymptomatic patients. These observations indicate that M1 macrophages are the
predominant macrophage subset in rupture-prone areas and in unstable lesions, and
suggest that plaque instability might be the result of an imbalance between
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macrophages with M1 and M2 phenotypes.
3. Oxidized low-density lipoprotein (OxLDL)

3.1. Oxidative modification of LDL

Oxidative modification of LDL in the intima is an important step in early
atherosclerosis. LDL is a spherical particle with a diameter of approximately 22 nm to
27.5 nm.** One LDL particle is composed of approximately 600 molecules of free
cholesterol (FC), 1600 molecules of cholesteryl esters (CE), 700 molecules of PL, 185
molecules of TG, and one molecule of apoB-100. The molecular composition of LDL
particles is susceptible to change with oxidative modification. Notably, many exposed
tyrosine and lysine residues in apoB100 can be directly oxidized by lipid oxidation
products and, consequently, reactive aldehyde products such as malondialdehyde
(MDA) and 4-hydroxynonenal (HNE) are attached covalently to apoB100.** Since
oxLDL induces a variety of pro-atherogenic and proinflammatory effects such as
endothelial activation and vascular smooth muscle cell proliferation, as well as
promotes macrophage foam cell formation in early atherogenesis, the importance of

oxidative modifications of LDL particles is highlighted.**



3.2. Oxidizing agents

Different types of oxidizing agents, which are divided into two main groups, are well
defined. First, non-enzymatic oxidation of LDL is mediated by transition metal ions
such as Cu*', Fe*', and heme. In particular, prolonged incubation of LDL with copper
sulfate is a widely used in vitro model of extensively oxLDL. Overnight incubation of
LDL with copper sulfate induces degradation of lipid parts such as phosphatidylcholine,
as well as drastic alterations in apoB protein. This type of oxLDL is recognized by
scavenger receptors, including CD36, SR-Al, and LOX-1, instead of native LDL
receptor (LDLR). However, the contribution of copper sulfate-mediated oxLDL to the

physiological oxidation of LDL remains controversial.”’

Compared to extensively
oxLDL, incubation of LDL with copper sulfate for a short time (approximately 2—4
hours) or oxidation of LDL with enzymes such as lipoxygenase (LO), myeloperoxidase
(MPO), NADPH oxidase, or nitric oxide synthase produces different types of oxLDL,
which are termed ‘minimally modified/oxLDL (mmLDL)’. These enzymes are
generated by a variety of cells, including endothelial cells, vascular smooth muscle cells,
macrophages, and neutrophils. Intriguingly, mmLDL is still recognized by native LDL

receptor or Toll-like receptors rather than scavenger receptors, because these oxidizing

agents do not induce substantial modifications in LDL 283
3.3. OxLDL in atherosclerosis

Oxidation of LDL is a stepwise process. With ongoing oxidation, the
physicochemical properties such as charge, particle size, and lipid content are gradually
changed. These alterations are dependent on the type of oxidizing agent, and they result
in a variety of modifications with diverse physicochemical functions. For this reason,

oxLDL in the intima is a heterogeneous mixture of bioactive compounds with variable
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degrees of oxidation.**’ Depending on the degree or position of LDL oxidation, oxLDL
can induce distinct biological effects in various cell types through different intracellular
signaling pathways.*'** Variable effects have been reported in the literature, resulting

from the use of different oxidizing agents to prepare oxLDL.*

OxLDL is known as a useful marker for atherosclerosis. It has been detected in vivo
both in atherosclerotic lesions as well as in plasma.® Since elevated levels of circulating
oxLDL were shown to correlate significantly with the severity of cardiovascular
disease,’® oxLLDL levels are a possible prognostic marker for future cardiac events.*’’
As mentioned, variable degrees of oxLDL exist in atherosclerotic lesions, and oxLDL
can induce various biological effects, depending on the level of LDL oxidation.

However, there are few reports on the degree of LDL oxidation and risk of

atherosclerosis.*
4. Neutrophils in atherosclerosis

4.1. Neutrophil extracellular traps

Neutrophils are a component of the first line of innate immune defense against a
broad spectrum of invading pathogens, including bacteria, fungi, and parasites.
Neutrophils have three mechanisms to eliminate extracellular pathogens: phagocytosis
(ingestion), degranulation (release of anti-microbial contents), and formation of
neutrophil extracellular traps (NETs).* Neutrophils phagocytose and sequester
pathogens into phagolysosomal compartments, where they kill many pathogens by
generating ROS and releasing granule contents. They also secrete a variety of granular
proteins such as myeloperoxidase (MPO), neutrophil elastase (NE), cathepsin G,

NADPH oxidase, and cathelicidin into the surrounding extracellular space, through a

11



process called ‘degranulation’, to eradicate nearby pathogens.*** Although neutrophils
mainly contribute to host defense against invading pathogens, they are also involved in
the pathogenesis of various sterile inflammatory and autoimmune diseases such as
atherosclerosis, systemic lupus erythematosus (SLE), rheumatoid arthritis (RA),

psoriasis, and gout.***

4.2. NETs and their structure

Neutrophil extracellular traps (NETs) are the most recently identified mechanism of
extracellular pathogen killing by neutrophils. NETs are formed from chromatin
filaments that are approximately 15—17 nm in diameter and have backbones composed
of DNA, histones, and nuclear protein HMGB1 (high-mobility group box 1). Histones
occupy about 70% of the total proteins in these traps. The NET backbone is decorated
with dotted, globular structures roughly 50 nm in diameter. The globular structures are
composed of various primary (azurophilic) and secondary (specific) granular proteins
including myeloperoxidase (MPO), NE, cathepsin G, lysozyme, -cathelicidin,
lactoferrin, and NADPH oxidase, as well as tertiary granular proteins such as matrix
metalloproteinase 9. Interestingly, NETs appear, morphologically, not only as thin,
elongated filaments, but also as cloud-like structures that occupy a 10—15-fold larger

surface area than intact cells do.***’

4.3. NET formation at the molecular level

NET formation is a process with several key steps: ROS generation, transport of NE
from the granule to the nucleus, histone modification, disruption of the plasma
membrane, and excretion of the NET structure. A variety of NET-formation inducers

have been reported to date, including phorbol 12-myristate 13-acetate (PMA),

12



proinflammatory cytokines, chemokines, nitric oxide, HMGBI, calcium ionophore,
and immune complexes. In addition, gram-positive staphylococci and gram-negative
bacteria induce NET formation.**>* Upon stimulation with PMA and following
NADPH oxidase-mediated ROS generation, NE in the primary granules translocates to
the nucleus. In the nucleus, NE cleaves histone H1 and modifies the core histones,
promoting chromatin decondensation. Later, MPO migrates into the nucleus, and is
associated with decondensed chromatin. In addition to modifications by NE and MPO,
peptidylarginine deiminase 4 (PAD4) induces citrullination in the core histones, which
leads to weaker binding between histones and DNA.*® NE and MPO cooperatively
promote chromatin decondensation and eventually induce plasma membrane rupture
and NET release. NET formation leads to cell death, also called NETosis, which is a

unique type of neutrophilic cell death distinct from apoptosis and necrosis.*>*!

4.4. The role of NETs in atherosclerosis

NET formation is critical to host defense; however, it is also implicated in
atherosclerosis, systemic lupus erythematosus (SLE), thrombosis, sepsis, malaria,
endothelial cell death, and ischemic reperfusion injury.’*** In atherosclerosis, NET
formation activates leukocytes and platelets in the lumen and in the intima. NET
formation in the intima also promotes the production of inflammatory cytokines and

various proteases, which leads to plaque instability and thrombus formation.

NETSs have been identified in murine and human atherosclerotic lesions, as well as
in myocardial thrombi.” In addition, luminal NETs have been detected by intravital
two-photon microscopy and immunofluorescence.’®>® Specifically, NET components
such as double-stranded DN A (dsDNA), nucleosomes, and MPO-DNA complexes were

detected in patients with severe coronary atherosclerosis or calcified coronary arteries.
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Moreover, plasma levels of nucleosomes and granular proteins such as MPO, MMP-2,
and MMP-9 are elevated in patients with acute coronary syndrome. However, because
the significance of NETs and their components in atherosclerosis is unclear, further

studies are needed to clarify their roles in the disease.”%

14



5. References

1. Viola J, Soehnlein O. Atherosclerosis - A matter of unresolved inflammation.

Semin Immunol 2015;27:184-93.

2. Lewis DR, Petersen LK, York AW, Ahuja S, Chae H, Joseph LB, et al.
Nanotherapeutics for inhibition of atherogenesis and modulation of

inflammation in atherosclerotic plaques. Cardiovasc Res 2016;109:283-93.

3. Wuest SJ, Crucet M, Gemperle C, Loretz C, Hersberger M. Expression and
regulation of 12/15-lipoxygenases in human primary macrophages.

Atherosclerosis 2012;225:121-7.

4. Hansson GK, Hermansson A. The immune system in atherosclerosis. Nat

Immunol 2011;12:204-12.

5. Oh J, Riek AE, Weng S, Petty M, Kim D, Colonna M, et al. Endoplasmic
reticulum stress controls M2 macrophage differentiation and foam cell

formation. J Biol Chem 2012;287:11629-41.

6. Yao S, Zong C, Zhang Y, Sang H, Yang M, Jiao P, et al. Activating transcription
factor 6 mediates oxidized LDL-induced cholesterol accumulation and
apoptosis in macrophages by up-regulating CHOP expression. J Atheroscler

Thromb 2013;20:94-107.

7. Moore KJ, Tabas I. Macrophages in the pathogenesis of atherosclerosis. Cell

2011;145:341-55.

8. Wong BW, Meredith A, Lin D, McManus BM. The biological role of

inflammation in atherosclerosis. Can J Cardiol 2012;28:631-41.

15



10.

I1.

12.

13.

14.

15.

16.

17.

