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Abstract

Atherosclerosis is a lipid-driven chronic inflammatory disease of the arterial wall that gives
rise to myocardial infarction and stroke, the leading causes of death and morbidity worldwide.
The underlying pathology is characterized by a non-resolving accumulation of apoptotic cells
due to defective clearance mechanisms of mainly unknown nature. Given its critical
housekeeping function in apoptotic cell removal, the complement system has long been
implicated in atherosclerotic lesion formation. Complement consists of a set of inactive
soluble precursors that upon stimulation are able to form an amplifying cascade in a self-
controlling manner. Although complement activation was thought to be confined to the
extracellular space, accumulating evidence suggests that activation of the central
complement component C3 occurs also within a wide array of cells and is essential for
controlling basic cellular processes, such as cell survival or autophagy. However, if and how

intracellular complement activation is regulated remains unexplored.

The findings presented in this thesis derive from the hypothesis, that intracellular
complement is actively regulated in immune cells and has a crucial function in modulating
inflammatory responses during atherosclerosis. Indeed, we could identify complement factor
H (CFH), the master regulator of alternative complement activation as a key player in this
context. We found this to be independent of our initial observations that systemic, but not
hematopoietic CFH deficiency results in impaired splenic B cell development and
autoimmunity. We could demonstrate that CFH displays a unique expression profile among
canonical complement repressors that is restricted to monocytes and is upregulated upon
inflammatory challenges as well as hypercholesterolemia. Furthermore, CFH has the ability
to control the accumulating levels of intracellular C3 in monocyte-derived macrophages
during inflammation. In atherosclerosis-prone LdIr” mice, hematopoietic deletion of CFH
conferred protection against atherosclerosis and necrotic core formation, the primary
characteristic of defective efferocytosis. In line with this, transcriptomic analysis of monocyte-
derived macrophages revealed that loss of CFH results in a pro-efferocytotic gene
expression signature characterized by the upregulation of cell surface receptors involved in a
process called LC3-associated phagocytosis, a non-canonical form of autophagy.
Accordingly, we found that CFH deficient macrophages exhibit increased autophagic activity
as well as heightened efferocytotic capacity both ex vivo and within atherosclerotic lesions.
Finally, we could demonstrate a dominant role for CFH of monocytic origin in atherosclerosis
over the systemic complement-regulatory effects of liver-derived CFH, including its hereby

described novel function in calibrating splenic B cell maturation and responsiveness.
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Abstract

The work discussed in this thesis offers new insights into the pivotal role of CFH as a
repressor of complement activation and moreover, contributes to the dissection of the layers
of complement regulation in the extracellular vis-a-vis intracellular space. Our findings
highlight the necessity of localized next generation strategies in complement-targeting
therapeutics.
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Zusammenfassung

Atherosklerose ist eine durch erhdhte Lipide verursachte chronische
Entzindungserkrankung der Arterienwand, die in weiterer Folge zu Myokardinfarkt und
Schlaganfall, den haufigsten Todesursachen weltweit, fuhrt. Die zugrundeliegende
Pathologie charakterisiert sich durch die Akkumulation von apoptotischen Zellen, deren
Abtransport aufgrund defekter Clearance-mechanismen verhindert wird. Aufgrund der
bedeutenden Funktion bei der Beseitigung von apoptotischen Zellen, ist die Beteiligung des
Komplementsystems in die Entstehung von atherosklerotischen Lasionen naheliegend. Das
Komplementsystem besteht aus einer Reihe von Proteinen und Proteasen, die nach
Stimulierung zur Bildung einer sich selbst kontrollierenden Amplifikationskaskade fahig sind.
Obwohl man bisher annahm, dass die Komplementaktivierung nur auf den extrazellularen
Raum begrenzt ist, gibt es immer mehr Belege daflr, dass bei einer Reihe von Zelltypen die
Aktivierung der zentralen Komplementkomponente C3 auch intrazellulare erfolgen kann und
essentiell fur die Kontrolle von grundlegenden zellularen Prozessen, wie Zelltod und
Autophagie, ist. Ob und wie die intrazellulare Komplementaktivierung reguliert wird war

bisher unbekannt.

