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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 Ldlr-/- 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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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-à-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 erhöhte Lipide verursachte chronische 

Entzündungserkrankung der Arterienwand, die in weiterer Folge zu Myokardinfarkt und 

Schlaganfall, den häufigsten Todesursachen weltweit, führt. 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 Läsionen naheliegend. Das 

Komplementsystem besteht aus einer Reihe von Proteinen und Proteasen, die nach 

Stimulierung zur Bildung einer sich selbst kontrollierenden Amplifikationskaskade fähig sind. 

Obwohl man bisher annahm, dass die Komplementaktivierung nur auf den extrazellulären 

Raum begrenzt ist, gibt es immer mehr Belege dafür, dass bei einer Reihe von Zelltypen die 

Aktivierung der zentralen Komplementkomponente C3 auch intrazelluläre erfolgen kann und 

essentiell für die Kontrolle von grundlegenden zellulären Prozessen, wie Zelltod und 

Autophagie, ist. Ob und wie die intrazelluläre Komplementaktivierung reguliert wird war 

bisher unbekannt. 

Die Ergebnisse, die in dieser Doktorarbeit präsentiert werden, basieren auf der Hypothese, 

dass intrazelluläres Komplement in Immunzellen aktiv reguliert wird und eine entscheidende 

Funktion in der Modulierung der Entzündungsantwort während der Atherosklerose ausübt. 

Tatsächlich konnte hierbei Komplementfaktor H (CFH), der Hauptregulator der alternativen 

Komplementaktivierung, als Schlüsselkomponente identifiziert werden. Wir konnten zeigen, 

dass dies unabhängig von unserer ursprünglichen Erkenntnis, dass systemische, jedoch 

nicht hämatopoetische CFH Defizienz in einer gestörten Entwicklung von B-Zellen in der Milz 

und Autoimmunität resultiert. Weiters deuten unsere Ergebnisse darauf hin, dass CFH ein 

einzigartiges Expressionsprofil unter den kanonischen Komplementrepressoren aufweist, 

welches auf Monozyten begrenzt ist und durch Entzündungsreize, als auch 

Hypercholesterinämie hochreguliert wird. Zudem besitzt CFH die Eigenschaft, intrazelluläres 

C3 in Makrophagen während einer Entzündungsreaktion zu kontrollieren. In 

atheroskleroseanfälligen Ldlr-/- Mäusen verhindert die hämatopoetische Deletion von CFH 

Atherosklerose und die Bildung von Plaquenekrosen, dem primären Merkmal von 

fehlerhafter Efferozytose. Damit einhergehend konnten wir durch Transkriptom Analyse von 

Makrophagen zeigen, dass die Defizienz von CFH die Expression von Efferozytose-

begünstigender Gene induziert, wie zum Beispiel Zelloberflächenrezeptoren, die an der LC3-

assoziierten Phagozytose, einer nicht-kanonischen Form der Autophagie, involviert sind. 
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Dementsprechend konnten wir auch zeigen, dass CFH-defiziente Makrophagen erhöhte 

Autophagie-Aktivität ausüben und eine gesteigerte Efferozytosekapazität ex vivo sowie in 

atherosklerotischen Läsionen besitzen. Zusammenfassend konnten wir daher einerseits 

neue systemische Effekte von hepatischem CFH in der B-Zellentwicklung und –antwort und 

andererseits die dominante Rolle von monozytärem 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 überdies zur Aufklärung der 

Komplementregulierung im extrazellulären und intrazellulären Raum bei. Unsere 

Erkenntnisse unterstreichen die Notwendigkeit von neuartigen Therapiestrategien die das 

Komplementsystem lokal anvisieren. 
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Introduction         1 

 

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: 

I) the current scientific consensus on the underlying pathology of atherosclerosis 

with special emphasis on the role of macrophages in plaque formation. 

II) 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. 

III) the present knowledge on the involvement of complement activation in 

atherosclerosis development discussing all the to-date available complement-

related literature in experimental atherosclerosis. 

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

regulatory effects. 
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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 plaque 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 plaques 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. 

  

 

Figure 1 – Top 10 global causes of death in 2016 – 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 

http://www.who.int/
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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 macrophages 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 Ly6Clo monocytes (similar to 

CD16+CD14dim monocytes in humans) possess a patrolling function and enter the lesions 

less readily, inflammatory Ly6Chi 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-filled necrotic core, which 

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

 

 

Figure 2 – Initiating stages of atherosclerosis development – 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
lo
 monocytes patrol the vasculature, Ly6C

hi
 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 formation 

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 giving them a ‘foamy’ appearance; 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-A1 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 the ‘foam’ of foamy macrophages (Brown et al., 1980). Excess 
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cholesterol is disposed by macrophages via reverse cholesterol transport, which requires 

ABCA1- and ABCG1-mediated trafficking of cholesterol to lipid-poor apolipoprotein A1 

(APOA1) 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 ABCG1 is transcriptionally induced by the sterol sensing transcription factors 

liver X receptor alpha (LXRα) and beta (LXRβ) (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 ABCG1 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. 

 

 

Figure 3 – The effect of lipid sensing on lesional macrophages – 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 ABCG1. Adapted from (Weber 

and Noels, 2011). 
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The effects of excessive 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-κB) 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-1β) 

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-1β has been shown to reduce IL-

18 levels and lesion size in experimental atherosclerosis (Duewell et al., 2010). Moreover, 

the potential efficacy of IL-1β targeting in reducing cardiovascular disease risk was recently 

evaluated in a randomized, double-blind and event-driven phase III study, called the 

Canakinumab Anti-Inflammatory Thrombosis Outcomes Study (CANTOS). Subcutaneous 

administration of canakinumab, a selective, high-affinity human monoclonal antibody against 

IL-1β 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). 

Macrophage death and lesion progression  

Apoptotic macrophage death due to lipid misbalance requires constant monocyte infiltration 

to the plaques that contributes to a non-resolving inflammatory condition and leads to 

qualitative 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 plaques as well as weakens the fibrous cap, a protective scar 
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covering the inflamed lesion (Glass and Witztum, 2001). Importantly, plaque 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-β) and pro-resolving lipid mediators. Moreover, it also promotes the survival of the 

  

 

Figure 4 – Progression of atherosclerosis – 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 succumb to apoptotic cell death, they secrete so called ‘find-me’ 

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 – either directly or through bridging molecules - ‘eat-me’ signals, 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 

(Table 1). The binding of externalized ‘eat me’ signals together with coupling with additional 

receptors triggers dynamic cytoskeletal reorganization around the dying cell and mediates 

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

PtdSer on their surface are protected from this process due to the presentation of ‘don’t eat 

me’ molecules including CD31 and CD47 that actively hinder efferocytosis (Brown et al., 

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, Drp1-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 

MerTK Receptor PtdSer 
promotes efferocytosis, 

blocks necrotic core formation 

(Ait-Oufella et al., 2008; 
Cai et al., 2017; Thorp et 

al., 2008) 

Tim-1/Tim-4 Receptor PtdSer promotes efferocytosis (Foks et al., 2016) 

Axl Receptor PtdSer no effect 
(Subramanian et al., 

2016) 

LRP1 Receptor calreticulin 
promotes efferocytosis, 

blocks necrotic core formation 

(Overton et al., 2007; 
Yancey et al., 2010; 
Yancey et al., 2011) 

SR-B1 Receptor oxPL 
promotes efferocytosis, 

blocks necrotic core formation 
(Tao et al., 2015) 

CD36 Receptor oxPL 
conflicting, but mainly pro-

atherogenic 
(Park, 2014) 

Gas6 
Bridging 
molecule 

PtdSer reduces plaque stability (Lutgens et al., 2008) 

C1q 
Bridging 
molecule 

calreticulin promotes efferocytosis 
(Bhatia et al., 2007; Lewis 

et al., 2009; Pulanco et 
al., 2017) 

MFG-E8 
Bridging 
molecule 

oxPL blocks necrotic core formation (Ait-Oufella et al., 2007) 

TG2 
Bridging 
molecule 

several Promotes efferocytosis (Boisvert et al., 2006) 

Calreticulin 
Eat-me 
signal 

- 
promotes efferocytosis, 

blocks necrotic core formation 
(Kojima et al., 2014) 

CX3CL1 
Find-me 
signal 

- 
reduces plaque complexity, less  

lesional macrophages 
(Teupser et al., 2004) 

Fas/Fas 
ligand 

Find-me 
signaling 

- blocks efferocytosis 
(Aprahamian et al., 2004; 

Feng et al., 2007) 

CD47 
Don’t-eat 
me signal 

- 
blocks efferocytosis, 

promotes necrotic core formation 
(Kojima et al., 2016) 

 

Table 1 – Efferocytosis-related molecules studied in experimental atherosclerosis – 

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 A1 that suppresses phospholipase A2 (PLA2) activity; 

anti-inflammatory cytokines, such as IL-10 and TGF-β that downregulate the secretion of pro-
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inflammatory cytokines; gasses, such as hydrogen sulfide that suppresses NF-κB 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 A1 

(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 PLA2 (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 

plaque 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. 

 

 

Figure 5 – Processes involved in lesional efferocytosis – Efficient efferocytosis (above) - 

externalized “eat me” signals including phosphatidylserine (PtSer), calreticulin and oxidized 

phospholipids (OxPL) are recognized by their respective receptors Mer tyrosine kinase (MerTK), 

LDL-receptor related protein 1 (LRP1) as well as integrin αvβ3 and CD36 on macrophages either 

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 plaque necrosis. Additional processes contributing to impaired 

efferocytosis include ADAM-17-mediated cleavage of MerTK as well as the inappropriate 

expression of the “don’t eat me” signal CD47 on apoptotic cell surfaces. 
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1.1.3 Additional components of cellular and humoral immunity in atherosclerosis 

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 – 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 – The immune system of vertebrates – Adapted and modified from Creative 

Diagnostics (www.creative-diagnostics.com). 

http://www.creative-diagnostics.com/
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Neutrophils and dendritic cells in atherosclerosis 

Similar to monocytes and macrophages, both neutrophils and dendritic cells belong to the 

innate arm of immunity. Neutrophils are short-lived effectors of the innate immune response 

and the very first cells to arrive to the site of inflammation. Therefore, they play an important 

role in the initial phase of atherosclerosis development mainly by triggering the intimal 

recruitment of monocytes via releasing ‘find me’ and ‘eat me’ signals (Weber and Noels, 

2011). In line with this, neutrophil depletion results in decreased monocyte infiltration and 

reduction in early plaque size in experimental atherosclerosis (Drechsler et al., 2010; 

Zernecke et al., 2008). However, recent evidence suggests a role for neutrophils in chronic 

atherogenesis. Upon TLR or Fc receptor activation, neutrophils can release their nuclear 

content including DNA fibers and chromatins. This leads to the formation of a scaffold to 

which various antimicrobial proteins can adhere, termed neutrophil extracellular traps (NET). 

NETs can prime macrophages and T cells for pro-inflammatory cytokine release and 

promote thrombus growth (Papayannopoulos and Zychlinsky, 2009; Warnatsch et al., 2015). 

Therefore, the continuous presence of neutrophils in advanced atherosclerotic lesions can 

act as a trigger for luminal thrombosis. 

Dendritic cells are well positioned at the crossroad of innate and adaptive immunity and are a 

rather versatile population that includes resident, migratory and inflammatory subtypes (Libby 

et al., 2013). They are considered to be mainly of Ly6Clo monocyte origin and have high 

proliferative capacity in the intima via a GM-CSF dependent mechanism. Although they 

share functional and phenotypic similarities with macrophages, they are bona fide antigen-

presenting cells and are instrumental to activate or suppress the activation of adaptive 

immunity, especially of T cell responses. In early lesions dendritic cells secrete pro-

inflammatory cytokines, break T cell tolerance and license them to atherogenic responses. In 

advanced plaques, they limit regulatory T cell expansion and sustain atherosclerosis (Weber 

and Noels, 2011). Thus, dendritic cells exert pro-atherogenic effects by translating innate 

danger signals into a corroborating adaptive immune response. 

Adaptive immunity in atherosclerosis 

Adaptive immunity uses antigen specificity to provoke potent defense and long-lasting 

memory against pathogens or danger signals. The cellular components are composed 

predominantly of lymphocytes, including T cells and B cells. The high specificity of the 

antigen response is generated by V(D)J recombination and somatic hypermutation, which 

lead to a remarkable diversity in T cell receptor (TCR) of T cells and antibody repertoire of B-

cell derived, antibody-producing plasma cells (Janeway, 2011). Advanced plaques are 

characterized by a clonal expansion of effector T cells following antigen presentation by 
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dendritic cells. T cells can be divided into two main subgroups: CD4+ T cells that are able to 

differentiate into multiple types of helper T cells and cytotoxic CD8+ cells. While to date, the 

role of CD8+ T cells in atherosclerosis is rather unexplored, the ratio of various types of 

helper T cells (Th) has been shown to define disease progression. Interferon gamma (IFN-y)-

producing effector Th1 cells exacerbate plaque formation mainly by influencing macrophage 

polarization (Tse et al., 2013). In line with this, hypercholesterolemic mice deficient in the 

signature Th1-differentiating transcription factor Tbet develop decreased atherosclerosis 

(Buono et al., 2005) and plaques of symptomatic patients are characterized by a distinct 

subset of activated and differentiated CD4+ T cells (Fernandez et al., 2019). Conversely, 

CD4+CD25+FoxP3+ regulatory T cells (Tregs) are negative regulators of pro-inflammatory 

effector cells and are believed to be atheroprotective. Their commitment is driven by IL-10 

and TGF-β exposure and therefore, their numbers gradually decline during disease 

progression. In summary, a misbalance in Th1 and Treg numbers can reflect phenotypic 

plasticity and metabolic conditions in the plaque and greatly affect macrophage polarization 

and lesion progression/regression (Tabas and Lichtman, 2017). 

A recent network-based integrative approach revealed that B cell-related genes are 

causative in coronary heart disease (Huan et al., 2013). Compared to T lymphocytes, B cells 

are fewer in lesions, but more prevalent in the adventitia. B cells come in many different 

subtypes, but can be classified into two main subsets according to their developmental 

origin: B1 and B2 cells. While B1 cells develop during fetal liver hematopoiesis and reside 

mainly in the peritoneum and pleural cavity, B2 cells are bone marrow-derived and their 

terminal differentiation towards follicular B (FO B) cells or marginal zone B (MZB) cells takes 

place in the spleen (Tsiantoulas et al., 2015). B1 cells exert atheroprotective effects mainly 

due to the secretion of germline-encoded natural immunoglobulin M (IgM) antibodies with 

high specificity against danger-associated signals (Tsiantoulas et al., 2014). Upon binding 

OSEs, natural IgM can neutralize the proinflammatory effects of oxLDL, temper foam cell 

formation and mediate the anti-inflammatory clearance of apoptotic cells (Binder, 2010; Chou 

et al., 2009). In line with this, adoptive transfer of wildtype, but not secreted IgM-deficient B1 

cells can dampen lesion formation in splenectomized mice (Kyaw et al., 2011).  

The effect of B2 cells on atherosclerosis is less evident. While both FO B cells and MZB cells 

were considered to induce plaque formation via the production of proatherogenic IgG and 

IgE antibodies, a recent study has identified a protective role for MZBs in modulating the 

response of follicular helper T cells to hypercholesterolemia (Nus et al., 2017). Moreover, X-

Box binding protein-1 (XBP1)-mediated plasma cell responses were also found to attenuate 

atherosclerosis development (Sage et al., 2017). However, two recent studies confirmed that 

FO B cell-derived plasma cells promote atherosclerotic lesion formation by producing 
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pathogenic IgG antibodies via a mechanism that involves Blimp-1, MHCII and CD40 (Tay et 

al., 2018) as well as T cell-dependent germinal center formation (Centa et al., 2019). 

Although of note, IgG antibodies may also limit plaque vulnerability by enhancing smooth 

muscle cell proliferation (Centa et al., 2019). Finally, a small subset of splenic B cells, called 

innate response activator (IRA) B cells characterized by GM-CSF secretion has been shown 

to aggravate atherosclerosis by expanding oxLDL-specific IgG2c antibodies (Hilgendorf et 

al., 2014). Thus, B cells – predominantly via the antibody-mediated humoral immune 

response – play an important role in atherosclerosis (Figure 7) and represent a plausible 

target for future therapeutic approaches to combat cardiovascular disease. 

 

 

Figure 7 – The role of B cells in atherosclerosis – Fetal liver-derived B1 cells protect from 

atherosclerosis predominantly by the secretion of natural IgM antibodies against danger-

associated molecular patterns. Innate-like MZ B cells also mitigate lesion formation via 

modulating follicular helper T cell responses. On the contrary, FO B and IRA B cells exaggerate 

atherosclerosis due to the secretion of pro-atherogenic class-switched IgG and IgE antibodies.  

 

Humoral components of innate immunity in atherosclerosis 

The humoral innate immune response is composed of conserved, soluble serum 

components, such as antitoxins, bacteriolysins, opsonins, collectins, pentraxins as well as 

the components of the complement system (Shishido et al., 2012). While these molecules 

have key functions in controlling viral and bacterial infections, they are often pathogenic in 
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chronic inflammatory diseases including atherosclerosis. Accordingly, C-reactive protein 

(CRP), an acute phase protein belonging to the pentraxin family, is used as an important 

predictor of myocardial infarction and stroke, as its levels are strongly associated with 

cardiovascular diseases; although no casual effect of CRP on atherosclerosis exists (Paffen 

and DeMaat, 2006). The physiological role of CRP is to bind to dying cells or bacteria and 

activate the central element of innate humoral immunity, the complement system. 
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1.2 The complement system 

Complement is one of the cornerstones of innate immunity and is comprised of a number of 

evolutionarily conserved, soluble peptides that are present in the circulation as inactive 

precursors (Figure 8). Upon stimulation, these components are able to form an amplifying 

cascade that leads to complement activation in a self-controlling manner (Walport, 2001a). 