18.

Moore KJ, Fisher EA. The double-edged sword of fibronectin in

atherosclerosis. EMBO Mol Med 2012;4:561-3.

Hansson GK, Robertson AK, Soderberg-Naucler C. Inflammation and

atherosclerosis. Annu Rev Pathol 2006;1:297-329.
Libby P. Inflammation in atherosclerosis. Nature 2002;420:868-74.

Lu H, Daugherty A. Atherosclerosis: cell biology and lipoproteins. Curr Opin
Lipidol 2013;24:107-8.

Iwata H, Nagai R. Novel immune signals and atherosclerosis. Curr Atheroscler

Rep 2012;14:484-90.

Spivia W, Magno PS, Le P, Fraser DA. Complement protein C1q promotes
macrophage anti-inflammatory M2-like polarization during the clearance of

atherogenic lipoproteins. Inflamm Res 2014;63:885-93.

Colin S, Chinetti-Gbaguidi G, Staels B. Macrophage phenotypes in

atherosclerosis. Immunol Rev 2014;262:153-66.

De Paoli F, Staels B, Chinetti-Gbaguidi G. Macrophage phenotypes and their

modulation in atherosclerosis. Circ J 2014;78:1775-81.

Stoger JL, Gijbels MJ, van der Velden S, Manca M, van der Loos CM, Biessen
EA, et al. Distribution of macrophage polarization markers in human

atherosclerosis. Atherosclerosis 2012;225:461-8.

Cardilo-Reis L, Gruber S, Schreier SM, Drechsler M, Papac-Milicevic N,
Weber C, et al. Interleukin-13 protects from atherosclerosis and modulates

plaque composition by skewing the macrophage phenotype. EMBO Mol Med

16



19.

20.

21.

22.

23.

24.

25.

26.

2012;4:1072-86.

Hirose K, Iwabuchi K, Shimada K, Kiyanagi T, Iwahara C, Nakayama H, et al.
Different responses to oxidized low-density lipoproteins in human polarized

macrophages. Lipids Health Dis 2011;10:1.

Andres V, Pello OM, Silvestre-Roig C. Macrophage proliferation and apoptosis

in atherosclerosis. Curr Opin Lipidol 2012;23:429-38.

Dushkin MI. Macrophage/foam cell is an attribute of inflammation:
mechanisms of formation and functional role. Biochemistry (Mosc)

2012;77:327-38.

Chinetti-Gbaguidi G, Colin S, Staels B. Macrophage subsets in atherosclerosis.

Nat Rev Cardiol 2015;12:10-7.

Campos H, Blijlevens E, McNamara JR, Ordovas JM, Posner BM, Wilson PW,
et al. LDL particle size distribution. Results from the Framingham Offspring

Study. Arterioscler Thromb 1992;12:1410-9.

Tsimikas S, Miller YI. Oxidative modification of lipoproteins: mechanisms,
role in inflammation and potential clinical applications in cardiovascular

disease. Curr Pharm Des 2011;17:27-37.

Tani M, Kawakami A, Mizuno Y, Imase R, Ito Y, Kondo K, et al. Small dense
LDL enhances THP-1 macrophage foam cell formation. J Atheroscler Thromb
2011;18:698-704.

Osterud B, Bjorklid E. Role of monocytes in atherogenesis. Physiol Rev
2003;83:1069-112.

17



27.

28.

29.

30.

31.

32.

33.

34.

Itabe H. Oxidized low-density lipoproteins: what is understood and what

remains to be clarified. Biol Pharm Bull 2003;26:1-9.

Tsimikas S, Mallat Z, Talmud PJ, Kastelein JJ, Warecham NJ, Sandhu MS, et al.
Oxidation-specific biomarkers, lipoprotein(a), and risk of fatal and nonfatal

coronary events. J Am Coll Cardiol 2010;56:946-55.

Itabe H, Obama T, Kato R. The Dynamics of Oxidized LDL during

Atherogenesis. J Lipids 2011;2011:418313.

Chavez-Sanchez L, Madrid-Miller A, Chavez-Rueda K, Legorreta-Haquet MV,
Tesoro-Cruz E, Blanco-Favela F. Activation of TLR2 and TLR4 by minimally
modified low-density lipoprotein in human macrophages and monocytes

triggers the inflammatory response. Hum Immunol 2010;71:737-44.

Radhika A, Sudhakaran PR. Upregulation of macrophage-specific functions by
oxidized LDL: lysosomal degradation-dependent and -independent pathways.

Mol Cell Biochem 2013;372:181-90.

Rios FJ, Koga MM, Pecenin M, Ferracini M, Gidlund M, Jancar S. Oxidized
LDL induces alternative macrophage phenotype through activation of CD36

and PAFR. Mediators Inflamm 2013;2013:198193.

Kavanagh IC, Symes CE, Renaudin P, Nova E, Mesa MD, Boukouvalas G, et
al. Degree of oxidation of low density lipoprotein affects expression of CD36
and PPARgamma, but not cytokine production, by human monocyte-

macrophages. Atherosclerosis 2003;168:271-82.

Levitan I, Volkov S, Subbaiah PV. Oxidized LDL: diversity, patterns of

18



35.

36.

37.

38.

39.

40.

41.

42.

recognition, and pathophysiology. Antioxid Redox Signal 2010;13:39-75.

Badrnya S, Assinger A, Volf 1. Native high density lipoproteins (HDL) interfere
with platelet activation induced by oxidized low density lipoproteins (OxLDL).

Int J Mol Sci12013;14:10107-21.

Samson S, Mundkur L, Kakkar VV. Immune response to lipoproteins in

atherosclerosis. Cholesterol 2012;2012:571846.

Holvoet P, Mertens A, Verhamme P, Bogaerts K, Beyens G, Verhaeghe R, et al.
Circulating oxidized LDL is a useful marker for identifying patients with

coronary artery disease. Arterioscler Thromb Vasc Biol 2001;21:844-8.

Ehara S, Ueda M, Naruko T, Haze K, Itoh A, Otsuka M, et al. Elevated levels
of oxidized low density lipoprotein show a positive relationship with the

severity of acute coronary syndromes. Circulation 2001;103:1955-60.

Itabe H. Oxidized low-density lipoprotein as a biomarker of in vivo oxidative

stress: from atherosclerosis to periodontitis. J Clin Biochem Nutr 2012;51:1-8.

Brizzi P, Tonolo G, Bertrand G, Carusillo F, Severino C, Maioli M, et al.
Autoantibodies against oxidized low-density lipoprotein (ox-LDL) and LDL

oxidation status. Clin Chem Lab Med 2004;42:164-70.

Papayannopoulos V, Metzler KD, Hakkim A, Zychlinsky A. Neutrophil
elastase and myeloperoxidase regulate the formation of neutrophil extracellular

traps. J Cell Biol 2010;191:677-91.

Gray RD, Lucas CD, Mackellar A, Li F, Hiersemenzel K, Haslett C, et al.

Activation of conventional protein kinase C (PKC) is critical in the generation

19



43.

44,

45.

46.

47.

48.

49.

50.

of human neutrophil extracellular traps. J Inflamm (Lond) 2013;10:12.

Kumar V, Sharma A. Neutrophils: Cinderella of innate immune system. Int

Immunopharmacol 2010;10:1325-34.

Phillipson M, Kubes P. The neutrophil in vascular inflammation. Nat Med

2011;17:1381-90.

Keshari RS, Jyoti A, Dubey M, Kothari N, Kohli M, Bogra J, et al. Cytokines
induced neutrophil extracellular traps formation: implication for the

inflammatory disease condition. PLoS One 2012;7:e48111.

Knight JS, Luo W, O'Dell AA, Yalavarthi S, Zhao W, Subramanian V, et al.
Peptidylarginine deiminase inhibition reduces vascular damage and modulates
innate immune responses in murine models of atherosclerosis. Circ Res

2014;114:947-56.

Chistiakov DA, Bobryshev YV, Orekhov AN. Neutrophil's weapons in

atherosclerosis. Exp Mol Pathol 2015;99:663-71.

Gould TJ, Vu TT, Swystun LL, Dwivedi DJ, Mai SH, Weitz J1, et al. Neutrophil
extracellular traps promote thrombin generation through platelet-dependent
and platelet-independent mechanisms. Arterioscler Thromb Vasc Biol

2014;34:1977-84.

Pinegin B, Vorobjeva N, Pinegin V. Neutrophil extracellular traps and their role
in the development of chronic inflammation and autoimmunity. Autoimmun

Rev 2015;14:633-40.

Awasthi D, Nagarkoti S, Kumar A, Dubey M, Singh AK, Pathak P, et al.

20



51.

52.

53.

54.

55.

56.

57.

Oxidized LDL induced extracellular trap formation in human neutrophils via
TLR-PKC-IRAK-MAPK and NADPH-oxidase activation. Free Radic Biol

Med 2016;93:190-203.

Caudrillier A, Kessenbrock K, Gilliss BM, Nguyen JX, Marques MB,
Monestier M, et al. Platelets induce neutrophil extracellular traps in

transfusion-related acute lung injury. J Clin Invest 2012;122:2661-71.

Zhao W, Fogg DK, Kaplan MJ. A novel image-based quantitative method for

the characterization of NETosis. J Immunol Methods 2015;423:104-10.

Alfaidi M, Wilson H, Daigneault M, Burnett A, Ridger V, Chamberlain J, et al.
Neutrophil elastase promotes interleukin-1beta secretion from human coronary

endothelium. J Biol Chem 2015;290:24067-78.

Carmona-Rivera C, Zhao W, Yalavarthi S, Kaplan MJ. Neutrophil extracellular
traps induce endothelial dysfunction in systemic lupus erythematosus through
the activation of matrix metalloproteinase-2. Ann Rheum Dis 2015;74:1417-

24.