Die Ergebnisse, die in dieser Doktorarbeit prasentiert werden, basieren auf der Hypothese,
dass intrazellulares Komplement in Immunzellen aktiv reguliert wird und eine entscheidende
Funktion in der Modulierung der Entziindungsantwort wéhrend der Atherosklerose ausubt.
Tatsachlich konnte hierbei Komplementfaktor H (CFH), der Hauptregulator der alternativen
Komplementaktivierung, als Schliisselkomponente identifiziert werden. Wir konnten zeigen,
dass dies unabhangig von unserer urspriinglichen Erkenntnis, dass systemische, jedoch
nicht hAmatopoetische CFH Defizienz in einer gestdrten Entwicklung von B-Zellen in der Milz
und Autoimmunitat resultiert. Weiters deuten unsere Ergebnisse darauf hin, dass CFH ein
einzigartiges Expressionsprofil unter den kanonischen Komplementrepressoren aufweist,
welches auf Monozyten begrenzt ist und durch Entzindungsreize, als auch
Hypercholesterinamie hochreguliert wird. Zudem besitzt CFH die Eigenschaft, intrazellulares
C3 in Makrophagen wahrend einer Entziindungsreaktion zu kontrollieren. In
atheroskleroseanfalligen Ldlr”™ M&ausen verhindert die hamatopoetische Deletion von CFH
Atherosklerose und die Bildung von Plaguenekrosen, dem primdren Merkmal von
fehlerhafter Efferozytose. Damit einhergehend konnten wir durch Transkriptom Analyse von
Makrophagen zeigen, dass die Defizienz von CFH die Expression von Efferozytose-
begiinstigender Gene induziert, wie zum Beispiel Zelloberflachenrezeptoren, die an der LC3-

assoziierten Phagozytose, einer nicht-kanonischen Form der Autophagie, involviert sind.
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Zusammenfassung

Dementsprechend konnten wir auch zeigen, dass CFH-defiziente Makrophagen erhéhte
Autophagie-Aktivitat ausuben und eine gesteigerte Efferozytosekapazitat ex vivo sowie in
atherosklerotischen L&sionen besitzen. Zusammenfassend konnten wir daher einerseits
neue systemische Effekte von hepatischem CFH in der B-Zellentwicklung und i antwort und
andererseits die dominante Rolle von monozytadrem CFH in der Atherosklerose beschreiben.

Die in dieser Arbeit diskutierten Studien bieten neue Einblicke in die zentrale Rolle von CFH
als Repressor der Komplementaktivierung und tragen Uuberdies zur Aufklarung der
Komplementregulierung im extrazellularen und intrazellularen Raum bei. Unsere
Erkenntnisse unterstreichen die Notwendigkeit von neuartigen Therapiestrategien die das

Komplementsystem lokal anvisieren.
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Introduction

The introduction of this thesis offers a detailed overview of the main topics discussed in the

two manuscripts presented in the Results section and is divided into four distinct parts

summarizing:

1)

IN)

1)

IV)

the current scientific consensus on the underlying pathology of atherosclerosis
with special emphasis on the role of macrophages in plaque formation.

the homeostatic functions of the complement system and in particular, its plethora
of regulatory proteins and receptor molecules. This chapter also introduces the
recently discovered field of intracellular complement activation.

the present knowledge on the involvement of complement activation in
atherosclerosis development discussing all the to-date available complement-
related literature in experimental atherosclerosis.

the mechanisms by which complement factor H (CFH) exerts its complement-

regulatory effects.
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Introduction

