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General introduction

Cardiovascular disease

Cardiovascular diseases (CVDs) comprise all diseases affecting the heart or blood
vessels and are responsible for the majority of mortality globally. On average, 17.9
million people die as a consequence of CVD each year worldwide."? Atherosclerotic
cardiovascular disease (ASCVD) accounts for the majority (85%) of CVD-related
deaths.® ASCVD refers to coronary heart disease, cerebrovascular diseases, peripheral
artery disease and abdominal and descending thoracic aortic aneurysm.* All these
conditions have atherosclerosis as common underlying cause. Atherosclerosis
is characterized by chronic, lipid-driven vascular inflammation that induces
atherosclerotic plague formation in the intima of medium to large arteries.® The
continuously advancing intimal plagues are eventually prone to rupture, resulting
in thrombus formation and clinical manifestations due to ischemia of surrounding
tissues, such as a myocardial infarction (MI) or stroke. ASCVD has multiple risk
factors, including age, a sedentary lifestyle, an unhealthy diet, smoking, hypertension,
dyslipidemia, obesity, diabetes mellitus and genetic predisposition, such as a mutation
in the LDL receptor (LDLr) leading to familiar hypercholesterolemia.®

CVD has a major impact on the social-economic burden as it was estimated by the
European Heart Network that CVD-related health care costs the European Union
economy €210 billion on average. Currently, lifestyle interventions such as increased
physical activity, a healthy diet, reduced smoking and alcohol consumption, are
considered as the fundament of ASCVD treatment.” By alleviating multiple major risk
factors at once, the risk of all-cause mortality can theoretically be reduced by 66%.8
Furthermore, a reduced risk ratio was observed for both cardiovascular mortality
and disease upon achieving improved cardiovascular health metrics (as defined by
the American Heart Association).’® Despite these efforts, additional pharmacological
and surgical interventions are often still required.

For long, atherosclerosis has primarily been considered as lipid-driven disease.
Reduction of circulating LDL cholesterol by means of statin treatment has led to
great advances in cardiovascular disease treatment. Nevertheless, recurrent events
have occurred in over 20% of patients that have suffered from acute coronary heart
disease and received high dose statin treatment." Currently, upon the occurrence
of a cardiovascular event, therapies are mainly directed at revascularization. These
include antithrombotic treatment and/or several surgical methods.® Percutaneous
transluminal coronary angioplasty with or without stent placement is generally
performed after MI incidence to reopen the coronary artery. However, upon
severe occlusion of multiple arteries or presence of diabetes and/or heart failure,
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coronary artery bypass surgery is the preferred choice of surgical intervention.®
For cerebrovascular ASCVD, carotid endarterectomy surgery is recommended for
patients with =70-99% symptomatic stenosis in the carotid artery to reduce the risk
of stroke.’® Carotid endarterectomy surgery is solely performed if the overall benefit
of surgery outweighs the potential peri-operative complications.”

Nowadays, it has become evident that apart from disturbed lipid metabolism, there
is a prominent role for immune cells in the development of atherosclerosis. In the
last decade, a handful of clinical trials have supported a pivotal role for the immune
system in the treatment of atherosclerosis.® The CANTOS trial was the first to show
that treatment with an anti-inflammatory monoclonal antibody against Interleukin
(IL)-1B reduced the risk of cardiovascular events by 15%.° This study provided clear
evidence that intersecting with the immune system ameliorates disease. Negative
side-effects of general immune suppression were however also observed. Since
the CANTOS trial, several other trials have been designed targeting the immune
system in ASCVD. In the CIRT trial, patients with previous myocardial infarction and
type 2 diabetes or metabolic syndrome were treated with methotrexate, but with
no effect on cardiovascular outcomes. In the COLCOT, LoDoCo and LoDoCo?2 trials
patients with recent myocardial infarction were treated with colchicine and showed a
significantly reduced risk of ischemic cardiovascular events.?°?2 The RESCUE trial has
focused on the treatment of patients with elevated levels of high-sensitive C-Reactive
Protein (hsCRP) and chronic kidney disease (CKD), which significantly increases
cardiovascular disease risk. These patients were treated with Ziltivekimab, targeting
IL-6, and showed a dose-dependent reduction in hsCRP levels at the end of the trial.%
The RESCUE trial is at present being followed up by the ZEUS trial, in which a similar
set up is executed, but additionally cardiovascular events will be monitored.?* Finally,
LILACS is a the second current ongoing clinical trial in which patients are treated
with a low dose of IL-2 to induce an anti-inflammatory T cell response.?® Altogether,
these data further support the notion that the immune system is a promising target
for future therapeutic strategies.

Atherosclerosis

Early lesion development

Arteries and veins consist of three layers: the intima, the smooth muscle cell-rich
media and the adventitia. In the healthy vasculature, these layers are protected
by a non-permeable endothelial cell layer. The endothelium acts as a selective
barrier that allows the exchange of molecules between blood and tissues. It
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consists of a continuous monolayer of endothelial cells linked by different types of
adhesive structures or cellular junctions.?® Furthermore, through the secretion of
vasoconstrictor and vasorelaxant molecules endothelial cells modify smooth muscle
cells thereby managing vascular tone.?” Differences in blood flow result in a variety of
hemodynamic forces that directly impact the endothelium. Whereas in unbranched
areas of the artery a relatively uniform laminar blood flow occurs, a disturbed flow
pattern is often observed in areas of bifurcation, branch points or major curvature.®
Shear stress is necessary to maintain a proper vascular physiology. Through local
mechanotransduction mechanisms, it is capable of modifying endothelial cell
phenotype and barrier function.?® However, at areas with disturbed flow patterns,
oscillatory shear stress occurs, which causes endothelial damage and upregulation
of adhesion molecules. In addition, endothelial dysfunction is in part mediated by
pro-atherogenic factors like dyslipidemia and pro-inflammatory cytokines, altogether
being the initiation trigger for atherosclerosis development. Endothelial cells are
activated and upreqgulate the expression of leukocyte adhesion molecules, amongst
which intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1
(VCAM-1), E-selectin and P-selectin.303

Simultaneously, the endothelium becomes more permeable allowing the
transmigration of lipoproteins. Circulating lipoproteins facilitate the transport
of hydrophobic particles, e.g. cholesterol and triglycerides. Thereby they play an
essential role in the distribution of respectively structural components for cell
membranes and steroid hormones, and a key source for energy for the body.*? There
is a variety of lipoproteins that are characterized based on size, density and their
associated apolipoproteins, including chylomicrons, very low density lipoprotein
(VLDL), intermediate density lipoprotein (IDL), low density lipoprotein (LDL), high
density lipoproteins (HDL) and lipoprotein (a) (Lp(a)).*®* Hyperlipidemia has been
associated with atherosclerosis, in which elevated VLDL and primarily LDL have been
described to promote atherosclerosis development. Apolipoprotein B100 (ApoB100),
which is a part of LDL, binds to proteoglycans in the extracellular matrix of the
damaged endothelial cell layer, thereby reducing retention of LDL.343 These bound
cholesterol-rich LDL particles are subsequently prone to chemical modification by
e.g. oxidation into oxidized LDL (oxLDL).*”