Doring Y, Weber C, Soehnlein O. Footprints of neutrophil extracellular traps
as predictors of cardiovascular risk. Arterioscler Thromb Vasc Biol

2013;33:1735-6.

Oklu R, Stone JR, Albadawi H, Watkins MT. Extracellular traps in lipid-rich
lesions of carotid atherosclerotic plaques: implications for lipoprotein retention

and lesion progression. J Vasc Interv Radiol 2014;25:631-4.

Nahrendorf M, Swirski FK. Immunology. Neutrophil-macrophage

21



58.

59.

60.

communication in inflammation and atherosclerosis. Science 2015;349:237-8.

Megens RT, Vijayan S, Lievens D, Doring Y, van Zandvoort MA, Grommes J,
et al. Presence of luminal neutrophil extracellular traps in atherosclerosis.

Thromb Haemost 2012;107:597-8.

Wantha S, Alard JE, Megens RT, van der Does AM, Doring Y, Drechsler M, et
al. Neutrophil-derived cathelicidin promotes adhesion of classical monocytes.

Circ Res 2013;112:792-801.

Drechsler M, Megens RT, van Zandvoort M, Weber C, Soehnlein O.
Hyperlipidemia-triggered neutrophilia promotes early atherosclerosis.

Circulation 2010;122:1837-45.

22



CHAPTER II. Macrophage differentiation from monocytes is influenced

by the lipid oxidation degree of low-density lipoprotein

1. Abstract

LDL plays an important role in atherosclerotic plaque formation and macrophage
differentiation. However, there is no report regarding the degree of LDL oxidation and
macrophage differentiation. Our study has shown that the differentiation into M1 or M2
macrophages is related to the lipid oxidation level of LDL. Based on the level of lipid
peroxidation, LDL is classified into high-oxidized LDL (high-oxLDL) and low-
oxidized LDL (low-oxLLDL). The differentiation profiles of macrophages were
determined by surface receptor expression and cytokine secretion profiles. Low-oxLDL
induced CD86 expression and production of TNF-a and IL-12p40 in THP-1 cells,
indicating an M1 macrophage phenotype. High-oxLDL induced mannose receptor
expression and production of IL-6 and monocyte chemoattractant protein-1, which
mostly match the phenotype of M2 macrophages. Further supporting evidence for an
M2 polarization by high-oxLDL was the induction of LOX-1 in THP-1 cells treated
with high-oxLDL but not with low-oxLDL. Similar results were obtained in primary
human monocytes. Therefore, our results strongly suggest that the degree of LDL
oxidation influences the differentiation of monocytes into M1 or M2 macrophages and

determines the inflammatory fate in early stages of atherosclerosis.

Keywords: LDL, Oxidation, Macrophages, Differentiation
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2. Introduction

Oxidized low-density lipoprotein (oxLDL) plays a critical role in atherosclerotic
plaque formation, which is triggered by the persistence of lipid-laden macrophages' as
well as interfering endothelial cell motility* in arterial wall. The differentiation of
monocytes into macrophages, which accumulate oxLDL to form foam cells, is induced
by oxLDL." The process starts with endothelial activation in the sub-endothelial areas
by oxLDL deposition.*> Monocytes migrate into the intima guided by chemokines® and
differentiate into macrophages. These macrophages then take up modified lipoproteins
and, as they accumulate excess lipids, they form foam cells.’> The foam cells die and
release intracellular contents,” which induce an inflammatory reaction. This in turn
attracts more macrophages into the lesion. During this process, LDL may be oxidized
by enzymes, for example myeloperoxidase,®’ or by reactive oxygen species (ROS)® in
the inflammatory microenvironment of the plaque. Although oxLDL is important for
atherosclerotic inflammation, is no report about the degree of LDL oxidation and

macrophage differentiation.

Macrophages are fundamental contributors in the development and progression of
atherosclerosis. Monocytes that are recruited into the intima are exposed to a variety of
stimuli, such as cytokines, lipids, iron, and calcium, which exist in complex
microenvironments. These factors can influence the phenotypic polarization of
macrophages and their subsequent activation.'” Classically activated (M1)
macrophages and alternatively activated (M2) macrophages are well-defined
phenotypes. In addition, recent studies suggested that several subtypes of M2
macrophages (M2a, b, c, and d) and stimuli-induced subpopulations such as Mox,

Mhem, M (Hb), and M4 macrophages exist in atherosclerotic lesions."'

24



Therefore, we hypothesized that LDL with different oxidation levels exists in the
early atherosclerotic milieu and that the degree of LDL oxidation influences
macrophage differentiation into classically activated (M1) or alternatively activated
(M2) macrophages, which determines the inflammatory fate for atherosclerotic
development. In this study, monocytes were treated with high-oxidized LDL (high-
oxLLDL) or low-oxidized LDL (low-oxLLDL) and their surface receptor expression and
cytokine secretion profiles were analyzed to determine if they differentiated into M1 or

M2 macrophages.
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3. Materials and methods

3.1. Reagents

Human native LDL and oxidized LDL were purchased from Biomedical
Technologies Inc. (Stoughton, MA, USA). During electrophoresis, low-oxLDL
migrates further than the native LDL and is also defined by a low TBAR value (8.7-
11.8 nmol/mg protein). High-oxLDL migrates 2.7 fold further than the native LDL and
is defined by a high TBAR value (55.7-75.6 nmol/mg protein). Anti-human CD86-PE
and anti-human CD206 (mannose receptor)-FITC antibodies were purchased from
Beckman Coulter Inc. (Brea, CA, USA) and BD Biosciences (San Jose, CA, USA),
respectively. Anti-LOX-1 and anti-tubulin antibodies were purchased from Abcam
(Cambridge, MA, USA) and BiolLegend (San Diego, CA, USA), respectively.
Recombinant human M-CSF was purchased from BioLegend (San Diego, CA, USA).
LPS (E. coli 026:B6), phorbol-12-myristate-13-acetate (PMA) and Oil Red O were

purchased from Sigma-Aldrich (St. Louis, MO, USA).
3.2. Culture of THP-1 Cells

The human monocytic THP-1 cell line was purchased from ATCC and cultured in
RPMI1640 medium containing 10% FBS and penicillin-streptomycin (100 units/ml and

100 pg/ml, respectively) at 37°C in a humidified 5% CO, incubator.
3.3. Oil Red O staining

THP-1 cells were cultured at 5 x 10° cells per well in 6-well plates and differentiated
into macrophages with 100 ng/ml of PMA for 48 hr. Cell were then treated with native
LDL, low-0xLDL or high-oxLDL (50 pg/ml each). After 24 hr, cells were washed with

PBS and fixed with 4% paraformaldehyde for 10 min. Cells were then rinsed in 60%
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isopropanol for 30 sec and stained with filtered Oil Red O working solution at 37°C for
30 min in darkness. Then cells were destained with 60% isopropanol for 30 sec and
lipid accumulation was observed using bright-field microscope (IX71, Olympus, Tokyo,

Japan).
3.4. Analysis of cell proliferation

The cell proliferation rate was measured using the colorimetric cell counting kit-8
(CCK-8) (Dojindo laboratories, Kyoto, Japan). THP-1 cells were cultured at 1 x 10°
cells per well in 24-well plates and treated with native LDL, low-oxLDL or high-
oxLDL (50 pg/ml each). After 24, 48 or 96 hr, the CCK-8 reagent was added to each
well and cells were incubated for 30 min at 37°C. The supernatant was harvested and
transferred to 96-well plates. The O.D. at 450 nm was determined with a

spectrophotometer.
3.5. Flow cytometry

THP-1 cells were cultured at 2 x 10° cells per well in 12-well plates and treated with
native LDL, low-0xLDL, or high-oxLDL (50 pg/ml each). After 24 or 96 hr, cells were
harvested and analyzed using flow cytometry to measure granularity and auto-
fluorescence. To detect surface markers, cells were treated with native LDL, low-
oxLDL, or high-oxLDL (50 pg/ml each) for 96 hr and stained with PE-conjugated anti-
human CD86 antibodies. Flow cytometric analysis was performed by a BD LSR II flow

cytometer (BD Bioscience).
3.6. Confocal microscopy

THP-1 cells were cultured in 2-well chambered cover glasses at 2 x 10° cells per well

and treated with native LDL, low-oxLDL, or high-oxLDL (50 pg/ml each) for 96 hr.

27



Attached cells were stained with FITC-conjugated anti-human mannose receptor

(CD206) antibodies and analyzed using FV1000 microscope (Olympus, Tokyo, Japan).
3.7. Isolation of human monocytes and observation of morphological changes

Blood was obtained from healthy donors after acquiring internal review board
approval and informed consent (No: 4-2012-0088). Peripheral blood mononuclear cells
(PBMCs) were separated by Ficoll-Hypaque density gradient centrifugation (density =
1.077) at 1,600 rpm for 30 min and human monocytes were purified from PBMCs using
Monocyte Isolation Kit II (Miltenyi Biotec, Bergsch Gladbach, Germany). Staining for
CD14 was performed to confirmed monocyte population and usually >95% of cells
were positive. Human monocytes were cultured in RPMI1640 medium containing 10%
FBS and penicillin-streptomycin (100 units/ml and 100 pg/ml, respectively) at 37°C in
a humidified 5% CO- incubator. Human monocytes were cultured in 12-well plates at
2 x 10’ cells per well and incubated with both M-CSF (50 ng/ml) and high-oxLDL or
low-0xLLDL (50 pg/ml each) for 7 days. Morphological changes were observed using

bright-field microscope (IX71, Olympus, Tokyo, Japan).
3.8. Enzyme-linked immunosorbent assay (ELISA)