1.1 Atherosclerosis

The complications arising from atherosclerosis including myocardial infarction and stroke are
the major causes of death and morbidity worldwide (Figure 1). The underlying pathology
involves a decades-long chronic inflammatory process of the arterial wall, primarily occurring
at branch points and bifurcations with disturbed laminal flow and low shear stress.
Atherosclerosis is initiated by the subendothelial accumulation of lipids and infiltrating cells,
which results in plague formation and the subsequent expansion of the arterial intima leading
to the progressive narrowing of the arterial lumen. As early as the age of 40, 95% of the
population develops well distinguishable atherosclerotic lesions (Swirski and Nahrendorf,
2013). Although most of these lesions are well preserved by fibrous thickening, problem
occurs when vulnerable plagues undergo necrotic breakdown culminating in plaque rupture,
which results in occlusive luminal thrombosis (Virmani et al., 2002). As a direct consequence,
the oxygenation of heart and brain becomes perturbed leading to the manifestation of acute
conditions such as coronary artery disease including myocardial infarction, unstable angina

and sudden cardiac death as well as cerebrovascular diseases, such as stroke.

Deaths [millians)

Ischaemic heart disease
Stroke
Chronic obstructive pulmonary disease

Lower respiratory infections

Alzheimer disease and other dementias
Cause Group

Trachea, bronchus, lung cancers
Communicable, matemal, necnatal

Diabetes mellitus and nutritional conditions

Road injury Noncommunicablediseases

ol

Diarrhoeal diseases Injuries

Tuberculosis

Figure 1 7 Top 10 global causes of death in 2016 i The complications of atherosclerosis, such
as ischaemic heart disease and stroke are the leading causes of death worldwide. Source:
Global Health Estimates 2016 Geneva, World Health Organization; 2018 (www.who.int)

1.1.1 Early plaque formation: a lipid -driven disease

The key initiating step of atherosclerosis is the retention of apolipoprotein B100-containing

lipoproteins (ApoB-LPs) in the subendothelial space of the arterial wall. ApoB-LPs are
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Introduction

derived mainly from the liver and their role is to transfer lipids all around the body. Secreted
as very low density lipoproteins (VLDL), they are further converted into low density
lipoproteins (LDL) in the bloodstream. Increased levels of plasma cholesterol transported by
apoB-containing LDL are a major risk factor of atherosclerosis and promote cardiovascular
events (Moore and Tabas, 2011). When ApoB-LDL enter the intima, the binding of negatively
charged proteoglycans by ApoB100 leads to the entrapment of LDL under the endothelial
layer, where they are susceptible to undergo oxidative modifications due to increased
oxidative stress e.g. by reactive oxygen species (such as superoxide or hydrogen peroxide)
or enzymatically via myeloperoxidase (Weber and Noels, 2011). Oxidation-specific epitopes
(OSE) appearing on the surface of lipoproteins are immunogenic danger-associated
molecular patterns (DAMP) that are able to activate neighboring endothelial cells (Chou et
al., 2008; Miller et al., 2011). Subsequently, they secrete chemokines and express adhesion
molecule thereby inciting the recruitment and infiltration of blood-derived monocytes that is

the key early inflammatory event in atherosclerotic lesion development.

1.1.2 Monocyte -derived macrophage s as protagonists in lesion progression

Hypercholesterolemia triggers heightened medullary hematopoiesis, which is characterized
by the rapid proliferation of progenitor cells of myeloid fate in the bone marrow (Moore et al.,
2013; Nahrendorf and Swirski, 2015). This leads to an increased numbers of monocytes in
the blood i.e. monocytosis and the excessive passage of circulating monocytes across the
endothelial layer of the arterial wall (Figure 2). There has been a lot of emphasis on
investigating the role of different monocyte subsets in atherosclerosis. Both in humans and
mice, two main types of circulating monocytes exist that can be distinguished by the
expression profile of certain cell-specific surface markers. While Ly6C" monocytes (similar to
CD16'CD14"™ monocytes in humans) possess a patrolling function and enter the lesions
less readily, inflammatory Ly6C"™ monocytes, which share numerous properties with human
CD16'CD14" monocytes accumulate preferentially in the lesions and differentiate into
macrophages when exposed to certain differentiation and growth factors, such as
macrophage colony stimulating factor (M-CSF) (Hilgendorf and Swirski, 2012). Macrophages
are the hallmark cells of atherosclerosis and they are involved in a myriad of functions,
including lipid uptake and the clearance of dying cells i.e. efferocytosis. Hypothetically,
macrophages can prevent atherosclerosis by scavenging and clearing excess oxLDL from
the lesions without mounting inflammation. However, due to the chronic nature of the
disease, macrophages become overloaded by cholesterol and they eventually die, which
initiates a vicious circle of further monocyte infiltration and cell death. The accumulation of
oxLDL and dying cells contributes to the formation of a lipid-filed necrotic core, which