Concurrently, oxLDL stimulates the endothelial cells to secrete chemokines, such as
C-C motif Chemokine Ligand 5 (CCL5) and CCL2, which leads to the recruitment of
monocytes to atherosclerosis-prone sites. These monocytes crawl over the vessel wall
and subsequently adhere to the endothelium by binding of integrins very late antigen-4
(VLA-4) and lymphocyte function-associated antigen 1 (LFA-1) to the upregulated
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leukocyte adhesion molecules and infiltrate in the intima.3®3 Secretion of macrophage
colony stimulating factor (M-CSF) and granulocyte-macrophage colony stimulating factor
(GM-CSF) by endothelial cells stimulates monocytes to differentiate into macrophages.
Macrophages are phagocytes, meaning that they engulf debris, pathogens and dead
cells.® Apart from monocyte-derived macrophages, there is also a population of resident
macrophages that are of embryonic origin and reside in amongst others the arteries
to act in the first line of defense.#' In the intima, oxLDL is phagocytosed via scavenger
receptors, such as CD36 and scavenger receptor class A, by resident macrophages at first
and by monocyte-derived macrophages in later stages of disease development.#>44 The
continuous uptake of oxLDL by macrophages results in excessive lipid storage in the cells
as seen by accumulating lipid droplets. These lipid-rich macrophages are called foam cells
and are a hallmark for early atherosclerotic plague development. Consequently, foam
cells further contribute to atherosclerotic plaque progression by the secretion of multiple
proinflammatory cytokines and chemokines thereby amplifying local inflammation.*
The intimal thickening that is a result of intimal oxLDL, foam cell formation and initial
immune infiltration is called a ‘fatty streak’. If plasma cholesterol levels are sufficiently
lowered, fatty streaks can almost completely regress.*® However, fatty streak formation
occurs in the subclinical phase of disease development and progress into more advanced
lesions that induce clinical manifestations. In Figure 1 the processes contributing to
atherosclerosis development are summarized.

Advanced atherosclerosis

A sustained hyperlipidemic and pro-inflammatory environment increasingly
exacerbates plaque development. After initial foam cell development, other immune
cells, including T cells, also enter the fatty streak. By the secretion of proinflammatory
cytokines, e.g. Interferon (IFN)-y, T cells are capable of regulating both innate immune
cells and smooth muscle cells.#” Upon plague progression, medial smooth muscle
cells migrate into the intima and acquire different phenotypes. Whereas in the
healthy medial layer smooth muscle cells have a quiescent contractile phenotype
that is important to maintain vascular tone, they are capable of dedifferentiation
into a synthetic state with advancing disease. Synthetic smooth muscle cells regain
proliferative capacity and migrate into the intimal layer. This is a consequence of
loss of expression of genes that encode for cytoskeletal proteins such as a-Smooth
Muscle Actin (aSMA) and smooth muscle myosin heavy chains (MYHT11). Instead,
synthetic smooth muscle cells upregulate genes that express extracellular matrix-
related proteins.®®' Consequently, these cells are a primary source of extracellular
matrix in the atherosclerotic plague.> Furthermore, synthetic smooth muscle cells
are well known to accumulate underneath the breached endothelial layer thereby
forming a so-called fibrous cap. This cap has a stabilizing function due to its collagen
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and proteoglycan-rich matrix, which prevents the plague from rupture and releasing
its contents.*®>3 There is also accumulating evidence suggesting that smooth muscle
cells can undergo a phenotypic switch towards a foam cell-like phenotype. Similar
scavenger receptors as seen on foam cells, such as CD36 and SR-A1, are highly
expressed on synthetic smooth muscle cells and concurrent phagocytic capacity of
cholesterol-rich lipoproteins has been shown.>25455 Kriippel-like factor 4 (KLF4) is an
essential factor involved in the gain of macrophage-like properties by smooth muscle
cells.®® Interestingly, lineage tracing has shown that the majority of foam cells in the
atherosclerotic plagues may have a smooth-muscle cell origin.>”

The continuous lipid uptake by macrophages and smooth muscle cells becomes
unsustainable as the plaque further expands. Although these cells express cholesterol
efflux transporters such as ATP-binding cassette transporter A1 (ABCA1) and ABCG],
the excessive lipid uptake outweighs the efflux capacities at a certain stage. As a
consequence, foam cells will go in apoptosis due to lipotoxicity. Efferocytosis is a
highly requlated process that is initiated by phagocytes, such as macrophages, to take
up apoptotic cells. Clearing of apoptotic cells is vital in maintaining tissue homeostasis
in disease in order to avoid secondary necrosis and related induced inflammation.58>°
With atherosclerosis progression, however, this process becomes impaired as the
efferocytic capacity of phagocytes is reduced, leading to an increased number of
apoptotic bodies and subsequent secondary necrosis.®°%2 This leads to formation of a
necrotic core, which is characterized by the accumulation of apoptotic (immune) cells,
cellular debris and lipid deposition.®® Eventually, the growing necrotic core results in
increased arterial stenosis and is associated with plaque instability.

Another key process in advanced atherosclerosis is the degradation of extracellular
matrix and simultaneous fibrous cap thinning. The continuous cycle of lipoprotein
infiltration, foam cell formation and necrotic core expansion occurs with a congruent
chronic inflammatory response. Over time, the local inflammation in the plaque
aggravates and significantly contributes to plague destabilization. IFN-y secreted by
T cells for instance inhibits interstitial collagen production by smooth muscle cells#¢4
Furthermore, multiple immune cells that accumulate in the lesion are responsible
for the secretion and activation of a variety of proteases that actively degrade the
extracellular matrix. Matrix metalloproteases (MMPs) are commonly described to
contribute to this process, of which primarily MMP-2 and MMP-9 that are secreted
by activated macrophages and neutrophils.®>% Moreover, with atherosclerosis
progression mast cells accumulate in the lesion as well.*” Mast cells are well known
to secrete proteases chymase and tryptase that independently degrade several
collagen types, fibronectin and elastin. However, both chymase and tryptase amplify
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the conversion pro-MMP-1 and pro-MMP-3 to their active forms, which subsequently
activate e.g. MMP-2 and MMP-9, thereby further aggravating matrix degeneration in
the atherosclerotic plaque and thus promote plague instability.5®

Altogether these processes will eventually destabilize the plaque to such an extent that
the fibrous cap ruptures. Hereto, the necrotic content of the plaque which contains a large
amount of thrombogenic factors, such as tissue factor, gets released in the vessel lumen
and initiate thrombus formation and subsequent occlusion of the artery. Additionally,
thrombus formation could also occur as a consequence of plague erosion. Eroded plaques
are often characterized by a less inflamed and more extracellular matrix-rich phenotype,
which is more often found in patients treated with lipid-lowering drugs and is also more
prevalent in women. Due to endothelial apoptosis, underlying collagen is exposed
and initiates the accumulation of neutrophils and platelets and subsequent thrombus
formation.#"¢%7° Both with plague rupture and erosion, thrombus formation can lead to full
occlusion of surrounding arteries, thereby inducing ischemia of the surrounding tissues
and subsequent clinical events, such as stroke and myocardial infarction.

