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Summary 

This dissertation investigates the immunological and functional consequences of 
the binding of von Willebrand factor to complement C1q. 
Whereas C1q, the pattern recognition molecule of the classical complement 
pathway, is a crucial player of the innate immune system, von Willebrand factor 
(vWF) is vital for the initiation of primary hemostasis and functional coagulation. 
Although it has been shown that vWF binds to C1q, the impact of the C1q-vWF 
interaction remains poorly understood. 
The reciprocal activation of the complement and coagulation systems has been 
increasingly shown not only in health but also in a growing number of 
inflammatory diseases, but the precise pathogenic mechanisms are still 
incompletely clarified. 
Therefore, I aimed at determining the implications of the C1q-vWF binding: 
In a first study, we elucidated the interaction between C1q and vWF in the context 
of atherosclerosis. By using complexes of cholesterol crystals, C1q and vWF as an 
in vitro model, I was able to demonstrate that these complexes decrease 
phagocytosis and secretion of inflammatory cytokines by human macrophages.  
In this way, our results show that C1q-vWF formation could have a favorable effect 
in an atherosclerotic setting.  
In a second study, I examined the interaction between C1q and vWF in the context 
of hemostasis. By performing quantitative and functional hemostatic tests in C1q-
deficient mice, we were able to demonstrate that C1q enhances primary hemostasis, 
potentially in a vWF-dependent manner.  
These findings suggest that C1q exerts a hemostasis-mediating role and provide a 
possible explanation for thromboembolic complications in inflammatory disorders. 
In conclusion, both studies contribute to a better understanding of the C1q-vWF 
interaction and point towards an impact in atherosclerosis and hemostasis. 
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General introduction 

The complement system 
The complement system is an essential part of the innate immune system. The fact 
that the sum of soluble complement proteins accounts for nearly 5% of the total 
plasma protein concentration in the human body underlines its importance [1]. The 
three main physiological activities of the complement system are i) to directly 
defend against infections, ii) to bridge innate and adaptive immunity, and iii) to 
clear immune complexes and apoptotic cells [2]. The complement system is 
composed of approximately 30 proteins, mainly serine proteases in form of pro-
enzymes, present in plasma and on cell surfaces. In this manner, initiation of the 
complement pathway is followed by amplification and propagation. Therefore, 
regulatory proteins are crucial for finetuning and confinement [3].  
The complement proteins can be activated through three different pathways, all of 
them merging into a shared terminal pathway (Figure 1). 
The classical pathway of complement is initiated by recognition and binding of the 

C1 complex (C1qC1r2C1s2) to a pathogen’s cell surface directly or indirectly, e.g. via 
an antigen-antibody complex or C-reactive protein (CRP). Subsequently, C1r 
cleaves C1s, which in turn cleaves C4 into C4a and C4b fragments and enables the 
cleavage of C2 into C2a and C2b, respectively. Formation of C4bC2a on the cell 
surface acts as a convertase for C3, producing C3a and C3b.  
For the lectin pathway, initiation is triggered through binding of mannose-binding 
lectin (MBL), collectins or ficolins to carbohydrate structures on a pathogen’s 
surface. Activation of the lectin pathway leads to the formation of the same C3 
convertase as in the classical pathway.  
The alternative pathway is initiated by a spontaneous hydrolysis of soluble C3 in 

fluid phase, generating C3(H20). Binding of factor B to C3(H20) enables its cleavage 
through factor D to form C3bBb, the alternative C3 convertase. Moreover, the 
activation of the alternative pathway can occur through binding of factor B to C3b, 
originated from the classical or lectin pathways.  
Thus, all three pathways generate a C3 convertase. The resulting C3b is covalently 
bound to a cell surface and secondarily binds C3 convertases, forming a C5 

convertase (C4bC2aC3b or C3b2Bb). This results in the formation of C5a and C5b. 

The latter recruits C6, C7, C8 and C9 that polymerize to form the C5b-9 complex, 
also known as terminal complement complex (TCC) or membrane-attack complex 
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(MAC). Consequently, MAC formation results in disruption of the cell membrane 
and lysis of the cell. Moreover, the effector molecules C3b, C3a, C5a and C4a exert 
important functions. C3b is an opsonin that acts as an eat-me signal for complement 
receptor-expressing phagocytes by binding to the surface of a pathogen. C3a, C5a 
and C4a are anaphylatoxins that lead to the recruitment of immune cells and 
therefore mediate a local inflammatory response. Because of its powerful effects, 
the complement system is tightly regulated in order to ensure the protection of the 
host. On the one hand, host cells are resistant against low-grade activation. On the 
other hand, specialized proteins are responsible for the regulation of the 
complement system. E.g. C4-binding protein and complement receptor 1 can 
perturb formation of the C3 convertase by displacing C2a by binding to C4b and 
factor H and decay-accelerating factor (DAF) by displacing Bb through binding to 
C3b, whereas protectin (CD59) prevents the formation of MAC [4]. 

 
Figure 1: The complement system. 
The complement system can be divided into three pathways: the classical, lectin and 
alternative pathways. All three pathways culminate into late steps of complement 
activation characterized by formation of the membrane-attack complex (MAC). 
Abbreviations: MASP-1/2: mannan-binding lectin-associated serine protease-1/2. 
Reproduced with permission from Walport [2], © Massachusetts Medical Society.  
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C1q 

Structure 
C1q is a 460 kDa glycoprotein, composed of 18 polypeptide chains with its 
hexameric structure resembling a bouquet of tulips. Six A (34 kDa), six B (32 kDa) 
and six C (27 kDa) chains form non-covalently linked subunits, with each trimer of 
one A, B and C chain being covalently linked by disulfide bonds as depicted in 
Figure 2 [5-7]. Each chain is comprised of a collagen-like (cC1q) domain near the N-
terminus as well as a globular (gC1q) domain at the C-terminus [5, 8], responsible 
for the interaction with a plethora of ligands. 

 
Biosynthesis 
Within the human body, C1q is present in the circulating blood at a physiological 

concentration of 80-150 µg/ml. Whereas the majority of C1q is bound within the C1 
complex, a fraction of C1q is unbound and circulates in tissues [9]. C1q is mainly 
synthesized by myeloid cells, particularly by cultured monocytes, tissue 
macrophages and dendritic cells [10], but also by epithelial cells [11], fibroblasts 
[12], mesenchymal cells [13], microglia cells [14], trophoblasts [15], osteoclasts [16], 
Kupffer cells [17] and mast cells [18]. The molecule is synthesized as a 
transmembrane protein that is membrane-anchored until it is enzymatically 
cleaved into its soluble form [19]. 
  

 
Figure 2: Schematic structure of C1q. 
The tulip-like structure of the C1q molecule is depicted. The globular head domain 
represents the tulip heads, whereas the collagen-like domain represents the tulip stalks. 
Abbreviations: -S-S-: disulfide bonds. 
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Complement activation 
One of the main functions of C1q, and the one that led to its discovery, is the 
initiation of the classical pathway of the complement system. For this function, the 

Ca2+-dependent C1 initiation complex is formed by binding of serine proteases C1r 

and C1s to the cC1q domain (C1qC1r2C1s2). In detail, binding of the gC1q domain 
to fragment crystallizable (Fc) regions of antibodies (immunoglobulin (Ig) of IgG or 
IgM isotype) on an immune complex induces a conformational change in C1r, 
allowing C1r autoactivation and subsequent C1s cleavage [20]. In this regard, C1q 
is viewed as a pattern recognition molecule and thus essential in early stages of 
infection. 
 
Complement-independent functions 
Complement-independent functions of C1q were first described in the 1980s with 
studies demonstrating that C1q, in the absence of C1r and C1s, increases 
phagocytosis of various targets by phagocytes [21-23]. Over the last decades, the 
gC1q domain has been described to bind not only IgG and IgM but also structures 
such as CRP, serum amyloid P component (SAP) , pentraxin (PTX) 3, 
phosphatidylserine (PS), human immunodeficiency virus (HIV)-1 gp41, apoptotic 
cells and many more (reviewed in [24]). In this way, C1q acts as an opsonin: while 
the gC1q domain recognizes the ligands mentioned above, the cC1q domain signals 
to receptors present on cells, such as cC1qR/calreticulin, hereby mediating 
phagocytosis [25]. To date, a vast number of studies underlines that opsonization 
with C1q enhances phagocytosis independent of complement activation (reviewed 
in [26]). 
Next to its established role as a pattern recognition molecule, C1q is involved in the 
regulation of cell processes of various cell types. C1q has been described to induce 
migration and adhesion of fibroblasts to extracellular matrix [27, 28]. Furthermore, 
it has been demonstrated that high concentrations of C1q stimulate the migration 
of neutrophils and eosinophils within injured areas [29]. 
Peerschke and co-workers have also investigated the interaction between C1q and 
platelets and revealed that platelet adhesion and aggregation is upregulated due to 
the presence of C1q [30, 31]. For microglial cells, Färber and colleagues 
demonstrated the ability of C1q to induce an increase in pro-inflammatory cytokine 
secretion by these cells and also to mitigate their proliferation [32]. 
Moreover, C1q steadily gains credit to function as a bridge between innate and 
adaptive immunity. Accumulating work has provided evidence that C1q is capable 
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of modulating various immune cells and their cross-talk. Studies have shown that 
dendritic cells (DCs) express C1q receptors cC1qR/calreticulin and gC1qR and that 
C1q is able to induce maturation of DCs [33, 34]. In the context of T lymphocytes (T 
cells), it has been demonstrated that C1q-deficient mice exhibited an impaired 
interferon (IFN) γ production by T cells and a hampered CD8+ T cell proliferation 
[35, 36]. Furthermore, C1q is implicated in the modulation of B lymphocytes (B 
cells). It has been shown that C1q triggers IgG production by B cells whereas a lack 
of C1q in C1q-deficient mice leads to a positive selection of B1b B cells, in turn 
increasing IgM autoantibody production and escape from self-tolerance [37, 38]. 
 
C1q in health and disease 
Over the years, multitudinous studies have highlighted different roles for C1q in 
physiological settings. For instance, C1q has been described to be important for 
development, in particular for synaptic pruning of the central nervous system [39] 
and aging [40]. Moreover, it has been demonstrated that C1q contributes to tissue 
repair by enhancing angiogenesis [41]. Additionally, during pregnancy, C1q acts as 
a molecular bridge between endovascular trophoblasts and decidual epithelial cells 
and is therefore crucial for embryo implementation into the endometrium [15, 42, 
43].  
On the other hand, C1q has been studied in many pathophysiological contexts as 
well. In cancer research, C1q can be regarded as a pro- or anti-tumorigenic factor 
depending on the type of cancer [44]. With regard to neurodegenerative diseases, 
C1q has been shown to play a role in disorders such as Alzheimer’s disease, 
Parkinson’s disease, Huntington’s disease and prion disease (reviewed by Cho et 
al. [45]). Systemic lupus erythematosus (SLE) is yet another disorder where C1q and 
the complement system are strongly involved in pathogenesis. SLE is a chronic 
autoimmune disease commonly characterized by hypocomplementemia and the 
presence of autoantibodies, e.g. against C1q or other complement proteins [46]. 
Hereditary C1q deficiency in humans has been described to be the strongest genetic 
susceptibility factor for SLE [47, 48], underlining the importance of C1q in this 
disorder. Of note, while C1q deficiency is rare, anti-C1q autoantibodies can be 
found in roughly one-third of SLE patients [49]. With greatly improved clinical 
management over the last decades, premature morbidity and mortality in SLE is 
now increasingly ascribed to cardiovascular complications [50, 51]. Cardiovascular 
diseases, in particular atherosclerosis and thrombosis, have an increased prevalence 
in SLE, however the occurrence cannot be sufficiently explained by traditional risk 
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factors [52, 53]. Therefore, next to complement components, hemostatic factors are 
under investigation. 

Hemostasis 
The coagulation system functions in a concerted interplay between serine proteases, 
cofactors, and other molecules amplifying one another’s activity on the surface of 
cells in order to terminate bleeding caused by initial trauma. It can be divided into 
primary hemostasis, resulting in initial platelet plug formation, and secondary 
hemostasis, resulting in fibrin generation and stable, secondary hemostatic plug 
formation. On the other hand, natural anticoagulants and the mechanism of 
fibrinolysis limit the formation of the blood clot and the propagation of the 
thrombus [54]. 
 