reduces plaque stability and makes the plaque vulnerable to rupture (Weber and Noels,
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Introduction

2011). Therefore, the efficient clearance of excessive lipids and dying cells by phagocytic
macrophages is essential for the protection against atherosclerosis and provides a promising

target for clinical interventions.

Bone and

bone marrow @ Gholesterol E' O
@ @ crystals o “ Q |_ -
Monocytes @ / O ‘»‘ mgnocyti;s
@@ Circulation == m P
{ @ . é oxLDL |
?K o8\

7 \
B %,  Ly-6Cl~
- \_) J Q0 @ *., monocytes
R oy ||/
HSPCs —
-/ \\—). b --\.
| Influence on -
Spleen w ' inflammation and
S L | atherosclerosis

FC Inma

Figure 2 1 Initiating stages of atherosclerosis development T The retention of oxLDL in the
arterial intima triggers heightened hematopoiesis in the bone marrow, but also in the spleen,
which results in monocytosis. While Ly6C' monocytes patrol the vasculature, Ly6C™ monocytes
infiltrate the lesion and differentiate into macrophages, which become lipid-laden foam cells upon

the ingestion of lipids and cholesterol crystals. Adapted from (Swirski and Nahrendorf, 2013).

Lipid uptake and foam cell format ion

The excessive uptake of apoB-LDL by macrophages is considered the primary pathogenic
event in nascent plaques. As a consequence, the cytoplasm of these macrophages becomes
enriched in membrane-bound lipid droplets givingt hem a  éppearanog, therefore
referred as foam cells (Figure 3). Although other mechanisms are also operational, the
uptake of modified lipids by foam cells is mediated predominantly via scavenger receptors
that are a type of pattern recognition receptors (PRR) on the surface of macrophages and
bind OSEs (Binder et al., 2016). Scavenger receptors are divided into two major classes:
while Class A includes scavenger receptor A1 (SR-Al or MSR), macrophage receptor with
collagenous structure (MARCO or SR-A2) and many others; CD36 and scavenger receptor
B1 (SR-B1) belongs to the Class B family (Yan and Hansson, 2007). Upon internalization,
the cholesteryl esters of oxLDL are hydrolyzed to free cholesterol in endolysosomal
compartments. The free cholesterol then undergoes re-esterification in the endoplasmic
reticulum (ER) by the enzyme acetyl-CoA acetyltransferase (ACAT). These cholesteryl fatty
acid esters provide t he 0 f(Rraavm &t alg f1980). oExcess
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Introduction

cholesterol is disposed by macrophages via reverse cholesterol transport, which requires
ABCA1- and ABCG1l-mediated trafficking of cholesterol to lipid-poor apolipoprotein Al
(APOAL1) and high density lipoprotein (HDL), the major extracellular acceptors (Rothblat and
Phillips, 2010; Tall et al., 2008; Yvan-Charvet et al., 2010b). The cholesterol efflux machinery
via ABCA1 and ABCGL1 is transcriptionally induced by the sterol sensing transcription factors
liver X receptor alpha (LXRU) and beta (LXRDb) (Zelcer and Tontonoz, 2006) and is
considered to be the dominant mechanism involved in lesion regression upon normalizing
systemic cholesterol levels. In line with this, combined ABCA1 and ABCGL1 deficiency
exacerbate experimental atherosclerosis (Yvan-Charvet et al.,, 2007) and HDL cholesterol
levels inversely correlate with CAD risk (Libby et al., 2011). Therefore, several clinical trials
have attempted to increase systemic HDL levels to promote macrophage cholesterol efflux;