Experimental models of atherosclerosis

Due to the complex etiology of the atherosclerotic plaque, experimental studies are still
largely dependent on in vivo atherosclerosis models. Despite recent advances in in vitro
models of the healthy vasculature™, to date these models are not applicable to model
the advanced atherosclerotic plague in culture. Atherosclerosis has been examined in
a large variety of animal models, including rats, rabbits, pigs, and non-human primates.
Nevertheless, mice remain the most common animal model for atherosclerosis.” Since
the murine lipoprotein profile differs substantially from that in humans, atherosclerosis
mouse models generally require a high fat and cholesterol diet, often referred to as
western type diet, to accelerate disease development.” Nevertheless, wild type (C57BL/6)
mice only developed small areas with fatty streaks after 14 weeks fed with a cholate
containing high fat diet. Instead, genetically modified murine models are used that
specifically target the lipoprotein metabolism to increase circulating VLDL and LDL
concentrations. The apoE and LdIr deficient mouse models are most commonly used.
ApoE is a constituent of VLDL and chylomicrons and is the main ligand for the clearance
of these lipoproteins by the liver via several receptor systems, including the LDLr and the
LDL receptor-related protein (LRP).”® Deficiency of this gene already significantly elevates
plasma cholesterol levels and this largely increases with a western type diet.® ApoE”- mice
naturally develop atherosclerotic plagues, which quickly become advanced upon diet
feeding.”” On the contrary, LdIr”- mice, which lack the LDLr required for clearance of VLDL
and LDL particles by the liver, are characterized by modestly elevated levels of both VLDL
and LDL in the blood. The advantage of this model is that the plasma cholesterol is largely
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transported by LDL particles, which more closely resembles the human lipoprotein profile
as compared to the apoE” mouse. Moreover, LDLR deficiency in humans is the underlying
cause of familial hypercholesterolemia.’®” On a reqular diet, these mice develop small
atherosclerotic lesions in the first few months. Yet, with western type diet feeding
they rapidly develop advanced atherosclerotic plaqgues. Of note, it has recently been
shown that aged LdIr” on a reqular diet for two years, which reflects the average age of
symptomatic cardiovascular patients, these mice develop advanced atherosclerosis as
well.8° Finally, atherosclerosis can also be induced in C57BL/6 mice via adeno-associated
virus (AAV)-mediated overexpression of pro-protein convertase subtilisin/kexin type 9
(PCSK9)88 PCSK9 is involved in hepatic LDLR recycling. It induces endocytosis and
lysosomal degradation of the receptor, which results in reduced LDL uptake by the liver.
Overexpression of this gene thus elevates circulating LDL and promotes atherosclerosis
development. Nowadays, PCSK9 inhibitors have been introduced as treatment for both
cardiovascular disease and familial hypercholesterolemia.®?

Fibrous cap
Endothelial cell erosion or rupture
desquamatlon

Hypercholesterolaemia ~—Apoptotic
ApoB LPa © Apoptotic endothelial cell
Immutne Ce(” c_\ Inflammatory
Low shear stress recruitmen Fibrous cap macrophage @T cell
Lumen formation Proteas e : reg
0 ” Necrotic core ©CD4’
Endothellal ceII Collagen " yocyte T.1 cell
B === A FoamyTREM2"e"
o o y—‘—\ a h:
Inima | Engothelial cell °e % e’ 30 e @
activation and Macrc hage-like / Activated resident ~ CD8"
VSME | dysfunction Imnatuo::f TCR V/—/L o VSMCp pres cell .gmacrophage %ytOﬂ)XiC
5 cel
MEd'a immune response VSMC migration TV i\,f
and proliferation
Adventitia a @b
Dendrmc cell T cell Flbroblast B cell Resident macrophage

Figure 1. Development of atherosclerosis. Hypercholesterolemia and low shear stress damage
the endothelial cell layer of the vessel wall resulting in endothelial dysfunction and activation. The
endothelial cell layer becomes permeable and allows ApoB-containing lipoproteins (ApoB-LP) to
enter the arterial wall. These ApoB-LPs get oxidized and further induce endothelial cell activation.
Subsequently, monocytes are recruited, transmigrate and differentiate into macrophages. Both
these macrophages and recruited vascular smooth muscle cells (VSMCs) in turn take up the
oxLDL particles and differentiate into foam cells. This forms the fatty streak. As atherosclerosis
progresses, the continuous uptake of lipoproteins by foam cells induces lipotoxicity and induces
apoptosis. This is the foundation of the necrotic core that develops with aggravating disease.
Furthermore, adaptive immune cells are also recruited to the atherosclerotic lesion. Antigen
presentation by APCs induces T cell and B cell activation which will subsequently contribute to
the pro-inflammatory environment in the lesion. Migration of VSMCs to the breached endothelial
layer will induce fibrous cap formation. Over time, the plague becomes unstable due to increased
necrotic core formation alongside extracellular matrix degradation and apoptosis of VSMCs in
the cap. As a consequence, the plaque will rupture and induce thrombosis leading to subsequent
clinical manifestations. Adapted and modified with permission from Engelen et al. (2022) Nat. Rev.
Cardiol. 19(8):522-542."®
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The immune system in atherosclerosis

Although dyslipidemia has a pivotal role in atherosclerosis development, it has become
evident that inflammation is a crucial process for disease progression. The immune
system is responsible for protecting the body from infection and tissue injury.84 Hereto,
it employs two different arms: the innate and the adaptive immune system, otherwise
referred to as respectively 'non-specific’ and ‘specific’.®® The innate immune response is
the first line of defense and becomes activated by the expression of pattern recognition
receptors (PRRs).8¢ These PRRs recognize pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns (DAMPs). PAMPs are molecular
structures not found in the host organism and therefore essential for innate immune
cells to protect from pathogens. DAMPs on the other hand are endogenous molecular
structures produced upon tissue damage and will be recognized as ‘self’ to activate natural
immunity.®” Multiple innate immune cells are capable of processing these PAMPs and/or
DAMPs, which will induce a specific response based on the received signal. Subsequently,
these cells are capable of presenting small peptide fragments of the pathogen on their
surface to initiate the adaptive immune system. These fragments are called antigens or
epitopes. Each adaptive immune cell has its own unique receptor that specifically binds
the antigen presented by innate immune cells. Importantly, adaptive immune cells gain
immunological memory after the first antigen encounter, which allows a rapid activation
of these cells if they are rechallenged with the same antigen.®® Therefore, the adaptive
immune system is an important requlator for the resolution of inflammation. Both the
innate and adaptive immune system are involved in atherosclerosis. The contribution of
the different immune cells involved will be discussed below.