Primary hemostasis  
Primary hemostasis is achieved by interaction of platelets, adhesive molecules and 
the vessel wall. Platelets circulating in the blood do not adhere to intact 
endothelium. Upon vascular injury, neurogenic reflex mechanisms cause 
vasoconstriction and the release of local mediators. Simultaneously, collagen and 
von Willebrand factor (vWF) are exposed from the subendothelium and promote 
adhesion of platelets by interaction with platelet glycoprotein complex (GP) IB. 
Hereby, platelets undergo a conformational change that increases their surface area 
tremendously [55-58]. Adhesion of platelets results in their activation that is 
accompanied by secretion of their α granules (containing factors such as P-selectin, 
fibrinogen, factor V and VIII and vWF) and δ granules (containing factors such as 

adenosine diphosphate (ADP), serotonin and Ca2+) as well as the production of 

thromboxane A2 (TxA2). Subsequent binding of released Ca2+ to phospholipids is 
crucial for the conversion of coagulation factors into their active forms during 
secondary hemostasis. TxA2 and ADP are released from and bind to platelets, 
which results in activation of GP IIb/IIIa receptors and hence enables binding of 
fibrinogen. This mechanism reinforces aggregation of platelets to consequently 
form the initial platelet plug [56] (Figure 3). 
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Figure 3: Primary hemostasis. 
Biological effects of primary hemostasis are depicted. Initial injury results in 
vasoconstriction, platelet activation and aggregation and eventually primary platelet plug 
formation. Abbreviations: vWF: von Willebrand factor, GP IB: glycoprotein IB receptor, 
TxA2: thromboxane A2, GP IIb/IIIa: glycoprotein IIb/IIIa receptor (integrin αIIBß3), ADP: 
adenosine diphosphate. 
Reproduced with permission from Bermudez et al. [59], © Licensee InTech. 

 
Secondary hemostasis 
Secondary hemostasis comprises various proteins that interact in a complex manner 
to finally convert soluble fibrinogen into insoluble fibrin, which stabilizes the initial 
platelet plug. Traditionally, secondary hemostasis was classified into the contact 
activation pathway (intrinsic) and the tissue factor pathway (extrinsic), with both 
pathways converging into a common pathway [54]. However, even though this 
concept provides a rationale for the understanding of in vitro coagulation tests, it 
fails to include the fundamental role of cell-based surfaces of in vivo coagulation 
and leaves clinical observations unexplained [60].  
In the extrinsic pathway, tissue factor (TF), which is expressed in the subendothelial 
tissue, is exposed due to vascular tissue trauma [58]. TF binds to factor VII, thereby 

activating it in the presence of Ca2+. The factor VIIa (“a” depicting the activated 
form) in turn activates the common pathway.  
On the other hand, the intrinsic pathway is triggered by blood trauma or collagen 
contact. Through direct contact, factor XII becomes activated. This causes activation 
of factor XI. Factor XIa further activates factor IX. Factor IXa forms the tenase 
complex together with cofactor factor VIII on a phospholipid surface to activate the 
common pathway.  
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In the common pathway, factor X is activated via extrinsic or intrinsic pathway-
derived factors. Factor Xa forms the prothrombinase complex together with 

cofactor factor V, phospholipids of tissues and platelets and Ca2+. This complex 
converts prothrombin (factor II) into thrombin (factor IIa), which subsequently 
cleaves the soluble fibrinogen into insoluble fibrin. Fibrin monomers polymerize 
and become cross-linked by factor XIIIa, consequently transforming the initial 
instable platelet plug into a stable clot [54, 57, 61] (Figure 4). 
 

 
Figure 4: Classical model of secondary hemostasis. 
The classical model of the secondary hemostasis is divided into the intrinsic and extrinsic 
pathways, both converging into the common pathway. Abbreviations: TF: tissue factor, a: 
activated.  
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This classical model of secondary hemostasis is still important for clinical in vitro 
tests such as prothrombin time (PT), investigating the extrinsic pathway, or the 
activated partial thromboplastin time (aPTT), investigating the intrinsic pathway, 
respectively.  
Nowadays, the current understanding is based on a cell-based model, which 
considers the intrinsic pathway to contribute to initial thrombin formation by the 
extrinsic pathway rather than to occur in parallel [57].  
For the cell-based model, the initiation phase is set off by exposure of blood to TF 
on TF expressing cells. Circulating factor VII binds to TF and becomes activated. 
The TF-factor VIIa-complex can in turn activate factor IX and factor X, hereby 
bridging extrinsic and intrinsic pathways. Factor Xa further converts prothrombin 
into thrombin. This initiation can be terminated by TF pathway inhibitor.  
In the amplification phase, platelets become activated by thrombin, which is 
generated during the initiation phase, and vWF. Activated platelets release factor 
V and VIII from their granules so that platelets finally carry factors XIa, VIIIa and 
Va on their surface.  
During the propagation phase, assembly of the tenase (IXa-VIIIa) and 
prothrombinase (Xa-Va) complex occurs on the surface of activated platelets. 
Hereby, a sufficient production of thrombin and fibrin, respectively, is ensured [54, 
62] (Figure 5). 
In order to counterbalance the amplification of coagulation and to prevent harmful 
thrombosis, the human body has anticoagulant and fibrinolytic mechanisms. 
Within the anticoagulant system, antithrombin, tissue factor plasminogen inhibitor, 
the protein C pathway and the protein Z dependent protease inhibitor play 
important roles. For fibrinolysis, fibrin is cleaved by the main protease plasmin. 
Plasmin itself is formed from its pro-form plasminogen by tissue plasminogen 
activator or urokinase [54]. 
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von Willebrand factor 

Structure and biosynthesis 
vWF is a multimeric glycoprotein composed of 40-200 mosaic domain structured 
monomers with a total molecular weight exceeding 20.000 kDa [63]. A single 
monomer consists of three A, three B, six C and four D domains arranged in the 
following sequence: D1-D2-D’D3-A1-A2-A3-D4-C1-C2-C3-C4-C5-C6 [64, 65]. It is 
synthesized as a pre-pro form, consisting of a signal peptide, pro-peptide and 
mature vWF [66]. vWF dimers are formed by bridging their cysteine knots (CK) via 
disulfide bonds, whereas multimers are formed by linking dimers at their D’D3 
domains via disulfide bonds (Figure 6). A unique feature of vWF is its ability to 
undergo a conformational change dependent on environmental flow forces. While 

 
Figure 5: Cell-based model of secondary hemostasis. 
The cell-based model of secondary hemostasis can be divided into i) initiation phase 
(occurring on TF-bearing cells), ii) amplification phase (occurring on activated platelets) and 
iii) propagation phase (occurring on activated platelets). 
Abbreviations: TF: tissue factor; a: activated. 
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vWF is irregularly coiled under static conditions, it extends into an elongated shape 
under shear stress such as in the blood stream [67, 68], thereupon exposing certain 
functional domains. 
vWF is exclusively produced within Weibel-Palade bodies (WPBs) of endothelial 
cells and within α granules of megakaryocytes, progenitors of platelets [69, 70]. 
Synthesized vWF can be either stored or directly secreted into the plasma, where it 
circulates at a concentration of approximately 10 µg/ml in healthy individuals [71]. 

 
Function 
vWF contributes essentially to the regulation of hemostasis and thrombosis by two 
main functions: The first function lies in the vWF-platelet interaction during 
primary hemostasis, whereas the second function is vWF’s cofactor activity for 
factor VIII during secondary hemostasis [54]. These functions are based on the 
interplay between the specialized domains of the vWF monomer and their ligands. 
For instance, interaction between collagen and vWF takes places on vWF’s A1 and 
A3 domains [73]. The interaction with platelets is mediated by binding of the A1 
domain to platelet receptor GPIB receptor as well as binding of the C4 domain to 

the platelet receptor GPIIb/IIIa (integrin αIIBß3) [74, 75]. Moreover, the coactivity 

function of vWF for factor VIII is carried out by binding of vWF’s D’D3 domain to 
factor VIII [76]. To balance the potent function of vWF, biosynthesis and activity in 
the blood are limited by degradation of vWF multimers into smaller fragments by 
the metalloprotease ADAMTS13, also known as vWF-cleaving protease, which 
cleaves vWF at its A2 domain [77]. 
  

 
Figure 6: Schematic structure of mosaic vWF domains. 
The structure of the vWF domains of a monomer is depicted and binding sites for 
dimerization, multimerization and ligand interaction declared. 
Abbreviations: vWF: von Willebrand factor, GPIb: glycoprotein Ib receptor, ADAMTS13: a 
disintegrin and metalloproteinase with thrombospondin motifs 13, RGD: arginyl-glycyl-
aspartic acid, SS: disulfide bond. 
Reproduced with permission from Springer [72], © the American Society of Hematology 
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vWF in health and disease 
Over the years, additional versatile functions of vWF have been revealed. Turner 
and Moake elucidated a link between vWF and the alternative pathway of the 
complement system, demonstrating attachment of complement components C3, 
C5, factor B, D, H, I and properdin to ultra-large vWF strings [78]. Moreover, an 
impact of vWF on angiogenesis, smooth muscle cell proliferation and tumor cell 
apoptosis has been proposed (reviewed in [79]).  
Since adequate hemostasis is dependent on the balance between vWF production 
and degradation, an imbalance on either side can have severe effects. Decreased 
levels or impaired function of vWF results in von Willebrand disease (vWD), the 
most common inherited bleeding disorder. The distinct types of vWD are caused 
by different defects: Type 1 and 3 are characterized by null alleles leading to 
reduced (type 1) or absent (type 3) vWF synthesis. Type 2 vWD is characterized by 
missense mutations in certain domains leading to a deficiency of high-molecular 
weight vWF multimers (type 2A), enhanced, spontaneous binding of platelet 
receptor GP IB (type 2B), decreased collagen binding or platelet adhesion (type 2M) 
or decreased factor VIII binding (type 2N) [80]. Depending on the type of vWD, the 
age and the sex of the patients, symptoms vary accordingly. While the most 
common symptoms are epistaxis and bruising in children, bleeding from minor 
small wounds, hematomas and menorrhagia are most commonly observed in 
adults [81, 82]. In 60-80% of patients, bleeding after surgery has been reported [82]. 
Bleeding symptoms of patients with vWD are usually treated with desmopressin, 
which increases the endogenous coagulation factor concentrations, or with infusion 
of exogenous coagulation factors in form of vWF or factor VIII-vWF concentrates 
[80].  
Acquired von Willebrand syndrome (formerly referred to as VWD type 2A) is 
another distinct pathological condition observed in patients with underlying 
cardiovascular, endocrine and hematological diseases, where patients present with 
similar symptoms due to a variety of pathogenic mechanisms [83]. 
On the other hand, deficiency in ADAMTS13 leads to an abundance of vWF 
multimers and may cause thrombotic thrombocytopenic purpura (TTP), a 
hemostatic disorder that can be life-threatening when untreated, characterized by 
the formation of blood clots in blood vessels [84].  
To summarize, the presence, amount and form of vWF is highly important for the 
proper function of primary and secondary hemostasis.  
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Cross-talk between complement and hemostasis 
Complement and coagulation are two distinct systems that share several structural 
and functional features. It has been postulated that both pathways originate from a 
common ancestral developmental-immune cascade [85]. Structurally, both systems 
are proteolytic cascades of serine proteases of the chymotrypsin family with highly 
conserved catalytic sites of histidine, serine and asparagine [85]. Moreover, the 
pathways can be organized into initiation, amplification and propagation phases, 
where the pathways can reinforce themselves by consecutive activation of cascade 
components. Additionally, both powerful multi-component systems are finely 
regulated by a series of inhibitors and regulators. 
Functionally, both systems act as an innate defense against external danger such as 
pathogens. The pathways are intended to act locally, therefore initiation is triggered 
through complement/coagulation components on surface receptors of cells only in 
the presence of foreign or altered structures, further leading to specialized, 
biological effects. 
Up to date, manifold interplays between complement and coagulation have been 
described, with the cross-talk occurring via target cells or inflammatory mediators.  
On the one hand, many complement components have been described to possess 
procoagulant properties. For instance, C3a is able to induce activation and 
aggregation of platelets [86]. C5a as well as TCC can trigger TF expression by 
endothelial cells [87, 88]. Moreover, C4 binding protein can form a complex with 
protein S, hence resulting in an inhibitory effect on an anti-coagulant mechanism 
[89]. On the other hand, it has been shown that coagulation components can cleave 
complement components in vitro. This has been demonstrated for several factors 
such as factor XIIa and thrombin [90, 91]. The observations that inflammatory 
responses can be activated due to injury accompanied by bleeding, or that 
thrombus formation can act as a physical barrier to prevent bacteria from spreading 
underlines the synergy between both systems [92, 93].  
Next to growing evidence in basic research, the implication of the cross-talk can be 
observed in clinics. The example of systemic inflammatory response syndrome 
(SIRS) demonstrates the concomitance of systemic inflammation and dysbalanced 
hemostasis [94]. Furthermore, diseases involving complement abnormalities, such 
as atypical hemolytic uremic syndrome (aHUS) [95], paroxysmal nocturnal 
hemoglobinuria (PNH) [96] and hereditary angioedema (HAE) [97], are associated 
with thrombotic complications, which are believed to be caused by complement-
induced hyperactivation of platelets. Moreover, patients suffering from SLE show 
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an increased risk for hemostasis-associated comorbidities such as thrombosis and 
atherosclerosis [98]. 
To summarize, the implication of both complement and coagulation in a number of 
diseases highlights the advantages of a better understanding of the cross-talk in 
order to promote development of tailored therapies and to improve patient 
management in those clinical settings. 