however, to date no drug has been proven to significantly affect cardiovascular health.
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Figure 3 17 The effect of lipid sensing on lesional macrophages T Numerous pro-
inflammatory and anti-inflammatory signaling pathways become activated in macrophages of
atherosclerotic plaques upon engulfing lipids. These include cooperative pathways between
scavenger receptors and toll-like receptors (TLRS), the inflammasome, endoplasmic reticulum
(ER) stress and reverse cholesterol transport through ABCA1 and ABCGL1. Adapted from (Weber
and Noels, 2011).
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The effects of e xcessive cholesterol loading

Cholesterol is rather inert when it is present in the form of cholesteryl ester within cells.
However, elevated amount of free cholesterol e.g. due to disturbances in ACAT function can
lead to the dysregulation of lipid metabolism by perturbing the efflux machinery, resulting in
sustained oxidative burst and increased ER stress (Moore et al., 2013). Furthermore, it can
promote lipid raft formation, which on the one hand, induces inflammatory signals due to
enhanced toll-like receptor (TLR) and nuclear factor-kappa B (NF-aB) activation (Yvan-
Charvet et al., 2008; Zhu et al., 2010) and on the other hand, triggers myeloproliferation via
increased interleukin-3 (IL-3) and granulocyte-macrophage colony-stimulating factor (GM-
CSF) signaling (Yvan-Charvet et al.,, 2010a). Importantly, the accumulation of free
cholesterol can also lead to cholesterol crystal build up within macrophages, which promotes
lysosome destabilization and inflammasome activation, a complex that involves multiple
proteins, such as NACHT, LRR and PYD domains-containing protein 3 (NLRP3), ASC and
caspase-1 (Duewell et al., 2010). The assembly of the inflammasome complex induces the
proteolytic cleavage and secretion of pro-inflammatory cytokines interleukin-1 beta (IL-1b)
and interleukin-18 (IL-18). Ultimately, the combination of all these insults can render
macrophages to succumb to types of programmed cell death, mainly apoptosis.

The implication of inflammasome activation in atherosclerosis has been widely studied in the
past decade. Hematopoietic deletion of NLRP3, ASC or IL-1b has been shown to reduce IL-
18 levels and lesion size in experimental atherosclerosis (Duewell et al., 2010). Moreover,
the potential efficacy of IL-1b targeting in reducing cardiovascular disease risk was recently
evaluated in a randomized, double-blind and event-driven phase IIl study, called the
Canakinumab Anti-Inflammatory Thrombosis Outcomes Study (CANTOS). Subcutaneous
administration of canakinumab, a selective, high-affinity human monoclonal antibody against
IL-1b could significantly reduce cardiovascular events in patients with previous myocardial
infarction providing evidence for the first time that targeting inflammation independently of
lipid levels holds promise for lowering the risk of atherosclerotic vascular diseases (Ridker et
al., 2017).

Macro phage death and lesion progression

Apoptotic macrophage death due to lipid misbalance requires constant monocyte infiltration
to the plagues that contributes to a non-resolving inflammatory condition and leads to
gualitative changes in lesion morphology, advancing plaque progression (Figure 4). The
main characteristic of advanced atherosclerosis is the formation of a necrotic core as a
consequence of secondary necrosis. Necrosis promotes inflammation, thrombosis and the

proteolytic breakdown of plagues as well as weakens the fibrous cap, a protective scar

i 6i



Introduction

covering the inflamed lesion (Glass and Witztum, 2001). Importantly, plague necrosis does
not occur upon macrophage apoptosis itself, but rather results from the defective clearance
of dying macrophages by newly recruited phagocytes i.e. efferocytosis (Tabas, 2010).
Efficient efferocytosis critically controls normal plaque homeostasis by multiple processes. It
mediates the removal of dying cells before membrane leakage of cytokines, proteases and
prothrombotic factors, and tempers inflammation by triggering an anti-inflammatory response
in the engulfing cells via the secretion of interleukin-10 (IL-10), transforming growth factor