Innate immunity

The innate immune system plays a pivotal role in the initiation of atherosclerosis. The
innate immune cells that are involved in disease development include monocytes,
macrophages, dendritic cells, mast cells, neutrophils®, natural killer cells®® and innate
lymphoid cells®'. The cells that are relevant for this thesis are described more in detail
below.

Monocytes and macrophages

Monocytes develop and mature from a hematopoietic stem cell origin in the bone
marrow. There are two commonly described subsets: non-classical and classical
monocytes.®> Mon-classical monocytes are characterized as Ly6CCCR2 CX3CR1*
in mice and CD14°*CD16* in humans.?® Their function is to patrol the vasculature
to rapidly respond to, amongst others, endothelial damage. To do so, they recruit
neutrophils that induce focal endothelial necrosis, and subsequently clear the
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remaining cellular debris.?4°> This subset of monocytes is often considered anti-
inflammatory. Classical monocytes are defined as Ly6C"CCR2*CX3CRT1 in mice
and CD14*CD16" in humans and have a pro-inflammatory phenotype.®® In contrast
to non-classical monocytes, classical monocytes are specifically recruited to sites
of inflammation or tissue remodeling. Here, they can extravasate from the blood
and differentiate into monocyte-derived macrophages or dendritic cells.?2°6°7 As
described above, monocytes are recruited upon endothelial damage and intimal (ox)
LDL accumulation. Indeed, a positive correlation has been described between aortic
monocytes and atherosclerotic lesion area.”® Furthermore, in mice it was confirmed
that classical monocytes develop into macrophages in the atherosclerotic aorta.®® In
line, the high expression of CCR2 rapidly redirects monocytes to the CCL2 secreting
endothelial cells. Consequently, depletion of Ccr2 in ApoE”- mice significantly reduced
atherosclerotic lesion size by three-fold. '°©

When entering the vascular intima, monocytes differentiate into macrophages
upon stimulation with various cytokines and growth factors present in the plague.
Macrophages have a multitude of different phenotypes in health and disease. For years,
a classical division was commonly used to distinguish two types of macrophages: M1
and M2 macrophages. The M1 phenotype is a pro-inflammatory subset that is polarized
by either T helper 1(Th1) secreted cytokines such as IFN-y of TNFa or by recognition
bacterial lipopolysaccharide (LPS) through the Toll-like receptor 4 (TLR4).°' Their main
function is phagocytosis of pathogens, after which M1 macrophages subsequently
secrete a plethora of pro-inflammatory cytokines, including IL-13, IL-6 and TNFa.'®?
In atherosclerosis, oxLDL is also capable of inducing TLR4-associated macrophage
activation, thereby promoting a pro-inflammatory environment in the plague by the
secretion of amongst others IL-6 and IL-1B secretion, of which the latter has been
specifically targeted in the CANTOS trial.®©* M2 macrophages on the other hand
have been generally considered anti-inflammatory and are polarized by secretion
of e.g. IL-4 and IL-13 by Th2 cells. Generally, M2 macrophages are considered anti-
inflammatory due to their increased secretion of IL-10 and TGFR.°41%5 They play an
important role in angiogenesis, wound healing and tissue remodeling and are potent
scavenging cells.°41% Furthermore, they have pro-fibrotic capacities.” Based on these
capacities, M2 macrophages have been described to resolve plague inflammation.'°®

This distinction is largely based on in vitro assays assessing phenotypic changes of
macrophages. However, at least in atherosclerosis, in vivo work has shown that the
variety of macrophage phenotypes is way beyond just the pro- and anti-inflammatory
subtypes. In the last decade, new techniques, such as cytometry by time-of-flight
(CYTOF) and single-cell RNA sequencing, have shed new light on macrophage diversity
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in the atherosclerotic plaque. Within the murine atherosclerotic aorta, five different
subclasses of macrophages have been identified.°>" An inflammatory macrophage
subset, which is characterized by expression of pro-inflammatory cytokines and
genes that are involved in the inflammasome-induced conversion of pro-IL-1B into its
active form. Furthermore, another pro-inflammatory subset of macrophage has been
identified as type-l interferon inducible cells (IFNIC), which uprequlate interferon-
induced genes such as Ifit3 and Irf7." Both subsets are likely to be monocyte-derived.
An anti-inflammatory foamy macrophage subset has mainly been characterized by
the expression of Tremz2 (Triggering receptor expressed on myeloid cells 2)."2 These
foamy macrophages were detected at different stages of atherosclerosis, yet not in
healthy arteries. Expression of Trem2 on BODIPY* lipid laden cells confirmed their
foam cell-like phenotype, which additionally also expressed other genes associated
with foam cell formation, including Abcal, Abcg? and Cd36. 4" Lastly, two resident
macrophage subtypes have been characterized in murine atherosclerotic aortas.
These macrophages reside both in healthy and diseased arteries. Lymphatic vessel
endothelial hyaluronan receptor 1 (Lyvel)* resident macrophages are of embryonic
origin and inhibit collagen synthesis by smooth muscle cells."™" Recently, MACAR
(aortic-intima resident macrophage) macrophages were characterized. This subset
of resident macrophages originates from blood monocytes shortly after birth and
contribute to early lesion development by secretion of //1b. They maintain by local
proliferation in the aorta and are involved in the initial lipid uptake with atherosclerosis
initiation. Yet, they encounter limited proliferation with plaque progression." In human
atherosclerosis macrophages have currently been generally divided in four subtypes,
consisting of two types of pro-inflammatory macrophages, a TREM2* macrophage
subset and resident-like macrophage population." The pro-inflammatory
macrophages are either characterized by expression of I[L1B and associated genes
that are involved in IL1B production or by expression of TNF. Of note, Fernandez et
al. mainly detected IL1B expression in macrophages of asymptomatic patients." The
TREM2* macrophage subset is likely involved in lipid metabolism as supported by
expression of ABCAI1, ABCGI, OLR1 and little proinflammatory genes. Furthermore,
they express CD9, which has been associated to fibrosis in other diseases.””° Finally,
similar to murine atherosclerosis, a LYVET*" resident macrophage subset has been
identified that may also affect antigen presentation and complement activation."”