C1q-vWF interaction 

C1q and vWF are pivotal initiation molecules of their appertaining pathways. The 
finding of a nucleotide sequence homology between autoantibodies against C1q 
(anti-C1q) derived from a SLE patient [99] and the C1 domain of vWF [100] led to 
the investigation of binding studies of C1q and vWF. 
Kölm et al. demonstrated that interaction between C1q and vWF requires the 
exposure of a cryptic epitope on C1q’s collagen-like domain. This epitope is 
exposed as a result of a conformational change caused by binding of C1q’s globular-
head domain to a surface. Using digestion studies, the collagen-like domain of C1q 
could be identified as the main binding site for vWF binding. Inhibition assays have 
led to the conclusion that binding of vWF to C1q can occur at C1q’s A08 region, a 
13 amino acid peptide sequence at the N-terminus of the A chain. Importantly, the 
C1q-vWF complex formation has been demonstrated to ensure C1q’s and vWF’s 
main functions, namely complement activation, and recruitment of platelets, 
respectively. Until now, C1q-vWF binding could be demonstrated ex vivo on the 
surface of red blood cells and within glomeruli of SLE patients with active lupus 
nephritis as well as in vitro on surfaces such as ELISA plates, apoptotic cells and 
cholesterol crystals [100]. However, the functional consequences of the C1q-vWF in 
physiological and pathophysiological settings remain unknown. 
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Atherosclerosis 
Atherosclerosis is a chronic, inflammatory disease that is characterized by 

narrowing of the arteries due to deposition of fat, cholesterol, Ca2+ and cell debris 
in the vessel wall, resulting in plaque formation. A common hallmark of all stages 
of atherosclerosis is the presence of cholesterol crystals (CC). Progression of 
atherosclerosis can lead to acute occlusion due to thrombus formation and rupture 
of the plaque, consequently culminating into myocardial infarction or stroke [101, 
102]. As a stereotype of cardiovascular diseases, it accounts for approximately 50% 
of overall mortality in western society and therefore presents a tremendous health 
burden [103]. While the cause of the disease remains unknown, many risk factors 
are described to contribute to its pathogenesis. Next to genetical predisposition, 
increasing age, male gender, hypertension and diabetes (factors with strong genetic 
components), smoking, lack of exercise as well as high fat diet (environmental 
factors) are the most common risk factors [104]. 
In terms of pathophysiology, development of atherosclerotic plaques initially starts 
with the permeation and accumulation of lipoproteins into the subendothelium of 
arteries at prone sites. These trapped lipoproteins, such as low-density lipoprotein 
(LDL), can undergo oxidation and acetylation processes where they trigger 
expression of adhesion molecules and secretion of chemokines by the endothelial 
monolayer. This activation attracts blood monocytes that then migrate into the 
intima. In the intimal space, these monocytes mature into macrophages where they 
phagocytose encountered modified lipoproteins. The sustained uptake of 
lipoproteins results in the formation of lipid-laden macrophages, termed “foam 
cells”, visible as fatty streaks in the arteries. By overwhelming the recycling capacity 
of macrophages, the saturation of cholesterol becomes exceeded and leads to its 
crystallization and formation of cholesterol crystals (CC). Over time, formation of 
foam cells and CC causes secretion of extracellular matrix molecules that promotes 
further retention of lipoproteins. Moreover, ongoing inflammatory processes, 
leading to recruitment and defective egress of immune cells, together with the 
migration and proliferation of smooth muscle cells (SMCs) feed the growth of the 
atherosclerotic lesion. With the lesions advancing, dying cells release their cell 
content including extracellular lipids. These dying cells are removed by phagocytes 
in a process termed efferocytosis that becomes defective in atherosclerosis and 
causes the phagocytes to become necrotic. These secondary necrotic cells in 
combination with the released lipids finally fuel the formation of the lipid or 
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necrotic core. Ultimately, rupture of the fibrous cap triggers coagulation and thus 
leads to luminal thrombosis and arterial occlusion [105, 106] (Figure 7). 

 
Figure 7: Development of atherosclerotic lesions. 
Four stages of the development of atherosclerotic lesions are depicted: from a) normal artery 
to b) initiation of lesions to c) lesion progression and finally to d) thrombus formation.  
Abbreviations: SMC: smooth muscle cell. 
Reproduced with permission from Libby et al. [105] © Macmillan Publishers Limited 

 
Traditionally, the therapy regime for patients suffering from atherosclerosis is 
mainly based on lifestyle changes as well as medication with cholesterol-lowering 
statins [107]. Given the complexity of the disease, it appears logical that these 
measures are only partially successful. Therefore, new approaches are currently 
under investigation, e.g. approaches that aim to interfere with inflammation and 
foam cell development in order to combat atherosclerosis progression [108, 109]. 

C1q in atherosclerosis 

Even though it has been well established that the complement system is involved 
in atherosclerosis, the exact role of complement in the pathogenesis is still not fully 
understood. While absent in the healthy arterial intima, multiple complement 
molecules can be found in tissues of atherosclerotic lesions. Furthermore, transgenic 
animal models demonstrate that all three complement pathways are implicated in 
atherogenesis. However, it is difficult to discriminate between complement-
dependent and complement-independent effects. While the classic and lectin 
pathways have been attributed protective characteristics by removing cell debris 
and apoptotic cells from atherosclerotic plaques, the alternative pathway, the 
terminal complement complex (TCC) as well as the anaphylatoxins C5a and C3a 
appear to rather drive disease progression [110-112].  
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With regard to C1q, data derived from in vitro and in vivo studies suggest a dual 
role in atherosclerosis. Notably, C1q was found to be expressed in human 
atherosclerotic tissues [113-115] providing evidence of C1q to contribute to 
atherosclerosis. A number of in vitro studies have demonstrated beneficial effects of 
C1q in models of atherosclerosis. For example, C1q enhances the clearance of 
atherogenic lipoproteins, namely oxidized LDL and modified LDL, and in the same 
time increases the expression of cholesterol efflux transporters ABC-A1 and ABC-
G1 [116]. Furthermore, C1q has been described to polarize macrophages towards 
an anti-inflammatory phenotype during ingestion of atherogenic lipoproteins [117]. 
Moreover, a transcriptome study revealed that human macrophages secrete less 
pro-inflammatory IL-6 via the JAK-STAT pathway when ingesting C1q-coated 
modified LDL [118, 119]. Additionally, Pulanco et al. could show that C1q promotes 
survival and efferocytosis of macrophages and therefore hypothesized a protective 
role in early atherosclerosis [120]. 
On the other hand, experimental models with atherosclerosis-prone (LDL-deficient 
or ApoE-deficient) mice are used to debate the role of C1q in vivo. In a model of 

early atherosclerosis, it has been described that LDL-/-/C1qa-/- mice manifest with 
greater aortic root lesion size [121, 122]. Furthermore, a reduction in disease 
markers such as inflammatory cytokines, chemokines, cholesterol and triglycerides 

and a decrease in atherosclerotic lesion size could be demonstrated for C1qa+/+ 

compared to C1qa-/- mice [123].  
On the contrary, a number of studies illuminate a potentially harmful contribution 
of C1q. C1q receptors gC1qR and cC1qR, which are expressed on the surface of 
platelets, have been shown to cause activation and aggregation of platelets in vitro 
[30, 31, 124]. Moreover, the presence of C1q on CC in human plasma was 
demonstrated to result in downstream activation of complement and TCC 
generation [125]. In vivo, an association study on a cohort with familial 
hypercholesterolemia has revealed that a single nucleotide polymorphism in the 
C1qR1 gene represents a risk factor for coronary heart disease [126]. Furthermore, 
several studies in animals and humans have demonstrated that the activation of 
complement, e.g. initiated through C1q, drives atheroprogression [127-130].  
In conclusion, these findings suggest beneficial as well as detrimental effects for the 
presence of C1q, notably dependent on its respective context. 
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vWF in atherosclerosis 

A plethora of work has been carried out to elucidate a potential proatherogenic role 
of vWF. First, animal models of vWF deficiency in pigs and mice were used to 
address this question. Whereas Fuster et al. have shown beneficial effects of vWF 
in pigs [131-133], Griggs et al. did not observe protective effects against 
atherosclerosis by vWF deficiency [134-136]. In mice, Methia et al. as well as Qin et 
al. could demonstrate that the absence of vWF has a positive influence on 
atherogenesis [137, 138]. However, those studies in vWF-deficient animals strongly 
vary in their study design (animals on normal or high cholesterol diet with injury 
or no injury induced and different sites of manifestations investigated). 
Second, anti-vWF agents have been administered to several animal species. Here, 
reduction of neointimal formation, inhibition of intima thickening or decrease in 
intimal hyperplasia could be observed in the majority of the studies [139].  
Third, studies on vWD in humans were undertaken. In analogy to animal studies, 
observed effects in humans are controversial and strongly dependent on the cohort 
and the study design. Whereas Bilora and colleagues have shown that vWD 
patients manifest with less plaques than healthy controls [140, 141], Sramek et al. 
did not find differences in carotid intima media thickness in vWD patients versus 
healthy controls [142, 143].  
Moreover, studies investigating the association of vWF plasma levels with an 
increased risk for cardiovascular events have come to different conclusions. On the 
one hand, vWF has been shown to be associated with an increased risk of cardiac 
death and proposed to be useful for risk stratification in patients with 
atherosclerotic carotid artery disease [144, 145]. On the other hand, studies have 
claimed that vWF is unsuitable as a biomarker to predict myocardial infarction and 
that vWF is not associated with plaque ulceration in carotid artery disease [146, 
147]. Thus, the number of studies showing controversial data is continuously 
growing. 
To summarize, neither an unequivocal atheroprogressive nor an atheroprotective 
effect could be demonstrated so far. 
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Part I 

C1q-vWF interaction in the context of atherosclerosis 

Abstract 
Complement C1q, the initiation molecule of the classical pathway, exerts various 
immunomodulatory functions independent of complement activation. Non-
classical functions of C1q include the clearance of apoptotic cells and cholesterol 
crystals (CC), as well as the modulation of cytokine secretion by immune cells such 
as macrophages. Moreover, C1q has been shown to act as a binding partner for von 
Willebrand factor (vWF), initiation molecule of primary hemostasis. However, the 
consequences of this C1q-vWF interaction on the phagocytosis of CC by 
macrophages has remained elusive until now.  
Here, we used CC-C1q-vWF complexes to study immunological effects on human 
monocyte-derived macrophages (HMDMs). HMDMs were investigated by 
analyzing surface receptor expression, phagocytosis of CC complexes, cytokine 
secretion and caspase-1 activity.  
We found that vWF only bound to CC in a C1q-dependent manner. Exposure of 
macrophages to CC-C1q-vWF complexes resulted in an upregulated expression of 
phagocytosis-mediating receptors MerTK, LRP-1 and SR-A1 as well as CD14, 
LAIR1 and PD-L1 when compared to CC-C1q without vWF, whereas phagocytosis 
of CC-C1q complexes was hampered in the presence of vWF. In addition, we 
observed a diminished caspase-1 activation and subsequent reduction in pro-