THP-1 cells were culture at 2 x 10° cells per well in 12-well plates and pre-treated
with native LDL, low-oxLLDL, or high-oxLDL (50 pg/ml each) for 24, 48 or 96 hr. The
medium was replaced with fresh medium and then cells were stimulated with LPS (100
ng/ml). Primary monocytes were cultured at 2 x 10°cells per well in 12-well plates and
pre-treated with both M-CSF (50 ng/ml) and native LDL, low-oxLDL, or high-oxLDL
(50 pg/ml each) for 24, 48 or 72 hr. Primary monocytes were stimulated with LPS (20

ng/ml). Eighteen hours after LPS stimulation, culture supernatants were harvested and
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stored at -80°C. ELISA was performed with a human cytokine TNF-q, IL-12p40, IL-6,
and monocyte chemoattractant protein-1 (MCP-1) assay kit (BD Bioscience). The O.D

at 450 nm was determined.
3.9. Western blot

THP-1 cells were seeded at 2 x 10’ cells per well and treated with native LDL, low-
oxLDL, or high-oxLDL (50 pg/ml each). After 24 and 48 hr, cells were harvested and
lysed with lysis buffer. After centrifugation, total protein was stored at -80°C. Each 50
pg of protein samples was loaded in 12% SDS-PAGE and transferred onto
nitrocellulose membrane (GE Healthcare, NJ, USA). Then membranes were reacted
with anti-LOX-1 or anti-tubulin antibodies. Protein bands were detected using a West-

save up western blot detection kit (Ab frontier, Seoul, Korea).
3.10. Statistical analysis

One-way ANOVA analysis was conducted. P<0.05 was considered significant.
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4. Results

4.1. Differential effects of the LDL oxidation degree on lipid uptake in THP-1

macrophages

The recognition of low-oxLDL in monocytes is mediated by LDL receptors and/or
pattern recognition receptors, such as toll-like receptors (TLRs). TLR2 and TLR4 are
the major TLR members activated by minimally modified LDL, such as low-oxLDL,
and induce inflammatory responses in human macrophages and monocytes. However,
these receptors do not mediate massive uptake of minimally modified LDL in the
formation of foam cells. Indeed, we found that the accumulation of lipid was not
significantly increased in cells treated with low-oxLDL compared to that in cells treated
with native LDL, but lipid accumulation was significantly increased when cells were

treated with high-oxLDL (Figure II-1)
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Figure II-1. Uptake of oxidized low-density lipoprotein (oxLDL) in PMA-
differentiated THP-1 cells. THP-1 cells were differentiated into macrophages with
PMA (100 ng/ml) for 48 hr. PMA-differentiated THP-1 cells were treated with
differentially oxidized LDL (50 pg/ml) for 24 hr. Then, accumulated intracellular lipid
droplets were stained by Oil-Red O and were observed using a bright-field microscope

(x 200).
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4.2. Differential effects of the LDL oxidation degree on granularity induction and

proliferation of monocytes

To investigate the effects of the degree of LDL oxidation, we assessed differentiation
and proliferation of THP-1 cells after treatment with native LDL, low-oxLDL, or high-
oxLDL. Cell granularity (Figure II-2A) and auto-fluorescence (Figure 1I-2B) were
significantly increased in cells treated with high-oxLDL compared to cells treated with
native LDL or low-oxLDL. These effects by high-oxLDL increased over time. After
treatment with high-oxL DL, the cell proliferation rate did not change compared to those
of cells treated with native LDL. However, cell proliferation was significantly
decreased in cells treated with low-oxLDL compared to that in cells treated with high-
oxLDL (Figure II-2C). These results indicate that high-oxLDL increases granularity
and auto-fluorescence whereas low-oxLDL decreases cell proliferation, suggesting that

monocytes respond differently to degree of LDL oxidation.
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Figure II-2. Effects of oxLDL on granularity, auto-fluorescence, and
proliferation. THP-1 cells were treated with differentially oxidized LDL (50 pg/ml)
for 24, 48 or 96 hr. (A) Granularity and (B) auto-fluorescence were measured by flow
cytometer. (C) Cell proliferation was assessed by CCK-8 assay. Data represent means
+S.E. of three independent experiments. One-way ANOVA analysis was used to

determine significance (*P<0.05, **P< 0.01, ***P<(0.001).
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4.3. Effect of oxLDL on the expression of surface markers of macrophages

Next, we tested whether the degree of LDL oxidation influences the differentiation
of monocytes into macrophages. When cells were treated with low-oxLLDL, the
expression level of the marker for M1 macrophages, CD86, was increased compared to
that in cells treated with high-oxLDL (Figure II-3A). In contrast, the expression level
of the marker for M2 macrophages, mannose receptor (CD206), was significantly
increased in cells treated with high-oxLDL compared to that in cells treated with native
LDL or low-oxLDL (Figure II-3B). These results indicate that the degree of LDL
oxidation affects the differentiation of monocytes into different subtypes of

macrophages.
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Figure 11-3. Expression of CD86 and CD206 in response to oxLDL. THP-1 cells
were treated with oxLDL (50 pg/ml) for 96 hr. (A) THP-1 cells were stained with anti-
CD86-PE antibodies and analyzed by flow cytometry. (B) THP-1 cells were stained
with anti-CD206-FITC antibodies and observed by confocal microscope (x 200 and x
600).
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4.4. Effect of oxLDL on cytokine production

To assess cytokine production, THP-1 cells were pre-exposed to differentially
oxidized LDL for 24, 48 or 96 hr and then stimulated with LPS. The production of
TNF-a and IL-12p40 was decreased in cells pre-treated with high-oxLDL compared to
those in cells pre-treated with low-oxLDL (Figure II-4A). However, the production of
IL-6 and MCP-1 was significantly increased in cells pre-treated with high-oxLDL
compared to cells pre-treated with low-oxLDL (Figure 1I-4B). These results suggest
that macrophages secrete different sets of cytokines depending on the oxidation level
of LDL. More interestingly, low-oxLDL and high-oxLDL induced opposite cytokine

profiles.
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Figure 1I-4. Production of cytokines and chemokines in response to oxLDL.
THP-1 cells were pre-treated with differentially oxidized LDL (50 pg/ml) for 24, 48 or
96 hr and treated with LPS (100 ng/ml) for 18 hr. Culture supernatants were harvested
and the levels of TNF-a, IL-12p40, IL-6 and MCP-1 were measured by ELISA. Data
represent means +S.E. of three independent experiments. One-way ANOVA analysis

was used to determine significance (*P<0.05, **P< (.01, ***P<0.001).
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4.5. Effects of oxLDL on LOX-1 expression

OxLDL binds to scavenger receptors, such as LOX-1, and also induces the
expression of LOX-1 in macrophages. We tested the effect of oxLDL on the expression
of LOX-1 in THP-1 cells. LOX-1 expression increased in cells treated with high-
oxLLDL compared to cells treated with native LDL or low-oxLDL after 24 or 48 hr. The
expression of LOX-1 was slightly but not significantly decreased in cells treated with

low-oxLLDL compared to that in cells treated with native LDL (Figure I1-5).
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Figure II-5. Expression of LOX-1 in response to oxLDL. THP-1 cells were treated
with differentially oxidized LDL (50 pg/ml) for 24 or 48 hr. Each 50 pg of protein

samples was loaded and analyzed with anti-LOX-1 antibodies and anti-tubulin

antibodies (Internal control).
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4.6. Effects of oxLDL on morphological changes and cytokine production in

primary monocytes

Human monocytes were isolated from purified peripheral blood mononuclear cells
using Monocyte Isolation Kit II. To confirm the purity of isolated human monocytes,
cells were stained with FITC anti-human CD14 antibody, which is the marker for

human monocytes. The results show that >95% of the cells were positive (Figure 11-6).

When human monocytes were treated with low-oxLDL, cells have changed into
spindle-like shape, which is a unique feature of M1 macrophages whereas the treatment
of high-oxLLDL led to round cells, which represents M2 macrophages (Figure II-7A).
The production of TNF-a and IL-12p40 was decreased in monocytes pre-treated with
high-oxLDL compared to cells pre-treated with low-oxLDL (Figure II-7B). Moreover,
the production of IL-6 and MCP-1 was significantly increased in monocytes pre-treated
with high-oxLDL (Figure II-7C). These results support that the degree of LDL
oxidation affects primary monocytes in a similar way to the monocytic cell line, THP-

1 cells.
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Figure II-6. Purity of isolated human primary monocytes. Human monocytes
were purified from PBMCs using Monocyte Isolation Kit II and stained with human
CD14 antibody. Flow cytometric analysis was performed using a BD LSR II flow

cytometer.
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Figure II-7. Morphological changes and cytokine production in primary
monocytes. (A) Human blood monocytes were isolated from PBMCs and cultured with
both M-CSF (50 ng/ml) and differentially oxidized LDL (50 pg/ml each) for 7 days.
Morphological changes were observed using bright-field microscope (x 200, 400). (B)
Primary monocytes were pre-treated with both M-CSF (50 ng/ml) and differentially
oxidized LDL (50 pg/ml) for 24, 48 or 72 hr and treated with LPS (20 ng/ml) for 18 hr.
Culture supernatants were harvested and the levels of TNF-q, IL-12p40, IL-6 and MCP-
1 were measured by ELISA. Data represent means +S.E. and One-way ANOVA

analysis was used to determine significance (*P<0.05, **P< 0.01, ***P<(0.001).
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Figure 1I-8. Graphical summary of monocyte differentiation into M1 or M2
macrophages by differentially oxidized LDL. In early stage of atherosclerosis, LDL
is accumulated in the intima and oxidized into a variety of degree of oxLDL. Low-
oxLDL induces macrophage polarization towards M1 phenotype whereas high-oxLDL
induces M2 phenotype. These results suggest that the degree of oxidation of LDL is the
important factor for differentiation of monocytes into macrophages and may determine
the inflammation status or even the development of atherosclerosis at early stages of

the disease.
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5. Discussion

During atherosclerotic plaque development, LDL can be oxidized to various degrees
by ROS or enzymes released by macrophages in the sub-endothelial area.’ This
modified LDL, along with growth factors such as M-CSF, affects differentiation of
monocytes into macrophages. Depending on the extent and duration of oxidation, the
physicochemical properties of LDL, such as the charge, particle size and lipid content,
are changed.'? In addition, depending on whether the lipid or protein component is
oxidized, oxidized LDL can induce different signaling pathways.”” Our study
investigated the effects of differentially oxidized LDL on the differentiation of
macrophages. We used two types of oxLDL, which were classified as low-oxLDL or
high-oxLDL based on the TBAR wvalue for lipid peroxidation and relative

electrophoretic mobility of LDL particles on agarose gels.'*"