Dendritic cells

Besides macrophages, dendritic cells (DCs) are classified as a distinct lineage of
mononuclear phagocytes. The DC is the most potent antigen presenting cell (APC) and
forms a bridge between the innate and adaptive immune system.? DCs regulate either
antigen-specific T cell responses or tolerogenic responses to self-antigens. They reside
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in both lymphoid and non-lymphoid tissues.”?? For long, a clear phenotypic distinction
between macrophages and DCs has been a matter of debate as in inflammatory
conditions they share expression of surface markers, such as CD11c.224 Especially
monocyte-derived cells have been shown to exhibit a very plastic phenotype as they
acquire functional properties from both macrophages and dendritic cells (moDC)
based on the microenvironment.””>™” Nevertheless, the common DC progenitor (CDP)
has been identified as unique precursor for both classical (cDC) and plasmacytoid DCs
(pDC).?"28 CDPs are localized in the bone marrow and either mature into pDCs within
the bone marrow, or give rise to pre-DCs that enter the circulation, become immature
DCs and mature into cDCs in lymphoid and non-lymphoid tissues. cDCs are divided in
cDCl1s and cDC2s, dependent on respectively BATF3 and IRF4 expression.'22130

Immature DCs patrol peripheral tissues to identify potential antigens. Upon
internalization of antigens at inflammatory sites, DCs mature and migrate through
the afferent lymphatic vessels to adjacent draining lymph nodes.” In this process,
DCs downregulate their phagocytic capacity and gain antigen presenting properties
by upregulation of CCR7 to enhance migration, and costimulatory molecules such
as CD40, CD80 and CD8e6. Furthermore, they upregulate major histocompatibility
complex (MHC) | or Il, which are required for antigen presentation.®>™3 To induce
an antigen-specific T cell response, the APC requires three signals: an interaction
between the MHC and T cell receptor, a costimulatory or coinhibitory stimulation
and finally cytokine secretion that altogether define whether the naive T cell gains
an effector or an immunosuppressive function.®* > Of note, antigen presentation is
not restricted to DCs, but could also be performed by other immune cells, such as
macrophages, B cells and mast cells.”®51%6

DCs are present in the adventitia of healthy arteries. With atherosclerosis
progression, they accumulate in advanced lesions, particularly in the rupture prone
shoulder regions. %7138 Fyrthermore, DCs are also found in adventitial tertiary
lymphoid organs (ATLOs), which also significantly contribute to atherosclerosis
progression.k40 Several studies have aimed to identify a causal contribution of
DCs to atherosclerosis.™ In early atherosclerosis, DCs have been shown to play an
important role in cholesterol metabolism as upon dyphteria-toxin induced deletion of
CD11c reduced plaque lipid content of Ld/r”- mice.*? In line, induction of a prolonged
lifespan of DCs by overexpression of Bcl2 resulted in an atheroprotective reduction
of plasma cholesterol levels.*® Interestingly, vaccination with ex vivo oxLDL-pulsed
DCs significantly reduced atherosclerotic lesion size and increased plaque stability.'+
Additionally, adoptive transfer of ApoB100-loaded dendritic cells also significantly
reduced atherosclerotic lesion size and reduced effector T cell activation, indicative of
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a tolerogenic DC response.*® These studies both underline the therapeutic potential
of vaccination with tolerogenic DCs (tolDCs) for the treatment of atherosclerosis.
Amongst others in rheumatoid arthritis, this strategy has been shown to effectively
reduce disease burden and has resulted in the start of multiple clinical trials.'64
Nevertheless, a well-defined epitope to induce this tolerogenic response in
atherosclerosis still remains to be identified.

Mast cells

Another prominent innate immune cell in atherosclerosis is the mast cell. This
pro-inflammatory effector cell is widely distributed in several tissues and is
predominantly found near surfaces exposed to the environment, such as the
blood vessels, the skin, the airways and the gastrointestinal tract, allowing these
cells to act as a first line of defense against pathogens.'*® Mast cells develop
from hematopoietic stem cells, in particular a subset of granulocyte-monocyte
progenitors, in the bone marrow.* These subsequently enter the circulation as
mast cell progenitors.”*'™ Similar to macrophages, mast cells only mature within
peripheral tissues. Mature mast cells are characterized by expression of c-Kit
(CD117) and the Fce receptor | (FceRI).52 Furthermore, they have a granule-rich
cytoplasm that contains a plethora of inflammatory mediators. Upon activation,
mast cells degranulate and release their mast-cell specific proteases tryptase and
chymase, histamine and depending on the strength of the interaction they release
amongst other cytokines, chemokines, leukotrienes and growth factors.'>3'54
Mast cells are activated through a variety of mechanisms (Figure 2). Binding
of an antigen-sensitized IgE to its high affinity receptor FceRlI results in a rapid
degranulation and the concurrent release of proteases and lipid mediators,
whereafter cytokines, chemokines and growth factors can be secreted as well.»4%7
This IgE-mediated activation is the most commonly known route of activation,
however mast cells can also be activated via toll-like receptors, the FcyR,
complement receptors and a number of neuropeptide receptors.”™® The secretion
of mast cell mediators could have both pro- and anti-inflammatory functions on
the surrounding cells. Additionally, mast cells have also been described as atypical
antigen presenting cells by upregulation of MHC Il molecules and could hereto
induce T cell responses.!35159160

Although mast cells are mostly known for their contribution to allergic reactions
and airway diseases like asthma, they also play a significant role in atherosclerosis
development. Mast cells are found in all stages of plaque development and their
numbers have been shown to increase with disease progression.'®¢3 Furthermore,
a positive correlation has been observed between intraplague mast cell numbers

20
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and future cardiovascular events.®” Multiple experimental atherosclerosis studies
further outline the functional importance of mast cells in atherosclerosis. Systemic
activation of mast cells exacerbates atherosclerosis development in Apoe” mice,
which was resolved upon treatment with the mast cell stabilizer cromolyn.'®#
Moreover, depletion of mast cells in Ld/r” mice significantly reduced atherosclerotic
lesion size, which was restored after repopulation with bone-marrow derived
mast cells.®> The pro-atherogenic effects of mast cells are mainly attributed to
the proteases they secrete upon activation. Chymase has been shown to induce
apoptosis of both vascular smooth muscle cells and endothelial cells'®®"° and both
chymase and tryptase activate matrix metalloproteases (MMPs) inducing matrix
degradation and subsequent plague remodeling.” Indeed, treatment with a chymase
inhibitor not only reduced plaque size, but it also increased collagen content and
reduced necrotic core size and the frequency and size of intraplague hemorrhages,
indicative of improved plaque stability.”" Furthermore, in both in vitro and in vivo
settings, mast cells can induce foam cell formation as heparin binds to LDL particles,
resulting in complex formation and phagocytosis by plague macrophages.” " The
secretion of pro-inflammatory cytokines also affects other surrounding immune
cells thereby contributing to plaque progression.” Targeting mast cell activation
or their migration to the atherosclerotic plaque are thus promising therapeutic
approaches to improve disease outcome.