inflammatory IL-1b cytokine secretion, IL-1b/IL-1RA ratio and IL-1a/IL-1RA ratio.  
In conclusion, our results demonstrate that vWF binding to C1q substantially 
modulates the effects of C1q on HMDMs. In this way, the C1q-vWF interaction 
might be beneficial in dampening inflammation, e.g. in the context of 
atherosclerosis. 
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Introduction  
The complement system is a highly effective part of the innate immune system. The 
multiple functions of complement include defense against bacterial infections, 
bridging innate and adaptive immunity and the clearance of immune complexes 
and components of inflammation [2]. The complement system can be activated 
through three distinct pathways: the classical, the lectin and the alternative 
pathway. All three pathways converge in a shared terminal response resulting in 
the formation of C5a and C3a as potent inflammatory effector molecules and C5b-
9 as membrane attack complex. However, each pathway is initiated through 
different characteristic recognition molecules [148]. The initiation of the classical 
pathway is triggered by C1q through sensing of bound antibodies as well as 
pathogen- and damage-associated molecular patterns (PAMPs/DAMPs). In 
addition, more recent research has shown a number of functions for C1q that are 
independent of downstream complement activation [149]. On the one hand, 
opsonization with C1q enhances the clearance of diverse structures, namely 
immune complexes [23] and apoptotic cells [150] as well as atherogenic lipoproteins 
[116] and CC [151] by phagocytes. On the other hand, anti-inflammatory properties 
for C1q have been well described. For example, bound C1q decreases the release of 
pro-inflammatory cytokines and increases the production of anti-inflammatory 
mediators by phagocytes [152, 153]. Additionally, the presence of C1q on apoptotic 
cells skews macrophage polarization towards an anti-inflammatory phenotype 
[154].  
Apart from C1q’s extensively studied involvement in immunity, a complex cross-
talk between complement and coagulation is becoming more and more evident 
[155]. Complement components have been found to induce hemostasis and vice 
versa coagulation factors can trigger complement activation, thereby combining two 
powerful plasma cascades. Within the hemostatic cascade, von Willebrand factor 
(vWF) acts as an important starter molecule by mediating platelet adhesion and 
aggregation. Immune cells, such as macrophages, are competent to take up and 
clear vWF through scavenger receptors [156, 157]. Moreover, vWF has been shown 
to interact with complement factor H [78, 158] and therefore can modulate the 
activation of complement via the alternative pathway [159]. Furthermore, a direct 
interaction between vWF and C1q was found by our group, demonstrating that 
C1q, bound to surfaces such as apoptotic cells, acts as a binding partner for vWF 
[100]. The C1q-vWF interaction also seems to occur on the surface of CC. 
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CC can be found as a characteristic feature in the intima of atherosclerotic arteries 
from early lesions to late plaque [160] and are widely used in in vitro models of 
atherosclerosis [161-163]. Formation of CC occurs upon fatty streak development 
by an increased uptake and exhausted efflux of cholesterol by lipid-laden 
macrophages known as foam cells. In in vitro and in vivo models of atherosclerosis, 
CC have been implicated in the activation of the NOD (nucleotide oligomerization 
domain)-, LRR (leucine-rich repeat)-, and PYD (pyrin domain)-containing protein 3 
(NLRP3) inflammasome and downstream cytokine secretion, consequently 
triggering local and systemic inflammation [164-166]. While the role of CC and 
macrophages in atherosclerosis appears unambiguous, C1q can play a dual role. On 
the one hand, C1q bound to oxidized LDL or CC has been shown to activate the 
classical pathway, and in this context to drive the progression of atherosclerosis in 
animal models [128, 167]. On the other hand, C1q has also been described to be 
protective in early atherosclerosis in vivo [121, 122] and to increase cholesterol efflux 
transporter expression in vitro [116], suggesting atheroprotective properties. 
Similarly, the role of vWF in atherosclerosis is still a matter of debate. Although 
various studies suggest that vWF deficiency provides protection from 
atherosclerosis in animals, in humans, an unequivocal protective effect of vWF 
deficiency on atherosclerosis has not been demonstrated so far [139].  
In summary, CC, macrophages, C1q and vWF have all been implicated in 
atherosclerosis. Nevertheless, the consequences of the interaction between C1q and 
vWF, especially on phagocytes, remain to be determined. In order to better 
understand this interaction, the aim of our study was to investigate the 
immunological effect of complexes consisting of cholesterol crystals, C1q and von 
Willebrand factor (CC-C1q-vWF complexes) by studying receptor expression, 
phagocytosis and cytokine secretion of macrophages. 

Hypothesis 
With our current knowledge about C1q’s capacity to extensively impact on immune 
cells in the context of SLE and atherosclerosis, especially demonstrating protective, 
anti-inflammatory properties in human macrophages [117, 153, 154, 168], we 
proposed that the additional presence of vWF affects the immune response. 
Therefore, we hypothesized that vWF, in form of C1q-vWF complexes, plays an 
important role in altering the immunoregulatory effect of C1q. Based on 
preliminary findings obtained by our group, we speculated that the binding of vWF 
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to C1q on the surface of CC, in form of CC-C1q-vWF complexes, is capable of 
exerting beneficial effects on HMDMs by limiting the inflammatory response in the 
context of atherosclerosis. 

Material and Methods 

Morphology of HMDMs  

After 7 d, HMDMs were harvested with PBS/10 mM EDTA and reseeded in 
DMEM+ at a cell concentration of 50,000 cells/well onto 96-well plates. Plates were 

previously coated with 5 µg/ml human serum albumin (HSA) (Sigma Aldrich) or 
purified C1q (Complement Technology, Tyler, Tx, USA) in coating buffer (0.1M 

Na2CO3 buffer, pH 9.6) overnight at 4°C. 10 µg/ml recombinant vWF (provided by 
Baxalta, Lexington, MA, USA (former Baxter; characterization by [169]) in PBS was 
added to C1q coated wells and incubated for 1 hr at RT. Plates were washed with 
PBS before adding HMDMs. After 18 hr, morphology of HMDMs was assessed with 
an inverted phase-contrasted microscope, Olympus IX50 (Olympus, Hamburg, 
Germany). For cell size analysis, a magnification of 10x was used and analyzed by 
Fiji 2.00 software. 

Preparation of CC 

Cholesterol (suitable for cell culture, Sigma Aldrich, St. Louis, MO, USA) was 
dissolved in 95% ethanol at 60°C (12.5g/l), sterile filtered and allowed to crystallize 
at room temperature (RT) for 7 days (d). Excess liquid was removed from the 
suspension, followed by drying for 5 d. Finally, CC were ground and stored as CC 
stock at -20°C until use. 

Preparation of CC, CC-C1q and CC-C1q-vWF Complexes for Characterization of 
C1q and vWF Binding  

Dry stock CC were weighed and suspended in PBS (Life Technology, Carlsbad, CA, 
USA) at a concentration of 1.6 mg/ml, vortexed and sonicated until a visually 
homogenous suspension was achieved. This CC suspension was split in three 
factions for generation of CC, CC-C1q complexes and CC-C1q-vWF complexes. 
Fractions were washed with PBS by centrifugation (1000 x g, 5 min, RT) and 
resuspended at the same concentration. For generation of CC-C1q complexes, 50 

µg/ml purified C1q, diluted in PBS, was added and incubated for 1 hr at RT on a 
shaker (700 rpm). Afterwards, CC and CC-C1q complexes were washed (as 
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described above). For generation of CC-C1q-vWF complexes, 10 µg/ml 
recombinant vWF, diluted in PBS, was added to washed CC-C1q complexes, 
vortexed rigorously and further incubated for 1 hr at RT on a shaker (700 rpm). 
After another washing step, CC complexes were further incubated with monoclonal 
mouse anti-C1q (clone 32A6 cell supernatant [170]), diluted 1:20 in PBS, or 
polyclonal rabbit anti-vWF (Abcam, Cambridge, UK), diluted 1:1000 in PBS, for 1 
hr at RT on a shaker (700 rpm). Secondary antibody staining was performed with 
donkey anti-mouse IgG-Alexa Fluor (AF)555 (Life Technologies) and goat anti-
rabbit IgG-AF647 (Abcam), both diluted 1:200 in PBS/1%BSA (Sigma Aldrich)/0.5 
M NaCl for 30 min at 4°C in the dark, followed by a final wash step and 
resuspension in PBS/1%BSA/0.5 M NaCl. All fractions were washed and treated 
with either active substance (proteins or antibodies) or solution only in the same 
manner. For flow cytometry, data were acquired using a BD Accuri 6 (BD 
Biosciences, San Jose, CA, USA) and analyzed with FlowJo10. For confocal 
microcopy, CC were spun onto cytoslides (Shandon, Pittsburg, PA, USA) by a 
Cytospin centrifuge (Thermo Fisher Scientific, Waltham, MA, USA) and analyzed 
using Nikon A1R Nala and NIS software (both Nikon, Tokyo, Japan). For imaging 
flow cytometry, analyses were carried out using ImageStreamX Mark II and IDEAS 
software (both EMD Millipore, Billerica, MA, USA). 

Cell Culture 

Peripheral blood mononuclear cells were isolated from fresh buffy coats (Blood 
Transfusion Centre of the University Hospital Basel, Basel, Switzerland) by density 
gradient centrifugation using Lymphoprep (Stemcell Technologies, Vancouver, 
Canada). Monocytes were obtained by CD14+ magnetic-activated cell separation 
beads (Miltenyi, Bergisch Gladbach, Germany) according to the manufacturer’s 
instructions (yielding an average purity of 95-98% CD14+ monocytes determined 
by flow cytometry). Monocytes were differentiated into human monocyte-derived 
macrophages (HMDMs), cultured in DMEM supplemented with 100 U/ml 

penicillin and 100 µg/ml streptomycin (DMEM+), 10% fetal calf serum (FCS) (all 
from Life Technologies) and 50 ng/ml GM-CSF (Immunotools, Frisoythe, 

Germany) at a cell concentration of 0.5x106 cells/ml in 6-well plates (BD 
Biosciences, Franklin Lakes, NJ, USA) and maintained in 5% CO2 at 37°C for 7 d.  
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Treatment with CC Complexes 

After 7 d, HMDMs were washed with prewarmed DMEM+, optionally stimulated 
with 100 ng/ml lipopolysaccharide (LPS) (E. coli O127:B8, Sigma Aldrich), diluted 
in prewarmed DMEM+, and treated with CC, CC-C1q or CC-C1q-vWF complexes 
for indicated time points. CC and CC-complexes were prepared as described above, 
washed once with PBS by centrifugation (1000 x g, 5 min, RT) and resuspended in 
prewarmed DMEM+ at a final concentration of 0.5 mg/ml before adding to cells. 

Surface Receptor Expression 

HMDMs were stimulated with LPS and treated with CC, CC-C1q or CC-C1q-vWF 
complexes as described above. After 18 hr, HMDMs were washed with PBS and 
incubated with PBS/10 mM EDTA (AppliChem, Darmstadt, Germany) for 30 min 
at 4°C. Cells were collected in FACS buffer (PBS/0.1% FCS/1 mM EDTA) and 

resuspended at a cell concentration of 5x105 cells/100 µl and incubated with 2 

µg/ml of human IgG for 45 min at 4°C to block unspecific binding of antibodies to 

Fcg receptors. Staining was performed for 30 min at 4°C in the dark in PBS using 
the following antibodies: anti-MHC II-FITC (Immunotools), anti-tyrosine-protein-
kinase Mer (MerTK)-PE (R&D Systems, Minneapolis, MN, USA), anti-programmed 
death ligand 1 (PD-L1/CD274)-APC and anti-CD14-PeCy7 (both from Biolegend, 
San Diego, CA, USA) (antibody panel 1) or anti-CD86-FITC (Biolegend), anti-
lipoprotein receptor-related protein 1 (LRP-1/CD91)-PE (Thermo Fisher Scientific, 
Waltham, MA, USA), anti-leukocyte-associated immunoglobulin-like receptor 1 
(LAIR1/CD305)-AF647 and anti-scavenger receptor A 1 (SR-A1/CD204)-PeCy7 
(both from Biolegend) (antibody panel 2). HMDMs were washed and resuspended 
in FACS buffer. Data were aquired using a BD LSRFortessa (BD Biosciences) and 
analyzed with FlowJo10. Gating was performed on SSC/CD14+ cells (antibody 
panel 1) or SSC/CD91+ cells (antibody panel 2), respectively, and geometric mean 
fluorescence intensity (gMFI) was calculated.  

Phagocytosis Assay 

Assessment of granularity of HMDMs. HMDMs were kept untreated or treated with 
CC, CC-C1q or CC-C1q-vWF complexes as described above. After 18 hr, HMDMs 
were harvested with PBS/10 mM EDTA and resuspended at a cell concentration of 

5x105 cells/100 µl in FACS buffer. HMDMs were stained with anti-CD11c-APC 
(Biolegend) for 30 min at 4°C in the dark. Data were aquired using a BD LSRFortessa 
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(BD Biosciences) and analyzed with FlowJo10. For the quantification of 
phagocytosis the percentage of CD11c+ cells with high cell granularity, indicated 

by a shift into the side scatter (SSC)high gate (gate set according to shift in SSC from 
CD11c+ untreated to CC treated cells), was determined. 
Assessment of phagocytosed pHrodo-dyed CC complexes. HMDMs were harvested with 
PBS/10mM EDTA and resuspended in phagocytosis buffer (DMEM+/12.5 mM 

HEPES (Sigma Aldrich)/5 mM MgCl2) at a density of 5x105 cells/100 µl. For 

pHrodo-dyed CC complexes, 1 mg/ml CC were suspended in 0.1M NaHCO3 buffer 

(pH 8.3) and incubated with 10 µg/ml pHrodo Red Ester (Thermo Fisher Scientific) 
for 1 hr in the dark before the addition of C1q or C1q-vWF as described above. After 
a final wash, pHrodo-dyed CC complexes were added to HMDMs at a 
concentration of 0.5 mg/ml and incubated at 37°C for 30 min. Unphagocytosed CC 
complexes were washed away and HMDMs were stained with anti-CD11c-FITC 
(Bio-Rad, Hercules, CA, USA) for 30 min at 4°C in the dark and resuspended in 
FACS buffer. Data were aquired using a Beckman Coulter CytoFLEX (Beckman 
Coulter, Brea, CA, USA) and analyzed with FlowJo10. For the quantification of 
phagocytosis, the percentage of CD11c+ cells with a shift into the pHrodo Red 
Ester+ gate (gate set according to shift in pHrodo Red Ester from CD11c+ untreated 
to CC treated cells) was determined.  