beta (TGF-b) and pro-resolving lipid mediators. Moreover, it also promotes the survival of the
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Figure 4 1 Progression of atherosclerosis 7 The main steps involved in plaque progression

and rupture are shown (1-6). Adapted from (Moore and Tabas, 2011).
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efferocytes from the cytotoxic content of engulfed cells (Moore and Tabas, 2011). However,
as the plaques progress, cellular reprogramming takes place in macrophages and the
efferocytotic machinery becomes defective leading to the accumulation of uncleared dying
cells that undergo post-apoptotic necrosis (Tabas and Lichtman, 2017). Defective
efferocytosis is the major driver of the formation of the necrotic core that is always in close
proximity to the sites of acute vascular events, so called culprit lesions (Tabas, 2011).
Therefore, therapeutic strategies to enhance macrophage efferocytosis would play a leading

role in preventing the progression of clinically relevant plaques.

Mechanisms of effective efferocytosis

When lesional macrophages succumbto apoptotic cell deat hrmebhey s
signals that navigate efferocytes to apoptosis-rich areas. These signals include CX3CL1,
sphingosine-1-phosphate and nucleotides, such as ATP and UTP (Van Vre et al., 2012).

Upon arrival, the engulfing macrophages employ an array of receptors that are able to

recognize 1 either directly or through bridging molecules - 6 e-mé &ignals, such as
phosphatidylserine (PtdSer), which decorate the surface of apoptotic cells (Li, 2012). Several

of these interactions have been described with relevance to atherosclerosis development

(Table1). The binding of exter nal iwitedaupkng with additerial si gnal
receptors triggers dynamic cytoskeletal reorganization around the dying cell and mediates

tethering and internalization (Yurdagul et al., 2017). Notably, viable cells that may express

PtdSeront heir surface are protected from this proce
medé molecules including CD31 and C@®bwnetd,at acti
2002; Tsai and Discher, 2008). The assembly of a phagocytic cup by enhanced F-actin

formation and polymerization around the apoptotic cell triggers phagosome retraction into the

cells (Castellano et al., 2000).

During efferocytosis, engulfing cells internalize around 50% of their entire surface, yet the
plasma membrane surface area is not affected upon full internalization (Yurdagul et al.,
2017). Therefore, it seems evident that vesicular trafficking events have a crucial role in
contributing to efficient efferocytosis. As an example, Drpl-dependent mitochondrial fission
promotes the release of ER calcium into the cytosol thus mediating the fast recruitment of
vesicles to the site of apoptotic cell docking in order to orchestrate phagosome sealing
(Wang et al., 2017). Furthermore, autophagy-related proteins are also mobilized upon
engulfment to conjugate lipids to LC3-bound phagosomal membranes, a process referred as
LC3-associated phagocytosis (LAP) (Martinez et al., 2015). LAP is triggered by the
engagement of PtdSer receptor TIM4 and it promotes phagolysosomal fusion and the

degradation of apoptotic material (Martinez et al., 2011). Accordingly, LAP-deficient mice that
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bear uncompromised canonical autophagy still accumulate apoptotic bodies and develop
autoimmunity upon aging (Martinez et al., 2016). Therefore, LAP is obligatory for immune-
silent efferocytosis. Following efficient LAP, the surplus macromolecular components derived
from the engulfed cell including amino acids, sugars, lipids and nucleotides can be recycled
as energy supplies or be utilized for efflux, such as excess cholesterol.