Complement was discovered more than 100 years ago (Ehrlich & Morgenroth, 1899) and 

was named after its ‘complementary’ bactericidal activity that enhances the function of 

antibodies and phagocytic cells in the clearance of invading pathogens and damaged host 

cells (Walport, 2001b). Moreover, it also participates in modulating B cell responses (Carroll, 

2004; Carroll and Isenman, 2012). Thus, complement has a crucial role in maintaining 

cellular integrity and tissue homeostasis as well as in regulating adaptive immunity (Figure 

9). 

 

 

Figure 8 – Systemic complement activation – Liver-derived systemic complement activation is 

the first line of immune response against invading microorganisms. The complement cascade 

can be initiated by three major pathways: the classical, the lectin and the alternative pathway and 

they all converge at the step of C3 cleavage, followed by C5 activation and membrane attack 

complex (MAC) assembly. Host cells are protected from extensive complement activation via a 

wide array of complement regulators (in red). Adapted from (Kolev et al., 2014). 

 

1.2.1 Initiation of complement activation 

Upon encountering biological surfaces, the inactive components of complement undergo 

structural modifications, which allow them to assemble with other complement molecules. 
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This results in the generation of effector compounds and active proteases that further 

perpetuate cascade progression. Importantly, different complement activators can trigger 

separate pathways of complement activation. In general, complement can be divided into 

three main pathways: the classical, the lectin and the alternative pathway. All three pathways 

revolve around the proteolytic cleavage of the central complement component C3 which is a 

convergence point in further downstream complement activation (Reis et al., 2019).  

The classical pathway 

The classical pathway is initiated by the engagement of the C1-complex (C1qr2s2). As C1q 

preferentially binds immune complexes consisting of antibody-bound antigens, antibodies are 

considered as the most potent activators of the classical pathway. Due to their pentameric 

structure, IgMs have the highest complement-fixing potential, while IgG-mediated 

complement activation requires the interaction of C1q with 2-6 IgG molecules at the same 

time (Ugurlar et al., 2018). Notably, the classical pathway can also be triggered in an 

antibody-independent manner via antigens that directly bind C1q, such as mitochondrial 

products, beta-amyloid fibrils as well as viruses and certain bacteria (Holers, 2014). Upon 

binding, a conformational change occurs in the C1q molecule, which promotes the 

autocatalytic activation of the serine protease C1r molecule and the subsequent 

transactivation of C1s. As a consequence, C1s cleaves complement components C4 and C2 

into C4a, C2a, C4b and C2b. Ultimately, C4b and C2b bind to assemble into the classical 

pathway C3 convertase (C4bC2b complex) with C3-cleaving ability (Mortensen et al., 2018). 

The lectin pathway 

The initiation of the lectin pathway is homologous to the classical pathway, but the target 

recognition involves different opsonins, such as mannose binding lectin (MBL) or ficolins, 

instead of C1q. These proteins belong to the collectin family and recognize repeated simple 

sugar moieties (such as mannose residues) on the surface of microorganisms leading to the 

activation of MBL-associated proteases mannose-binding lectin serine protease 1 (MASP1) 

and MASP2, which subsequently cleave C2 and C4 to form the classical pathway C3 

convertase (Fujita, 2002; Gal et al., 2007). Therefore, the lectin pathway has a prominent 

function in the removal of foreign invaders. 

The alternative pathway 

The alternative pathway does not demand any specific trigger as it is continuously activated 

to a low extent in the fluid phase. Due to its unstable nature, C3 undergoes a conformational 

change as a consequence of spontaneous hydrolysis derived from the breakdown of its 

internal thioester bond (Zipfel et al., 2007). This process is also referred as a ‘tick-over’ 
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mechanism and results in a ‘C3b-like’ C3, termed C3H2O. Surface-bound C3H20 can interact 

with factor B and in the presence of factor D they form the alternative pathway C3 convertase 

C3bBb. This convertase is stabilized by the complement activator properdin and the C3bBbP 

complex then acts as the trigger for additional C3 cleavage, which can also deposit on the 

same biological surface as C3b and recruit additional factor B, factor D and properdin 

molecules to greatly amplify local complement activation (Walport, 2001a).  

1.2.2 C3 cleavage and amplification 

Both the classical pathway (C4bC2b) and the alternative C3 convertases (C3bBb) cleave C3 

to C3a and C3b. C3a has anaphylactic and antimicrobial ability and it serves to recruit innate 

effector cells to the site of inflammation by engaging the C3a receptor (Nordahl et al., 2004). 

Meanwhile, C3b gets deposited on nearby surfaces and can trigger an amplifying reaction by 

forming surface-bound C3 convertases. Deposition of C3b on microbial or apoptotic surfaces 

leads to opsonization, which mediates the anti-inflammatory phagocytosis of these particles. 

When inflammation progresses, C3 convertases may additionally bind another C3b that 

results in the formation of a C5 convertase (C4bC2bC3b or C3bBbC3b). These complexes 

cleave C5 into the anaphylactic peptide C5a and C5b. C5b then initiates the terminal 

pathway by recruiting C6, C7, C8 and C9 to form the membrane attack complex (MAC, also 

known as terminal complement complex) (Ricklin et al., 2016). Ultimately, this assembly 

results in pore formation and the lysis of the bacteria or cells. 

1.2.3 Complement regulation  

Although complement has a crucial housekeeping function in clearing microorganisms and 

dying cells, it can also act as a double-edged sword when it attacks host bystander cells 

during infection or inflammation. To prevent this scenario, a wide array of complement 

regulators is available to ensure maximal protection on uncompromised host cell surfaces to 

block complement activation thereby sustaining a delicate balance between amplification and 

inhibition (Holers, 2014). Furthermore, complement repressors secure that complement 

activation only proceeds until C3b opsonization on damaged host cell surfaces, thus 

mediating their non-inflammatory removal. Inappropriate function of regulators can therefore 

lead to host cell damage, the accumulation of apoptotic cells, secondary necrosis and the 

development of immunopathologies and autoimmune diseases (Figure 10). The relevance of 

complement inhibition is well emphasized by the high numbers of regulators that act at all 

levels of the pathway. In fact, they exceed the number of complement components (C1 to 

C9) and can be categorized in three distinct classes based on their site of actions. 
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Figure 9 – Main mechanisms of differential complement activation – (1) On the surface of 

foreign cells and materials, all complement pathways (CP – classical pathway, LP – lectin 

pathway, AP – alternative pathway) become activated leading to MAC-dependent lysis and cell 

damage. (2) The released C3a and C5a recruit and prime immune cells via C3aR1 and C5aR1, 

while the (3) interaction of C3b with membrane-integral complement receptors (CR) facilitates cell 

adhesion and phagocytic engulfment. Furthermore, complement modulates adaptive immunity (4) 

via the engagement of the B-cell co-receptor CR2 (CD21) by inactivated C3b products iC3b and 

C3dg that lowers the threshold for B cell receptor activation. (5) Unmodified host cell surfaces are 

protected from exaggerated complement activation by a myriad of complement regulators 

including C1-INH, MAP1 and the repressors of complement activation (RCA) family (see Figure 

13). Lastly, (6) the non-inflammatory removal of apoptotic cells, immune complexes and cell 

debris is mediated by direct sensing of DAMPs or through complement activators, such as 

pentraxins (e.g. PTX3) and antigen-bound IgM leading to controlled C3b-associated 

phagocytosis.  Adapted and modified from (Ricklin et al., 2016). 

 

Membrane-integral complement receptors 

Membrane-integral clearance receptors convey the signal derived from bioactive 

complement cleavage products including C3a, C3b, C4b and C5a to modulate inflammatory 

responses, such as phagocytosis (Ricklin et al., 2016). Five major effector receptors are 
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involved in driving effector functions via C3b and C4b deposited on target surfaces: CR1 (or 

CD35), CR2 (or CD21), CR3 (CD11b-CD18), CR4 (CD11c-CD18) and CRIg (also known as 

VSIG4). The distribution and the expression profile of these regulators highly vary between 

distinct cell types. The anaphylactic peptides C3a and C5a activate transmembrane 

spanning receptors C3aR as well as C5aR1 (CD88) and C5aR2 (C5L2), respectively. These 

receptors are highly abundant on innate immune cells, such as neutrophils, monocytes and 

macrophages. While C3a appears to display less biological effects, C5a exerts multiple pro-

inflammatory properties including leukocyte recruitment, neutrophil aggregation and 

inflammasome activation, mainly via engaging C5aR1. Although structurally similar, the exact 

role of C5aR2 is not well described as has been believed to act as a decay receptor to 

attenuate the actions of C5a. Finally, receptors for direct C1q binding have been recently 

identified including C1qR and SIGNR1 (CD209) (Reis et al., 2019; Zipfel and Skerka, 2009).  

Membrane zone complement regulators 

Membrane zone repressors include CD46 (also known as MCP), CD55 (also known as 

decay accelerating factor; DAF) and CD59 (or protectin). CD46 is present on every cell 

except for erythrocytes and it blocks the effects of C4b and C3b. CD55 and CD59 are both 

expressed by most cells and inhibit the decay of the classical and alternative C3 convertases 

or MAC formation, respectively. These regulators control all three pathways of complement 

activation and act in a homologous manner on every cell surface (Kim and Song, 2006). 

Fluid phase regulators 

Fluid phase regulators are abundant in plasma and other body fluids and thus, largely affect 

systemic complement activation. They are more specific in function compared to membrane 

zone repressors, as they control either the alternative or the classical/lectin pathways and act 

essentially on either C3 or C4 (Noris and Remuzzi, 2013). The fluid phase repressors of the 

classical and lectin pathway include C1 inhibitory protein (C1INH), C4-binding protein (C4BP) 

and carboxypeptidase N, while the alternative pathway C3 activation is regulated by 

properdin, complement factor H (CFH) and its alternative splice variant, FHL-1. In addition, 

CFH-related protein 1 (CFHR1), clusterin and vitronectin can control the terminal stages of 

the complement cascade (Zipfel and Skerka, 2009). It is now evident that several fluid phase 

regulators can attach to cell surfaces or bio-membranes and provide an additional layer of 

protection for host cells (Borras et al., 2019; Clark et al., 2013). Moreover, they can also bind 

to modified host cells, such as apoptotic cells and bodies to prevent terminal pathway 

activation on their surface and mediate their anti-inflammatory clearance (Mihlan et al., 2009; 

Trouw et al., 2005). In this aspect, the two main soluble complement repressors C4BP and 

CFH have been shown to play the major role. 
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Molecule Pathway Ligand Expression pattern Function 

Membrane-integral complement receptors 

CR1/CD35 C3 
C3b, iC3b, 
C4b, C1q 

ubiquitous 
immune complex clearance, 

enhancement of phagocytosis 

CR2/CD21 C3 
C3dg, C3d, 

iC3b 
mainly B cells, 
follicular DCs 

B cell co-stimulation, immune 
complex clearance 

CR3/MAC1 C3 iC3b 
among immune cells, 
mainly myeloid cells 

iC3b-mediated phagocytosis 

CR4 C3 iC3b 
monocytes, 

macrophages, DCs 
iC3b-mediated phagocytosis 

VSIG4/CRIg C3 
C3b, iC3b, 

C3c 
macrophages iC3b-mediated phagocytosis 

C3aR C3 C3a 
myeloid cells, APCs, 
T cells, astrocytes, 

neurons 

immune cell recruitment, 
inflammation 

C5aR1/CD88 C5 C5a 
mainly myeloid cells, 

APCs, T cells,  
immune cell recruitment, 

inflammation 

C5aR2/C5L2 C5 C5a 
macrophages and 

neutrophils 
immune cell recruitment, 

inflammation 

C1qR/CD93 Classical C1q 
monocytes, 

macrophages, 
B cells 

phagocytosis, cell adhesion 

SIGNR1/CD209 Classical C1q DCs, macrophages enhancement of phagocytosis 

Membrane zone complement regulators 

CD46/MCP C3 C3b, C4b 
all cells except 
erythrocytes 

C3 degradation, co-factor 
activity for factor I and CFH 

CD55/DAF C3 Convertases Ubiquitous 
acceleration of C3 convertase 

decay 

CD59/protectin Terminal C8 & MAC Ubiquitous inhibition of MAC assembly 

Fluid-phase complement regulators 

C1q Classical 
Immune 

complexes 
binds to apoptotic 

cell surfaces 
activation of the classical 

pathway 

C1INH 
Classical 
and lectin 

C1r, C1s, 
MASP2 

NA 
blocks classical and lectin 

pathway activation 

C4BP 
Classical 
and lectin 

C4 
acquired to the 

surface 

co-factor activity for factor I, 
acceleration of C4bC2b 

decay 

Carboxy-
peptidase N 

Classical 
and lectin 

C3a, C4a, 
C5a 

NA inactivation of anaphylatoxins 

Properdin Alternative C3 
binds to apoptotic 

cell surfaces 
stabilization of C3bBb 

CFH Alternative C3b, C3d 
acquired to the 

surface 
co-factor activity for factor I, 
acceleration of C3bBb decay 

FHL-1 Alternative C3b 
acquired to the 

surface 
co-factor activity for factor I, 
acceleration of C3bBb decay 

CFHR1 Terminal 
C5 con-
vertase, 

MAC 

acquired to the 
surface 

inhibition of C5 convertase 
and MAC assembly 

Clusterin Terminal 
C7, C8, C9, 

MAC 
NA inhibition of MAC assembly 

Vitronectin Terminal C5b-7, MAC NA inhibition of MAC assembly 

Table legend on next page 
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Table 2 – Complement regulators and receptors - Adapted and modified from (Zipfel and Skerka, 

2009). 

1.2.4 Sites of complement synthesis 

It has been long acknowledged that the liver is the primary source of complement secretion. 

However, it is now evident that almost every cell - including immune cells, epithelial cells, 

endothelial cells and fibroblasts - can produce complement proteins and in certain immune-

sequestered organs, such as the eye, local production by resident cells outweighs the 

contribution of hepatic, systemically circulating complement (Kolev et al., 2014). The 

significance of local complement production is well underlined by studies showing that 

macrophage-derived C4 can restore the defective humoral immune response in serum C4 

deficient mice (Gadjeva et al., 2002) and C3 of epithelial origin regulates acute renal 

transplant rejection (Pratt et al., 2002). Moreover, dysregulated synthesis of complement 

factors by adipocytes has been associated with partial lipodystrophy (Rosen et al., 1989). 

 

 

Figure 10 – Complement in pathology – While complement can largely benefit the host (a-c) 

by recognizing and lysing invading pathogens and mediating the non-inflammatory removal of 

apoptotic cells, uncontrolled complement activation (d-e) due to the lack of proper complement 

regulation results in host tissue damage and an impaired clearance of dead cells that can 

culminate in autoimmune diseases. Acquisition of complement regulators (f) is used as a 

common immune evasion strategy by microorganisms or tumor cells to enhance the control over 

complement in their microenvironment thereby escaping elimination. This can lead to severe 

infections and increased tumor growth. Adapted from (Zipfel and Skerka, 2009). 
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The site of synthesis dictates the function of complement activation. While systemic C3 and 

C5 have crucial sentinel role in protecting against invading microorganisms and accordingly, 

patients with C3 or C5 deficiency develop recurrent infections, local synthesis of complement 

appears to have a key role in the activation and modulation of immune cell functions (Kolev 

et al., 2014). Consistently, the presence of a wide array of complement receptors on immune 

cells allows both rapid autocrine and paracrine complement signaling. For example, T cell 

receptor stimulation leads to the generation of C3 and C5 by CD4+ T cells as well as the 

formation of C3 and C5 convertases in the extracellular space (Strainic et al., 2008). This 

ultimately results in C3a and C5a generation, which can engage their respective receptors on 

the surface of T cells and promote cellular responses in an autocrine manner. Furthermore, 

anaphylatoxins secreted by antigen presenting cells can drive T cell expansion and 

differentiation in a paracrine fashion (Lalli et al., 2008). Therefore, extrahepatic complement 

production might have evolved to respond to nearby environmental cues which require the 

induction, differentiation or effector function of local immune cells.  

1.2.5 New paradigm in complement research – the intracellular complement 

Traditionally, both systemic and local complement activation were considered to be confined 

to the extracellular space. However, growing evidence suggests that complement activation 

fragments are generated also within cells, which led to a novel paradigm in complement 

research: the concept of intracellular complement activation (Figure 11). Specifically, recent 

work using human T cells showed that CD4+ T cells are equipped with intracellular C3 stores 

where the cleavage of C3 continuously occurs via cathepsin L (CTSL) into functionally active 

C3a and C3b (Liszewski et al., 2013). C3a then activates C3aR located on lysosomes 

thereby promoting the homeostatic survival of T cells via mammalian target of rapamycin 

(mTOR) signaling. This whole intracellular system is able to translocate to the cell surface 

upon T cell activation where membrane-bound C3aR and CD46 further mediate IFN-γ 

production and Th1 induction in an autocrine fashion. The dysregulation of this intracellular 

complement machinery has disease relevance, as T cells isolated from patients with juvenile 

idiopathic arthritis display hyperactive intracellular C3 activation and exacerbated Th1 

responses, which can be rescued with a cell permeable inhibitor against CTSL. Interestingly, 

individuals with serum C3 deficiency, whose Th1 responses are severely impaired, can still 

produce sufficient levels of intracellular C3a to maintain cell survival (Liszewski et al., 2013). 