Quantification of Secreted Cytokine Levels 

HMDMs were stimulated with LPS and treated with CC, CC-C1q or CC-C1q-vWF 
complexes as described above. After 18 hr, supernatants were collected, centrifuged 
to remove cellular debris and CC and stored at -80°C until measurement. Analyses 
of cytokine secretion were carried out in duplicates with ELISA kits according to 
the manufacturer’s instructions. IL-1ß, IL-1α, IL-6 and IL-10 were measured using 
Biolegend ELISA kits, IL-18 and IL-1RA using Abcam ELISA kits and TNFα using 
a BD Bioscience ELISA kit. 

Cell Viability Assay 

HMDMs were kept untreated or treated with CC, CC-C1q or CC-C1q-vWF 
complexes as described above. After 18 hr, HMDMs were harvested with PBS/10 
mM EDTA. HMDMs were stained in Annexin V (AnV) binding buffer using 
Annexin V-APC (both from Biolegend) for 30 min at 4°C in the dark to assess early 
apoptosis. Propidium iodide (PI) (Sigma Aldrich) was added to HMDMs 
immediately before aquiring to assess late apoptosis and necrosis. Data were 
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aquired using a BD Accuri 6 (BD Biosciences) and analyzed with FlowJo10. Data 
are expressed relative to the cell viability of HMDMs that were kept untreated 
which was set to 1. 

Caspase-1 Activity Assay 

HMDMs were kept untreated or treated with CC, CC-C1q or CC-C1q-vWF 
complexes as described above. After 18 hr, HMDMs were harvested with PBS/10 

mM EDTA and resuspended at a cell concentration of 5x105 cells/ml. Cells were 
incubated for 1 hr with fluorochrome-labeled inhibitors of caspases (FLICA) probes 
for caspase-1 detection according to the manufacturer’s instruction (FAM FLICA 
Caspase-1 Assay Kit, Immunochemistry Technology, Bloomington, MN, USA). 
HMDMs were stained with anti-CD11c-APC (Biolegend) for 30 min at 4°C in the 
dark. Data were aquired using a BD LSRFortessa (BD Biosciences) and analyzed 
with FlowJo10. Quantification of caspase-1 activity was determined by the 
percentage of CD11c+ cells in the FLICA+ gate. 

Immunofluorescence of Human Carotid Arteries 

Ethical Approval. Collection and use of patient tissue were approved by the local 
Ethics Committee (EKNZ No. 2019-01490) 
Patients and processing of samples. Carotid artery plaque tissue was obtained from 
patients who underwent thromboendarterectomy procedure at the Department of 
Vascular Surgery of the University Hospital Basel, Switzerland. Carotid artery 
tissue without any atherosclerotic manifestation was obtained from patients during 
autopsy at the Department of Pathology of the University of Basel. Immediately 
after the procedure, specimens were embedded in optimal cutting temperature 
(OCT) media (CellPath, Newtown, UK) and snap-frozen in liquid nitrogen. The 

specimens were cut in 18 µm sections with a cryostat and laid onto SuperFrost Plus 
slides (Menzel, Braunschweig, Germany). 
Immunofluorescence and confocal microscopy analysis. Sections were thawed for 30 min, 
washed with PBS/0.05% Tween and blocked with PBS/0.05% Tween/1% BSA/1% 
FCS (PBSTBF) for 30 min. Sections were then incubated with the following primary 
monoclonal antibodies: mouse anti-human C1q (clone 32A6) and rabbit anti-human 
vWF (Abcam) or mouse IgG (Southern Biotech) and rabbit IgG (Jackson) as isotype 
controls in PBSTBF for 1 hr. Afterwards, sections were incubated with the 
secondary antibodies goat anti-mouse IgG-AF750 (Invitrogen) and goat anti-rabbit 
IgG-AF647 (Jackson) for 30 min in the dark. Finally, sections were washed with 



Part I  

 28 

PBS/0.05% Tween three times and with distilled water once before mounting with 
Fluoroshield (Sigma Aldrich). All steps were performed at RT. 
Immunofluorescence was analyzed using a Nikon Ti2 widefield microscope and 
NIS software. Images were prepared using OMERO software. 

Statistical Analysis 

Data are expressed as median ± interquartile range (IQR), if not stated otherwise. 
Wilcoxon matched pairs signed rank test was used to compare two groups of paired 
data. When more than 2 groups of unpaired data were compared, Kruskal-Wallis 
test was performed and if significant followed by Mann-Whitney U test for 
comparison of two specified groups as indicated. Data were analyzed with a 
statistical package program (GraphPad Prism 8, La Jolla, CA, USA). Differences 
were considered statistically significant when the p-value was <0.05. 
  



Part I  

 29 

Results 

C1q-vWF Complexes Alter the Morphology of HMDMs 

Even though a direct interplay between C1q-vWF interaction was proven by our 
group and described to be functional in terms of allowing complement activation 
as well as platelet adhesion [171], the impact of C1q-vWF complexes on the immune 
system has remained unknown to date. First, we established a model where we 
exposed HMDMs to C1q or C1q-vWF complexes. Therefore, HMDMs were 
harvested and exposed to different coatings. After 18 hr, cell morphology was 
assessed by phase-contrast microscopy. HMDMs on C1q coating (Figure 8A, left 
panel) exhibited a circular cell shape with the majority of cells evenly distributed 
and a minority of cells clustered together. However, HMDMs on coated C1q-vWF 
complexes displayed augmented cell clusters, forming cell aggregates (Figure 8A, 
right panel). The average cell size of HMDMs exposed to coating with C1q-vWF 
complexes was significantly higher compared to C1q alone (median cell size (IQR) 

of HMDMs on C1q coating: 574.7 px2 (485.9-1986 px2) vs. C1q-vWF coating: 1124 

px2 (649.8-2309 px2), p=0.0156) (Figure 8B). HMDMs coated on HSA or vWF did not 
induce cell aggregation (data not shown). 

 
Figure 8: C1q-vWF complexes induce cell aggregation of HMDMs. 
(A) HMDMs were incubated on C1q or C1q-vWF complex-coated plates for 18 hr and cell 
morphology was assessed by phase-contrast microscopy. 10x magnification of one 
representative out of seven experiments is shown. (B) Quantification of the average cell size 
for pooled data is shown. Horizontal lines in the box plots denote median while whiskers 
indicate interquartile range. Data points represent independent experiments analyzing 
seven different healthy donors used to obtain HMDMs (Wilcoxon matched pairs signed 
rank test, * p<0.05). 
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vWF Binds to CC in a C1q-Dependent Manner 

Whereas C1q is described as a classical opsonin for a variety of DAMPs [154], the 
molecule has been also shown to adhere to oxidized LDL [116]. In addition, 
Samstad et. al demonstrated C1q binding on CC after incubation with human 
plasma [151]. Therefore, we first analyzed whether surface-bound C1q on CC 
secondarily enables the binding of vWF. We characterized the binding of vWF to 
C1q on the surface of CC by flow cytometry (Figure 9A-C), confocal microscopy 
(Figure 9D) and imaging flow cytometry (Figure 9E). C1q deposition on the surface 
of CC is shown in Figure 9A. The incubation of CC with vWF in the absence of C1q 
showed no vWF deposition on the CC surface (orange histogram in Figure 9B, 
Figure 9C). Only in the presence of surface-bound C1q, vWF was enabled to bind 
(green histogram in Figure 9B, Figure 9C). The gMFI for vWF binding in the 
presence of C1q was 50-fold higher compared to CC without C1q (median gMFI 
(IQR) of C1q+vWF: 115,000 (102,000-175,000) vs. vWF: 2,300 (1,500-2,400), 
p=0.0079). Furthermore, we analyzed the localization of vWF binding to CC-C1q 
complex. Using confocal microscopy, C1q and vWF could be visualized on CC. C1q 
and vWF stainings co-localized (Figure 9D). Finally, we used imaging flow 
cytometry to analyze a larger CC population as CC have a heterogenous structure. 
Again, we observed a similar staining pattern for C1q and vWF on CC (Figure 9E).  
Taken together, our results demonstrate that bound C1q mediates the binding of 
vWF to CC, and vWF alone is not able to bind to the surface of CC. 
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Figure 9: vWF binds to CC in a C1q-dependent manner.  
Binding of C1q and vWF to surface-bound C1q on CC was determined by (A, B, C) flow 
cytometry, (D) confocal microscopy and (E) ImageStreamX. Representative flow cytometry 
diagrams show the binding of (A) C1q or (B) C1q-dependent binding of vWF on the surface 
of CC. Controls (ctrl) represent the presence of secondary antibodies only. (C) Flow 
cytometry data are shown as median gMFI with IQR (n = 5, Mann-Whitney U test, ** p<0.01). 
Confocal microscopy depicting a representative CC in brightfield, with C1q (red) or vWF 
(blue) in the presence of C1q bound to its surface. (D) The merged staining patterns visualize 
the C1q-vWF interaction. One of three independent experiments is shown. Scale bar = 50 
µm. (E) Fluorescent staining of CC captured by ImageStreamX for C1q (yellow) or C1q-vWF 
(red). One of two independent experiments is shown. Scale bar = 10 µm. 
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CC-C1q-vWF Complexes Upregulate the Surface Receptor Expression of 
HMDMs 

Macrophages have a high degree of plasticity, enabling these cells to change their 
phenotype according to the environmental stimuli [172]. In this context, C1q has 
been shown to elicit upregulated expression of MerTK receptor, which is involved 
in efferocytosis [173]. Moreover, it has been described that stimulation of 
macrophages with C1q leads to a polarization of these cells towards an anti-
inflammatory state [168]. Therefore, we aimed to investigate the phenotype of 
HMDMs in our in vitro model. For this purpose, HMDMs were kept untreated or 
treated with CC, CC-C1q or CC-C1q-vWF complexes for 18 hr. To mimic the 
inflammatory milieu present in, e.g., atherosclerotic plaques [101], HMDMs were 
simultaneously exposed to 100 ng/ml LPS for 18 hr. The phenotype was studied by 
analyzing the expression of surface CD14, CD86, LAIR1, LRP-1, MerTK, MHC II, 
PD-L1 and SR-A1 (Figure 10A-H). HMDMs stimulated with CC-C1q-vWF 
complexes significantly upregulated the expression of CD14 (p=0.0312), LAIR1 
(p=0.0312), LRP-1 (p=0.0312), MerTK (p=0.0312), PD-L1 (p=0.0312) and SR-A1 
(p=0.0312) as compared to CC-C1q complexes without vWF. In four out of six 
donors, CD86 expression was upregulated, while MHC II expression was 
downregulated in five out of six donors. Neither the median receptor expression of 
CD86 nor of MHC II was significantly affected. Also, CC treatment did not induce 
any significant changes in surface receptor expression as compared to untreated 
HMDMs (data not shown).  
Our results demonstrate that CC-C1q-vWF complexes uniquely affect the 
expression of surface receptors namely an upregulation of efferocytosis receptor 
MerTK, scavenger receptors LRP-1 and SR-A1 as well as CD14, LAIR1 and PD-L1. 
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Figure 10: CC-C1q-vWF complexes upregulate the surface receptor expression of 
HMDMs.  
LPS-stimulated HMDMs were treated with CC, CC-C1q or CC-C1q-vWF complexes for 18 
hr and analyzed by flow cytometry for surface marker expression of (A) CD14, (B) CD86, 
(C) LAIR1, (D) LRP-1, (E) MerTK, (F) MHC II, (G) PD-L1 and (H) SR-A1. Pooled flow 
cytometry data are shown as gMFI with horizontal lines denoting median. Data points 
represent independent experiments analyzing six different healthy donors used to obtain 
HMDMs (Wilcoxon matched pairs signed rank test, * p<0.05; ns = not significant). 

 

Phagocytosis of CC-C1q-vWF Complexes by HMDMs is Hampered 

Since C1q is involved in the processes of efferocytosis [174] as well as phagocytosis 
[153] and as the additional presence of vWF upregulates efferocytosis and 
scavenger receptors (Figure 10), we next investigated the role of C1q-vWF binding 
in the uptake of CC complexes by HMDMs (Figure 11). Therefore, HMDMs were 
kept untreated or treated with CC, CC-C1q or CC-C1q-vWF complexes for 18 hr. 
The phagocytosis of CC led to an increase in cell granularity, which could be 
determined by a shift in SSC using flow cytometry. Analyzed as a control, untreated 

CD11c+ HMDMs did not express a SSChigh population. When HMDMs were treated 

with CC, CC-C1q or CC-C1-vWF complexes, the cells exhibited a SSChigh population 
(Figure 11A). HMDMs showed a significant decrease in cells positive for 
phagocytosis after the treatment with CC-C1q-vWF complexes compared to CC-
C1q complexes (median phagocytosis (IQR) in six independent donors of CC-C1q-
vWF: 13.65% (5.83-16.35%) vs. CC-C1q: 24.05% (22.55-34.60%), p=0.0312) (Figure 
11B). To exploit the effect on early phagocytosis, we incubated CC with the pH-
dependent pHrodo Red dye (Figure 11C, D). Analyzed as a control, unstimulated 
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CD11c+ HMDMs only exhibited a dim fluorescent signal for pHrodo Red. 
Fluorescent signal for pHrodo Red increased strongly when HMDMs were treated 
with pHrodo-dyed CC complexes for 30 min, due to the fusion of phagocytosed CC 
with the acidic lysosome. For the early phagocytosis, HMDMs had phagocytosed 
significantly less CC-C1q-vWF complexes than CC-C1q complexes (median 
phagocytosis (IQR) in six independent donors of CC-C1q-vWF: 54.55% (40.05-
60.03%) vs. CC-C1q: 62,40% (49.05-68.78%), p=0.0312) (Figure 11D).  
In summary, late as well as early phagocytosis, by HMDMs, of CC-C1q-vWF 
complexes is reduced as compared to CC-C1q complexes.  