OxLDL is known to stimulate cell proliferation and induces differentiation of
monocytes and macrophages.'®!” Treatment of THP-1 cells with high-oxLDL led to an
increase in cell granularity and auto-fluorescence, which is a feature of differentiated
macrophages.'® Moreover, high-oxLDL did not change the cell proliferation rate
compared to native LDL. In contrast, in cells treated with low-oxLDL the granularity
and auto-fluorescence were not increased and cell proliferation was significantly
decreased (Figure 11-2). Next, as shown in Figure 1I-3, CD86 (M1 macrophages) was
induced by low-oxLDL whereas mannose receptor (M2 macrophages) was induced by
high-oxLDL. The results of the cytokine profiling showed an increased production of
TNF-a as well as IL-12p40 (Figure II-4A), which reflects the typical phenotype of M1
macrophages,'® whereas increased production of IL-6 and MCP-1 (Figure 1I-4B)

reflects the M2 macrophage phenotype. M2 macrophages can be further classified into
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four subtypes, namely M2a, M2b, M2¢, and M2d. Among them, M2b macrophages
secrete high levels of IL-6 and are referred to as ‘regulatory macrophages’.'” IL-6 is a
pleiotropic cytokine that induces either pro-inflammatory or anti-inflammatory
responses and is involved in a variety of conditions, such as obesity, arthritis, colitis,
and sepsis. Generally, IL-6 is considered a pro-inflammatory cytokine, but its anti-
inflammatory roles have been suggested in specific conditions.”” Recent studies have
shown that IL-6 promotes M2 activation while attenuating M1 activation. When
myeloid cells were primed with IL-6, the STAT3-IL-4-STAT6 axis, which is a potent
inducer of M2 polarization, was activated, whereas when monocytes were pre-treated
with IL-6, lipopolysaccharide-induced production of pro-inflammatory cytokines was
attenuated.’' Moreover, IL-6 induces the polarization of tumor-associated macrophages,
which are similar to obesity-associated M2 macrophages.” These observations indicate
that IL-6 plays a ‘counter-inflammatory’ role in controlling metabolic homeostasis in

low-grade and chronic conditions, such as obesity.

MCP-1 plays an important role in the recruitment of circulating monocytes to
inflamed sites. MCP-1-mediated recruitment of monocytes contributes to pathogenesis,
but several studies have shown that MCP-1 has a beneficial role in various
inflammatory conditions. In the gut, lamina propria macrophages, which revealed an
M2-like phenotype, produce large amounts of MCP-1. Additionally, a subset of lamina
propria macrophages are recruited in response to MCP-1 and produce a large amount
of IL-10 to maintain gut homeostasis in the steady state as well as to terminate excess
inflammation in the intestine.?®> Furthermore, MCP-1 exerts beneficial effects in other
inflammatory diseases such as ischemic heart diseases by inhibiting the generation of

ROS and by healing necrotic areas in the myocardium.****
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The exact roles of IL-6 and MCP-1 are still controversial. However, previous studies
on the anti-inflammatory effects of IL-6 and MCP-1 support our results that high-
oxLDL-induced differentiation of macrophages skews towards the M2-like phenotype

rather than the M1 phenotype (Figure II-3B & 1I-4B).

Our results show that high-oxLDL induces IL-6 and MCP-1 production in
macrophages, indicating that the expression of these cytokines may be a feature of M2
macrophages. While the interpretation of cytokine profiles might be difficult, most of
our results for cytokine production and surface marker expression suggest that low-

oxLDL induces M1 polarization, whereas high-oxLDL leads to M2 polarization.

Next, we assessed the expression of LOX-1. LOX-1 is a receptor for oxLDL and is
expressed in a variety of cells, such as endothelial cells, muscle cells, monocytes, and
macrophages.”***” After binding to oxLDL, LOX-1 is internalized; this induces
endoplasmic reticulum (ER) stress that causes up-regulation of LOX-1, which occurs
via a positive feedback loop between ER stress and LOX-1 expression, and macrophage
differentiation into M2 macrophages together with foam cell formation.””* Figure II-
5 shows that treatment with high-oxLDL increased the LOX-1 expression of
macrophages. These high LOX-1 levels amplify the signals from high-oxLDL and thus
induce increased differentiation into M2 macrophages. A report using mesenchymal
stem cells has demonstrated that treatments with oxLDL markedly increase expressions
of LOX-1 and MCP-1,% but in which the degree of LDL oxidation was not clearly

defined.

Lastly, we investigated the effects of differentially oxidized LDL in primary
monocytes. Our study showed primary monocytes have changed into spindle-shape

after treatment with low-oxLDL and into round cells after treatment with high-oxLLDL.
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It is well known that the shape of M1 macrophages adopt more spindle-like shape,
whereas M2 macrophages are more rounded.*** In addition to the morphological
changes (Figure II-7A), the cytokines profiles, the decreased production of TNF-o and
IL-12p40 as well as increased production of IL-6 and MCP-1 after treatment with high-
oxLDL (Figure II-7B & II-7C), strongly support the role of differentially oxidized LDL

in monocyte differentiation to M1 or M2 macrophages.

Taken together, our results for granularity, auto-fluorescence, cytokine profiles, and
surface makers suggest that low-oxLDL induces macrophage polarization towards M1
phenotype whereas high-oxLDL induces M2 phenotype. As summarized in Figure II-
8, our results suggest that the degree of oxidation of LDL is the important factor for
differentiation of monocytes and macrophages and may determine the inflammation

status or even the development of atherosclerosis at early stages of the disease.
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CHAPTER III. Neutrophil extracellular trap formation mediated by
oxidized low-density lipoprotein affects endothelial cells in early

atherosclerosis

1. Abstract

Neutrophil extracellular traps (NETs) are an important host defense mechanism to
eliminate extracellular pathogens. They have also been implicated in chronic
inflammatory diseases such as atherosclerosis. Recent studies have shown that NET
components can be found in luminal and intimal lesions associated with atherosclerosis.
However, the role of luminal NETs in early atherosclerosis is not well examined. In this
study, we investigated the formation of NETs in early atherosclerosis, and searched for
activating factors that promote NET formation. Wild type (WT) and ApoE”" mice were
fed an atherogenic diet for 4 wk, and luminal NET formation was evaluated by T2*-
weighted MR imaging. NETs were detected in ApoE” mice after 2 wk and were more
clearly detected after 3 wk. However, NETs were not detected in WT mice even after 4
wk. Next, neutrophils from WT mice or ApoE” mice were isolated and 1L-8-induced
NET formation was observed by confocal microscopy. In response to IL-8 neutrophils
from ApoE”" mice induced the NET formation, but neutrophils from WT mice did not.
Along with NET formation, lipid accumulation in the arterial wall was increased in
ApoE”" mice compared to WT mice. Also, the plasma levels of oxXLDL was significantly

higher in ApoE”" mice compared to WT mice.

The ex vivo study of oxLDL on NET formation was performed using human
neutrophils. Although high-oxLLDL as well as low-oxLDL induced the similar levels of

NET formation in confocal analysis, high-oxLDL was found to induce more NETs in
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Picogreen assay to detect dsDNA. Finally, the effect NETs on endothelial dysfunction
was studied. The culture supernatants of neutrophils treated with oxLDL, which contain
NET components, promote cell death as well as nitric oxide production in human
endothelial cells. However, these effects were decreased with depletion of MMP-9,
which is a component of NETs and detected highly in plasma and plaque lesions from
atherosclerosis. Collectively, our results suggest that oxLDL-induced NET formation
induces endothelial dysfunction via MMP-9 in early atherosclerosis and promotes LDL
deposition into the intima. Thus, circulating oxLDL is a crucial component in the

promotion of early atherogenesis.

Keywords: oxLLDL, neutrophils, NETs, MMP-9
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2. Introduction

Neutrophils are the components of the first line innate immune defense against
invading pathogens such as bacteria, fungi, and parasites. They eliminate extracellular
pathogens by phagocytosis, degranulation, and formation of neutrophil extracellular
traps (NETs)."? NETs are the most recently described extracellular killing mechanism.
NETs are formed with a chromatin filament backbone and are decorated with dotted
globular structures. Chromatin filaments are mainly composed of DNA and histones,
whereas the globular structures consist of granular proteins, including neutrophil
elastase (NE), myeloperoxidase (MPO), and matrix metalloproteinase-9 (MMP-9).>*
Although neutrophils mainly contribute to host defense against invading pathogens,
they are also involved in the pathogenesis of various sterile inflammatory and
autoimmune diseases such as atherosclerosis, systemic lupus erythematosus (SLE),

rheumatoid arthritis (RA), psoriasis, and gout.’

A variety of inducers of NET formation have been reported to date, including phorbol
12-myristate 13-acetate (PMA), proinflammatory cytokines, chemokines, HMGBI,
nitric oxide (NO), calcium ionophore, cholesterol crystals, and immune complexes.®’
In addition, gram-positive staphylococci and gram-negative bacteria induce NET
formation through interactions between platelets and neutrophils.*’ Recently, oxidized
low-density lipoprotein (oxLDL) was identified as a NET inducer, and was found to

directly induce NET formation via TLR2 and TLR6 in vitro."