Thus, the cellular location of complement receptors highly defines their function in cell 

homeostasis. 
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Importantly, intracellular C3 activation is not limited to T cells and has been observed in 

many other cell types (Liszewski et al., 2013). Moreover, intracellular C5 stores have also 

been reported and C5 is also cleaved within cells by a yet unknown protease to mediate 

C5a-driven T cell activation (Arbore et al., 2016). These findings suggest that the intracellular 

complement machinery may be of wide physiological significance. Indeed, intracellular C3 

has been reported to regulate nutrient influx and metabolic reprogramming (Kolev et al., 

2015) as well as pancreatic beta cell survival (King et al., 2019). 

 

 

Figure 11 – Local and intracellular complement activation – Local activation (left) of 

complement occurs, when cell-activating signals induce the secretion of C3 and C5 followed by 

convertase formation either on the cell surface or in the extracellular space. Ultimately, this 

results in the generation of bioactive complement fragments (C3a, C3b, C5a and C5b), which 

bind to their respective cell surface receptors and trigger cellular responses in an autocrine 

manner. Intracellular complement activation (right) is mediated by cell-specific proteases, 

which have the ability to cleave intracellular C3 and C5 into their bioactive fragments. C3a and 

C5a generated by this pathway then can engage their respective intracellular receptors and exert 

effector functions or promote cell survival. Adapted from (Hess and Kemper, 2016). 

 

In addition, intracellular C3 stores can also act as a cytosolic surveillance system against 

local environmental danger signals (Arbore et al., 2017). In line with this, intracellular C3 aids 

the protection against microorganisms by driving autophagy-mediated growth restriction of 

cyto-invasive bacteria (Sorbara et al., 2018) and VSIG4-dependent degradation of C3-
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opsonized Listeria (Kim et al., 2016). Furthermore, the intracellular presence of C3-

opsonized viruses induces NF-kB and AP-1 expression through mitochondrial antiviral 

signaling (MAVS), resulting in a strong pro-inflammatory response (Tam et al., 2014). 

Besides pathogen recognition, intracellular complement may be a major danger sensing 

machinery during sterile inflammation. Intracellular C3 fragments control lysosomal fusion 

and promote the processing of the apoptotic cargo in murine dendritic cells (Baudino et al., 

2014). Furthermore, intracellular C5a has been shown to regulate inflammasome activation 

upon the accumulation of reactive oxygen species (ROS) (Arbore et al., 2016). Thus, 

intracellular complement activation may have a fundamental role in orchestrating cellular 

immunity during inflammatory processes. 

Open questions in intracellular complement research 

The discovery of intracellular complement activation aids to explain the wide range of effects 

of complement in immunity and beyond. Nevertheless, it also poses a lot of pressing 

questions that still need to be answered including: How does extracellular, autocrine and 

intracellular complement co-operate? Are metabolic changes in the extracellular space 

integrated by complement at the cellular level? How does intracellular complement interact 

with the microbiome? Are there additional complement components that actively operate 

inside the cell? And probably the most fundamental of all: How is intracellular complement 

activation regulated? Given the wide array of repressors involved in systemic complement 

regulation, it is expected that certain canonical regulators are also functionally active within 

cells. However, whether these regulators are ubiquitously expressed among cells or display 

a compartmentalized expression pattern or whether intracellular complement regulation also 

occurs beyond canonical repressors as well as their potential influence on inflammatory 

responses remain all elusive. Nevertheless, active regulation of cell autonomous 

complement could let us envision the existence of an intracellular complosome that has a 

pivotal function in maintaining cellular integrity and homeostasis (Hess and Kemper, 2016; 

Kolev et al., 2014). 
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1.3 Complement in atherosclerosis 

Due to its crucial homeostatic functions, the involvement of complement has long been 

implicated in the pathogenesis of atherosclerosis (Figure 12). In the arterial intima, activated 

complement occurs simultaneously with the formation of early fatty streaks in cholesterol-fed 

animals and is especially active in vulnerable plaques (Seifert et al., 1989). Although 

complement components in the intima can be retained from plasma, mRNA levels of C1rs, 

C1s, C4 etc. are present in human aortic atherosclerotic plaques, which suggests local 

production of complement inside the vessel wall (Yasojima et al., 2001). In general, 

hyperactive complement is considered pro-atherogenic, which is supported by findings that 

C5b-9 deposition correlates with the severity of lesion vulnerability (Seifert et al., 1989) and 

that C5a is associated with necrotic cell debris in lipid-rich unstable plaques, while absent in 

stable lesions (Speidl et al., 2011a). 

1.3.1 Complement activation in atherosclerosis 

Complement can be activated by all three separate pathways during atherogenesis. One of 

the main activator of the classical pathway is CRP, which has been found to co-localize with 

MAC (Torzewski et al., 1998) and is strongly associated with cardiovascular events (Paffen 

and DeMaat, 2006). Moreover, OSE-specific natural antibodies can also trigger classical 

pathway activation via C1q (Tsiantoulas et al., 2014). In addition, numerous studies have 

reported a potential role for Chlamydia pneumoniae in atherosclerosis by activating the lectin 

pathway (Campbell and Kuo, 2003). However, due to its self-amplifying property, alternative 

complement appears to be the major pathway implicated in atherosclerosis development. 

This is especially true for advanced lesions, in which accumulating apoptotic cells and free 

cholesterol crystals are both known to potentiate alternative pathway activation (Seifert et al., 

1989; Seifert et al., 1990). As an opsonin, C3b generated through this amplification loop is 

essential for promoting the non-infammatory clearance of apoptotic cells by professional 

phagocytes.  

While the outer layers of the intima, which are in contact with smooth muscle cells and 

extracellular lipids show signs of terminal pathway activation including extensive MAC 

staining, in deeper layers of the intima complement activation does not seem to proceed 

beyond C3 or C5 convertase activation, which can be due to the local production of 

complement regulators (Oksjoki et al., 2003). Nevertheless, the constant production of C3a 

and C5a promotes the infiltration of myeloid cells into the lesions and may also have 

additional metabolic effects when they are degraded into C3adesArg and C5adesArg by 

carboxypeptidase N (Speidl et al., 2011a). C5a has been also shown to induce MMP-1 and 

MMP-9 expression in human macrophages (Speidl et al., 2011b). Furthermore, increasing 
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evidence supports that C5a is a potent trigger of inflammasome-mediated IL-1β secretion 

(Arbore et al., 2016; Samstad et al., 2014), which may explain why overexpression or 

administration of C5a results in accelerated atherosclerosis (An et al., 2016) and induces 

plaque disruptions (Wezel et al., 2014), while C5a inhibition leads to decreased 

atherosclerotic lesion formation in experimental atherosclerosis (Manthey et al., 2011). In line 

with these findings, both C3aR and C5aR2 deficiency mitigates atherosclerosis (Selle et al., 

2015; Yang et al., 2010) and C5aR1 targeting protects from neointima formation during 

hypercholesterolemia (Shagdarsuren et al., 2010). 

 

 

Figure 12 – Complement in orchestrating the immune response during atherogenesis – 

The generation of bioactive complement fragments can trigger a large variety of downstream 

responses via different cellular effectors. These include the activation of endothelial cells, the 

priming of both innate and adaptive immunity as well as pro-coagulative responses through 

cross-activation with the coagulation system. Adapted from (Ricklin et al., 2016). 

 

1.3.2 Modulation of complement activation in experimental atherosclerosis 

First and foremost, global C3 deficiency in mice results in increased aortic plaque size in 

multiple studies. On an Ldlr deficient background, lack of C3 is associated with unstable 

lesions with high macrophage content and decreased collagen staining (Buono et al., 2002), 

which might be due to defective efferocytosis. In Apoe-/- Ldlr-/- mice, the absence of C3 also 

leads to increased triglyceride levels and a pro-atherogenic lipid phenotype that complicate 
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the dissection of potential inflammatory effects (Persson et al., 2004). Although C5 deficiency 

did not affect aortic root plaque size in Apoe-/- mice (Patel et al., 2001), the pro-atherogenic 

effect of C6 and the terminal pathway has been confirmed in several studies (Geertinger and 

Sorensen, 1970; Lewis et al., 2010; Schmiedt et al., 1998). Thus, while hyperactive 

complement activation clearly promotes atherosclerosis, it is also evident that the presence 

of C3 is essential for limiting atherosclerosis. 

In line with this, complement proteins involved in the initiation of the cascade has been 

reported to have atheroprotective effects. C1qa deficiency leads to larger aortic root lesion 

size and a significant increase in apoptotic cells in atherosclerosis-prone Ldlr-/- mice (Bhatia 

et al., 2007; Lewis et al., 2009), underlying the importance of C1q in mediating the removal of 

dying cells. Of note, uncontrolled activation of the classical pathway can also be pro-

atherogenic in a C5-dependent manner and that is efficiently attenuated by the complex 

formation of C1q with ApoE (Yin et al., 2019). Physiologic lectin pathway activity is also 

beneficial in atherosclerosis, as selective MBL-A and MBL-C deficiency in macrophages 

results in increased lesion size in hypercholesterolemic mice (Matthijsen et al., 2009). 

Furthermore, although factor B deficiency on an Apoe-/- background was found to have no 

influence on lesion formation after regular chow feeding (Persson et al., 2004), Fb-/- Ldlr-/- 

mice develop exacerbated atherosclerosis compared to controls following high fat diet 

exposure as well as upon weekly administration of LPS, indicative of the protective effect of 

the initiation of the alternative pathway in atherosclerosis (Malik et al., 2010). Taken together, 

these findings suggest that complement has a central role in modulating plaque 

inflammation; however, only without translating into excessive C5a production and terminal 

pathway activation. This sheds a light on the importance of adequate complement regulators 

in fine-tuning the cascade activity. 

1.3.3 Complement regulators in atherosclerosis 

Even though efficient regulation of complement activation appears to be essential for 

preventing lesion formation and complement regulatory proteins are present in 

atherosclerotic lesions, our knowledge is very limited regarding the role of repressors in 

experimental atherosclerosis. Besides the previously discussed studies on C1q (Bhatia et al., 

2007; Lewis et al., 2009), only the role of properdin has been assessed in atherosclerosis 

among fluid phase complement regulators. However, global properdin deficiency did not 

influence lesion formation in high fat diet-fed Ldlr-/- mice (Steiner et al., 2014). Among 

membrane-bound regulators, investigations on the effect of CD55 deficiency in 

atherosclerosis gave rather conflicting results. On an Ldlr deficient background, CD55 

deficiency led to increased lesion formation and exaggerated deposition of terminal pathway 
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proteins (Leung et al., 2009), whereas Cd55-/-Apoe-/- mice showed either similar or severely 

reduced lesion size compared to Apoe-/- controls in two independent studies (An et al., 2009; 

Lewis et al., 2011); although decreased cross sectional plaque area was associated with 

reduced serum triglyceride and cholesterol levels in Cd55-/-Apoe-/- mice (Lewis et al., 2011). 

The function of the MAC inhibitory protein CD59 is more evident in atherosclerosis. CD59a or 

combined CD59a and CD59b deficiency aggravated atherosclerosis in five independent 

studies (An et al., 2009; Lewis et al., 2010; Liu et al., 2014; Wu et al., 2009; Yun et al., 2008). 

Moreover, selective overexpression of CD59 in the hematopoietic compartment as well as in 

endothelial cells reduced lesion size in Apoe-/- mice (Wu et al., 2009), again emphasizing the 

significance of local complement production.  

 

 

Figure 13 – Members of the regulators of complement activation (RCA) family – The RCA 

family is composed of both membrane zone regulators including CR1/CD35, CR2/CD21, CD46 

and CD55 as well as fluid phase repressors, such as C4BP, CFH and its structurally related 

proteins, FHL-1 and CFH-related proteins 1-5 (CFHR1-5).  

 

Surprisingly, besides the contradictory findings on CD55, the role of RCA family members 

(Figure 13) in atherosclerosis remains entirely unstudied. The RCA gene cluster is located 

on chromosome 1q32 in humans with a similar genetic location in mice. The individual genes 

of this cluster are thought to share a common ancestor from which they stem by gene 

duplication events (Rodriguez de Cordoba et al., 2004). These repressors are composed of 4 

to 44 highly conserved structural units, so called short consensus repeats (SCR) or 

complement component proteins (CCP), with a length of approximately 60 amino acids 

linked with 3 to 8 amino acid spacers (Alexander and Quigg, 2007). They all exert natural 

affinity for C3b and/or C4b and are essential in distinguishing self from non-self thereby 
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preventing non-specific damage to the host. Therefore, they appear to have a crucial role in 

preventing advanced lesion formation. 

The Binder laboratory has a profound interest in the role of RCA members in atherosclerosis 

and has intitated to investigate the effect of C4BP and CR2 (CD21) deficiency in lesion 

formation. While the thesis presented here will discuss the role of CFH in experimental 

atherosclerosis. 
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1.4 Complement factor H 

Complement factor H (CFH) is the master regulator of the alternative pathway of complement 

activation. It inhibits the proteolytic cleavage of C3 by accelerating the decay of the C3 

convertase C3bBb (Pickering and Cook, 2008). As one of the most abundant plasma 

proteins (100-500 µg/ml) expressed constitutively in the liver, CFH exerts its complement-

regulatory function predominantly in the fluid phase (Ferreira et al., 2010). Extrahepatic 

production of CFH has been reported in various cell types including retinal pigment epithelial 

cells, endothelial cells, fibroblasts and podocytes (de Cordoba and de Jorge, 2008). 

Indicative of its crucial role in controlling systemic complement activation, mice with global 

CFH deficiency exhibit secondary C3 deficiency as a result of continuous consumption of 

circulating C3 and develop spontaneous membranoproliferative glomerulonephritis (MPGN) 

with extensive complement and immune complex deposition on glomeruli by 8 months of age 

(Pickering et al., 2002). The pathologic effect is a direct consequence of alternative 

complement dysregulation, as additional deletion of factor B, which prevents C3 turnover, 

reverts the phenotype of CFH deficiency. In humans, impaired complement regulation due to 

reduced quantity or defective quality of CFH strongly predisposes to chronic diseases 

including MPGN, but also age-related macular degeneration (AMD), the number one cause 

of blindness among elderlies and atypical hemolytic uremic syndrome (aHUS), a rare, life-

threatening progressive kidney disease (Table 3; (Noris and Remuzzi, 2008; Schmidt et al., 

2008; Zipfel, 2001). Accordingly, renal diseases have been reported in 28 out of 33 

individuals with severe CFH abnormalities (Pickering and Cook, 2008). 

Disease Pathology Cause 
Affected 
domain 

Effect of CFHR1-
CFHR3 deletion 

Age-related macular 
degeneration (AMD) 

Complement-
containing drusen 

in the eye 

Impaired binding 
to anionic 
molecules 

SCR7, 
Y402H SNP 

protective 

Memranoproliferative 
glomerulonephritis 

type II (MPGN) 

Complement-
containing drusen 

in the glomeruli 

Dysfunctional 
fluid phase 
regulation 

Mainly 
SCR7, 

Y402H SNP 
protective 

Atypical hemolytic 
uremic syndrome 

(aHUS) 

Renal endothelial 
injury and 
thrombosis 

Impaired binding 
to anionic 
molecules 

Mainly 
SCR19-20 

Increased risk 

 

Table 3 – Relevance of CFH in human diseases 

CFH can also halt complement activation on cell surfaces by mediating co-factor activity for 

the inactivation of C3b into anti-inflammatory iC3b via factor I (Schmidt et al., 2008). Both the 

decay accelerating as well as the co-factor activity of CFH is mediated by the first 4 of its 20 

short consensus repeat (SCR) domains. Other SCRs (including SCR 7, SCR 12-14 and SCR 



Introduction 

– 33 – 
 

19-20) contain heparin, glycosaminoglycan and sialic acid binding sites that promote the 

tethering of CFH on biological surfaces and simultaneously increase the affinity of CFH for 

surface-bound C3b (Jozsi et al., 2019). Therefore, C3b inactivation is highly dependent on 

the chemical composition of the surface (de Cordoba and de Jorge, 2008). Annexin A2, 

histones and DNA represent ligands for CFH on the surface of dying cells (Leffler et al., 

2010). Furthermore, we have previously found that CFH can recognize the lipid peroxidation 

product malondialdehyde (MDA) and neutralize MDA-induced pro-inflammatory cytokine 

production by macrophages (Weismann et al., 2011). Moreover, CFH can exert its co-factor 

activity on MDA-decorated apoptotic cell surfaces, thereby facilitating local inactivation of 

complement (Weismann and Binder, 2012).  