 
Figure 11: Phagocytosis of CC-C1q-vWF complexes by HMDMs is hampered. 
(A, B) HMDMs were kept untreated or treated with CC, CC-C1q or CC-C1q-vWF complexes 
for 18 hr and analyzed by flow cytometry for the degree of phagocytosis of CC complexes. 
Phagocytosis was determined by the percentage of CD11c+ cells with a shift into the SSChigh 
gate. (A) Flow cytometry dot plots show one out of six independent experiments. (B) 
Quantification of phagocytosis for pooled data is shown. (C, D) HMDMs were treated with 
CC, CC-C1q or CC-C1q-vWF pHrodo-dyed complexes for 30 min and analyzed by flow 
cytometry for the degree of phagocytosis of CC complexes. Phagocytosis was determined 
by the percentage of CD11c+ cells with a shift into pHrodo Red Ester+ gate. (C) Flow 
cytometry dot plots show one out of six independent experiments. (D) Quantification of 
phagocytosis for pooled data is shown. Columns denote median while error bars indicate 
interquartile range. Data points represent independent experiments analyzing six different 
healthy donors used to obtain HMDMs (Wilcoxon matched pairs signed rank test, * p<0.05). 
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CC-C1q-vWF Complexes Reduce IL-1 Cytokine Secretion of HMDMs 

CC have been repeatedly described as capable inducers of IL-1ß secretion in human 
monocytes and macrophages [165]. On the contrary, C1q has been shown to 
dampen pro-inflammatory cytokine secretion for the same cell types [168]. 
Consequently, we next examined the effect of CC-C1q-vWF complexes on the 
cytokine profile of HMDMs. For this purpose, HMDMs kept untreated or treated 
with CC, CC-C1q or CC-C1q-vWF complexes were stimulated with 100 ng/ml LPS 
for 18 hr and supernatants were analyzed for the secretion of IL-1ß, IL-1α, IL-1RA, 
IL-18, IL-6, IL-10 and TNFα cytokine levels (Figure 12). The CC treatment induced 
a strong IL-1ß and IL-1α secretion by HMDMs and a moderate increase in IL-18 
secretion as compared to untreated HMDMs. A robust decrease in pro-
inflammatory cytokines for IL-1ß and IL-1α was observed with CC-C1q complexes, 
and a decreasing trend for IL-6 and TNFα secretion. The additional presence of vWF 
on CC-C1q complexes significantly enhanced reduction of IL-1ß secretion 
(p=0.0078), IL-1ß/IL-1RA ratio (p=0.0078) and IL-1α/IL-1RA ratio (p=0.0234) 
compared to CC-C1q complexes alone. No other cytokines were significantly 
changed by vWF bound to CC-C1q complexes.  
Taken together, our data show that IL-1ß cytokine secretion and IL-1ß/IL-1RA and 
IL-1α/IL-1RA ratios by HMDMs after exposure to CC-C1q complexes are 
diminished further in the presence of vWF. This reduction appears to be IL-1 
specific. 
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Figure 12: CC-C1q-vWF complexes diminish LPS-induced IL-1 secretion of 
HMDMs. 
LPS-induced HMDMs were kept untreated or treated with CC, CC-C1q or CC-C1q-vWF 
complexes for 18 hr. Supernatants were analyzed by ELISA for cytokine secretion. Data 
show median cytokine concentrations of (A) IL-1b, (B) IL-1a, (C) IL-1RA, (F) IL-18, (G) IL-
6, (H) IL-10 and (I) TNFa levels or median ratios of (D) IL-1b/IL-1RA and (E) IL-1a/IL-1RA 
of pooled donors. Data points represent independent experiments analyzing eight different 
healthy donors used to obtain HMDMs (Wilcoxon matched pairs signed rank test, * p<0.05; 
** p<0.01; ns = not significant). 
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CC-C1q-vWF Complexes Do Not Alter Cell Viability of HMDMs 

DAMPs released by dying cells can influence the viability of neighboring cells [175]. 
Furthermore, dying cells can secrete cytokines and other cellular components when 
undergoing apoptosis or necrosis [176]. Therefore, we next determined the cell 
viability of HMDMs. HMDMs, cultured in the supernatants used in Figure 12, were 
assessed for early apoptosis as well as late apoptosis and necrosis. During 
apoptosis, phosphatidylserine (PS), which is normally located in the inner leaflet of 
the cell membrane in viable cells, is translocated to the outer leaflet of the cell 
membrane. PS on the outer cell surface can be detected by Annexin V staining. 
During late apoptosis or necrosis, cells lose the integrity of their cell membrane and 
hence enable dyes to diffuse into these cells. Propidium iodide (PI), which is 
generally membrane impermanent and excluded from viable cells, intercalates into 
the DNA of cells when the cell and nucleus membranes are disrupted, and is 
therefore used to detect late apoptotic and necrotic cells. The percentage of AnV+ 
as well as PI+ HMDMs did not differ significantly for untreated HMDMs compared 
to CC, CC-C1q or CC-C1q-vWF complex treated HMDMs (Figure 13). 

 
Figure 13: CC-C1q-vWF complexes do not affect the cell viability of HMDMs. 
LPS-induced HMDMs were kept untreated or treated with CC, CC-C1q or CC-C1q-vWF 
complexes for 18 hr. HMDMs were analyzed by flow cytometry for (A) AnV, indicating 
early apoptosis and for (B) PI, indicating late apoptosis and necrosis. The percentage of 
untreated HMDMs positive for AnV+, and for PI+ respectively, was set to 1 and percentage 
of treated HMDMs expressed as fold change. Columns denote median while data points 
represent independent experiments analyzing eight different healthy donors used to obtain 
HMDMs (Wilcoxon matched pairs signed rank test, ns = not significant). 

  

A B

un
tre

ate
d CC

CC-C
1q

CC-C
1q

-V
W

F
0.0

0.5

1.0

1.5

Fo
ld

 c
ha

ng
e 

in
 P

I+
 

un
tre

at
ed

 H
M

D
M

s 

ns

un
tre

ate
d CC

CC-C
1q

CC-C
1q

-V
W

F

0.8

1.0

1.2

1.4

Fo
ld

 c
ha

ng
e 

in
 A

nV
+ 

un
tre

at
ed

 H
M

D
M

s 

ns



Part I  

 38 

 

CC-C1q-vWF Complexes Suppress Caspase-1 Activity of HMDMs 

It is well known that IL-1 maturation, cleavage and secretion is regulated 
transcriptionally as well as posttranscriptionally. While a priming signal through 

pattern recognition receptors is required for pro-IL-1b transcription, the maturation 
is dependent on the formation of the NLRP3 inflammasome and subsequent 
caspase-1 activation [177]. Therefore, we aimed to examine whether the observed 
change in IL-1 cytokine secretion was the result of a preceding NLRP3 
inflammasome assembly. To address this point, HMDMs were kept untreated or 
treated with CC, CC-C1q or CC-C1q-vWF complexes for 18 hr and the effect on 
caspase-1 activation was quantified with FLICA probes. Upon CC treatment, 
HMDMs showed a marked increase in FLICA signal, demonstrating caspase-1 
activity (Figure 14A). While the presence of C1q on CC exhibited only a delicate 
reduction in caspase-1 activity the additional presence of vWF significantly 
suppressed caspase-1 activity in HMDMs (median FLICA+ cells (IQR) in six 
independent donors of CC-C1q: 11.54% (7.29-28.38%) vs. CC-C1q-vWF: 9.37% (5.92-
22.73%), p=0.0312)) (Figure 14B).  
Overall, our data show that HMDMs treated with CC-C1q-vWF complexes exhibit 
decreased caspase-1 activity that impacts on NLRP3 inflammasome dependent IL-

1b secretion. 

 
Figure 14: CC-C1q-vWF complexes lead to a reduced caspase-1 activity in HMDMs. 
HMDMs were kept untreated or treated with CC, CC-C1q or CC-C1q-vWF complexes for 
18 hr and analyzed for caspase-1 activity by flow cytometry. Activity of caspase-1 was 
determined by the percentage of CD11c+ cells in the FLICA+ gate. (A) Flow cytometry dot 
plots show one out of six independent experiments. (B) Quantification of caspase-1 activity 
for pooled data is shown. Horizontal lines in the box plots denote median while whiskers 
indicate interquartile range. Data points represent independent experiments analyzing six 
different healthy donors used to obtain HMDMs (Wilcoxon matched pairs signed rank test, 
* p<0.05). 
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C1q and vWF are Present in Human Atherosclerotic Arteries 

Since complement components have been described to occur in atherosclerosis but 
to be absent in healthy arteries, we wanted to examine whether C1q and vWF can 
be detected in diseased vessels and within atherosclerotic plaques. Therefore, 
resected human carotid artery specimens from patients with atherosclerotic 
manifestations and from control patients without atherosclerotic manifestations 
were stained for C1q and vWF by immunofluorescence, and analyzed for (co-) 
localization. 
In patients without atherosclerotic manifestations, we observed that vWF is 
localized only within the endothelial layers of the tissues. C1q was mostly absent in 
those patients (Figure 15A-C), but was observed in the subendothelial layer of the 
carotid arteries to some extent (Figure 15C). 
On the contrary, in patients with atherosclerotic manifestations (characterized by 
intima thickening and the presence of atherosclerotic plaques and lesions), vWF 
was not only present in the endothelial layer but also within the intima and media. 
Furthermore, C1q could be detected in all three layers: the endothelium, the intima 
(the center of foam cell formation), and the media. Moreover, we observed a partial 
overlap of the staining patterns of both proteins, which points to a co-localization 
and suggests the presence of C1q-vWF complexes in atherosclerotic arteries (Figure 
15D-F). However, since our specimens did not show CC deposits, the occurrence of 
CC-C1q-vWF complexes remains to be investigated. 
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Figure 15: C1q and vWF are Present in Human Atherosclerotic Arteries. 
Immunofluorescence of C1q and vWF in human carotid arteries of (A-C) patients with 
healthy arteries or (D-F) patients with atherosclerotic arteries. Three representative out of 
seven donors (for each healthy and diseased) are shown (20x magnification, scale 
bar=100µm). 
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Discussion 
The cross-talk between the complement and hemostatic systems is extensive and 
can provide synergistic benefits for the human body [178, 179]. Yet, the role of many 
of these interplays is still unknown. In particular, even though an interplay between 
bound complement C1q and vWF has been demonstrated previously [100], its 
impact on the immune system has remained to be unexplored until now. In our 
study, we can illustrate that CC provide another physiological surface that allows 
a C1q-vWF interaction. Moreover, we found that the binding of vWF to bound C1q 
on CC is capable of modulating the immune response of macrophages by an 
upregulated expression of phagocytosis-mediating receptors and costimulatory 
receptors, hampered phagocytosis and enhanced suppression of pro-inflammatory 
cytokine secretion compared to C1q on CC alone. Deposition of CC is described as 
a hallmark of atherosclerotic plaques. After recognition as DAMPs and ingestion 
by phagocytes, CC trigger ROS formation and lysosomal leakage with consecutive 