OxLDL-IgG IC

Mast cell Neuron

Figure 2. Different pathways of mast cell activation that occur during atherosclerosis
development. Mast cell activation is considered pro-atherogenic. Multiple pathways have been
described to induce mast cell activation with the progression of atherosclerosis. The most
commonly known route of activation is upon binding and sensitization of IgE to the FceRl, leading to
subsequent degranulation of the mast cell. Furthermore, activation via the complement receptors
C3aR and C5aR, TLR4, FcyR and NKIR result in degranulation and/or cytokine secretion by the
mast cell. All pathways have been shown to independently contribute atherosclerosis. Adapted with
permission from Shi et al. (2015) Nat. Rev. Cardiol. 12(11):643-58.1%8
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Adaptive immunity

The adaptive immune response is initiated as secondary line of defense and it is
mainly characterized by its immunological memory. The adaptive immune system
consists of two different cell types: T and B cells. Both cell types play a prominent
role in atherosclerosis.” 8!

T cell development and activation

T cells originate from hematopoietic stem cells and migrate to the thymus to
undergo maturation and selection before they enter the circulation. Within the
thymus, CD4*CD8* T cell precursors develop into two lineages depending on the
T cell receptor chains they obtain: af or y& T cells.'®2'8 Each TCR has an antigen-
binding site which is determined through V(D)J recombination. The a and vy
chains are assembled from Variable (V) and Joining (J) segments, whereas the
B and & chain also have an additional diversity (D) segment.’® Through somatic
DNA recombination, a variable region is generated from these segments on the
TCR that is unique for each individual T cell and specific for an antigen-MHC
complex. Subsequently, the T cell precursors are selected based on their affinity
for self-peptides and the strength of the TCR signal.’® The majority of the T cell
precursors are subject to death by neglect when they fail to sufficiently recognize
a self-peptide-MHC complex or are unable to generate TCR signal that allows
activation and differentiation of the T cell. T cell precursors that have too high
affinity for self-peptides are negatively selected and go into apoptosis to avoid an
autoimmune response. Finally, the positively selected T cell precursors have low
self-reactivity and sufficient TCR signaling for maturation. 88" These cells will
further differentiate into CD4* and CD8* T cells, dependent on their affinity for
respectively MHCII or MHCI, and exit the thymus into the periphery. As a result,
there is a large and diverse pool of different TCRs that are capable of responding
to pathogen-derived antigens as well as preserving self-tolerance.

Naive T cells get activated after encountering their cognate antigen presented
by an APC. Upon antigen presentation, the naive T cells will clonally expand and
differentiate into a large pool of effector T cells with the same TCR. Activated T cells
then migrate to the site of inflammation, such as the atherosclerotic plague, and be
primed again by local antigen presenting cells (Figure 3)."®¢ When the inflammation
is resolved, the majority of the effector T cells go into apoptosis. However, a part of
the effector T cells become circulating memory T cells that can elicit a quick response
upon subsequent engagement with the same antigen.'®®
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Figure 3. T cell activation in atherosclerosis. APCs, such as DCs patrol the circulation for
antigens to present on their surface, for example peptides from ApoB100. APCs enter the plaque
to take up antigens and subsequently migrate to draining lymphoid organs to present the antigen
to naive T cells. These will be activated and go back into the circulation as effector T cell. When
they are recruited to the atherosclerotic plaque, they will undergo secondary activation by APCs
residing in the lesion and exert their effector function. Adapted with permission from Hansson et
al. (2011) Nat. Immunol. 12, 204-212.'88

T cells play a prominent role in atherosclerosis development. A reduction in fatty
streak formation was observed in Ldlr” mice lacking both B and T cells.”® Similarly, a
significant reduction in atherosclerotic plague size was observed in immunodeficient
Apoe” mice, yet upon reconstitution with CD4* T cells atherosclerosis progression was
accelerated.”" Both CD4*and CD8* T cells have been detected in human atherosclerotic
plagues'™ and contribute to multiple aspects of atherosclerosis progression.

CD4+* T cells

CD4* T cells have a multifaceted role in atherosclerosis. Naive CD4* T cells develop
into different T helper (Th) subsets dependent on the cytokines secreted with
antigen presentation. Multiple CD4* Th subsets have been described to affect disease
progression. Th1, Th2, Th17 and reqgulatory T cells (Treq) are most commonly studied
in atherosclerotic plaques and will be discussed in more detail below. Apart from the
beforementioned Th subsets, Th9'93194 Th22"4195 follicular T helper (Tfh) cells'7¢%8
and a subset of cytotoxic CD4* T cells™®?2°° have also been described in the context of
atherosclerosis yet it remains elusive if they exert pro- or anti-atherogenic functions.
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Thi cells differentiate from naive CD4* T cells upon stimulation with IL-12. They are
characterized by expression of the transcription factor T-bet and secretion of IFN-y, IL-2
and TNFa.” Hereto, they contribute to the local pro-inflammatory environment in the
atherosclerotic plague. Indeed, T-bet deficient Ldlr”- mice developed significantly smaller
atherosclerotic lesions.?® Furthermore, depletion of both IFN-y and its receptor both
resulted in a substantial reduction in plaque size2°22%, whereas treatment with IFN-y
concurrently aggravated disease.?° Through secretion of IFN-y, Thi cells also promote
plague vulnerability as this cytokine inhibits smooth muscle cell proliferation, induces
foam cell formationand promotes a pro-inflammatory phenotype for macrophages.2%52°7
Altogether, these data provide clear evidence for the pro-atherogenic role of Thi cells
in atherosclerosis.