Molecule Action Ligand Reported effect in atherosclerosis References

; (Ait-Oufella et al., 2008;
MerTK Receptor PtdSer promotes _efferocytOSIS, . Cai et al., 2017; Thorp et
blocks necrotic core formation al., 2008)
Tim-1/Tim-4 Receptor PtdSer promotes efferocytosis (Foks etal., 2016)
(Subramanian et al.,
Axl Receptor PtdSer no effect 2016)
- romotes efferocytosis (Overton et al., 2007;
LRP1 Receptor calreticulin P ) - Yancey et al., 2010;
P blocks necrotic core formation Yancey et al., 2011)
SR-B1 Receptor oxPL promotes _efferocytosw, . (Tao et al., 2015)
blocks necrotic core formation
CD36 Receptor oxPL conflicting, but mainly pro- (Park, 2014)
atherogenic
Gas6 rﬁg%%ﬂﬁe PtdSer reduces plaque stability (Lutgens et al., 2008)
Bridging o ) (Bhatia et al., 2007; Lewis
Clq calreticulin promotes efferocytosis et al., 2009; Pulanco et
molecule al.,, 2017)
MFG-E8 nl?n[)ltjegclﬂli oxPL blocks necrotic core formation (Ait-Oufella et al., 2007)
TG2 n%[)lfiegclﬂi several Promotes efferocytosis (Boisvert et al., 2006)
Calreticulin Eat-me ) promotes _efferocyt05|s, _ (Kojima et al., 2014)
signal blocks necrotic core formation
CX3CL1 F|r_1d-me ) reduces_plaque complexity, less (Teupser et al., 2004)
signal lesional macrophages
Fas/Fas Find-me . (Aprahamian et al., 2004;
ligand signaling - blocks efferocytosis Feng et al., 2007)
CD47 Do naatt - blocks eﬁgrocytoss, . (Kojima et al., 2016)
me signal promotes necrotic core formation

Table 1 7 Efferocytosis -related molecules studied in experimental atherosclerosis T
Adapted and modified from (Yurdagul et al., 2017).

Efferocytosis and the resolution of inflammation

Besides the clearance of apoptotic cells and the prevention of secondary necrosis,
efferocytosis plays a crucial role in the resolution of inflammation by inducing the production
of several endogenous molecules that mitigate inflammation. These include the
phospholipid-binding protein Annexin Al that suppresses phospholipase A2 (PLA,) activity;

anti-inflammatory cytokines, such as IL-10 and TGF-b that downregulate the secretion of pro-
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inflammatory cytokines; gasses, such as hydrogen sulfide that suppresses NF-aB activation
and promotes tissue repair (Back et al., 2019); as well as specialized pro-resolving mediators
(SPM) that are bioactive polyunsaturated fatty acid (PUFA) metabolites secreted in great
amounts upon the uptake of dead cells (Serhan, 2014). Resolvins, maresins, lipoxins and
protectins all belong to SPM family and can limit monocyte infiltration, inhibit the release of
pro-inflammatory mediators and promote macrophage egress. Numerous atherosclerosis
studies have documented reduced plaque necrosis upon treating mice with various pro-
resolving molecules including IL-10, maresin, resolvin D1, resolvin D2 and annexin Al
(Kasikara et al., 2018; Yurdagul et al., 2017). Thus, enhancing efferocytosis in combination
with restoring resolution mediators might be a promising approach to combat cardiovascular

diseases.

Defective efferocytosis in atherosclerosis

The mechanisms of impaired efferocytosis in advanced atherosclerosis remains largely
unknown. As efferocytosis is a high-capacity process, overwhelming apoptotic death of
lesional macrophages is unlikely to act as the primary force (Henson et al., 2001). In line with
this, when apoptosis is genetically increased in efferocytosis-competent early plaques, dying
cells are removed efficiently (Tabas, 2010). Therefore, it is more plausible that either
efferocytosis itself becomes defective or the quality of lesional apoptotic cells worsens for
efficient uptake (Figure 5). The latter view is supported by findings that in advanced plaques,
apoptotic cells display reduced levels of surface calreticulin (Kojima et al., 2014) as well as
increased CD47 expression (Kojima et al., 2016), both rendering them poorly recognizable
by lesional efferocytes. In addition, PtdSer can be either hydrolyzed or masked on apoptotic
surfaces by PLA, (Wilensky and Macphee, 2009) or the pro-inflammatory molecule high-
mobility group box 1 (HMGB1) (Weber and Noels, 2011), respectively. The accumulating
amount of lipids and reactive oxygen species may also compete for apoptotic cell binding

over disease progression.