OxLDL is a useful marker for atherosclerosis. It has been detected in vivo both in
atherosclerotic lesions as well as in plasma." Since elevated levels of circulating
oxLDL were shown to correlate significantly with the severity of cardiovascular disease

(CVD)," oxLDL levels are a possible prognostic marker for future cardiac events.'*"
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Recently, several studies have shown that variable degrees of oxLDL exist in
atherosclerotic lesions, and oxLDL can induce various biological effects, depending on

the level of LDL oxidation. '’

NETSs have been identified in murine and human atherosclerotic lesions, as well as
in myocardial thrombi.?**' A recent study implicated NETs in the development of
atherosclerotic plaques.** Specifically, NET components such as double-stranded DNA
(dsDNA), nucleosomes, and MPO-DNA complexes were detected in patients with
severe coronary atherosclerosis or calcified coronary arteries. Moreover, plasma levels
of nucleosomes, MMP-2, and MMP-9 were correlated with an increased risk of
coronary stenosis.” More recently, the presence of luminal NETs was detected by
intravital two-photon microscopy and immunofluorescence in early atherosclerotic
lesions.”** However, the exact role of luminal NETs in early atherosclerosis is not well

defined.

We hypothesized that circulating oxLDL exist in the early stage of atherosclerosis,
and stimulate neutrophils to promote NET formation on arterial walls. Eventually,
NETs cause endothelial dysfunction and subsequent lipid accumulation in arterial walls.
In this study, ApoE” mice were fed an atherogenic diet (AD), and then NET formation
and neutrophil activities were measured, together with circulating oxLDL levels. In
addition, we investigated whether oxLDL-primed human primary neutrophils induced

endothelial dysfunction or cell death ex vivo.
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3. Materials and methods

3.1. Reagents

Human LDL was purchased from Kalen Biomedical, LLC (Montgomery Village,
MD, USA). Dil-LDL was purchased from Biomedical Technologies, Inc. (Stoughton,
MA, USA). Poly-I-lysine solution, cyanogen bromide solution, barbital buffer, phorbol
12-myristate-13-acetate (PMA), and Oil Red O were purchased from Sigma-Aldrich
(St. Louis, MO, USA). SYTOX Green and SYTOX Orange were purchased from Life
Technologies (Eugene, OR, USA). Quanti-iT™ PicoGreen dsDNA kit was purchased
from Turner Biosystems, Inc. (Sunnyvale, CA, USA). A 24-well Transwell insert with
a 5.0-um pore polyester membrane was purchased from Costar (Corning, NY, USA).
RQ1 RNase-free DNase was purchased from Promega (Madison, WI, USA).
fluidMAG-D (50 nm) was purchased from Chemicell GmbH (Berlin, Germany). Cupric
sulfate pentahydrate (CuSQO4-5H>0) was purchased from Duchefa Biochemie (Haarlem,

Netherlands)
3.2. Antibodies

Anti-human neutrophil elastase (NE)-FITC antibody was obtained from Biorbyt
(Cambridge, UK). Alexa Fluor 488 anti-human CD66a/c/e and Alexa Fluor 488 mouse
IgG2b, « isotype control antibodies were purchased from BioLegend (San Diego, CA,
USA) and PE mouse anti-human CD66b and PE mouse IgM, « isotype control
antibodies were purchased from BD Biosciences (San Jose, CA, USA). Anti-human
MMP-9 antibody was obtained from Santa Cruz Biotechnology, Inc. (Dallas, Texas,
USA), and rabbit anti-histone H2 A.x antibody was purchased from Bioss, Inc. (Woburn,

MA, USA).
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3.3. Experimental animals

C57BL/6J control and apolipoprotein E-deficient (4poE”) mice (C57BL/6J
background, male) were purchased from the Jackson Laboratory (CA, USA). At fifth
week of age, the ApoE” and control mice were fed an AD containing 1.25% (w/w)
cholesterol (D12336, Research Diet, NJ, USA) for 2—4 wk. All animal studies were
performed in compliance with the Yonsei University Institutional Animal Care
guidelines, and protocols were reviewed and approved by the Institutional Animal Care
and Use Committees of the Laboratory Animal Research Center at Yonsei University
Health System (Permit Number: 2013-0331-5). All mice were maintained in a Specific

Pathogen Free (SPF) facility of the Yonsei Laboratory Animal Research Center.
3.4. Measurement of plasma cholesterol levels

C57BL/6] control and ApoE”~ mice were fed an AD for 2 — 4 wk. At each time point,
blood samples were collected in heparinized tubes and centrifuged at 1000 x g for 15
min. Supernatants were harvested and stored at -80°C until analysis. The levels of total
cholesterol (T-CHO), triglycerides (TG), and high-density lipoprotein cholesterol
(HDL) were measured using an HDL and LDL/VLDL Quantification Colorimetric Kit
and Triglyceride Quantification Colorimetric Kit (BioVision, Mountain View, CA,

USA).
3.5. Lipid accumulation in the aorta

C57BL/6] control and ApoE” mice were fed an AD for 2 — 4 wk. At each time point,
a subset of mice were euthanized and vasculature was perfused at a rate of 1 mL/min
with heparinized phosphate-buffered saline (heparin; 2%), followed by 4%

paraformaldehyde, using a 25-gauge needle inserted into the left ventricle. Aortas were
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carefully dissected from the mice, and adventitial lipids were removed. For Oil Red O
staining, the isolated aortas were rinsed in 60% isopropanol for 30 sec and stained with
filtered Oil Red O working solution at 37°C for 30 min in darkness. Then, aortas were
destained with 60% isopropanol for 30 sec, and lipid accumulation was observed under
a bright-field microscope. The percentage of Oil Red O-stained areas in the entire aorta

area was determined using the Image J software (https://imagej.nih.gov/ij/).
3.6. In vivo imaging system (IVIS)

C57BL/6J control and ApoE” mice were fed an AD for 4 wk and Dil-tagged native
LDL (20 pg) was injected intravenously. After 18 hr, the mice were euthanized and
vasculature was perfused at a rate of 1 mL/min with heparinized PBS (heparin; 2%),
using 25-gauge needle inserted into the left ventricle. Aortas were dissected from the
mice, and accumulation of Dil-LDL in these aortas was measured using a Xenogen

IVIS-200 (Alameda, CA, USA).
3.7. Magnetic resonance imaging (MRI)

C57BL/6] control and ApoE”~ mice were fed an AD for 2 — 4 wk. At each time point,
0.2 mg of histone H2 A.x antibody-conjugated T2*-contrast were injected intravenously.
After 30 min post injection, attached histone H2A.x antibodies in the lumen of carotid

arteries were observed using MR imaging system
3.8. Isolation of polymorphonuclear neutrophils from human peripheral blood

Blood samples obtained from healthy donors were EDTA anti-coagulated, after
acquiring internal review board approval (No: 4-2012-0088) and informed consent
from each participant. PMNs were separated by PolymorphPrep™ (Axis-Shield, Oslo,

Norway) (density = 1.113 £ 0.001 g/mL; osmolality = 445 + 15 mOsm) at 520 x g for
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30 min. Contaminating erythrocytes were lysed with 3 mL of red blood cell lysing
buffer (Sigma-Aldrich, St. Louis, MO, USA) at 37°C for 7 min. Staining for CD66a/c/e
and CD66b was performed to confirm the neutrophil population, and in general, >95%
of cells were positive. Human neutrophils were cultured in RPMI 1640 medium
containing 1% FBS and penicillin-streptomycin (100 U/mL and 100 pg/mL,

respectively) at 37°C in a humidified 5% CO; incubator.
3.9. Cytospin and Giemsa staining

Purified neutrophils were resuspended and diluted in cold PBS containing 2% FBS,
to a concentration of 1 x 10’ cells/mL. One hundred microliters of cell suspension was
added to a Single Cytology Funnel (Fisher HealthCare, Norwich, UK) and spun at 800
rpm for 3 min, using a cytocentrifuge (Cytospin 3, Shandon). Sample slides were
carefully removed from the cytocentrifuge and allowed to air-dry. Cells were fixed with
cold pure MeOH for 5 min and allowed to air-dry. A 100-uL drop of Giemsa’s azur
eosin methylene blue working solution (Merck, Darmstadt, Germany) was placed on
the slide glass, and slides were incubated for 30 min. Cells were then washed twice with
distilled water. Stained cells were observed under a bright-field microscope (IX71,

Olympus, Tokyo, Japan).
3.10. NET formation

Isolated neutrophils (1 x 10°) were seeded on chamber slides (NUNC, NY, USA).
Chamber slides were precoated with 0.001% poly-L-lysine before seeding cells for
attachment. Cells were treated with native LDL, low-oxLLDL, or high-oxLDL (100
pg/mL each) or PMA (10 ng/mL) for 3 hr at 37°C. After fixation, samples were stained

with SYTOX Green and analyzed by confocal microscopy (FV1000, Olympus, Tokyo,
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Japan).
3.11. Isolation of NETs

Isolated human neutrophils were seeded at 5 x 10°cells per well in six-well plates,
and treated with native LDL, low-oxLDL, or high-oxLDL (100 pg/mL each) or PMA
(10 ng/mL) for 4 hr at 37°C to induce NET formation. After stimulation, culture
supernatants were removed very carefully and washed with 1 mL of PBS. Then, 1 mL
of fresh RPMI 1640 medium was added and vigorously agitated by pipetting.
Supernatants were harvested and centrifuged at 20 x g for 5 min. Supernatants were

collected and used as stimulus.
3.12. Quantification of NETs

Isolated human neutrophils were cultured at 1 x 10°cells per well in 96-well plates
and treated with native LDL, low-oxLDL, or high-oxLDL (100 pg/mL each) or PMA
(10 ng/mL) for 4 hr at 37°C. Stimulated neutrophils were incubated with DNase I (5
U/mL) for 20 min at 37°C, and the reaction was stopped with 5 mM EDTA. Plates were
centrifuged at 200 x g for 8 min. Supernatants were transferred to separate 96-well
plates, and NET DNA in cell-free supernatants was measured using a Quanti-iT™
PicoGreen dsDNA kit according to the manufacturer’s instructions. Extracellular DNA
in supernatants was measured in a Victor X4 multilabel plate reader (Perkin-Elmer, CT,

USA).
3.13. Immunodepletion of MMP-9 from NETs

Mouse anti-human MMP-9 antibodies were crosslinked with 50 puL. of Dynabeads
Protein G (Invitrogen Dynal, Oslo, Norway) for 20 min at room temperature.