 

 

Figure 14 – The structure of CFH and its related proteins – Functional domains for decay 

accelerating and co-factor activity (in yellow) as well as for cell surface regulation (in blue) in 

CFH, FHL-1 and CFHRs are shown. Binding sites for anionic molecules and CRP are depicted in 

green. Red asterisks indicate MDA-binding sites. CFH is unique in the RCA family, as it solely 

contains SCRs aligned in tandem without intracytoplasmic regions or neighboring molecules 

arranged in multimers and uses its C-terminus for binding (Alexander and Quigg, 2007). Adapted 

from (Jozsi and Zipfel, 2008). 
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Importantly, six structurally related proteins with high similarity to CFH can be found in 

human plasma in much lower concentrations compared to CFH (Figure 14). Factor H-like 

protein 1 (FHL-1) is a product of alternative splicing, while CFH-related proteins 1-5 (CFHR1-

5) originate from gene duplications (Jozsi and Zipfel, 2008). They can compete with CFH in 

complement regulation (FHL-1) or in cell surface attachment (CFHRs). Of note, FHL-1 is not 

present in mice and among CFHRs, only homologues for CFHR5 and CFHR3 can be 

detected in plasma, as well as in liver, heart and kidney samples. However, they derive from 

a separate gene, than CFH (Hellwage et al., 2006). 

  



Introduction 

– 35 – 
 

1.5 Aims of this thesis 

Complement factor H (CFH) is the master regulator of alternative complement activation and 

has a crucial role in controlling systemic complement activation as well as in distinguishing 

self from non-self thereby protecting from complement-mediated host damage. The presence 

of CFH can be detected in human atherosclerotic lesions, where it is associated with 

proteoglycan-rich area and high C3d deposition. However, the mechanisms by which CFH 

can influence atherosclerotic lesion formation remain unknown. Thus, the main purpose of 

this thesis was to investigate the role of CFH in experimental atherosclerosis using CFH 

deficient mice. In particular, we aimed at: 

1. Performing detailed immunological characterization of CFH deficient mice to assess 

the potential effect of CFH deficiency on the development and differentiation of 

immune cells in the steady-state 

2. Identifying immune cells with the ability to produce CFH and investigating if and how 

hematopoietic CFH expression is regulated 

3. Studying whether CFH can affect intracellular complement activation 

4. Investigating whether CFH affects atherosclerosis-relevant macrophage functions in 

an autocrine or a systemic manner 

5. Dissecting the role of hematopoietic CFH from liver-derived systemic effects 

And most importantly, 

6. Uncovering the effect of both global as well as hematopoietic CFH deficiency on 

experimental atherosclerosis 



 

– 36 – 
 

Results          2 

 

2.1 Prologue 
 

Even in an unchallenged setting, physiological complement activation has crucial functions in 

the silent removal of apoptotic cells and in fine-tuning adaptive immune responses, 

especially through modulating B cell differentiation and activation. Defective function of 

complement factor H (CFH) results in uncontrolled systemic complement activation, which is 

characterized by the continuous consumption of plasma C3. Consequently, mice deficient in 

CFH develop spontaneous membranoproliferative glomerulonephritis latest at the age of 8 

months. However, it is not known whether the dysregulation of systemic complement 

activation associated with CFH deficiency affects the development and maturation of immune 

cells i.e. whether CFH deficient mice are immunocompromised per se. 

In the article presented below, we performed immune-phenotyping of young, unchallenged 

littermate wildtype and CFH deficient mice that comprised the detailed characterization of the 

immune cell composition of major immune-relevant organs including the bone marrow, 

spleen, lymph node and peritoneum. We could demonstrate that due to its complement-

regulatory effects, CFH has an important role in modulating splenic B cell differentiation and 

calibrating B cell responsiveness. By exerting these effects, CFH maintains the intact 

architecture of the spleen and restrains germinal center hyperactivity and autoantibody 

production. Thus, CFH prevents the development of B cell-dependent autoimmunity. 
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2.3 Interlude 
 

Liver-derived, serum-circulating complement has been long known to have a pivotal role in 

the clearance of invading pathogens and modified host cells. Therefore, complement is a 

potent effector of humoral immunity. However, key complement proteins representing mainly 

the alternative pathway appeared evolutionarily in the Porifera class of sponges that have no 

circulatory system or organs. The discovery of intracellular complement activation strongly 

supports that complement had operated originally as an intracellular sentinel system in single 

cell organisms and became secreted eventually during evolution. In line with this, intracellular 

complement activation is now appreciated to control basic cellular processes, such as cell 

survival and autophagy. However, if and how intracellular complement activation is regulated 

remains elusive. 

In the following manuscript, we investigated the expression pattern of canonical complement 

regulators in a wide array of splenic immune cells and identified a unique expression pattern 

for complement factor H (CFH) that is restricted to monocytes, in particular, inflammatory 

monocytes. We documented that the expression of CFH is under inflammatory regulation 

and is upregulated upon hypercholesterolemia. Unexpectedly, we found that selective CFH 

deficiency in the hematopoietic compartment protects from atherosclerosis by promoting 

lesional efferocytosis. This effect is dependent on the role of CFH in regulating intracellular 

C3 levels in inflammatory macrophages. Finally, we could demonstrate the dominant effect of 

hematopoietic CFH over systemic, liver-derived CFH in atherosclerotic lesion formation. 
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ABSTRACT 

Complement is a crucial effector system of innate immunity and is critical for the clearance of 

invading pathogens and cellular debris. While it has been widely recognized as a serum-

effective cascade, it is now evident that complement activation also occurs within cells and 

can mediate basic cellular processes. However, if and how intracellular complement 

activation is regulated has been elusive. Here, we investigated the potential role of canonical 

complement repressors in controlling autonomous complement activation in immune cells. 

We found that only the expression of complement factor H (CFH), the major regulator of 

alternative complement, is restricted to monocytes, upregulated during inflammation and 

coincides with the accumulation of intracellular C3. In monocyte-derived inflammatory 

macrophages, the absence of CFH leads to uncontrolled intracellular C3 cleavage without 

increased downstream C5 activation and a heightened efferocytotic capacity promoting the 

resolution of inflammation. Moreover, hematopoietic deletion of CFH in atherosclerosis-

prone, low-density lipoprotein receptor-deficient mice resulted in enhanced lesional 

efferocytosis and reduced plaque formation. These data demonstrate the capacity of a 

canonical complement repressor to control intracellular C3 consumption in macrophages in a 

cell autonomous manner, supporting a concept of on-demand complement regulation during 

inflammation. 
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MAIN TEXT 

Complement represents the serum-effective protease cascade of innate immunity with a 

critical role in detecting and clearing invading microorganisms and dying cells1,2. The 

proteolytic cleavage of the central complement component C3 is the convergence point in 

the activation of three separate complement activation pathways3, among which the 

alternative complement cascade is continuously triggered by a tick-over mechanism acting 

as its own catalyst4. 

While most of the complement components are primarily produced in the liver, extrahepatic 

sources of C3 have been reported5. Although systemic and local complement activities were 

considered to be confined to the extracellular space, recent work in human T cells 

demonstrated that tonic generation of bioactive C3 cleavage products by cell-specific 

proteases occurs also intracellularly6. Importantly, intracellular stores of C3 are not exclusive 

to T cells6, but are also present in other cell types suggesting that complement may have 

additional physiological functions7. Indeed, intracellular complement activation has been 

shown to control T cell homeostasis6, nutrient influx, metabolic reprogramming8 as well as 

pancreatic beta cell survival9.  

In addition, intracellular C3 stores can also serve as a cytosolic surveillance system against 

self and non-self danger signals10. For example, intracellular C3 drives autophagy-mediated 

growth restriction of cyto-invasive bacteria11 and proteasome-mediated degradation of 

viruses12. Furthermore, intracellular C5a (a downstream complement cleavage product) has 

been shown to regulate inflammasome activation following the accumulation of reactive 

oxygen species (ROS)13. Thus, intracellular complement has a fundamental role in 

orchestrating cellular immunity and homeostasis14. However, as most cellular processes, 

also intracellular C3 activation must require active regulation and it is not known if and how 

this regulation takes place. Therefore, we investigated whether cell autonomous complement 

activation is controlled on a cellular level, whether it is mediated by canonical complement 

repressors, and how this affects inflammatory responses.  

Atherosclerosis is a lipid-driven chronic inflammatory disease of the arterial wall and the 

underlying cause of myocardial infarction and stroke, the leading causes of death 

worldwide15. Monocyte-derived macrophages represent central cells in the maladaptive, non-

resolving inflammatory response within atherosclerotic lesions that has been shown to result 

from inadequate cyto-protective functions due to excessive lipid accumulation16. Complement 

proteins are present in human atherosclerotic plaques17, and the effects of certain 

complement components have been investigated in experimental atherosclerosis18,19. 
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However, the role and regulation of intracellular complement activation in atherosclerotic 

lesion formation has been unexplored. 

To identify key factors in cell autonomous complement regulation, we first investigated the 

expression profile of canonical complement repressors among various immune cell subsets 

of murine splenocytes by single cell RNA sequencing. We focused on regulators that are 

known to modulate systemic C3 activation and/or the effector functions of bioactive C3 

cleavage products20. These include the most common fluid phase mediators such as C4b 

binding protein (C4BP), complement factor H (CFH), complement factor I (CFI), complement 

factor D (CFD) and factor H-related protein B (FHR-B) as well as membrane-bound receptors 

such as complement receptor 1-related protein Y (Crry/Cr1l), CD55 (also known as decay 

accelerating factor; DAF) and its isoform CD55b. Based on the expression levels of the most 

variable genes, we could successfully classify and annotate all major splenic immune cell 

subsets and found a unique expression pattern for the primary alternative complement 

regulator Cfh with a restriction to monocytes, while the rest of the regulators was either 

undetectable (C4bp, Cfi, Cfd, Fhr-b, Cd55b) or ubiquitously expressed (Cr1l, Cd55) (Fig 1A). 

We confirmed our finding by qRT-PCR analysis of sorted splenic leukocyte subsets, which 

further revealed that inflammatory Ly6Chi monocytes account predominantly for Cfh 

expression (Fig 1B). This suggested an inflammatory regulation of CFH production by 

monocytes. Indeed, expression of Cfh was further induced in circulating Ly6Chi monocytes of 

mice challenged with the sterile inflammatory trigger thioglycollate, while other complement 

regulators were unaffected (Fig 1C). Furthermore, we could show that IFNγ treatment leads 

to an upregulation of Cfh in both BMDMs (Fig 1D) as well as increased intracellular CFH 

levels in THP-1 monocyte-derived macrophages (Fig 1E), which were also capable of 

secreting CFH (Fig 1F). 

Given the unexpected observation that CFH is the sole complement regulator with a 

compartmentalized expression pattern, we sought to investigate the significance of 

monocyte-derived CFH during inflammation. Ly6Chi monocytes are hallmark cells of 

atherosclerosis being induced by hypercholesterolemia and preferentially accumulating in 

atherosclerotic lesions where they differentiate to inflammatory macrophages21. Importantly, 

we could demonstrate an increased Cfh expression in both blood as well as splenic Ly6Chi 

monocytes of Ldlr-/- mice fed an atherogenic diet (AD) compared to standard diet-fed (SD) 

mice (Fig 2A). Of note, hepatic Cfh expression was not significantly induced by AD (Fig 2B) 

suggesting that hypercholesterolemia triggers Cfh expression primarily in monocytes. 

Therefore, we tested whether monocyte-derived CFH affects lesion formation. We generated 

Ldlr-/- mice reconstituted with bone marrow of Cfh+/+ or Cfh-/- mice and fed them an 

atherogenic diet for 12 weeks (Fig 2C). While global loss of CFH in mice results in 
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uncontrolled systemic complement activation due to the continuous consumption of 

circulating C322,23, we found that hematopoietic CFH deficiency did not influence total CFH 

levels (Fig 2D) or systemic complement activation (Fig 2E & 2F). Moreover, there was no 

effect on body weights, plasma cholesterol and triglyceride levels (Fig S1A-C). Nevertheless, 

Cfh-/- bone marrow chimeric mice developed less atherosclerosis in the entire aorta (Fig 

S2A) as well as in cross sections of the aortic root (Fig 2H & I). Furthermore, hematopoietic 

CFH deficiency also resulted in a more than 80% reduction of the necrotic core area (Fig 

2J). Cfh-/- bone marrow chimeric Ldlr-/- mice were also protected from hepatic inflammation 

as demonstrated by decreased macrophage content (Fig S2B) as well as reduced Cxcl1, 

Cxcl2 and Tnfa expression in the liver (Fig S2C). Thus, CFH deficiency in monocytes 

protects from atherosclerosis despite the abundant presence of liver-derived CFH in plasma. 

Although the atheroprotective effect of hematopoietic CFH deficiency is clearly independent 

of systemic C3 activation, we wondered whether monocyte-derived CFH modulates 

inflammation by mediating C3 consumption on a cellular level. In order to test this, we first 

investigated if inflammation promotes monocyte-specific C3 expression. We confirmed that – 

similarly to Cfh – C3 is primarily expressed in monocytes among immune cells (Fig S3A), 

and upregulated in blood and splenic Ly6Chi monocytes, but not in the liver of Ldlr-/- mice 

upon hypercholesterolemia (Fig 3A & 3B). Consistent with the upregulation of C3 during 

inflammation, we also found increased C3 expression in circulating Ly6Chi monocytes of 

thioglycollate-injected mice (Fig S3B). Notably, properdin (Cfp), the upstream activator of the 

alternative complement pathway was also upregulated in this setting, which suggests an on-

demand production of alternative complement components by Ly6Chi monocytes upon an 

inflammatory challenge (Fig S3C). Circulating Ly6Chi monocytes rapidly differentiate into 

inflammatory macrophages after being recruited to the peritoneum24. Intracellular flow 

cytometry staining revealed that >80% of infiltrating peritoneal Ly6Chi monocytes contained 

intracellular C3 while patrolling Ly6Clo monocytes had minimal C3 content (Fig S4A & 3C). 

Moreover, peritoneal C3+ Ly6Chi monocytes also displayed elevated surface levels of the 

macrophage markers F4/80 and C5aR1, indicating that C3 accumulation is associated with 

macrophage differentiation (Fig S4B). Indeed, inflammatory monocyte-derived macrophages 

(Mo-Macs) isolated from the peritoneum of thioglycollate-injected mice displayed significantly 

higher intracellular C3 levels compared to resident macrophages (Res-Macs) from control 

mice, as determined by intracellular flow cytometry (Fig 3D) as well as ELISA (Fig 3E). 

Notably, surface-bound levels of C3 were minute (Fig S5A) and comparable between Mo-

Macs and Res-Macs (Fig S5B). Active cleavage of C3 was demonstrated by the parallel 

intracellular accumulation of the C3 cleavage product C3a in Mo-Macs (Fig 3F). Thus, 

inflammatory stimuli trigger the intracellular accumulation and activation of C3 in Mo-Macs. 
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To determine whether the loss of CFH affects intracellular C3 activation in inflammatory 

monocytes and macrophages, we first sorted Ly6Chi monocytes from the peritoneum of 

thioglycollate-injected Cfh+/+ and Cfh-/- mice and measured intracellular C3 levels. Intriguingly, 

monocytes from Cfh-/- mice contained less intact C3 compared to wildtype controls (Fig 3G 

and 3H). This effect was also observed in sorted circulating Ly6Chi monocytes from 

unchallenged Cfh+/+ and Cfh-/- mice, albeit to a minor extent due to lower intracellular C3 

levels (Fig S6). Consistent with this, CFH deficient Mo-Macs had dramatically reduced 

intracellular C3 levels compared to wildtype controls (Fig 3I & 3J, Fig S7), which was due to 

enhanced C3 cleavage as judged by increased intracellular C3a levels (Fig 3K) and a higher 

C3a/C3 ratio (Fig 3L).  

Intracellular complement activation has been shown to drive C5aR1-dependent NLRP3 

inflammasome activity in human T cells13. Surprisingly, intracellular C5a levels were not 

elevated, but significantly decreased in Cfh-/- Mo-Macs (Fig 3M), indicating that uncontrolled 

C3 activation as a result of CFH deficiency does not translate to increased C5 activation. 

Furthermore, we found no difference in spontaneous interleukin 1-beta (IL-1β) secretion 

between Cfh+/+ and Cfh-/- Mo-Macs (Fig S8). On the contrary, Cfh-/- mice displayed 

accelerated resolution of sterile peritonitis as indicated by decreased numbers of peritoneal 

Mo-Macs both 3 days (as previously reported25) and 7 days after thioglycollate injection (Fig 

3N). Next, we investigated the contribution of monocyte-derived CFH to intracellular C3 

consumption in the context of inflammation. Therefore, we transplanted Cfh-/- mice with Cfh-/- 

or Cfh+/+ bone marrow and subjected them to sterile peritonitis (Fig 3O). Reconstitution of 

CFH production in the hematopoietic compartment of CFH deficient mice normalized 

intracellular C3 levels in Mo-Macs (Fig 3P) and was sufficient to delay the resolution of 

sterile peritonitis as judged by increased Mo-Macs in the peritoneal lavage fluid (Fig 3Q). 

Thus, our data clearly demonstrate the significance of cell autonomous CFH production in 

regulating C3 cleavage within macrophages and supports a functional role for cellular 

complement regulation during inflammation.  

To assess the effects of enhanced intracellular C3 activation on the function of inflammatory 

macrophages we performed RNA sequencing of Mo-Macs from Cfh+/+ and Cfh-/- mice. 

Expression of over 4,000 genes was significantly altered in CFH-deficient Mo-Macs 

compared to wildtype controls (q < 0.1; Fig 4A).  Importantly, genes associated with the 

complement cascade, the clearance of apoptotic cells i.e. efferocytosis and the resolution of 

inflammation were primarily upregulated in CFH deficient Mo-Macs (Fig 4B & 4C; FigS9). 