NLRP3 inflammasome assembly, caspase-1 generation and IL-1b secretion [164]. IL-

1b secretion leads to further recruitment of phagocytes by an amplification loop in 
a concerted action with other pro-inflammatory cytokines and chemokines [180]. 
Phagocytes, in particular macrophages, also are responsible for the essential 
function of recycling LDL and cholesterol in the periphery, but can develop into 
lipid-laden macrophage-derived foam cells during the course of the disease when 
their recycling capacity is overwhelmed. First, those foam cells can become 
apoptotic due to various stimuli, such as prolonged endoplasmic reticulum stress. 
Second, apoptotic cells that are insufficiently cleared (as occurring in advanced 
lesions due to defective efferocytosis), advance into cellular necrosis, in turn 
contributing to the formation of the necrotic core [106]. Consequently, enhanced 
ingestion of LDL and CC fuels foam cell development, which is thought to be 
detrimental in later stages of atherosclerosis [109]. Hence, the conclusion that CC 
induce arterial inflammation and destabilization of atherosclerotic plaques seems 
to be plausible [181]. The complement molecule C1q can be considered as a double-
edged sword in the context of atherosclerosis. Previous studies showed that the 
clearance of oxidized LDL and modified LDL is enhanced by binding of C1q [116], 
but simultaneously leads to a polarization of macrophages towards an anti-
inflammatory phenotype by a reduction in pro-inflammatory cytokine secretion 
[119]. In addition, C1q induces mRNA transcription of cholesterol efflux 
transporters [116]. In contrast to these atheroprotective traits, C1q was 
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demonstrated to be present on CC from human plasma [182] and found to be 
complexed to ApoE in human arteries [129], where it enables complement 
activation and thus is contributing to atheroprogression [183, 184]. 
With regard to vWF, a number of studies in vWF-deficient animals and patients 
suffering from von Willebrand factor disease have been performed. Several of those 
animal studies [139] as well as human studies [140, 141] suggest atheroprogressive 
effects of vWF. Therefore, one could hypothesize disadvantageous consequences 
for the additional presence of vWF on CC-C1q complexes on macrophages. 
However, our findings unexpectedly point to a beneficial effect of vWF in the 
context of phagocytosis of CC by macrophages, and suggest that the role of vWF in 
atherosclerosis might be intricate and requires further investigation.  
Previously, C1q and vWF have been regarded as separately acting molecules. Here, 
we identified not only a complex formation of C1q bound to the surface of CC but 
also the subsequent binding of vWF. Moreover, the treatment of HMDMs with CC-
C1q-vWF complexes results in an upregulated expression of surface receptors of 
efferocytosis (MerTK), scavenger receptors (LRP-1 and SR-A1) as well as CD14, 
LAIR1 and PD-L1 compared to CC-C1q complexes alone. Studies investigating the 
role of the phagocytosis-mediating receptors MerTK and LRP-1 indicate 
atheroprotective features [185, 186] whereas the role of SR-A1 in cardiovascular 
disease is still controversial (reviewed by Ben and colleagues [187]). Additionally, 
LAIR1 was described to have beneficial effects on foam cell formation [188]. 
Therefore, we next sought to determine the effect on the phagocytic capacity of 
HMDMs. Interestingly, the presence of vWF on CC-C1q complexes strongly 
diminished the late as well as early phagocytosis of CC by HMDMs, hereby 
reversing the effect of C1q alone. A possible explanation for this unexpected finding 
could be that the upregulated expression of phagocytosis-mediating receptors is 
representing a reinforcing feedback loop that is triggered in order to compensate 
for the decreased ingestion of CC-C1q-vWF complexes. Last, our data illustrate a 
significant decrease in IL-1 cytokine secretion by HMDMs when treated with CC-
C1q-vWF complexes compared to CC-C1q complexes without vWF. The clinical 
significance of IL-1 in cardiovascular disease was demonstrated by the anti-IL-1beta 
antibody Canakinumab Antiinflammatory Thrombosis Outcome Study (CANTOS) 
[189]. Thus, a reduction in phagocytosis and inflammation could retard plaque 
progression [190, 191]. 
One limitation of our study is its in vitro character, since the in vivo situation in 
humans is likely to be more complex. C1q’s role in human atherosclerosis is 
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supported by studies that have shown C1q expression in atherosclerotic carotid 
arteries of patients [113-115] and therefore underlining the relevance of our results.  
Whereas the majority of C1q is non-covalently bound with serine proteases C1r and 
C1s to form the C1 complex in plasma and whole blood, free C1q is more prevalent 
in tissues where it is locally synthesized mainly by macrophages and dendritic cells 
[10]. Furthermore, it has been demonstrated that vWF binds to a cryptic epitope of 
C1q, which is only exposed when C1q is surface-bound, while binding of vWF to 
surface-bound C1 was much weaker [100]. Hence, we assume that the C1q-vWF 
interaction, especially on CC, primarily occurs in tissue, such as arteries of 
atherosclerotic patients. In line with this hypothesis, we were able to provide first 
data on the concomitant presence of C1q and vWF in carotid arteries of such 
patients (Figure 15). However, further investigation on the occurrence and 
localization of C1q and vWF, also with regard to CC, in human atherosclerosis is 
needed. 
Second, in vivo, shear stress is necessary to unfold the full functional potential of 
vWF [72]. In our study however, permanent shear stress was not applied, since the 
physiological occurrence of shear stress would rather reflect the situation during 
plaque rupture resulting from continuous blood flow but not that inside the plaque 
itself. 
Lastly, alternative ways can be envisaged by which the C1q-vWF interaction, in the 
form of CC-C1q-vWF complexes, might exert its effect on HMDMs. One of the ways 
could be partial steric shielding of the C1q molecule by vWF, weakening the effects 
of C1q (e.g. Figure 11). Another way could be an intrinsic effect of vWF (e.g. Figure 
10, Figure 12). Future studies will have to explore the potential ways responsible 
for the overall impact of CC-C1q-vWF complexes. In addition, since the mutual 
interactions between complement and hemostatic systems in vivo are likely to be 
more complex, our in vitro model will have to be developed further in order to 
approach a physiological setting. Recently, Gravastrand et al. have described that 
CC induce complement-dependent activation of hemostasis [192]. In our group, we 
have observed that complement activation remains unaffected by the presence of 
vWF [171]. Hence, downstream complement components, such as C4 and C3, shall 
be implemented into our system and its effect on HMDMs in the additional 
presence of platelets addressed in the future. 
In conclusion, with this study, we provide new insights into an emerging cross-talk 
between C1q and hemostasis-initiating vWF. Our findings reveal that binding of 
vWF to C1q on CC regulates the immune response of HMDMs. We show that CC-
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C1q-vWF complexes provoke a hampered phagocytosis together with an 
accompanied reduction in IL-1 cytokine secretion by macrophages that could prove 
favorable for decelerating plaque progression.  
  



Part II  

 45 

Part II  

C1q-vWF interaction in the context of hemostasis 

Abstract 
The cross-talk between the inflammatory complement system and hemostasis is 
becoming increasingly recognized. The interaction between complement C1q, 
initiation molecule of the classical pathway, and von Willebrand factor (vWF), 
initiator molecule of primary hemostasis, has been shown to induce platelet rolling 
and adhesion in vitro. As vWF disorders result in prolonged bleeding, a lack of C1q 
as binding partner for vWF might also lead to an impaired hemostasis. Therefore, 
this study aimed to investigate the in vivo relevance of C1q-dependent binding of 
vWF in hemostasis.  
For this purpose, we analyzed parameters of primary and secondary hemostasis 
and performed bleeding experiments in wild type (WT) and C1q-deficient  

(C1qa-/-) mice, with reconstitution experiments of C1q in the latter. Bleeding 
tendency was examined by quantification of bleeding time and blood loss.  
First, we found that complete blood counts and plasma vWF levels do not differ 

between C1qa-/- mice and WT mice. Moreover, platelet aggregation tests indicated 
that the platelets of both strains of mice are functional. Second, while the 
prothrombin time was comparable between both groups, the activated partial 

thromboplastin time was shorter in C1qa-/- mice. In contrast, tail bleeding times of 

C1qa-/- mice were prolonged accompanied by an increased blood loss. Upon 

reconstitution of C1qa-/- mice with C1q, parameters of increased bleeding could be 
reversed. 
In conclusion, our data indicate that C1q, a molecule of the first-line of immune 
defense, actively participates in primary hemostasis by promoting arrest of 
bleeding. This observation might be of relevance for the understanding of 
thromboembolic complications in inflammatory disorders, where excess of C1q 
deposition is observed. 
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Introduction 
Numerous interactions between the complement and the coagulation cascades have 
been described over the years. Since both pathways are thought to have evolved 
from a common ancestor, it is not surprising that structural as well as functional 
similarities exist between them [85]. Structurally, both pathways are composed of 
potent serine proteases, which are circulating as inactive zymogens. Functionally, 
both systems belong to the first-line of defense and are intended to act locally at the 
site of infection/injury in order to limit collateral damage. 
The complement system can be activated through the classical, lectin and the 
alternative pathways, with all three pathways leading to a shared effector response 
characterized by the formation of C3 and C5 convertases, release of the effector 
molecules C3a and C5a, and assembly of the membrane-attack complex. 
The coagulation system can be characterized by the interaction between primary 
and secondary hemostasis. During primary hemostasis upon tissue damage, a 
concerted interplay of von Willebrand factor (vWF), collagen and platelets results 
in adhesion of platelets at the site of injury. Subsequent platelet activation and 
aggregation leads to the formation of a primary, instable platelet clot. During 
secondary hemostasis, exposure of blood to tissue factor (TF) initiates binding of 
factor VII, which in turn becomes activated. This leads to downstream activation of 
factors IX and X, with factor Xa being able to convert prothrombin to thrombin. 
Thrombin can amplify the cascade by activating factors XI, V, VIII as well as 
platelets themselves. Notably, to enable factor VIII to reach the phospholipid 
surface of those platelets, vWF is required as a carrier protein. The formation of a 
factor Xa-Va (prothrombinase) complex propagates the additional generation of 
thrombin, which then cleaves fibrinogen into insoluble fibrin. Cross-linking of 
fibrin polymers by factor XIIIa transforms the initial platelet clot into a stable clot. 
The current view is that primary and secondary hemostasis act in synergy rather 
than one after the other [193]. 
To date, experimental studies have described a functional impact of complement 
components on coagulation [155, 194]. Furthermore, C1q - the pattern recognition 
molecule of the classical complement pathway - has been attributed a number of 
complement-independent functions over the years. With regard to coagulation, a 
number of in vitro studies have investigated the interplay between C1q and 
coagulation components: On the one hand, C1q has been described to interact with 
platelets but data on this interaction are conflicting. While some studies 
demonstrate that C1q enhances platelet activation and upregulates P-selectin 
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expression [31, 195], other studies rather suggest that C1q mitigates coagulation by 
inhibiting collagen-induced platelet aggregation [196, 197]. On the other hand, C1q 
has been described to interact with factor XII, hereby proposing an inhibitory effect 
on clot formation [198]. Moreover, previous findings of our group have 
demonstrated that a complex of surface-bound C1q and vWF is able to induce 
platelet rolling and adhesion [100]. This observation is of importance as activated 
components of complement, including C1q, and coagulation are frequently 
encountered concomitantly in thrombotic complications that accompany 
inflammatory disorders such as bacterial sepsis and SLE [199-201].  
Therefore, this study aimed to investigate the in vivo relevance of C1q-mediated 
binding of vWF by studying C1q-deficient mice with regard to alterations in 
hemostasis. 

Hypothesis  
With the observation in mind that the C1q-vWF interaction possesses the ability to 
induce platelet rolling and adhesion in vitro [100], we sought to investigate the 
functional consequences of the binding between C1q and vWF in vivo. We proposed 
that the absence of C1q as a binding partner for vWF impairs hemostasis in C1q-
deficient mice. Therefore, we speculated that vWF, captured by C1q at sites of tissue 
damage, is able to induce platelet aggregation and thus contributes to the 
termination of bleeding. In this way, we assumed that C1q participates in primary 
hemostasis by inducing vWF-mediated thrombus formation in the context of 
thromboembolic complications. 

Material and Methods 

Animals 

C57BL/6 mice (animal facility of the Department of Biomedicine, Basel, 

Switzerland) and C1qa-/- mice on a C57BL/6 genetic background were maintained 
in our specific-pathogen-free facility at 22°C room temperature (RT) with 12 hr 
light/12 hr dark cycle and were housed in groups of 2–6 mice. Mice used for 
experiments were kept for 2 weeks of adaptation period upon transfer. All 
procedures were approved by the Cantonal Commission for Animal Experiments, 
and the Federal Food Safety and Veterinary Office (license number 2898/28447). 
This study was carried out by authorized staff in accordance with the guidelines 
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and regulations of the Swiss welfare legislation (Animal Welfare Ordinance, 
Animal Welfare Act and the Animal Experimentation Ordinance). 

Tail bleeding time and blood loss 

For these experiments, 6-14 week old wild type (WT) or C1qa-/- mice were weighed 
and injected with a mixture of ketamine (100 mg/kg body weight (BW), xylazine 
(10 mg/kg BW) and atropine (1.2 mg/kg BW) before 10 mm of the distal tail was 
amputated and immersed into 0.16% EDTA/PBS, kept at 37°C. Time to cessation of 
blood flow was evaluated for 15 min. Blood loss was analyzed by i) reduction in 
body weight, calculated by reweighing the animals including amputated tails 
before and after tail bleeding, ii) reduction in body weight normalized to total body 
weight and iii) optical density (OD) of blood-PBS solution obtained from tail 
bleeding assay. OD was analyzed in 96 well plate using a microplate reader with 
an emission wavelength of 550 nm. Experimental set-up is shown in Figure 19. In 
all these experiments, the experimenter was blinded to the genetic background of 
the animals or the substance of reconstitution. 

Complete blood counts  

Whole blood was obtained from the tail vein, anticoagulated with EDTA and 
diluted with 0.9% saline (1:3). Blood cell counts and hemoglobin concentration were 
analyzed by using the ADVIA 2120i Hematology System (Siemens Healthcare, 
Erlangen, Germany).  

vWF plasma levels  

Citrated plasma was obtained from the tail vein and analyzed for vWF levels using 
von Willebrand factor two matched antibody pair kit (Abcam), according to the 
manufacturer’s instructions. 