Crosslinked Dynabeads-MMP-9 antibody complex was incubated with isolated NET
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supernatants for overnight at 4°C. MMP-9-depleted NET supernatants were isolated

using magnetic field.
3.14. Cell culture

Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza
(Walkersville, MD, USA) and cultured in EGM™.-2 BulletKit™ medium in 0.2%

gelatin-coated plates at 37°C in a humidified 5% CO; incubator.
3.15. Cell viability

Cell viability was measured using a colorimetric Cell Counting Kit-8 (CCK-8)
(Dojindo Laboratories, Kyoto, Japan). HUVECs were cultured at 5 x 10* cells per well
in 96-well plates treated with conditioned medium containing NETs isolated from
neutrophils. After 24 hr, CCK-8 reagent was added to each well and cells were
incubated for 30 min at 37°C. The supernatant was harvested and transferred to 96-well
plates. Optimal density (OD) values at 450 nm were determined using a

spectrophotometer.
3.16. Enzyme-linked immunosorbent assay (ELISA)

Isolated human neutrophils were cultured at 2 x 10°cells per well in 48-well plates
and treated with native LDL, low-oxLDL, or high-oxLDL (100 pg/mL each) or PMA
(10 ng/mL) for 4 hr at 37°C. NETs were digested with DNase I (5 U/mL) for 20 min at
37°C, and the digestion was stopped with 5 mM EDTA. Plates were centrifuged at 1000
x g for 20 min, and supernatants were harvested and stored at —80°C. ELISA was
performed with a human MMP-9 assay kit (R&D systems, Minneapolis, MN, USA).

OD values at 450 nm were determined.
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C57BL/6]J control and ApoE”" mice were fed an AD for 2-4 wk. At each time point,
blood samples are collected in heparinized tubes and centrifuged at 1000 x g for 15 min.
Supernatants were harvested and stored at -80°C until analysis. The levels of oxLDL in
plasma were measured using a mouse oxidized LDL ELISA kit (Cloud-Clone Corp.,

Houston, TX, USA).
3.17. Oxidative modification of LDL and characterization of oxLDL

Human LDL was purchased from Kalen Biomedical, LLC (Montgomery Village,
MD, USA). LDL (1 mg/ml) was then dialyzed against 1X PBS at 4°C for 24 hr, twice.
After dialysis, LDL was incubated with 5 uM CuSOys for 2-24 hr at 37°C. The oxidation
was stopped by the addition of 1 mM EDTA. After oxidation, all lipoproteins were
sterilized using 0.22 pm syringe filter. Protein concentration was determined using the
BCA protein assay reagent (Thermo Scientific, Rockford, IL, USA). The degree of
oxidation was estimated as thiobarbituric acid reactive substances (TBARS) value
using OXItek TBARS Assay Kit (Enzo, Farmingdale, NY, USA) and electrophoretic
mobility of native LDL and oxidized LDL was observed by agarose gel electrophoresis.
Relative electrophoretic mobility (REM) was defined as ratio of the migration distances

from the origin by oxLDL compared to native LDL.
3.18. Nitric oxide measurement

HUVECs were cultured at 5 x 10 cells per well in 96-well plates and treated with
conditioned medium containing NETs isolated from neutrophils for 24 hr at 37°C.
Supernatants were transferred to separate 96-well plates and stored at -80°C. The levels
of NO in culture supernatants were measured using a Nitric Oxide Colorimetric Assay

Kit (BioVision, Mountain View, CA, USA).
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3.19. Statistical analysis

Data represent means +S.D. One-way ANOVA and Student’s independent t-tests

were conducted. P<(0.05 was considered significant.
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4. Results

Start AD

5 weeks old 1

’ 0 1 2 3 4 (weeks)

* Lipid accumulation
¢ Plasma cholesterol & oxLLDL level
e NET formation

Figure III-1. Schematic representation of the animal model. C57BL/6 and ApoE™
mice were fed an atherogenic diet (cholesterol 1.25%) for 2—4 wk. NET formation, lipid
accumulation, neutrophil activity and plasma circulating oxLDL levels were detected

using MR imaging, /n-vivo imaging system (IVIS), trans-well system and oxLDL

specific ELISA kit.
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4.1. Effects of AD on plasma cholesterol levels, weight gain, and food consumption

AD has been shown to induce nutritional dyslipidemia in ApoE”" mice. Therefore,
we monitored plasma cholesterol profiles, including T-CHO, TGs, and HDL, as well
as weight gain and food consumption. The levels of T-CHO and TGs were dramatically
increased in AD-fed ApoE”" mice compared to those in WT mice (Figure III-2A & 1II-
2B). In contrast, HDL cholesterol was significantly decreased in AD-fed ApoE” mice
after third week (Figure III-2C). These results correlated with the typical features of
dyslipidemia and hyperlipidemia. Body weight and food intake showed no significant

difference between the two groups (Figure III-2D & III-2E).
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Figure III-2. Plasma cholesterol profiles, body weight and food intake in WT
and ApoE” mice. WT and ApoE” mice were fed an atherogenic diet (AD) for 2 — 4
wk. (A-C) The levels of T-CHO, TGs, and HDL were measured using HDL,
LDL/VLDL and Triglyceride Quantification Colorimetric Kit. n=3 mice per group.
Student’s independent t-tests were used to determine significance (D, E) During an AD,
the body weight and food intake were measured. One-way ANOVA analysis was used

to determine significance (*P<0.05, **P< 0.01, ***P<(.001).

70



4.2. Effects of AD on lipid accumulation in the aorta

The key initiating step of atherosclerosis is the accumulation of LDL cholesterol in
the intima. Therefore, we assessed lipid accumulation in the aorta. First, we used Dil-
tagged native LDL as an exogenous lipid. After 4 wk of AD, Dil-tagged LDL was
injected into mice intravenously. The accumulation of Dil-LDL was increased in aortas
isolated from AD-fed ApoE" mice compared with that from WT mice (Figure I1I-3A).
Next, endogenous lipid accumulation was observed by Oil Red O staining. Correlating
with the results presented above, lipid accumulation in the aorta was significantly

increased in AD-fed ApoE”" mice compared with that in WT mice (Figure I1I-3B).
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Figure I11-3. Accumulation of lipid in the aorta. (A) WT and 4poE”" mice were
fed an AD for 4 wk and Dil-tagged native LDL (20 pg) was injected intravenously.
After 18 hr, aortas were dissected from mice and accumulation of Dil-LDL in the aorta
was measured using IVIS system. (B) WT and ApoE” mice were fed an AD for 2 — 4
wk. At each time point, aortas were dissected from mice and adventitial lipids were
removed. Isolated aortas were stained with Oil Red O solution and observed using
bright-field microscope. n=3 mice per group. Student’s independent t-tests were used

to determine significance (*P<0.05, **P< 0.01, ***P<(0.001).
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4.3. Effects of AD on the formation of luminal NETSs in carotid arteries

To investigate whether luminal NETs were present in the early stages of
atherosclerosis, control and ApoE” mice were fed an AD for 2-4 wk. We introduced
histone H2A.x antibody-conjugated T2*-contrast agents to detect NET structures and
observe NET formation in the carotid arteries, using magnetic resonance imaging
(MRI). The formation of luminal NETs was detected in AD-fed ApoE” mice after 2 wk,
and these luminal NET structures were more clearly detected after 4 wk. However,

luminal NET were not observed in AD-fed WT mice (Figure 111-4).
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Figure I11-4. The formation of luminal NET in mouse carotid arteries. WT and
ApoE” mice were fed an AD for 2-4 wk. At each time point, histone H2A.x antibody-
conjugated T2 *-contrast agents were injected intravenously. After 30 min post injection,
attached histone H2 A.x antibodies in the lumen of carotid arteries were observed using

MR imaging system.
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4.4. Effects of AD on plasma levels of oxXLDL and neutrophil activity

OxLDL is known as a useful marker for atherosclerosis, and the presence of oxLDL
in plasma has been reported. Therefore, we assessed the oxLDL levels in plasma. The
levels of plasma oxLDL were dramatically increased in AD-fed ApoE”" mice after 2 wk,
compared to that in WT mice, and these levels more increased up to 4 wk (Figure III-
5A). Next, we tested the ability to induce NET formation in an ex vivo experiment.
Neutrophils isolated from AD-fed ApoE” mice induced NET formation via 1L-8
stimulation. In contrast, neutrophils isolated from WT mice did not induce NET

formation after IL-8 stimulation (Figure III-5B).
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Figure III-5. The levels of plasma oxLDL and NET formation ex vivo experiment.
(A) WT and ApoE”" mice were fed an AD for 2-4 wk. At each time point, plasma
samples were harvested and stored at -80°C until analysis. The levels of oxLDL in
plasma were measured using mouse oxidized low-density lipoprotein ELISA kit. n=3
mice per group. Student’s independent t-tests were used to determine significance
(*P<0.05, **P< 0.01, ***P< 0.001). (B) Neutrophils were isolated from AD-fed WT
and ApoE”" mice. Purified neutrophils were seeded into transwell inert and stimulated

by IL-8. Formation of NET was observed using confocal microscope.
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Figure III-6. Purity of isolated polymorphonuclear cells. PMNs were separated
by PolymorphPrep™ from human blood. (A) Cytospin and Giemsa staining and (B)
staining for CD66a/c/e and CD66b was performed to confirm the neutrophil population,

and in general, >95% of cells were positive.
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Figure III-7. Characterization of oxLLDL. Native LDL (1 mg/ml) was incubated
with 5 pM CuSO4 for 0.5-24 hr at 37°C. The degree of oxidation was estimated as (A)
thiobarbituric acid reactive substances (TBARS) value and (B) electrophoretic mobility

of native LDL and oxidized LDL was observed by agarose gel electorphoresis.
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4.5. Effects of oxLDL in human neutrophils