Moreover, we found a robust increase in the expression of receptors triggering an 

autophagy-related process involved in efficient efferocytosis, called LC3-associated 

phagocytosis (LAP)26 (Fig 4D). LAP promotes rapid phagolysosomal fusion and the 
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hydrolytic degradation of apoptotic material by conjugating lipids to LC3-bound phagosomal 

membranes27. Therefore, we evaluated the conversion of cellular LC3-I to the lipid-

associated LC3-II form in Mo-Macs by Western blotting. Lysates of Cfh-/- Mo-Macs displayed 

an elevated LC3-II/LC3-I ratio compared to wildtype controls (Fig 4E). This is also consistent 

with the previously described ATG16L1-dependent role of intracellular C3 in autophagy9,11. 

To perform functional validation, we carried out ex vivo efferocytosis assays, in which 

equivalent numbers of isolated Mo-Macs from the peritoneal cavities of Cfh+/+ and Cfh-/- mice 

were incubated with CMFDA-labelled apoptotic RAW macrophages for 1.5 hours. As 

expected, quantification of CMFDA+ Mo-Macs by flow cytometry revealed that CFH deficient 

macrophages indeed display heightened efferocytotic capacity compared to wildtype 

macrophages (Fig 4F). Accordingly, we found decreased frequencies of late apoptotic 

(AnnV+ 7-AAD+) and necrotic (AnnV- 7-AAD+) macrophages in the peritoneum of 

thioglycollate-injected Cfh-/- mice compared to wildtype controls as assessed by Annexin V 

(AnnV) and 7-aminoactinomycin D (7-AAD) staining (Fig S10). The frequencies of AnnV+ 7-

AAD- Mo-Macs were not different between Cfh+/+ mice and Cfh-/- mice, suggesting that the 

rate of apoptosis was not affected (Fig S10). 

Next, we tested whether the enhanced efferocytotic capacity of inflammatory macrophages is 

responsible for the atheroprotective role of hematopoietic CFH deficiency. Importantly, we 

could confirm that the reduction in necrotic core formation – that is typically a consequence 

of defective efferocytosis27 - was associated with a significant decrease in lesional TUNEL+ 

macrophages (Fig 4G). Indeed, a striking reduction in the ratio of ‘free’ to ‘macrophage-

associated’ apoptotic cells indicated enhanced lesional efferocytosis (Fig 4H). Furthermore, 

lesions of recipients of Cfh-/- bone marrow displayed higher ATG5 expression in 

macrophage-rich regions (Fig 4I), in line with the previously described role of this key 

autophagy protein in autophagosome formation28 and macrophage efferocytosis and in the 

protection from necrotic core formation29. Therefore, CFH deficiency in monocytes protects 

from atherosclerosis by promoting lesional efferocytosis and resolution of inflammation. 

Last, we evaluated whether the protective effect on lesion composition associated with the 

absence of monocyte-derived CFH is also present in mice with global CFH deficiency. 

Therefore, we bred littermates of Cfh+/+Ldlr-/- and Cfh-/-Ldlr-/- mice and fed them an 

atherogenic diet for 10 weeks. Body weights, plasma cholesterol and triglyceride levels (Fig 

S11A-C) were not different between the two groups. Consistent with previous data by us30 

and others23, Cfh-/-Ldlr-/- mice had severely reduced plasma C3 levels (Fig S11F) and 

increased circulating anti-dsDNA autoantibodies (Fig S11G) compared to Cfh+/+Ldlr-/- 

controls. Nevertheless, global loss of CFH still resulted in a marked decrease in necrotic core 
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formation (Fig 4E) in lesions of similar size (Fig 4D), which suggests a dominant effect of 

monocyte-derived CFH in atherosclerosis.  

Our findings describe a novel immune-regulatory mechanism by which cell autonomous 

complement activation controls crucial cyto-protective functions in monocyte-derived 

macrophages during inflammation. This is in line with the notion that early C3 activation 

evolved to be a part of an intracellular sensor system that armors individual cells against 

cellular stress and injury7,31. C3 activation within macrophages in the context of inflammation 

may involve a C3-cleaving enzyme, e.g. an intracellular C3 convertase or other cell-specific 

proteases, such as cathepsin L6; however, it also requires active regulation. Here, we identify 

that complement factor H (CFH), the canonical repressor of alternative complement 

activation in serum, is highly upregulated in inflammatory macrophages where it suppresses 

C3 cleavage. Although we do not know the exact mechanism of action, CFH might 

accelerate the decay of an intracellular C3 convertase or inhibits a cell-specific protease with 

C3-cleaving ability32. 

We show that loss of CFH results in uncontrolled intracellular C3 consumption without 

activating the proinflammatory C5a-inflammasome axis. Consistent with the previously 

reported function of C3 in promoting autophagy9,11, we found that C3 overactivation as a 

result of CFH deficiency enhances macrophage autophagy and consequently efferocytosis in 

models of both acute and chronic inflammation. Importantly, we provide evidence for the 

non-redundant role of macrophage-derived CFH in this context. Therefore, our data clearly 

demonstrate the impact of regulating cell autonomous complement activation during 

inflammatory processes. 

We also found that the levels of properdin, the upstream alternative complement activator 

are also under inflammatory regulation. Thus, Ly6Chi monocytes appear to carry their own 

set of alternative complement proteins to the site of inflammation, where they differentiate 

into effector phagocytes. This likely allows them to actively fine tune both local as well as cell 

autonomous complement activation and thereby modulate host-protective cellular functions, 

supporting a concept of local ‘on-demand’ complement activation during inflammation. 

Macrophage-derived CFH appears to have a crucial role in modulating ‘on-demand’ 

complement. The local availability of macrophage-derived CFH may be dependent on the 

extent of accumulating apoptotic cells, which have been shown to be bound by CFH. In turn, 

this may limit the amount of free CFH for (re-)uptake by macrophages and thereby indirectly 

modulate intracellular complement activity33. Thus, our data suggest a model in which the 

interaction of CFH with apoptotic cells regulates the resolution of inflammation. 
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The accumulation of apoptotic macrophages is one of the major characteristics of advanced 

atherosclerotic lesions16. Therefore, complement has been widely studied in experimental 

atherosclerosis19, due to its critical homeostatic role in clearing dying cells. While the 

protective effect of the classical complement pathway via C1q has been well described34-36, 

the effect of alternative complement activation on lesion formation is less clear. Global C3 

deficiency has been found to accelerate atherosclerosis and to result in greater lesional 

macrophage content18,37. This is in line with our current findings that uncontrolled C3 

activation associated with CFH deficiency promotes lesional efferocytosis and protects from 

atherosclerosis. However, studies on the role of CFB and CFP in lesion formation gave 

conflicting results and the identification of potential cell autonomous effects is largely 

complicated by the strong influence of both CFB and CFP deficiency on systemic C3 

activation37-39. Thus, in light of our findings, the re-evaluation of studies discussing the effect 

of systemic complement on atherosclerosis may be warranted with respect to complement 

activation in macrophages and future investigations should aim to dissect the cell 

autonomous effects of complement components. 

In summary, we here identify a novel mechanism by which uncontrolled cell autonomous C3 

activation resulting from CFH deficiency induces cyto-protective autophagy in macrophages, 

promotes lesional efferocytosis and mitigates atherosclerosis development. The need for 

alternative strategies in treating atherosclerotic vascular diseases – such as inducing 

resolution - is apparent, as anti-inflammatory drug therapies can potentially suppress host 

defense and lead to fatal infections40. Our findings indicate that targeting intracellular 

complement regulation may provide novel opportunities in next generation therapeutics 

against chronic inflammatory diseases without dampening host defense mechanisms. 
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METHODS 

Methods and any associated references are available in the online version of the paper. 

FIGURE LEGENDS 

Figure 1. Complement factor H is exclusively expressed by monocytes among immune 

cells and is upregulated during inflammation (A) t-SNE representation of aligned gene 

expression data in single cells extracted from the spleen of a C57BL/6 mouse. Gene 

expression profiles of complement genes (Cfh, C4bp, Fhr-b, Cfi, Cfd, Cd55, Cd55b, Cr1l) are 

shown. (B) Relative gene expression of Cfh in FACS-sorted splenic immune cell subsets of 

unchallenged C57BL6/J mice measured by qRT-PCR. Data are shown relative to Cfh 

expression in Ly6Chi monocytes. Bars represent the mean±SEM of three mice. (C) qRT-PCR 

analysis of transcript levels of complement regulatory proteins (C4bp, Cr1l, Cd55b, Cd55, 

Cfi, Cfd, Fhr-b and Cfh) in circulating Ly6Chi monocytes sorted from the blood of 

thioglycollate-injected (24 hours) vs control C57BL6/J mice. (D) qRT-PCR analysis of Cfh 

transcript levels in untreated vs 100 ng/ml IFNγ-stimulated bone marrow-derived 

macrophages. Data are expressed relative to Cfh expression in untreated BMDMs. (E) 

Representative flow cytometry histograms show intracellular CFH levels of untreated vs 100 

ng/ml IFNγ-stimulated THP-1 macrophages evaluated by flow cytometry. (F) Total secreted 

CFH levels in the supernatant of THP-1 monocyte-derived macrophages treated with 100 

ng/ml IFNγ. Each symbol represents individual mice. Data are representative of two or more 

independent experiments. Statistical significance was evaluated by two-tailed Student’s t 

tests (*P < 0.05, ***P < 0.001, ****P < 0.0001). Error bars indicate SEM. 

Figure 2. Hematopoietic deletion of complement factor H attenuates atherosclerosis 

independent of systemic complement activation (A-B) Ldlr-/- mice were fed a standard 

(SD) or atherogenic diet (AD) for 12 weeks (n=8 vs n=10). qRT-PCR analysis of Cfh 

transcript levels in (A) circulating and splenic Ly6Chi monocytes as well as in (B) total liver 

samples. Data are expressed relative to gene expression in standard diet-fed mice. (C) 

Schematic representation of chimeric models of hematopoietic CFH deficiency. (D-J) Lethally 

irradiated Ldlr-/- mice were reconstituted with bone marrow from Cfh+/+ vs Cfh-/- mice and 

were fed an atherogenic diet for 12 weeks, starting 5 weeks after transplantation (n=14 vs 

n=12). (D-F) Total plasma (D) CFH, (E) C3 as well as (F) C3a and C5a levels quantified by 

ELISA. (G) Quantification of aortic root plaque size. Representative images of Masson’s 

trichrome-stained sections are shown. Original magnification, 50X; scale bars, 200 µm. (H) 

Measurement of lesion volume. The dot plots represent the average µm2 of nine sections 

throughout the entire aortic origin (400 µm), bar graphs show total lesion volume (mm3). (I) 

Assessment of necrotic core formation in cross sections at the aortic origin. Percentages of 
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necrotic area (of sections at 150 µm depth) of total lesion area are shown. Representative 

images are shown, where necrotic area is delineated by red lines. Each symbol represents 

individual mice. Statistical significance was evaluated by two-tailed Student’s t tests (*P < 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). Error bars indicate SEM. 

Figure 3. Complement factor H controls cell autonomous C3 activation in monocyte-

derived macrophages and delays the resolution of inflammation (A-B) Ldlr-/- mice were 

fed a standard (SD) or atherogenic diet (AD) for 12 weeks (n=8 vs n=10). qRT-PCR analysis 

of C3 transcript levels in (A) circulating and splenic Ly6Chi monocytes as well as in (B) total 

liver samples. Data are expressed relative to gene expression in standard diet-fed mice. (C) 

C3 levels of peritoneal Ly6Chi and Ly6clo monocytes of thioglycollate-injected mice 

determined by intracellular flow cytometry. (D-F) Characterization of resident macrophages 

(Res-Macs) vs monocyte-derived macrophages (Mo-Macs) in the peritoneal lavage fluid of 

control vs thioglycollate-injected (24 hours) C57BL/6J mice. (D&E) Intracellular C3 levels 

quantified by (D) flow cytometry and (E) in the lysates of adherent macrophages by ELISA. 

Representative histograms for (D) are shown. (F) Intracellular C3a levels relative to total 

protein content measured in lysates of adherent macrophages by ELISA. (G) Intracellular C3 

levels normalized to cellular protein content in lysates of peritoneal Ly6Chi monocytes of 

thioglycollate-injected (24 hours) Cfh+/+ and Cfh-/- mice quantified by ELISA. (H) 

Representative histograms show C3 levels within peritoneal Ly6Chi monocytes of 

thioglycollate-injected Cfh+/+ and Cfh-/- mice assessed by intracellular flow cytometry. (I-M) 

Characterization of monocyte-derived macrophages (Mo-Macs) in the peritoneal lavage fluid 

of thioglycollate-injected (72 hours) Cfh+/+ vs Cfh-/- mice. (I) Intracellular C3 levels normalized 

to cellular protein content measured in lysates of adherent Mo-MACS by ELISA. (J) 

Representative histograms show C3 levels measured by intracellular flow cytometry. (K) C3a 

mean fluorescence intensity (MFI) measured by intracellular flow cytometry. (L) C3a/C3 ratio, 

a measure of complement activation, as judged by total intracellular C3a and C3 levels in 

lysates of adherent Mo-MACS quantified by ELISA. (M) C5a levels normalized to cellular 

protein content in lysates of adherent Mo-MACS measured by ELISA. (N) Absolute numbers 

of Mo-Macs (Cd11bintF4/80intLy6Clo) in the peritoneal lavage fluid of Cfh+/+ vs Cfh-/- mice 24, 

72 and 168 hours after thioglycollate injection, quantified by flow cytometry. (O) Schematic 

representation of chimeric models of CFH deficiency. (P) Intracellular C3 levels normalized to 

cellular protein content in lysates of adherent Mo-Macs of bone marrow chimeric mice (see 

Figure 2N) measured by ELISA. (Q) Absolute numbers of numbers of Mo-Macs 

(Cd11bintF4/80intLy6Clo) in the peritoneal lavage fluid of bone marrow chimeric mice (see 

Figure 2N) 72 hours after thioglycollate injection, quantified by flow cytometry. Each symbol 

represents individual mice. Data are representative of at least three independent 
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experiments. Statistical significance was evaluated by two-tailed Student’s t tests (*P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001). Error bars indicate SEM. 

Figure 4. Complement factor H-deficient macrophages display heightened 

efferocytotic capacity (A-F) Characterization of monocyte-derived macrophages (Mo-Macs) 

in the peritoneal lavage fluid of thioglycollate-injected (72 hours) Cfh+/+ vs Cfh-/- mice. (A) 

Volcano plot of genes with expression change exceeding a factor of 1.5 (q < 0.05) from a 

genome-wide transcriptome profiling by RNA sequencing. (B-C) Enrichr analysis of genome-

wide transcriptome profiling by RNA sequencing. The eight most overrepresented (B) 

biological pathways as well as (C) biological processes are shown in CFH deficient Mo-Macs 

compared with all Mus musculus genes. (D) Heat map of LAP-associated genes highly 

upregulated in CFH-deficient macrophages from a genome-wide transcriptome profiling by 

RNA sequencing. (E) Western blot analysis of intracellular LC3-I and LC3-II levels in lysates 

of adherent Mo-Macs isolated from the peritoneal cavity of thioglycollate-injected Cfh+/+ vs 

Cfh-/- mice. A representative blot is shown. (F) Ex vivo efferocytosis assay using adherent 

Mo-Macs isolated from the peritoneal cavity of thioglycollate-injected Cfh+/+ vs Cfh-/- mice. 

Mo-Macs were cultured in the presence of 1% of respective sera and were subsequently 

incubated with CMFDA-labelled apoptotic RAW macrophages for 1.5 hours. Percentages of 

CMFDA+ efferocytotic Mo-Macs were quantified by flow cytometry. Representative 

histograms are shown. Bars represent the mean±SEM of three technical replicates. (G-I) 

Lethally irradiated Ldlr-/- mice were reconstituted with bone marrow from Cfh+/+ vs Cfh-/- mice 

and were fed an atherogenic diet for 12 weeks, starting 5 weeks after transplantation (n=14 

vs n=12). (G) Quantification of dying F4/80+ macrophages per cellular area (mm2) by TUNEL 

staining using fluorescence microscopy. (H) Evaluation of lesional efferocytosis. Efferocytotic 

capacity was determined as the ratio of free apoptotic cells vs macrophage-associated 

apoptotic cells using fluorescence microscopy. Representative images of sections stained 

with DAPI, TUNEL and F4/80 are shown. DAPI, 4’,6-diamidino-2-phenylindole. Yellow 

hashtags (#) show free apoptotic cells and pink asterisks (*) indicate macrophage-associated 

apoptotic cells. Scale bars 100 µm. (I) Quantification of ATG5+ lesional area per total cellular 

area by immunohistochemistry. Each symbol represents individual mice. Representative 

images are shown. Statistical significance was evaluated by two-tailed Student’s t tests (*P < 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). Error bars indicate SEM.  
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SUPPLEMENTARY INFORMATION 

Fig S1. Hematopoietic deletion of complement factor H does not affect weight gain or 

lipid metabolism (A-C) Lethally irradiated Ldlr-/- mice were reconstituted with bone marrow 

from Cfh+/+ vs Cfh-/- mice and were fed an atherogenic diet for 12 weeks, starting 5 weeks 

after transplantation (n=14 vs n=12). (A) Final body weight. (B-C) Plasma (B) cholesterol and 

(C) triglyceride levels measured by an enzymatic automated method. Each symbol 

represents individual mice. Statistical significance was evaluated by two-tailed Student’s t 

tests. 