In contrast to Thi cells, the function of Th2 cells in atherosclerosis is less evident. Th2
cells are defined by the expression of transcription factor GATA-3 and the secretion
of IL-4, IL-5 and 1L-13.2°% Th2 cells are well-known for their role in the protection of
helminth infections and their contribution to asthma and allergic diseases.?®® In
atherosclerosis however, conflicting results have been observed for these T cells.
Since IL-4 was shown to inhibit Th1 responses, Th2 cells were initially thought to be
atheroprotective.?’® However, whereas depletion of IL-4 ameliorated atherosclerosis
in both LdIr” and Apoe” mice?"?2, induction of an ApoB100-specific Th2 response
did not alter disease progression.”® On the contrary, IL.-4 released from mononuclear
leukocytes were associated with reduced risk of CVD and circulating Th2 cells were
negatively associated with common carotid intima-media thickness.?* Plasma IL-5
was shown to inversely correlate with carotid intima-media thickness in women.?"®
Furthermore, immunization against modified LDL initiated a Th2-response, resulting
in secretion of IL-5 which mitigated atherosclerosis development.?'® The cytokine IL-13
was reported to be anti-atherogenic as well.2” Collectively, how Th2 exactly contribute
to atherosclerosis progression remains ambiguous.

Differentiation of Th17 cells requires IL-23 and results in upregulation of the
transcription factor RORyT and secretion of 1L-17.2"® Like Th2 cells, there is still
some discrepancy regarding the role of Th17 cells in atherosclerosis. Deficiency of
IL-17 has been described to be either atheroprotective?”®, pro-atherogenic?® or not
affecting atherosclerosis at all.?? Yet, administration of IL-17 or anti-IL-17 antibodies
demonstrated that this cytokine promotes atherosclerosis development.2?2224
Deficiency of the IL-23 receptor (IL-23R) reduced IL-17 production by CD4* T cells but
did not affect atherosclerosis in both a full-body knockout and upon adoptive transfer
of IL-23R deficient CD4* T cells into atheroprone immunodeficient mice.??> In humans,
a similar disparity is observed regarding how Th17 act on disease progression. Patients
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with acute coronary syndrome exhibited higher numbers of peripheral Th17 cells as
well as increased levels of IL-17 and IL-23 compared to controls.??¢ Plasma IL-17 was
also associated with patients with acute myocardial infarction and it was elevated in
patients that had a complex lesion defined by angiographic analysis.??” However, IL-
17 has also been shown to promote collagen production by human vascular smooth
muscle cells in vitro and IL17A and RORC (encoding for RORyT) expression were both
positively associated with expression of ACTA2 (a-SMA) and COL1AT (Procollagen
1al) indicating that IL-17 promotes plague stability.??® This was further supported by
another study that also found increased levels of IL-17 expression in plagues with a
stable phenotype.??® The complexity in which Th17 cells affect atherosclerosis could
in part be explained by their plasticity.?*° Upon pro- stimulation with TGFR3, Th17
cells could also upregulate IFN-y2*, whereas stimulation with TGFB1 and IL-6 could
promote Thi17 to secrete the anti-inflammatory cytokine IL-10.23223 Taken together, it
appears that Th17 exert no clear pro- or anti-atherogenic role and that their function
is largely dependent on the microenvironment they reside in.

T are involved in preserving self-tolerance and resolving inflammation.?3* They
are characterized by expression of forkhead box protein P3 (FOXP3), IL-2RA (CD25)
and lack of CD127. Their differentiation is induced by TGF-B and IL-2 or by weak
TCR interactions.?®>2% Upon activation they secrete the anti-inflammatory cytokine
IL-10. Although the number of T_ in atherosclerotic plagues are limited®”, several
experimental atherosclerosis studies have determined an atheroprotective role for
these cells. Depletion of T eos significantly increased atherosclerotic lesion size?823°,
and adoptive transfer of T_ correspondingly attenuated disease progression,38:240
Furthermore, expansion of T__ using an IL-2 complex ameliorated atherosclerosis and
increased plaque stability.?* A different approach for Treg expansion even resulted in
regression of existing atherosclerotic lesions.?*? In line, vaccination against FOXP3
reduced the percentage of T egs and exacerbated atherosclerosis.?*® The suppressive
function of TregS in atherosclerosis is in part mediated by secretion IL-10 as lack of this gene
promotes disease progression.2*+24 |n brief, T . have an important atheroprotective
function. Induction of T__., as examined in the LILACS trial, is therefore a promising

strategy to treat CVD patients.

CD8* T cells

CD8* are commonly known to act in the defense against infectious pathogens, such as
bacteria and viruses, and contribute to anti-tumor immunity.2¥2*¢ The majority of CD8* T
cells differentiate into a cytotoxic subset after encountering an antigen-MHC | complex.
These cytotoxic CD8* T cells are subsequently capable of killing the infected cells that
carry the presented antigen in three ways: (1) through secretion of IFN-y and TNF-q, that
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respectively promote the inflammatory response and induce apoptosis, (2) by interaction
of Fas with the Fas receptor on the target cell to induce apoptosis and (3) by the secretion
of granzymes and perforin which are responsible for lysis of the target cell.#25°

The role of CD8* T cells in atherosclerosis remains inconclusive. Interference with
MHC-I-related antigen presentation significantly reduced CD8* T cell numbers, but
did not affect atherosclerosis.?®' Furthermore, depletion of Cd8a in Apoe” mice did
not alter atherosclerotic lesion size either.?>> Nevertheless, both pro-atherogenic and
atheroprotective roles for CD8* T cells have been described in mice as well. High-
fat diet rapidly induced CD8* T cell activation in Apoe”" mice as measured by their
increased IFN-y production in draining lymph nodes of the aortic root.?>® Moreover,
administration of monoclonal antibodies against CD8a and CD8f significantly reduced
atherosclerotic plaque size and reduced necrotic core size in Apoe” mice.?** In line, the
same study showed that adoptive transfer of CD8* T cells aggravated atherosclerosis
and induced plaque vulnerability. This was attributed to the secretion of perforin,
granzyme B and TNFa, as reconstitution of CD8* T cells deficient for these proteins
did not affect atherosclerosis in immunodeficient mice. In contrast, treatment with
a CD8a-depleting antibody in Ldir” mice with advanced atherosclerosis increased
plague vulnerability as seen by increased necrotic core area.?® This protective role for
CD8* T cells was further supported in another study in which immunization with the
ApoB100-derived peptide p210 resulted in expansion of CD8* T cells and a subsequent
reduction in atherosclerotic plaque size.?*®

It has been hypothesized that these opposing effects of CD8* T cell depletion in are due
to the heterogeneity of CD8* T cells. A subset referred to as Tc17 cells, characterized
by RORyYT expression and IL-17 secretion, was shown to increase in atherosclerotic
lesions compared to the spleen. Yet, transfer of Tc17 cells into Cd8a”"Apoe”" mice did
not directly affect plaque size.?> On the other hand, reqgulatory CD8* T cells, defined
by expression of CD25 and FOXP3, have been described to be atheroprotective.?82%