We then tested whether oxLDL promotes NET formation in vitro. Neutrophils were
isolated from human blood and stimulated with native LDL, low-oxLDL, or high-
oxLLDL. NET structures were stained with SYTOX green, and the released ds-DNA was
measured using a PicoGreen kit. NET formation was observed in cells treated with
either low- or high-oxLDL, but not with native LDL. Interestingly, high-oxLDL
induced NET formation more effectively (Figure III-8A). Similarly, NET formation

increased with increase in the degree of LDL oxidation (Figure I1I-8B).
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Figure III-8. NET formation in human neutrophils. (A) Isolated human
neutrophils were stimulated with native LDL, low-oxLDL, or high-oxLDL (100 pg/ml
each) or PMA (10 ng/ml) for 3 hr at 37°C. NET formation was stained with SYTOX
Green and analyzed using confocal microscope. (B) Isolated human neutrophils were
treated with native LDL or various degrees of oxLDL (100 pug/ml each) or PMA (10
ng/ml) for 4 hr at 37°C. NET-DNA in cell-free supernatants was measured with Quanti-
iT™ PicoGreen dsDNA Kit. Data represent means +S.D. of three independent
experiments. One-way ANOVA analysis was used to determine significance (*P<0.05,

**P<0.01, #*P<0.001).
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4.6. Effects of NETs on endothelial cells

Finally, we investigated the effects of NETs on endothelial cell dysfunction. First,
we determined MMP-9 secretion levels induced by oxLDL. Based on its capacity to
degrade the extracellular matrix (ECM), regulate tissue architecture, and induce
proteolysis, MMP-9 has been implicated in atherogenesis and vascular damage. The
levels of secreted MMP-9 increased in cells treated with either low- or high-oxLDL
(Figure II-9A). Next, HUVECs were treated with conditioned medium containing
NET-associated MMP-9. Cell viability decreased in cells treated with conditioned
medium with either low- or high-oxLDL, but showed a slight recovery upon
pretreatment with MMP-9 antibody (Figure III-9B). In addition, conditioned medium-
treated HUVECs produced massive amounts of NO; however, the cells treated with
MMP-9-depleted conditioned medium showed slightly reduced production of NO

(Figure III-9C).
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Figure II1-9. Endothelial cell viability and NO production in response to NET.
(A) Isolated human neutrophils were treated with native LDL, low-oxLDL, or high-
oxLDL (100 pg/ml each) or PMA (10 ng/ml) for 4 hr at 37°C. NETs were digested with
DNase I (5 U/ml) for 20 min at 37°C. Cell-free supernatants were harvested and stored
at -80°C. ELISA was performed with a human MMP-9 assay kit. HUVECs were
cultured with conditioned medium containing NETs isolated from neutrophils. After 24
hr, (B) cell viability and (C) NO production were measured by the CCK-8 and Nitric
Oxide Colorimetric Assay Kit, respectively. Data represent means +S.D. of three
independent experiments. Student’s independent t-tests were used to determine

significance (*P<0.05, **P< 0.01, ***P<(0.001).
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Figure III-10. Graphical summary of role of luminal NET on endothelial
dysfunction. In early stage of atherosclerosis, circulating oxLDL promotes neutrophil
extracellular trap formation in lumen of arterial walls. Luminal NET incites endothelial
dysfunction and cell death. As a result, circulating lipoproteins are more easily

penetrate into the intima through endothelial leaky junctions.
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5. Discussion

The key initiating step of atherosclerosis is endothelial cell dysfunction that leads to
the expression of adhesion molecules, secretion of chemokines,” and eventually the
recruitment of circulating monocytes into the inflamed sites.***® Accumulation of
oxLDL in the subendothelial space is a process that prominently promotes endothelial
dysfunction in early atherosclerosis.” Other cardiovascular risk factors such as

dyslipidemia and shear stress are also related to endothelial cell dysfunction.**?

Recently, NETs have emerged as an important contributor to atherosclerosis.** NET
components such as dsDNA, nucleosomes, MPO-DNA complexes, and MMPs have
been detected in the intima as well as in plasma.? Interestingly, luminal NETs were
also detected in atherosclerotic lesions in a mouse model and in human samples.*
However, the relationship between luminal NETs and endothelial dysfunction in early
atherosclerosis is not well understood. Therefore, our study focused on detecting
luminal NETs at an early stage of atherosclerosis and investigated the effects of luminal

NETs on endothelial dysfunction.

ApoE” mice are a genetically well-established animal model of atherosclerosis. AD-
fed ApoE” mice exhibit nutritional dyslipidemia as well as accelerated plaque
formation.** Notably, AD-fed mice showed elevated plasma T-CHO, TGs, and
LDL/VLDL cholesterol; however, levels of HDL cholesterol were reduced when
compared with that in standard chow-fed animals.***¢ Similarly, plasma levels of T-
CHO and TGs were significantly increased in ApoE”" mice compared with WT mice;
however, HDL cholesterol levels were dramatically decreased in ApoE” mice after 3
wk of AD (Figure III-2). Since dyslipidemic conditions are associated with an increased

risk of atherosclerosis, we assessed the accumulation of lipids in the aorta.
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Subendothelial retention of apolipoprotein B-containing lipoproteins is a prerequisite
for the initiation of atherosclerosis.”” Entrapment of LDL in the intimal ECM by
proteoglycans through ionic interactions amplifies the accumulation of LDL particles
in this space.*®* This process is the basis of the “response-to-retention” hypothesis for
atherosclerosis.*” As shown in Figures I1I-3A & I1I-3B, lipid accumulation in the aorta
increased in AD-fed ApoE"" mice compared with WT mice. Further, lipid accumulation

dramatically increased at 4 wk.

NET formation is a crucial component in host defense; however, it has also been
implicated in atherosclerosis. A recent study showed that luminal NETs could be
detected in early atherosclerotic lesions.** Therefore, we investigated the formation of
NETs in vivo at a very early stage of atherosclerosis. As shown in Figure I1I-4, NET
formation was detected in ApoE” mice after 2 wk of AD and was more clearly detected
after 4 wk. Showing results similar to those for MRI, neutrophils isolated from ApoE"
mice induced NET formation via IL-8 stimulation (Figure III-5B). OxLDL is a potential
inducer of NETs under physiologic conditions, and elevated levels of circulating
oxLDL are significantly correlated with the severity of CVD.'? Indeed, oxLDL plasma
levels dramatically increased in ApoE” mice compared with those in WT mice (Figure
HI-5A). Further, we tested the effects of oxLDL on NET formation in primary human
neutrophils. As shown in Figures I1I-8 A & I1I-8B, oxLDL induced NET formation, but
high-oxLDL induced NET formation more effectively. Similarly, NET formation
increased with increase in the degree of LDL oxidation (Figure I1I-8B). These variable
effects of oxLDL on NET formation probably occurred because each oxLDL uses a

distinct intracellular signaling pathway.'®"?

LDL is a spherical particle with a diameter of approximately 22-27.5 nm.* In a
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quiescent state, on a small percentage of LDL particles penetrates the endothelium by
transcytosis.” The endothelium is the endothelial cell monolayer that lines the interior
surface of blood vessels. It mechanically and metabolically separates the vascular wall
from circulating blood. In pathologic conditions such as dyslipidemia and hypertension,
the endothelium undergoes a constant process of injury and repair in response to
mechanical and chemical insults.” As a result, the endothelium not only becomes
dysfunctional, but endothelial cells can lose their integrity, progress to senescence,
detach, and enter circulation. Eventually, leaky junctions are formed around apoptotic
cells,* which are the main pathways for LDL transport. Therefore, our results suggest
that oxLDL-induced NET formation affects lipid accumulation via endothelial

dysfunction.

Finally, we investigated the molecular mechanism by which NET formation induces
endothelial dysfunction. Matrix metalloproteinases (MMPs) are a family of enzymes
that can cleave all components of the ECM. MMPs are linked to endothelial dysfunction
because they are associated with the loss of endothelial cell adhesion to the ECM, and
thus the loss of survival signals.*** In addition, MMPs are involved in the disruption
of endothelial cell-to-cell adhesive junctions that control the transendothelial flux of
fluid and macromolecules.*® MMPs are highly expressed in atherosclerotic lesions.
Notably, MMP-9 is abundant in advanced atherosclerotic plaques, and elevated levels
of circulating MMP-9 are associated with plaque instability.*’ As shown in Figure III-
9A, the levels of NET-associated MMP-9 were increased upon oxLDL treatment. In
addition, oxLDL-induced NET formation affected cell viability as well as NO
production (Figures III-9B & III-9C). NO plays a key role in maintaining vascular

functions, such as vascular tone, blood pressure, immune response, and oxidation-
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sensitive mechanisms.*® The effect of NO production on cellular processes is
concentration dependent. As shown in Figure III-9C, NET treatment induced
significant NO production accompanied by cell death. This probably occurred because
higher (micromolar) concentrations of NO favor pathways that lead to cell cycle arrest,

apoptosis, and senescence.*’

Taken together, our results suggest that, in early atherosclerosis, neutrophils
stimulated by circulating oxLDL induce the formation of luminal NETs in the aorta.
Eventually, luminal NETs induce endothelial dysfunction, at least partially through

NET-associated MMP-9 (Figure I11-10).
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Figure III-11. Graphical summary of Part I and Part I1. OxLDL plays a role in
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formation, which may be influenced by the oxidation degree of LDL.
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