Fig S2. Hematopoietic complement factor H deficiency mitigates hepatic inflammation 

(A-C) Lethally irradiated Ldlr-/- mice were reconstituted with bone marrow from Cfh+/+ vs Cfh-/- 

mice and were fed an atherogenic diet for 12 weeks, starting 5 weeks after transplantation 

(n=14 vs n=12). (A) Quantitative analysis of atherosclerosis in the aorta. Data are expressed 

as percentage of Sudan IV stained area of the entire aorta. Representative images are 

shown. (B) Quantification of infiltrating macrophages in liver sections. Data are expressed as 

number of positive cells per mm2. Representative images of Mac-1-stained liver sections are 

shown. Original magnification, 200X; scale bars, 100 µm. (C) qRT-PCR analyses of 

transcript levels of inflammatory genes (Cxcl1, Cxcl2 and TNFα) in total liver samples. Data 

are expressed relative to the expression of individual genes in control Cfh+/+ bone marrow 

chimeric mice. Bars represent the mean±SEM of 14 vs 12 mice. Statistical significance was 

evaluated by two-tailed Student’s t tests (*P < 0.05, **P < 0.01). Error bars indicate SEM. 

Fig S3. Ly6Chi monocytes upregulate alternative complement genes during acute 

inflammation (A) t-SNE representation of aligned gene expression data in single cells 

extracted from the spleen of a C57BL/6 mouse. Gene expression profiles of complement 

genes (C3) are shown. (B-C) qRT-PCR analysis of transcript levels of (B) C3 and (C) Cfp in 

circulating Ly6Chi monocytes sorted from the blood of thioglycollate-injected (24 hours) vs 

control C57BL6/J mice. Statistical significance was evaluated by two-tailed Student’s t tests 

(*P < 0.05, ***P < 0.001). Error bars indicate SEM. 

Fig S4. Accumulation of intracellular C3 in Ly6Chi monocytes is in association with the 

expression of macrophage markers (A) Representative flow cytometry plot shows the 

percentage of intracellular C3+ Ly6Chi monocytes in the peritoneal lavage fluid of 
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thioglycollate-injected mice (24 hours) assessed by flow cytometry. (B) Mean fluorescence 

intensity (MFI) of macrophage markers (F4/80, C5aR1) on the surface of C3- and C3+ Ly6Chi 

monocytes in the peritoneal lavage fluid of thioglycollate-injected mice quantified by flow 

cytometry. Bars represent the mean±SEM of 4 mice. Statistical significance was evaluated 

by two-tailed Student’s t tests (***P < 0.001, ****P < 0.0001). Error bars indicate SEM. 

Fig S5. Intracellular but not extracellular C3 levels are increased in monocyte-derived 

macrophages during inflammation (A) Extracellular and intracellular C3 mean 

fluorescence intensity (MFI) of monocyte-derived macrophages from the peritoneal cavity of 

thioglycollate-injected mice (24 hours) measured by flow cytometry. Representative flow 

cytometry histograms are shown. Bars represent the mean±SEM of 4 mice. (B) Surface 

levels of C3 on monocyte-derived macrophages vs resident macrophages in the peritoneal 

lavage fluid of thioglycollate-injected vs control C57BL/6J mice assessed by flow cytometry. 

Bars represent the mean±SEM of 4 vs 4 mice.  Statistical significance was evaluated by two-

tailed Student’s t tests (****P < 0.0001). Error bars indicate SEM. 

Fig S6. Complement factor H deficiency results in reduced intracellular C3 levels in 

circulating Ly6Chi monocytes Intracellular C3 levels normalized to cellular protein content 

in lysates of circulating Ly6Chi monocytes sorted from the blood of Cfh+/+ vs Cfh-/- mice. 

Statistical significance was evaluated by two-tailed Student’s t tests (****P < 0.0001). Error 

bars indicate SEM. 

Fig S7. Purity of adherent monocyte-derived macrophages isolated from the peritoneal 

cavity of Cfh+/+ and Cfh-/- mice Representative flow cytometry plots show the percentage of 

CD11b+F4/80+ cells among adherent cells after plating total peritoneal cells isolated from  

Cfh+/+ and Cfh-/- mice measured by flow cytometry.  

Fig S8. Uncontrolled complement activation associated with complement factor H 

deficiency does not lead to increased IL-1β  secretion IL-1β levels in the supernatant of 

monocyte-derived macrophages isolated from peritoneal cavity of thioglycollate-injected 

Cfh+/+ vs Cfh-/- mice measured by ELISA. Each symbol represents individual mice. Statistical 

significance was evaluated by two-tailed Student’s t tests. Error bars indicate SEM. 

Fig S9. CFH deficiency leads to a pro-efferocytotic gene expression signature in 

monocyte-derived macrophages  Heat map of selected genes highly upregulated in CFH 

deficient Mo-Macs from a genome-wide transcriptome profiling by RNA sequencing. 

Fig S10. Complement factor H deficiency enhances the clearance of dying 

macrophages during sterile peritonitis (A) Enumeration of dying Mo-Macs in the 

peritoneal lavage fluid of thioglycollate-injected Cfh+/+ vs Cfh-/- mice using Annexin V (AnnV) 
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and 7-aminoactinomycin D (7-AAD) double staining. Representative flow cytometry plots and 

bar graphs show the frequency of viable (AnnV-7-AAD-), apoptotic (AnnV+7-AAD-), late 

apoptotic (AnnV+ 7-AAD+) and necrotic (AnnV- 7-AAD+) macrophages. The frequencies of 

necrotic (AnnV- 7-AAD+), late apoptotic (AnnV+ 7-AAD+) and apoptotic (AnnV+7-AAD-) 

monocyte-derived macrophages (Mo-Macs) in the peritoneal lavage fluid of thioglycollate-

injected (72 hours) Cfh+/+ vs Cfh-/- mice quantified by flow cytometry. Statistical significance 

was evaluated by two-tailed Student’s t tests (*P < 0.05, **P < 0.001). Error bars indicate 

SEM. 

Fig S11. Global complement factor H deficiency does not affect weight gain or lipid 

levels, but protects from necrotic core formation despite plasma C3 exhaustion and 

autoantibody production (A-G) Cfh+/+ Ldlr-/- vs Cfh-/- Ldlr-/- mice were fed an atherogenic 

diet for 10 weeks (n=12 vs n=14). (A) Final body weight. (B-C) Plasma (B) cholesterol and 

(C) triglyceride levels measured by an enzymatic automated method.  (D) Quantification of 

aortic root plaque size. Values represent the average µm2 of nine sections throughout the 

entire aortic origin (400 µm). Representative images of Masson’s trichrome-stained sections 

are shown. Original magnification, 50X; scale bars, 200 µm. (E) Assessment of necrotic core 

formation in cross sections at the aortic origin. Values indicate the percentage of necrotic 

area per total lesional area throughout the entire aortic origin (400 µm). Representative 

images of Masson’s trichrome-stained sections are shown. Original magnification, 50X; scale 

bars, 200 µm. Bar graphs show total percentage of necrotic core formation per total lesional 

area. Each symbol represents individual mice. Representative images are shown. Scale bar, 

200 µm. (F) Total plasma C3 levels quantified by ELISA. (G) Plasma IgG titers specific for 

double stranded-DNA measured by ELISA. Each symbol represents individual mice. 

Statistical significance was evaluated by two-tailed Student’s t tests (*P < 0.05, **P < 0.01, 

****P < 0.0001). Error bars indicate SEM.  
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MATERIAL AND METHODS 

Mice 

All experimental studies were approved by the Animal Ethics Committee of the Medical 

University of Vienna, Austria and were performed according to the guidelines for Good 

Scientific Practice of the Medical University of Vienna, Austria. All mice were on a C57BL/6 

background. Cfh-/- mice were generated by Matthew C. Pickering (Pickering et al. 2012). C3-/- 

and Ldlr-/- mice were purchased originally from The Jackson Laboratories (Bar Harbor, ME, 

USA). Cfh-/-, C3-/- and Ldlr-/- mice were further crossed to generate Cfh-/- C3-/-, Cfh-/- Ldlr-/-, C3-/- 

Ldlr-/- and Cfh-/- C3-/- Ldlr-/- mice.  

Bone marrow transplantation studies were performed as previously described (Binder et al. 

2004). In short, 8-week-old Ldlr-/- mice or 10-week-old Cfh-/- mice were lethally irradiated (2x 

6Gy) and were subsequently injected intravenously via the retro-orbital plexus with 3x106 

Cfh+/+ or Cfh-/- bone marrow from 6-week-old donors. The recipient mice were given a 5-week 

recovery period before intervention studies. Successful bone marrow reconstitution was 

verified by extracting and amplyfing genomic DNA from the bone marrow of the recipient 

mice. 

For inducing sterile peritonitis, mice were intraperitoneally injected with a single dose of 

50µl/g/body weight sterile thioglycollate (Thermo Fisher Scientific, Difco Laboratories, 

Waltham, MA, USA) and were sacrificed 24 hours, 72 hours or 168 hours post injection. 

All mice were bred in our in-house breeding facility. All experiments were performed with 

age- and sex-matched adult littermates (i.e. 8 weeks of age or older). 

Diets 

If not indicated otherwise, all mice received non-atherogenic rodent chow. For dietary 

intervention studies, experimental mice were fed a Western type diet containing 21% milk fat 

and 0.2% cholesterol (E15721-347, Ssniff Spezialdiäten GmbH, Soest, Germany) for 10-12 

weeks.  

Evaluation of atherosclerosis 

The extent of atherosclerosis was assessed as previously described (Binder et al. 2003). 

Shortly, lesion formation in the entire aorta was evaluated in en face preparations by staining 

the luminal surface with Sudan IV (Sigma Aldrich, St. Louis, MO, USA). Atherosclerosis in 
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the aortic origin was quantified in modified elastin-trichrome stained, 5 µm-thick serial 

sections through a 400 µm segment of the aortic root starting upon the appearance of all 3 

valve leaflets. For each mouse, 9 sections separated by 50 µm were examined and total 

lesion volume was determined. Necrotic core formation was quantified as the percent of 

acellular area compared to total lesional area. Each section was photographed using the 

AxioVison software (Carl Zeiss AG, Jena, Germany) and lesion size was assessed in a 

blinded fashion by computer-assisted image analysis using Adobe Photoshop CS5 (Adobe 

Inc., San Jose, CA, USA) and ImageJ software, 

Immunohistochemistry in aortic root lesions 

For the quantification of lesional macrophage content or ATG5 expression, sections of aortic 

root lesions were stained with an anti–mouse MAC-3 antibody (clone M3/84, BD 

Pharmingen, San Diego, CA, USA) or with a polyclonal anti-mouse ATG5 antibody (Novus 

Biologicals, Centennial, CO, USA), respectively. Sections were then stained with a 

biotinylated goat anti-rat IgG (VectorLabs, Burlingame, CA, USA) and were developed with 

streptavidin-peroxidase polymer (Sigma Aldrich). Quantification was performed with 

computer-assisted image analysis using Adobe Photoshop CS5 (Adobe Inc.) and ImageJ 

software. 

Quantification of lesional apoptosis and in situ efferocytosis assay 

Sections of aortic root lesions were de-paraffinized with xylene (Carl Roth, Karlsruhe, 

Germany) and were rehydrated in decreasing concentrations of ethanol (Carl Roth). The 

specimens were then boiled in 1x citrate buffer (Sigma Aldrich; pH 6.0) for antigen retrieval. 

After cooling, the sections were incubated with TUNEL using the In Situ Cell Death Detection 

Kit TMR-Red (Roche Diagnostics, Rotkreuz, Switzerland) according to the manufacturer’s 

instructions at 37°C for 60 min in a dark, humidified atmosphere and then washed 3 times 

with 1X DPBS (Sigma Aldrich). Sections were then blocked with 10% donkey serum (Sigma 

Aldrich) in 1X DPBS supplemented with 1% bovine serum albumin (BSA; PAN-Biotech 

GmbH, Aldenbach, Germany) for 60 min and were incubated overnight at 4°C with a rabbit 

anti-mouse F4/80 antibody (clone: D2S9R, Cell Signaling Technology, Cambridge, UK; 

1:200). Following 3 washing steps with 1X DPBS, sections were incubated with a polyclonal 

donkey anti-rabbit IgG (H+L) antibody conjugated to Alexa Fluor 647 (Jackson 

ImmunoResearch, West Grove, PA, USA; 1:500) for 2 hours and after intensive washing with 

1X DPBS, were counterstained with 4’,6-diamidino-2-phenylindole (DAPI, Sigma Aldrich; 

1:2000) for 5 min. Slides were mounted in Fluoromount (Thermo Fisher Scientific). 

Representative fields (six to eight fields of each valve leaflet in a 200 µm depth) were 
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photographed with Axio Imager A1 (Carl Zeiss AG). For the quantification of apoptotic 

macrophages, only TUNEL+F4/80+ cells that co-localized with DAPI-stained nuclei were 

counted as being positive. In situ efferocytosis was quantified as described by Wang et al. 

2017. Shortly, the ratio of TUNEL+ nuclei that were associated with F4/80+ macrophages 

(‘macrophage-associated’ apoptotic cells), indicative of efferocytosis, or not associated with 

F4/80+ macrophages (‘free’ apoptotic cells) was determined. 

Liver Histology 

The left lobe of each liver was isolated and four equal pieces were snap frozen in liquid 

nitrogen for further analyses. To assess the level of macrophage infiltration, 7 µm-thick 

frozen liver sections were stained with an anti-Mac1 antibody (clone M1/70; R&D Systems, 

Minneapolis, MN, USA; 1:500) as described previously (Busch & Hendrikx et al. 2017). Cell 

nuclei were counterstained with hematoxylin (VWR, Klinipath, Radnor, PA, USA). Pictures 

were taken with a Nikon digital camera DMX1200 (Nikon, Tokyo, Japan) and ACT-1 v2.63 

software. To determine the extent of liver inflammation, the number of Mac1+ cells was 

counted in a blinded fashion using six images (200X) per each liver. 

Primary cell isolation, flourescence-activated cell sorting and flow cytometry 

Spleens were mechanically dissociated through a 100 μm cell strainer (BD Biosciences, 

Franklin Lakes, NJ, USA) and red blood cells were lysed in red blood cell lysis buffer 

(Morphisto, Frankfurt am Main, Germany). Peripheral blood was collected via the vena cava 

(in a MiniCollect EDTA blood collection TUBE; Greiner Bio-One, Kremsmünster, Austria) and 

red blood cells were lysed in red blood cell lysis buffer. Peritoneal exudate cells were 

harvested by peritoneal lavage using ice-cold HBSS (Thermo Fisher Scientific) 

supplemented with 2% fetal calf serum (FCS; Thermo Fisher Scientific, Gibco). Total viable 

cells were counted manually using a hemocytometer or by CASY cell counter & analyzer 

(OLS-OMNI Life Science GmbH, Bremen, Germany). For flourescence-activated cell sorting, 

the whole cell suspension was incubated with 2.5 µg/ml of a blocking anti-CD16/32 antibody 

(Clone 90, Thermo Fisher Scientific, eBioscience) diluted in 1X DPBS (Sigma Aldrich) 

supplemented with 1% FCS for 20 min at 4°C. After two washing steps, cells were stained 

with the following monoclonal antibodies: anti-CD11b APC (clone M1/70, Thermo Fisher 

Scientific, eBioscience), anti-Ly6C FITC (clone HK1.4, BioLegend, San Diego, CA, USA), 

anti-Ly6G PE (clone 1A8, BioLegend), anti-F4/80 PerCP-Cy5.5 (clone BM8, BioLegend), 

anti-CD45R (B220) PerCP-Cy5.5 (clone RA3-6B2, Thermo Fisher Scientific, eBioscience), 

anti-CD43 PE (clone S7, BD Biosciences), anti-CD23 FITC (clone B3B4, BD Biosciences), 

biotinylated anti-CD21/35 (clone 7E9, BioLegend), anti-CD3e PE (clone 145-2C11, Thermo 



Results: Manuscript #2 

– 78 – 
 

Fisher Scientific, eBioscience), anti-CD4 FITC (clone GK1.5, Thermo Fisher Scientific, 

eBioscience), anti-CD8a APC (clone 53-6.7; Thermo Fisher Scientific, eBioscience) and 

streptavidin APC (Thermo Fisher Scientific, eBioscience). Data were acquired on a SH800S 

Cell Sorter (Sony Biotechnology, San Jose, CA, USA) and were analyzed using FlowJo 

software 10 (Tree Star, Ashland, OR, USA). 

For flow cytometry, 1x106 cells were added in a 96-well V-bottom plate (Thermo Fisher 

Scientific) and incubated with 2.5 µg/ml of a blocking anti-CD16/32 antibody (Clone 90, 

Thermo Fisher Scientific, eBioscience) diluted in 1X DPBS supplemented with 1% FCS for 

20 min at 4°C. After two washing steps, cells were stained with the following monoclonal 

antibodies: anti-CD11b APC (clone M1/70, Thermo Fisher Scientific, eBioscience), anti-Ly6C 

FITC (clone HK1.4, BioLegend), anti-Ly6G PE (clone 1A8, BioLegend), anti-F4/80 PerCP-

Cy5.5 (clone BM8, BioLegend), anti-C5aR1 (CD88) PE-Cy7 (clone 20/70, BioLegend), anti-

C5aR2 (C5L2) Alexa Fluor 700 (clone 468705, R&D Systems, Minneapolis, MN, USA), anti-

C3aR Alexa Fluor 488 (14D4, Hycult Biotech, Wayne, PA, USA), anti-C3/C3b/iC3b,/C3c 

Alexa Fluor 488 (clone 3/26, Hycult) and anti-C3a Alexa Fluor 488 (clone mAb 3/11, Hycult). 