Growing evidence suggests that the pro-inflammatory environment impacts the expression
and function of key efferocytosis molecules in advanced atherosclerotic lesions. As such
examples, the surface levels of MerTK and LRP1 on macrophages gradually decrease over
plague progression and this decline is accompanied by an enhanced proteolytic cleavage by
the metalloproteinase ADAM17 (Cai et al., 2017; Costales et al., 2013; Gorovoy et al., 2010).
Furthermore, reduced availability of bridging molecules, such as MFG-E8 and C1q has been
demonstrated to promote necrotic core formation and to exacerbate experimental
atherosclerosis (Table 1). Finally, defects in mitochondrial fission and calcium-dependent

vesicular trafficking as well as impaired LAP can contribute to the inefficient internalization
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and degradation of dying cells (Martinez et al., 2016; Wang et al., 2017). As a result, the
combination of these processes manifests in defective efferocytosis and transform stable

atherosclerotic plaques into highly inflammatory, necrotic and non-resolving culprit lesions.
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phospholipids (OxPL) are recognized by their respective receptors Mer tyrosine kinase (MerTK),
LDL-r ecept or related protein 1 (LRP1) as well

directly or mediated by bridging molecules such as growth arrest-specific 6 (Gas6) for PtSer,
complement protein C1q for calreticulin and milk fat globule-epidermal growth factor 8 (MFG-E8)
for OxPL. Calcium-dependent vesicular trafficking events driven by mitochondrial fission and
LC3-associated phagocytosis (LAP) promote phagolysosomal fusion and the hydrolytic
degradation of apoptotic material. Simultaneously, natural IgM antibodies with reactivity towards
oxidation-specific epitopes (OSE) further enhance the efficient clearance of dying cells via
complement receptors. Defective efferocytosis (below) - In advanced atherosclerosis, one or
more of these mechanisms are dysfunctional and can lead to defective efferocytosis propagating
non-resolving inflammation and plague necrosis. Additional processes contributing to impaired
efferocytosis include ADAM-17-mediated cleavage of MerTK as well as the inappropriate
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1.1.3 Additional components of cellular and humoral immunity in atherosc lerosis

Although monocyte-derived macrophages are undoubtedly the hallmark cells of
atherosclerosis, they are only one of the many members of the vertebrate immune system all
involved in atherosclerotic lesion formation. In principal, the vertebrate immune system is
divided in two separate branches: the innate immunity (including macrophages) and the
adaptive or acquired immunity (Figure 6 ). While innate immunity acts as the first line of self-
defense and is specialized to recognize well-conserved structures on pathogens and
modified host cells, adaptive immunity had developed later during evolution and is
responsible for generating highly specific immune responses as well as immunological
memory. Both innate and adaptive immunity comprise cellular as well as humoral (molecular)
components (Delves and Roitt, 2000a, b). Studies investigating the single-cell immune
landscape of murine as well as human plaques confirmed that all sorts of immune cell
populations are present in atherosclerotic lesions and the adventitia (Cochain et al., 2018;
Fernandez et al.,, 2019; Kim et al., 2018; Winkels et al., 2018). Among them, different
subsets of T lymphocytes are the most abundant, followed by B lymphocytes, dendritic cells,
natural killer (NK) cells and neutrophils. Moreover, each of them - along with other cell types
including endothelial cells, epithelial cells and hepatocytes i has the ability to secrete and
respond to the humoral components of immunity, which consists of a myriad of molecules

with important effector and mediator functions.

Figure 6 7 The immune system of vertebrates 1 Adapted and modified from Creative

Diagnostics (www.creative-diagnostics.com).
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