In humans, mainly a pro-atherogenic role for CD8* T cells has been described. Increased
levels of circulating cytotoxic CD8* T cells were detected in patients with coronary
artery disease.2%2% Furthermore, CD8* T cells are found in large numbers in the human
atherosclerotic plaque, particularly in the shoulder regions and fibrous caps.!#22¢262

B cells

B cells play an important role in humoral and cellular immunity. They are well known
for the production of antibodies, but also contribute to T cell activation through
antigen presentation or the cytokines they secrete.?®® In atherosclerosis, B cells
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were first described to have a protective function, as adoptive transfer of B cells
into splenectomized mice and B cell deficiency resulted in respectively a reduction
and an increase in plague size®%%5 Since then, several subsets of B cells have been
associated with atherosclerosis.™®° The B1 subset is characterized by the secretion
of natural antibodies and protects from atherosclerosis.?®® B1 cells can be further
subdivided in Bla and Blb cells. A prominent anti-atherogenic function is denoted
for Bla cells, as they are the main producers of IgM antibodies.?¢”?%¢ Deletion of
secreted IgM indeed significantly increased atherosclerotic lesion size, concurrent
with an increase in IgE and a corresponding increase in mast cell activation.?®® IgM
antibodies that resolve atherosclerosis by clearing oxLDL and necrotic debris are
of specific interest.?® The secretion of oxLDL-targeted IgM antibodies was found to
be mediated through secretion of IL-5 by Th2 cells. In addition, an atheroprotective
function for B1b cells was also described as they also produce IgM antibodies targeting
oxidation specific epitopes on LDL.?"" B2 cells however are generally considered pro-
atherogenic.?2 B2 cells can be divided in follicular (FO) and marginal zone (MZ) B
cells. After encountering their cognate antigen, FO B cells migrate towards the T
cell area in lymphoid organs and upon interaction with Th cells that recognize the
same antigen, they can proliferate and undergo class switching.?”® FO B cells are
subsequently capable of secreting amongst others IgG and IgE, which are both pro-
atherogenic.”®?* MZ B cells can secrete antibodies independent of T cell activation
and can hereto rapidly produce IgM and IgG antibodies.?”> However, MZ B cells were
also shown to be protective as they regulate Tfh cells which subsequently reduces FO
B cell activation.? Finally, a subset of IL-10* requlatory B cells has also been identified
in atherosclerosis, yet their precise role in atherosclerosis is not fully elucidated yet.2’”
279 Collectively, proper targeting of the humoral immune response in atherosclerosis
could provide a beneficial therapeutic strategy against atherosclerosis.

Single-cell transcriptomics in atherosclerosis research

The introduction of single-cell transcriptomics has revolutionized biological
research. Single-cell RNA sequencing was first applied in 2009, in which the mRNA
transcriptome was uncovered from a manually isolated single cell.?° Since then, the
field of single-cell RNA sequencing has rapidly evolved, allowing for the analysis of
single cell transcriptomes of thousands of cells per sample.?®' The great advantage of
this technology lies in the fact that it provides an unbiased analysis of the different
cells present in heterogenous tissue samples, whereas conventional methods like
immunohistochemistry and flow cytometry rely on pre-defined markers. Furthermore,
single cell transcriptomics are likely to identify small cellular populations that would
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otherwise be diluted when using bulk RNA sequencing.?®? By now, the field of single-
cell multi-omics has been complemented with several modalities to extend the
single cell analysis.?®® This gives the possibility to include antibodies for proteomic
characterization of for instance certain lineage markers necessary for proper cell
annotation (CITE-seq). Furthermore, the epigenome can be assessed using single-cell
ATAC sequencing and both TCR and BCR clones can be detected per single cell to
assess clonal expansion for extensive immune profiling.

The application of single-cell transcriptomics has significantly advanced the field
of atherosclerosis in the past decade. In 2018, single-cell RNA sequencing was first
applied in both Apoe” and LdIr”- mice to map the cells present in atherosclerotic
plagues.™284 This uncovered amongst others the presence of TREM2* macrophages in
atherosclerosis. Since then, a body of literature has been generated in which single-
cell transcriptomics has been applied in both murine and human atherosclerosis. This
has significantly enhanced our knowledge on the different cells present in (human)
atherosclerosis. We will further elaborate on these findings in chapter 2 of this thesis.

Thesis outline

In this thesis, single-cell multi-omics were applied to generate a cellular atlas of
the human atherosclerotic plaque. These data were subsequently further analyzed
to identify and examine new potential targets to prevent atherosclerotic disease
progression.

In chapter 2 we provide an overview of how single-cell RNA sequencing has improved
our knowledge in atherosclerosis and aneurysm formation. We describe the different
cell populations identified in studies performed in diseased tissues of both murine
and human origin. Finally, we elaborate on overlapping cellular subsets potentially
contributing to both diseases. In chapter 3 we unbiasedly mapped the cells present
in human atherosclerotic plagues by using single-cell RNA and ATAC sequencing
and discovered a large T cell population as well as cellular plasticity and intercellular
communication pathways. Since we detected a large population of T cells in the
advanced human plague, we further investigated whether these T cells underwent
clonal expansion indicative of an antigen-induced response. Hereto, in chapter 4,
we applied single-cell TCR sequencing to assess T cell clonality in atherosclerosis.
We identified a plaque-enriched clonally expanded CD4* T cell subset, suggesting
an autoimmune component in atherosclerosis. In chapter 5 we developed a flow
cytometry method to characterize mast cell phenotype in human atherosclerosis.
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Here, we showed that the majority of mast cells express the activation marker CD63
in the human plague. Moreover, a high percentage of these activated mast cells had
IgE bound to their surface, indicating that the FceRI-IgE pathway is of importance in
mast cell activation in atherosclerosis. We elaborate on the mast cell in chapter 6 in
which we examined how aging affects mast cell phenotype, since this is a prominent
risk factor for atherosclerosis. We describe that the aging microenvironment in the
plague increases mast cell activation in the atherosclerotic aorta and promotes the
antigen-presenting capacities of these cells. Finally, we applied the human single-cell
RNA seqguencing data set to identify two genes that potentially affect atherosclerosis.
In chapter 7 we blocked BLT1 receptor to inhibit leukotriene B4-mediated mast cell
migration to the plaque. This did neither affect atherosclerosis progression nor mast
cell migration towards the plague in LdIr” mice. In chapter 8 we used a small molecule
to inhibit IL411, which was uniquely present on TREM2* macrophages. Although this
did induce a clear pro-inflammatory T cell response, atherosclerosis development
was not altered. In chapter 9 all data in this thesis will be summarized and discussed,
including concluding remarks and future perspectives.
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