All unconjugated antibodies were labelled using the Alexa Fluor 488 Antibody Labeling Kit 

(Thermo Fisher Scientific, Invitrogen). 

To determine the amount of intracellular C3, C3a, C3aR, C5aR1 and C5aR2, cells were first 

incubated with the unconjugated form of the respective antibody and were fixed and 

permeabilized with Fixation and Permeabilization Solution (Thermo Fisher Scientific, 

eBioscience) for 20 minutes at 4 °C and then stained intracellularly in permeabilization buffer 

(Thermo Fisher Scientific, eBioscience) with the respective conjugated antibodies stated 

above. For intracellular human CFH staining, THP-1 macrophages were fixed and 

permeabilized as stated above and then stained intracellularly in permeabilization buffer 

(Thermo Fisher Scientific, eBioscience) with anti-CFH (clone OX-24, Cedarlane Laboratories, 

Burlington, ON, Canada) followed by a secondary antibody staining using anti-IgG1 kappa 

APC (clone P3.6.2.8.1, Thermo Fisher Scientific, eBioscience). All stainings were carried out 

in 1X DPBS supplemented with 1% FCS for 30 min at 4°C, followed by two washing steps. 

Finally, to identify early and late dead cells staining with Annexin V and 7-AAD viability 

solution was performed according to the manufacturer’s protocol (Thermo Fisher Scientific, 

eBioscience). Data were acquired on a BD FACSCalibur (BD Biosciences) or BD LSRII 

Fortessa (BD Biosciences) and were analyzed using FlowJo software 10 (Tree Star). 
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Plasma cholesterol and triglyceride quantification  

Blood was collected from the vena cava (in a MiniCollect EDTA blood collection TUBE; 

Greiner Bio-One) at the time of sacrifice. Blood was centrifuged at 1000g for 30 minutes at 

room temperature. Plasma total cholesterol and triglyceride were measured in an ISO 15189 

accredited medical laboratory under standardized conditions on Beckman Coulter AU5400 

(Beckman Coulter, Brea, CA, USA) instruments, using the Beckman Coulter OSR6516 

reagent. 

Quantification of complement component levels 

To measure plasma concentrations of complement components, peripheral blood was 

collected from the vena cava (in a MiniCollect EDTA blood collection TUBE; Greiner Bio-

One) at the time of sacrifice. Blood was centrifuged at 1000g for 30 minutes at room 

temperature and plasma samples were snap frozen in liquid nitrogen for further use. To 

determine the intracellular levels of complement components in monocyte-derived 

macrophages (Mo-Macs), peritoneal exudate cells were harvested from thioglycollate-

injected wildtype and Cfh-/- mice by peritoneal lavage using ice-cold HBSS (Thermo Fisher 

Scientific, Gibco)  supplemented with 2% fetal calf serum (FCS; Thermo Fisher Scientific, 

Gibco). Total viable cells were counted by CASY cell counter & analyzer (OLS-OMNI Life 

Science GmbH) and cells were plated in equivalent numbers in RPMI-1640 medium (Thermo 

Fisher Scientific, Invitrogen) containing 10% FCS at 37°C for 60 minutes. Non-adherent cells 

were removed by washing three times with ice-cold 1X DPBS (Sigma Aldrich). The purity of 

adherent Mo-Macs was confirmed by flow cytometry as above. Adherent Mo-Macs were 

lysed in an IP protein lysis buffer containing 50 mM Tris (Sigma Aldrich, pH 7.5), 150 mM 

NaCl (Carl Roth), 5 mM EDTA (Sigma Aldrich), 5 mM EGTA (Sigma Aldrich) and 1% NP-40 

(Merck, Calbiochem, Darmstadt, Germany). Lysates of adherent Mo-Macs were kept at -

20°C or used immediately. The concentration of complement components was determined 

by specific ELISA kits including the Mouse C3 ELISA kit (Abcam, Cambridge, UK), the 

Mouse C3a ELISA Kit (MyBioSource, San Diego, CA, USA) and the Mouse Complement 

Component C5a DuoSet ELISA (R&D Systems), according to the manufacturer’s 

recommendations. To quantify plasma CFH levels, a self-established sandwich ELISA was 

set up using a monoclonal and a polyclonal anti-mouse CFH antibody (both R&D systems). 

As a measure of C3 consumption, C3a/C3 ratio was calculated based on total C3a 

concentrations divided by the total C3 levels of each individual sample. For intracellular 

measurements, total protein content of the lysates was quantified using Pearce BCA Protein 

Assay Kit (Thermo Fisher Scientific) and was used to normalize complement component 

levels. 
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Quantification of secreted interleukin-1 beta 

Mo-Macs were isolated and plates as stated above. Adherent Mo-Macs were cultured in 

RPMI-1640 medium (Thermo Fisher Scientific, Invitrogen) containing 10% fetal calf serum 

(FCS; Thermo Fisher Scientific, Gibco) at 37°C for 24 hours and the supernatant were 

collected and spun down at 400g for 5 minutes. The concentrations of interleukin-1 beta in 

cell supernatants were quantified by the IL-1 beta Mouse Uncoated ELISA Kit (Thermo 

Fisher Scientific, Life Technologies) according to the manufacturer’s instructions. Samples 

were developed using TMB substrate solution (BD Biosciences) and the reaction was 

terminated with 1M H2SO4 (Honeywell, Morristown, NJ, USA). The absorbance was 

measured with a Synergy 2 plate reader (BioTek Instruments, Winooski, VT, USA) at 450 nm 

as the primary wavelength. 

Antibody measurements 

Anti-dsDNA IgG antibodies were quantified as previously described (Kiss et al. 2019). In 

short, 96-well Nunc MaxiSorp plates (Thermo Fisher Scientific) were irradiated with UV light 

and coated with calf thymus DNA (Thermo Fisher Scientific, Invitrogen; 5 µg/ml) in 1X DPBS 

(Sigma Aldrich). After overnight incubation at 4°C, plates were blocked in 1% bovine serum 

albumin (BSA; PAN-Biotech GmbH) in 1X DPBS. Plasma samples were added in 1:200 

dilutions and the signal was detected with HRP-conjugated anti-mouse IgG (1:1000, GE 

Healthcare, Chicago, IL, USA). The absorbance was measured with a Synergy 2 plate 

reader (BioTek Instruments) at 450 nm as the primary wavelength. 

Cell lines 

Human THP-1 monocytic cells and murine RAW 264.7 macrophages were purchased from 

ATCC (Manassas, VA, USA) and were maintained in presence of RPMI-1640 (Thermo 

Fisher Scientific, Invitrogen) supplemented with 10% heat-inactivated fetal calf serum (FCS; 

Thermo Fisher Scientific, Gibco). All cells were incubated in a humidity-controlled 

environment at 37°C, 5% CO2 (Thermo Scientific Heraeus Cytoperm 2). 

Generation and stimulation of THP-1-derived macrophages 

To obtain THP-1-derived macrophages, cells were stimulated for 24 hours with 100 nM 

phorbol-12-myristate-13-acetate (PMA; Sigma Aldrich). After 1-2 days, THP-1 macrophages 

were stimulated in culture medium containing 100 ng/ml recombinant human interferon-

gamma (BioLegend).  
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Generation of CMFDA-labeled apoptotic RAW 264.7 macrophages 

RAW 264.7 macrophages were plated on a cell culture dish (100x20 mm, CELLSTAR, 

Greiner Bio-One) and were incubated in RPMI-1640 medium (Thermo Fisher Scientific, 

Invitrogen) containing 5 µM CellTracker Green chloromethylfluorescein diacetate (CMFDA; 

Thermo Fisher Scientific, Invitrogen) in the absence of serum for 30 min at 37°C. After 

replacing the medium with 1X DPBS (Sigma Aldrich), apoptosis of RAW 264.7 macrophages 

was induced by UVC irradiation (100mJ/cm2) using a UVP CX-2000 UV Crosslinker (Analytik 

Jena, Jena, Germany). Following the irradiation, cells were maintained in RPMI-1640 

medium containing sterile bovine serum albumin (BSA; PAN-Biotech GmbH; 50µg/ml) in a 

humidity-controlled environment at 37°C, 5% CO2 for 16 hours. 

Ex vivo efferocytosis assay 

Peritoneal exudate cells were harvested as stated above. Non-adherent cells were removed 

by two times washing with fresh medium. Adherent monocyte-derived macrophages (Mo-

Macs) were cultured in RPMI-1640 medium (Thermo Fisher Scientific, Invitrogen) in the 

presence of 1% of respective sera at 37°C overnight and were subsequently incubated with 

CMFDA-labeled apoptotic RAW macrophages in a 1:3 ratio for 1.5 hours. After discarding 

the supernatant, cells were washed three times in ice-cold 1x DPBS (Sigma Aldrich) and 

were detached using a cell scraper (Sigma Aldrich). Mo-Macs were then taken in collection 

tubes and the percentages of CMFDA+ efferocytotic cells were quantified on a BD 

FACSCalibur (BD Biosciences) and were analyzed using FlowJo software 10 (Tree Star). 

LC3 conversion assay 

Protein loading was normalized in each lysate of adherent monocyte-derived macrophages 

using a Pearce BCA Protein Assay Kit (Thermo Fisher Scientific, Gibco). After resuspending 

the lysates in 1x Laemmli buffer (Bio-Rad Laboratories, Hercules, CA, USA) and heating the 

samples up to 96°C, proteins were separated on a polyacrylamide gel (Bio-Rad 

Laboratories), transferred to polyvinylidenfluorid (PVDF) membranes (Bio-Rad Laboratories), 

blocked with 5% non-fat dry milk (Bio-Rad Laboratories) in 1x TBS (Sigma Aldrich, St. Louis, 

MO, USA) containing 1% bovine serum albumin (BSA; PAN-Biotech GmbH, Aldenbach, 

Germany) and incubated with a goat anti-mouse LC3 antibody (GeneTex, Irvine, CA, USA; 

1:1000). As secondary antibody, goat anti-rabbit IgG-HRP (Bio-Rad Laboratories) was used 

and the subsequent chemiluminescent quantification was performed on ChemiDoc imager 

(Bio-Rad Laboratories). The signal was measured with Image Lab 4.1 analysis software (Bio-

Rad Laboratories). 
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Generation and stimulation of bone-marrow-derived macrophages 

To obtain bone-marrow derived macrophages (BMDM), bone marrow cell suspensions were 

isolated by flushing femurs and tibiae of C57BL/6J mice through a 26-gauge needle (BD 

Biosciences) with 1% fetal calf serum (FCS; Thermo Fisher Scientific, Gibco) in 1x DPBS 

(Sigma Aldrich) and red blood cells were lysed as stated above.  BMDMs were then cultured 

in the presence of RPMI-1640 (Thermo Fisher Scientific, Invitrogen), 10% heat-inactivated 

FCS, penicillin (100 U/ml), streptomycin (100 µg/ml) and antimycotics (all Sigma Aldrich), 

supplemented with 10% L929-conditioned medium.  After 7-8 days, BMDMs were stimulated 

in culture medium containing 100 ng/ml recombinant mouse interferon-gamma (R&D 

Systems).  

Gene expression analyses 

Total RNA was isolated from tissue, cell culture or sorted cell subsets using the RNeasy Mini 

Kit (VWR, PeqLab) and total RNA was reversely transcribed using the High Capacity cDNA 

Reverse Transcription kit (Thermo Fisher Scientific, Applied Biosystems). Quantitative real-

time PCR was performed using Kapa SYBR Fast Bio-Rad iCycler with ROX dye (Roche 

Diagnostics, Kapa Biosystems) in a CFX96 Real-time System (Bio-Rad Laboratories). All 

data were normalized to the housekeeping gene Cyclin B1 (CycB1) and/or 36B4. Values are 

expressed as the relative expression compared to untreated samples or the control 

group/cell type. 

Primer sequences 

mm CycB1-forward: 5’-CAGCAAGTTCCATCGTGTCATCA-3’ 

mm CycB1-reverse: 5’-GGAAGCGCTCACCATAGATGCTC-3’ 

mm 36B4-forward: 5’-AGGGCGACCTGGAAGTCC-3’ 

mm 36B4-reverse: 5’-CCCACAATGAAGCATTTTGGA-3’ 

mm Cfh-forward: 5’-ACCACATGTGCCAAATGCTA-3’ 

mm Cfh-reverse: 5’-TGTTGAGTCTCGGCACTTTG-3’ 

mm C4bp-forward: 5’-CCTGGCTATGGTAGGGGAAT-3’ 

mm C4bp-reverse: 5’-CCTCGGACCTCACAAGAACT-3’ 
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mm Cr1l-forward: 5’-ACTCAACCTGGACGAGTGCT-3’ 

mm Cr1l-reverse: 5’-CTGGGGGTATCTCACAAGGA-3’ 

mm Cd55b-forward: 5’-TCAACATACCAACCGGCATA-3’ 

mm Cd55b-reverse: 5’-TTGGTGGGTCTGGACAAAAT-3’ 

mm Cd55-forward: 5’-TAATGCGAGGGGAAAGTGAC-3’ 

mm Cd55-reverse: 5’-TGAGGGGGTTCCTGTACTTG-3’ 

mm Cfi-forward: 5’-TGTGTGAATGGGAAGCACAT-3’ 

mm Cfi-reverse: 5’-CACAACGGCTCTCATCTTCA-3’ 

mm Cfd-forward: 5’-TGCACAGCTCCGTGTACTTC-3’ 

mm Cfd-reverse: 5’-CACCTGCACAGAGTCGTCAT-3’ 

mm Fhr-b-forward: 5’-GTACAGAGAATGGCTGGTC-3’ 

mm Fhr-b-reverse: 5’-AGTGATCCTCTTGCTTTCTG-3’ 

mm Cxcl1-forward: 5’-TGCACCCAAACCGAAGTCAT-3’ 

mm Cxcl1-reverse: 5’-TTGTCAGAAGCCAGCGTTCAC-3’ 

mm Cxcl2-forward: 5’-AGTGAACTGCGCTGTCAATGC-3’ 

mm Cxcl2-reverse: 5’-AGGCAAACTTTTTGACCGCC-3’ 

mm Tnfa-forward: 5’-CATCTTCTCAAAATTCGAGTGACAA-3’ 

mm Tnfa-reverse: 5’-TGGGAGTAGACAAGGTACAACCC-3’ 

mm C3-forward: 5’-AGAAAGGGATCTGTGTGGCA-3’ 

mm C3-reverse: 5’- GAAGTAGCGATTCTTGGCGG-3’ 
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10X Genomics 

10x Genomics Single Cell Gene Expression workflow was performed with the Chromium 

Single Cell 3' v3 Chemistry according to manufacturer’s recommendations. Raw reads were 

demultiplexed using cellranger (version 2.1.0) mkfastq. Demultiplexed reads were aligned to 

the mouse genome provided by 10x genomics (mm10 genome version 1.2.0) using 

cellranger count. Data were analyzed and visualized using Loupe Cell Browser 3.1.1. 

RNA-sequencing 

NGS Library Preparation 

Total RNA concentration was quantified by using the Qubit 2.0 Fluorometric Quantitation 

System (Life Technologies, Carlsbad, CA, USA). The RNA integrity number (RIN) was 

determined by applying the Experion Automated Electrophoresis System (Bio-Rad, Hercules, 

CA, USA). RNA-seq libraries were prepared by using the TruSeq Stranded mRNA LT sample 

preparation kit (Illumina, San Diego, CA, USA) and the Sciclone and Zephyr liquid handling 

workstations (PerkinElmer, Waltham, MA, USA) for pre- as well as post-PCR procedures, 

respectively. Library concentrations were measured with the Qubit 2.0 Fluorometric 

Quantitation System (Life Technologies, Carlsbad, CA, USA) and the size distribution was 

evaluated by using the Experion Automated Electrophoresis System (Bio-Rad, Hercules, CA, 

USA). For the sequencing step, samples were diluted and pooled into Next-Generation 

Sequencing (NGS) libraries in equimolar amounts. 

Sequencing and Raw Data Processing 

Expression profiling libraries were sequenced by HiSeq 3000/4000 instruments (Illumina, 

San Diego, CA, USA) in 50-base-pair, single-end conditions. The base calls were provided 

by the real-time analysis (RTA) software (Illumina, San Diego, CA, USA) and were 

subsequently converted into multiplexed, unaligned BAM format followed by demultiplexing 

into sample-specific, unaligned BAM files. For the raw data processing of the instruments, 

Picard-tool based custom programs were used. 

Transcriptome Analysis 

[Tuxedo Suite] 

Transcriptome analysis was carried out with the Tuxedo suite. For each individual sample, 

NGS reads tested by vendor quality filtering were aligned to the UCSC Genome Browser 
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[mm10] flavor of the Genome Reference Consortium [GRCm38] assembly with TopHat2 

(v2.1.1), a splice junction mapper using the Bowtie2 (v2.2.9) short read aligner. Therefore, 

"basic" Ensembl transcript annotation (version e87; December 2016) served as reference 

transcriptome. Based on spliced read alignments and the reference transcriptome joint with 

raw transcript quantification, Cufflinks (v2.2.1) allowed for transcriptome assembly. Ahead of 

differential expression calling with Cuffdiff (included in Cufflinks v2.2.1), transcriptome sets of 

each individual sample of each group was combined via the Cuffmerge algorithm. Lastly, the 

cummeRbund and biomaRt Bioconductor packages were used in custom R scripts for 

performing quality assessment and further refinement of the results from the analysis. 

[STAR Aligner and DESeq2] 

NGS reads were mapped onto the Genome Reference Consortium [GRCm38] assembly 

together with the “Spliced Transcripts Alignment to a Reference” (STAR) aligner using the 

“basic” Ensembl transcript annotation (version e87; December 2016) serving as the 

reference transcriptome. As the [mm10] assembly flavor of the UCSC Genome Browser was 

favored for alignment as well as for downstream data processing with Bioconductor 

packages, Ensembl transcript annotation needed to be adjusted to UCSC Genome Browser 

sequence region names ahead of the alignment. Reads overlapping transcript features were 

determined by using the summarizeOverlaps() function of the Bioconductor 

GenomicAlignments package also taking into consideration that the Illumina TruSeq 

stranded mRNA protocol results in sequencing of the second strand, therefore all reads 

required inverting before counting. The Bioconductor DESeq2 package was then applied to 

model the data set and identify differentially expressed genes. 

Statistical analysis 

Statistical analyses were performed using Graph Pad Prism 8 for Windows (Graph Pad 

Software, La Jolia, CA, USA). Normal distribution of data was assessed and experimental 

groups were compared using two tailed Student’s unpaired or paired t test or Mann-Whitney 

U test, as appropriate. Data points, which were more than 2X SD of the mean, were 

excluded as statistical outliers. Data are presented as mean ± SEM and considered 

significant at p ≤ 0.05 (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and ****p ≤0.0001, respectively). 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 3 cont. 
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Figure 4 
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Supplementary figure 7 
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Supplementary Figure 9 
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Supplementary Figure 10 
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Discussion         3 
3.1 General discussion 

 

The field of complement research has been revolutionized by the discovery of intracellular 

complement activation. While complement protects from foreign intruders in the circulation 

and mediates paracrine and autocrine effector functions in nearby extracellular spaces, it is 

now evident that it simultaneously controls basic cellular processes within cells. The central 

complement components C3 and C5 have both been implicated in all layers of complement 

activation. However, it still remains unknown whether intracellular complement involves a 

distinct set of components (e.g. regulators) compared to the systemic cascade, or other 

canonical complement proteins are also functionally active inside cells, comprising an 

intracellular ‘complosome’.  

Interestingly, long before describing the intracellular activity of complement, multiple studies 

reported intracellular expression and storage of factor D and properdin (Berger et al., 1991; 

Wirthmueller et al., 1997). Moreover, C3 and factor B are considered to be the first 

complement proteins to appear during evolution, even in species without a circulatory system 

(Kolev and Kemper, 2017). These observations strongly support that the alternative pathway 

of complement (that involves all the above-mentioned components) had originally evolved as 

an intracellular sensor system. Here, we provide evidence that Ly6Chi monocytes are 

endowed with their own set of alternative complement proteins and their complement 

synthesis can be activated on-demand upon an inflammatory setting, particularly upon 

infiltration to the site of inflammation, where they differentiate into effector macrophages. This 

process likely endorses them to actively fine-tune complement activation both intracellularly 

as well as in the local microenvironment thereby modulating key cellular functions in host 

protection. Thus, our findings support a concept of local ‘on-demand’ complement activation 

during inflammation. 

We could further demonstrate that complement factor H (CFH), the master repressor of 

alternative complement activation is expressed in inflammatory monocytes and macrophages 

and has the ability to control intracellular C3 levels thereby modulating cell-protective 

immune responses in atherosclerosis. In addition, our data suggest that CFH is the only 
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canonical complement regulator that is actively regulated upon an inflammatory challenge in 

Ly6Chi monocytes. Therefore, CFH might have co-evolved with alternative complement 

components in order to control their intracellular activity.   

Although the exact mechanism of action is still elusive, we can postulate several scenarios 

by which macrophage-derived CFH can affect intracellular C3 levels. CFH might exert its 

canonical complement-regulatory functions on an intracellular C3 convertase or might inhibit 

a cell-specific protease with C3-cleaving ability. Moreover, it is also unknown whether CFH 

readily acts on C3 inside the cell right after its synthesis. It is plausible that macrophages first 

need to secrete CFH and subsequently internalize it. This would be consistent with a 

previous report that CFH can be taken up by cells (Martin et al., 2016) and would allow 

multiple layers of modulation. As CFH has the ability to bind apoptotic cells in the 

microenvironment, exaggerated cell death and accumulation of dead cells could lead to 

enhanced tethering of CFH on apoptotic cell surfaces, which may simultaneously limit the re-

uptake of CFH by macrophages thereby allowing more intracellular C3 cleavage. Ultimately, 

augmented intracellular complement activation would render macrophages more phagocytic 

thereby promoting the clearance of accumulating apoptotic cells. Conversely, clearance of 

dying cells could increase the availability of CFH to be re-internalized by macrophages to 

shut down the pro-efferocytotic program driven by intracellular complement activation. Thus, 

the concentration of free macrophage-derived CFH in the microenvironment may have an 

important role in modulating the resolution of inflammation. 

It is still to be answered whether liver-derived, circulating CFH has the ability to regulate 

intracellular C3 cleavage and if so, whether it is equally potent in doing so compared to 

macrophage-derived CFH. Uptake of liver-derived CFH may increase the complexity of 

intracellular complement regulation and the contribution of cell autonomous complement 

regulation vis-à-vis systemic complement effects may differ depending on the anatomical site 

of inflammation. Importantly, accumulating evidence suggests that liver-derived, systemic C3 

is qualitatively different from intracellular C3. Ancient C3 forms frequently contained 

additional protein domains that are characteristic of metabolically-active molecules (Kolev 

and Kemper, 2017). While some of them are still present in human C3, most of them have 

been lost during evolution. In line with this notion, different post-translational modifications 

seem to occur between intracellular and liver-derived C3 (West and Kemper, 2019) and in 

pancreatic beta cells C3 has been shown to be transcribed from an alternative ATG site 

resulting in an intracellular protein lacking the secretory signal peptide (King et al., 2019). 

Based on these observations, West and Kemper proposed, that while circulating C3 needs to 

be classically folded to be functionally active, intracellular C3 may be un-folded or even in a 

precursor C3 form and exert non-canonical effects based on single domain activities 
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triggered upon cell-specific proteolytic cleavage (West and Kemper, 2019). Therefore, other 

complement components of non-hepatic origin may also have a distinct nature compared to 

their liver-derived counterparts. Investigating the distinct forms of CFH in evolutionarily older 

organisms could shed light on potential functional differences in CFH of hepatic versus 

monocytic origin. 

 

 

Figure 15 – Potential structural differences in systemic versus intracellular C3 – C3 might 

have diverged into two fundamental effector sites during evolution into multi-cellular organisms: 

liver-derived, systemic complement existing in a folded structure with canonical activities and 

intracellular C3 in an un-folded nature with key cellular homeostatic functions. Intracellular C3 

might have lost certain metabolic domains of ancient C3 of evolutionary older organisms, but 

might still be activated upon the cleavage of its functional units by cell-specific proteases. 

Adapted from (West and Kemper, 2019). 

 

The identification of on-demand complement activation as well as regulation might require 

the re-evaluation of studies discussing the effect of systemic complement on atherosclerosis 

with respect to intracellular complement activation in macrophages. One of the limitations of 

previous studies in experimental atherosclerosis is that they predominantly involve mice with 

global deficiency of certain complement factors, even though the majority of complement 

proteins have been reported to possess several sites of extrahepatic synthesis including 

atherosclerosis-relevant cell types, such as endothelial cells, smooth muscle cells or 

macrophages. These strategies do not allow distinguishing between the different layers of 

complement activation and might even disguise potential effects as a net result of 
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counteracting forces originating from systemic versus cell autonomous functions. In order to 

dissect these effects, models of selective deficiency are warranted.  

Given our profound interest in CFH production by immune cells, we applied a bone marrow 

transplantation (BMT) strategy to distinguish between the systemic and local effects of CFH 

in complement regulation. In the first study, we identified a previously undefined mechanistic 

perspective on the function of CFH in protecting from autoimmunity via the modulation of 

splenic B cell differentiation and responsiveness. Our bone marrow transplantation study 

confirmed that the latter observation is not due to a cell intrinsic effect of CFH on B cells, but 

is clearly mediated by its systemic complement-regulatory function. In the second manuscript 

discussed in this thesis, we could show that CFH is expressed exclusively by monocytes 

among immune cells and is upregulated in monocyte-derived macrophages upon an 

inflammatory challenge. Here, selective deficiency of CFH in the hematopoietic compartment 

led to a robust decrease in lesion formation and necrotic area. Moreover, the role of 

hematopoietic (i.e. monocyte-derived) CFH in atherosclerosis appeared to be dominant over 

the effect of liver-derived CFH, as mice with global CFH deficiency still displayed a decrease 

in necrotic core formation, although having similar lesion size compared to controls. The lack 

of difference in lesion size between Cfh+/+Ldlr-/- and Cfh-/-Ldlr-/- mice may point towards a pro-

atherogenic role for systemic CFH deficiency, possibly as a result of increased autoimmunity. 

Thus, dissecting the layers of CFH activity in a compartmentalized manner allowed us to 

identify opposing effects for this major complement repressor in atherosclerosis. 

In light of our findings, it may also be worthwhile to reconsider recent studies investigating 

the inherited repertoire of polymorphisms in genes encoding complement components, 

termed the complotype (Harris et al., 2012), which indicated a role of alternative complement 

activity in significantly dictating certain disease risks. While individuals with a characteristic 

combination of common polymorphic variants in the alternative pathway components C3, 

CFB and CFH have been shown to exert insufficient complement activity with higher 

prevalence of infections, others carrying the opposite complotype are more prone to chronic 

inflammation and autoimmunity. Although these results were thought to be associated with 

systemic complement activation, it is tempting to speculate that the modulation of 

intracellular complement activation can also contribute to, or even drive the predisposition to 

inflammatory and infectious diseases. 

In addition, certain genetic variants of CFH have been found to harbor altered binding 

capacity to ligands found on apoptotic cells. For example, we have previously shown that the 

Y402H polymorphism (rs1061170) in the CFH gene reduces the ability of CFH to bind the 

lipid peroxidation-derived malondlaldehyde (MDA) adducts, thereby limiting complement 
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regulation on modified host cell surfaces (Weismann et al., 2011). Importantly, Y402H variant 

confers a significantly increased risk to develop AMD (Edwards et al., 2005; Hageman et al., 

2005; Haines et al., 2005; Klein et al., 2005) and has been recently shown to affect subretinal 

macrophage elimination (Calippe et al., 2017). Although previous investigations yielded 

conflicting results on the association of the Y402H variant with cardiovascular disease (CVD) 

risk (Buraczynska et al., 2009; Kardys et al., 2006; Pai et al., 2007; Stark et al., 2007; Volcik 

et al., 2008), it did show a two-fold decrease in susceptibility to CVD in a large cohort study 

of patients suffering from familial hypercholesterolemia (Koeijvoets et al., 2009). However, 

the impact of these genetic variants on intracellular complement activation remains yet 

entirely unknown and will need to be taken into consideration in future studies.  

Besides mutations and genetic variants in the CFH gene, the availability of CFH-related 

proteins can also affect potent complement regulation by CFH. FHL-1 is an alternative 

splicing product of CFH and is composed of SCR1-7 with an additional four amino acid long 

residue (Zipfel and Skerka, 1999). Therefore, FHL-1 and CFH display overlapping 

complement-regulatory and co-factor functions. However, compared to FHL-1, CFH was 

found to have a 100-fold stronger decay accelerating activity on C3 convertases bound to 

sheep red blood cells and appears more potent to interact with C3b on non-activator 

surfaces (Kuhn and Zipfel, 1996). Thus, FHL-1 can modulate complement activation by 

occupying C3b for CFH binding.  

CFHRs all consist of domains with varying degrees of similarity with SCRs in CFH (Figure 

14). They do not have a regulatory region, but they possess high sequence homology with 

the anionic binding sites of CFH. In line with this, CFHRs have been shown to compete with 

the complement repressor activity of CFH on MDA-decorated surfaces (Weismann et al., 

2011) and therefore, they can dampen anti-inflammatory iC3b generation on the surface of 

MDA-bearing surfaces, including apoptotic cells (Weismann and Binder, 2012). These 

findings can provide an explanation for the protective effect of the CFHR1 and CFHR3 

deletion in AMD (Hughes et al., 2006). In our mouse model of CFH deficiency we could 

exclusively investigate the contribution of CFH to atherosclerosis development. However, 

FHL-1 and CFHRs likely influence the role of CFH in controlling intracellular C3 levels. Thus, 

CFH and its structurally related proteins may operate in a delicately orchestrated manner to 

modulate inflammatory responses via regulating intracellular complement activation in 

humans.  
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3.2 Conclusion and future prospects 

 

In light of the results from the Canakinumab Anti-inflammatory Thrombosis Outcomes Study 

(CANTOS) trial - in which antibody-targeted inhibition of the proinflammatory cytokine 

interleukin-1beta (IL-1β) could reduce cardiovascular events in patients with previous 

myocardial infarction (Ridker et al., 2017) - now we have evidence that targeting 

inflammation independently of lipid levels holds promise for lowering the risk of 

atherosclerotic vascular diseases. However, anti-inflammatory drug therapies can potentially 

suppress host defense and lead to fatal infections, which calls for alternative strategies such 

as inducing resolution. Defective efferocytosis is the culprit of impaired resolution of 

inflammation in atherosclerosis (Yurdagul et al., 2017). Here, we identify a novel mechanism 

by which uncontrolled intracellular C3 activation resulting from CFH deficiency induces cyto-

protective autophagy in macrophages, promotes lesional efferocytosis and mitigates 

atherosclerosis development.  

 

 

Figure 16 – Complement-targeting therapeutic agents in clinical development – Of note, 

preclinical as well as first-time-in-human drugs are included if target molecules are disclosed. 

Adapted from (Zelek et al., 2019). 

 



Discussion 

– 102 – 
 

In 2007, the clinical approval of eculizumab (under the trade name Soliris by Alexion) for the 

treatment of the rare haemolytic disease paroxysmal nocturnal heamoglobinuria (PNH) gave 

a proof of efficacy for the therapeutic modulation of complement activation in human disease 

(Hillmen et al., 2006). Eculizumab is a humanized monoclonal antibody against C5 that 

inhibits C5 cleavage by the C5 convertase into C5a and C5b and its application was since 

broadened to patients with aHUS and refractory myasthenia gravis. Although the success of 

eculizumab propelled a rapid progress in complement drug discovery, to date no 

therapeutics against alternative targets of the complement cascade have reached the market 

accompanied by some unexpected failure of drug candidates in translating into clinical 

effects (Mastellos et al., 2019). As such, a recombinant form of soluble CR1 (TP10/CDX-

1135) was assessed in a phase II trial as a therapeutic strategy to prevent myocardial 

infarction via inhibiting C3 and C5 convertase activity (Lazar et al., 2004). Albeit the 

treatment led to a reduction in cardiovascular events in male patients undergoing 

cardiopulmonary bypass, the development of the drug was discontinued due to its limited 

and gender-specific effect (Lazar et al., 2007). 

 

 

Figure 17 – The design of mini-FH – Schematic representation (left) of the interaction of CFH 

with C3b (in gray) via its complement-regulatory domains (in blue), as well as with anionic 

molecules through its surface recognition or thioester-containing domains (TED; in red) on host 

surfaces. Superimposed co-crystal structure (right) of the same interactions is shown for mini FH, 

which is composed of only SCR1-4 and SCR19-20, combined with a polyglycine linker (in 

yellow). Adapted from (Schmidt et al., 2013). 

 

Currently, over 20 therapeutic agents targeting the complement cascade are at various 

stages of clinical development (Figure 17). Among them, increasing number of drugs against 

alternative pathway activation can be observed, including two C3-targeting agents (AMY-

101, Amyndas and APL-2, Apellis) with the ability to bind native C3 and prevent C3 

convertase activity. In addition, a truncated, engineered form of CFH with superior efficacy 

for surface recognition (AMY-201 or mini-FH, Amyndas) has entered preclinical development 
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for the treatment of AMD (Figure 18; (Harris et al., 2018; Schmidt et al., 2013). However, the 

accumulating evidence highlighting the homeostatic functions of intracellular complement 

activation raises awareness about the potential implications of complement-targeting 

strategies. Furthermore, our findings suggest that enhanced cell autonomous complement 

activation associated with CFH deficiency promotes macrophage efferocytosis, which argues 

against the application of mini-FH in inflammatory diseases. Nevertheless, future studies are 

warranted to investigate whether these agents have the ability to interfere with intracellular 

complement activation. 

Besides the expense of production, the way of administration and the duration of action, 

possibly the major challenge of complement drug development is to engineer agents that can 

modulate rather than shut down complement activation in a tissue-specific manner (Zelek et 

al., 2019). Therefore, we envision an era of next generation therapeutics with the potential to 

localize therapy to the site of pathology using homing agents, gene therapy or 

nanoimmunotherapy with a well-defined time window. The findings of the thesis presented 

here indicate that targeting intracellular complement regulation may provide novel 

opportunities against chronic inflammatory diseases without tempering host defense 

mechanisms. 
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