Prothrombin time  

Citrated whole blood was obtained from the tail vein and analyzed using 
Hemochron prothrombin time (PT) citrate cuvettes and Hemochron Jr. Signature+ 
(both from Accriva Diagnostics, Instrumentation Laboratory, Bedford, MA, USA). 
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Activated partial thromboplastin time  

Citrated plasma was obtained by cardiac puncture and analyzed for activated 
partial thromboplastin time (aPTT) using ACL Top 750 Las (Instrumentation 
Laboratory). 

Platelet function  

Whole blood was obtained from the vena cava, anticoagulated with hirudin and 
diluted with 0.9% saline (1:1) and analyzed for whole-blood platelet aggregation 
using the multiple electrode platelet aggregometry (MEA) Multiplate® Analyzer 
(Roche Diagnostics, Basel, Switzerland). Aggregation (electrical impedance) was 
induced with the platelet activating agonists ADP (15 μM) or collagen (10 μg/ml) 
and recorded for 6 min. In order to achieve sufficient amounts of platelets, blood 
was pooled from three mice per group. 

C1q levels and reconstitution of C1q 

To determine kinetics of C1q reconstitution, C1qa-/- mice were injected 
intraperitoneally (i.p.) with 500 μg purified human C1q (1 mg/ml, Complement 
Technology) and blood sampling from the tail vein was carried out at 30 min, 1 hr, 
2 hr and 8 hr. Data are shown in Figure 21. For the comparison of bleeding diathesis 
with or without reconstitution, mice were injected i.p. with 500 μg purified human 
C1q or the same volume of 0.9% saline 2 hr prior to tail bleeding. Blood sampling 
by cardiac puncture was carried out after the tail bleeding experiment. The degree 
of reconstitution with C1q was quantified from the obtained serum (time point 
experiments) or plasma (tail bleeding experiments) using a C1q ELISA kit (Hycult 
Biotech, Unden, Netherlands) according to the manufacturer’s instructions. Despite 
the concentration of administered C1q, the site of injection and the experimenter 
being constant, we observed considerable interindividual differences in the 
recovery rate of C1q-reconstituted mice, potentially due to subclinical differences 
in the intraperitoneal injection site. As a consequence, for the analysis of tail 
bleeding experiments following C1q reconstitution, only mice in which at least 5 
μg/ml of C1q plasma concentration could be achieved were included in the 
analysis. 

Statistical analysis 

Data are expressed as median ± interquartile range (IQR), if not stated otherwise. 
Mann-Whitney test was used to compare two sets of nonparametric, unpaired data. 
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Correlations were estimated by Spearman’s rank correlation coefficient. Data were 
analyzed with a statistical package program (GraphPad Prism 8, La Jolla, CA, USA). 
Differences were considered statistically significant when the p-value was <0.05. 

Results 

Complete blood counts and vWF concentrations of C1q-deficient versus WT mice 

In order to exclude confounders that can influence bleeding behavior, we first 
assessed hematologic parameters of the two strains. In detail, blood of WT mice and 
C1q-deficient mice was analyzed for blood counts (red blood cells, white blood 
cells, platelets, lymphocytes and hemoglobin) by flow cytometry, and vWF levels 
were quantified by ELISA. There was no statistically significant difference between 
WT and C1q-deficient mice for all of these parameters (Figure 16). 

 
Figure 16: Complete blood counts and vWF levels of C1q-deficient versus WT mice. 
EDTA-anticoagulated whole blood of C1q-deficient and WT mice was obtained and 
quantified by flow cytometry for numbers of (A) platelets, (B) red blood cells, (C) white 
blood cells, (D) lymphocytes and (E) amount of hemoglobin. (F) From citrated blood, vWF 
plasma concentration was quantified using ELISA. Horizontal lines in the box plots denote 
median while the boxes indicate interquartile range and whiskers minimum and maximum 
values. Data points represent individual mice, (A), (B), (C), (E), (F) l: n= 11, �: n=10; (D) l: 
n= 9, �: n=10 (Mann-Whitney test; ns, not significant). 

 

Prothrombin time and activated partial thromboplastin time of C1q-deficient 
versus WT mice 

Secondary hemostasis can be assessed by two different in vitro global coagulation 
tests. The PT provides information on the extrinsic pathway whereas the aPTT 
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assesses the intrinsic pathway. In this way, abnormalities in coagulation factors of 
either pathway can be determined [202]. The PT of C1q-deficient mice did not differ 
significantly from WT mice (Figure 17A). However, the aPTT was longer in WT 
than in C1q-deficient mice (median aPTT (IQR) of C1q-deficient mice: 23.63 s (21.35-
26.25 s) vs. WT mice: 28.75 s (23.73-29.65 s), p=0.0486) (Figure 17B). 

 
Figure 17: Prothrombin time and activated partial thromboplastin time of C1q-
deficient versus WT mice. 
(A) Citrated whole blood was analyzed for prothrombin time. Data points represent 
individual mice, n=10 for each group. (B) Citrated blood plasma was analyzed for activated 
partial thromboplastin time. Horizontal lines in the box plots denote median while the boxes 
indicate interquartile range and whiskers minimum and maximum values. Data points 
represent individual mice, l: n=12, �: n=16 (Mann-Whitney test). 

 

Platelet aggregation of C1q-deficient versus WT mice 

Platelet function can be assessed by various methods. An elegant way is the 
impedance whole blood aggregometry. This method allows platelets to adhere to a 
solid surface, which resembles the physiological function of platelets in vivo. 
Adhesion of platelets to fixed electrodes results in an increase of electrical 
impedance that is transformed to arbitrary aggregation units (AU) and plotted 
against time [203], from where the area under the curve (AUC) can be calculated 
(10 AU * min = AUC [U]). In our study, we obtained hirudin-anticoagulated whole 
blood and induced platelet aggregation with ADP and collagen. The AUC range in 
which human platelets are considered to be responsive is from 321-1059 U when 
platelet aggregation is induced by ADP and from 242-1019 U when platelet 
aggregation is induced by collagen (Multiplate® analyzer, validated for hospital 
use). The AUC for ADP-induced platelet aggregation was 574 U for WT mice and 
497 U for C1q-deficient mice. For collagen-induced platelet aggregation, an AUC of 
745 U for WT mice and 578 U for C1q-deficient mice was observed. For both 
inducers, the AUC of C1q-deficient mice was slightly lower than the AUC of WT 
mice (Figure 18). However, based on criteria used in clinics, all AUCs indicate the 



Part II  

 52 

functional responsiveness of platelets that were obtained from WT and C1q-
deficient mice. 

 
Figure 18: Platelet function of C1q-deficient versus WT mice. 
Hirudin-anticoagulated whole blood was obtained for functional platelet aggregation tests 
using ADP (15 μM) and collagen (10 μg/ml) as inducers of platelet aggregation. Platelet 
aggregation curve of (A) WT mice and of (B) C1q-deficient mice induced with ADP and 
collagen are shown. Electrical impedance is expressed as aggregation units (AU) and plotted 
over time [min]. Representative data of one out of three independent experiments are 
shown. For each experiment, blood from three mice per group was pooled. 
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C1q-deficient mice show enhanced bleeding diathesis  

Accumulating evidence highlights the cross-talk between complement and 
coagulation [204, 205]. Previously, our group described the occurrence of C1q-vWF 
complexes in vitro as well as ex vivo. Hence, we wanted to investigate whether C1q 
deficiency also impacts on hemostasis. For this, we conducted a tail bleeding assay 
(Figure 19).  

 
Figure 19: Experimental set-up of tail bleeding assay. 
(A) Mice are anaesthetized and placed on individual platforms. 10 mm of the distal tail is 
cut and tails immersed in 37°C prewarmed PBS solution. Time of bleeding is observed for 
15 min. (B) Blood-PBS solution obtained from tail bleeding of individual mice is shown. (C) 
Blood-PBS solution is pipetted into a 96 well plate for analysis of OD. 
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We found that the bleeding time of C1q-deficient mice was significantly prolonged 
compared to WT mice (median bleeding time (IQR) for C1q-deficient mice: 900 s 
(750.5-900.0 s) vs. WT mice 750.5 s (651.8-802.0 s), p=0.0226) (Figure 20A). 
Noteworthy, 900s were equivalent to the upper time limit of the experimental 
procedure. Moreover, during the tail bleeding assay C1q-deficient mice lost twice 
the amount of blood (median weight loss (IQR) in mg of C1q-deficient mice 400 mg 
(225-775 mg) vs. WT mice: 200 mg (100-475 mg), p=0.0511) (Figure 20B) and 2.3-fold 
the amount when normalized to their body weight (median weight loss (IQR) in % 
of C1q-deficient mice: 2.32% (1.21-3.7%) vs. WT mice: 1.01% (0.49-2.46 %), p=0.0273) 
(Figure 20C) compared to WT mice. The loss of blood could be confirmed when 
measuring the optical density of the resulting blood-PBS solution. The OD of the 
obtained solution from C1q-deficient mice showed a 3.2-fold increase compared to 
WT mice (median OD at 550 nm of C1q-deficient mice: 0.69 (0.33-0.90) vs. WT mice: 
0.21 (0.09-0.70), p=0.0173) (Figure 20D). In addition, there was a positive correlation 
between the OD and the relative weight loss (Spearman r=0.7932, p<0.0001) (Figure 
20E). To summarize, C1q-deficient mice exhibit an enhanced bleeding diathesis 
compared to WT mice. 

 
Figure 20: Bleeding tendency of C1q-deficient versus WT mice. 
A tail bleeding assay was performed and bleeding tendency of C1q-deficient and WT mice 
assessed by (A) bleeding time, (B) weight loss, (C) relative weight loss normalized to the 
total body weight and (D) OD of obtained blood-PBS solution. (E) Correlation between OD 
and relative weight loss is depicted. Horizontal lines in the box plots denote median while 
the boxes indicate interquartile range and whiskers minimum and maximum values. Data 
points represent individual mice, n=12 per group (Mann-Whitney test; r, Spearman’s rank 
correlation coefficient). 



Part II  

 55 

Reconstitution of C1q-deficient mice with purified C1q 

To confirm that the prolonged bleeding time in C1q-deficient mice can be attributed 
to the lack of C1q, we next performed reconstitution experiments. First, we 
quantified the C1q serum concentration of WT and C1q-deficient mice. The median 
C1q serum concentration of WT mice was 192.4 µg/ml, whereas the C1q serum 
concentration of C1q-deficient mice was below the lower limit of detection (Figure 
21A). 
Second, we then investigated the kinetics of recovery for the reconstitution of C1q-
deficient mice with human C1q. Injecting the highest administrable dose of C1q, a 
partial reconstitution, equivalent to approximately 30% of the concentration of 
murine C1q in WT mice, was achieved with its maximum at 58.75 !g/mL after 2 hr 
(Figure 21B). Hence, for tail bleeding experiments following C1q reconstitution, 
C1q-deficient mice were i.p. injected with either human C1q or 0.9% saline and tail 
bleeding experiments carried out after 2 hr. 

 
Figure 21: Baseline serum C1q concentrations and concentrations of serum C1q in 
reconstituted mice over time. 
(A) Baseline C1q serum concentration of WT and C1q-deficient mice was quantified by 
ELISA. (B) C1q-deficient mice were i.p. injected with purified human C1q and C1q 
concentration was quantified from serum obtained after 30 min, 1 hr, 2 hr and 8 hr after 
injection. Columns denote median while errors bars indicate interquartile range. Data 
points represent individual mice, (A) l: n= 7, �: n=5; (B) n=2.  

 

C1q reconstituted C1q-deficient mice show a reduced bleeding tendency 

In order to investigate whether the observed prolonged bleeding tendency of C1q-
deficient mice could be rescued, and thus can be attributed to the lack of C1q, we 
reconstituted C1q-deficient mice with human C1q or injected 0.9% saline as control 
and performed tail bleeding experiments in the same manner as described 
previously. Subsequently, C1q plasma concentrations were analyzed to evaluate 
the degree of C1q reconstitution.  
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The bleeding time of C1q-deficient mice reconstituted with C1q was slightly shorter 
than in non-reconstituted control mice (median bleeding time (IQR) of C1q-injected 
mice: 865 s (607.0-900.0 s) vs. saline-injected mice 900 s (804-900 s), p=0.4981) (Figure 
22A). Strikingly, mice that were reconstituted with C1q lost one fifth of the amount 
of blood of mice that were injected with saline instead (median weight loss (IQR) in 
mg of C1q-injected mice: 100 mg (37.5-397.5 mg) vs. saline-injected mice 500 mg 
(200-645 mg), p=0.0190) (Figure 22B) and 4.2-fold less amount of blood when 
normalized to their body weight (median weight loss (IQR) in % of C1q-injected 
mice: 0.45% (0.17-1.37 %) vs. saline-injected mice: 1.87% (0.80-2.65 %), p=0.0190) 
(Figure 22C). Moreover, the OD of obtained blood solution from C1q-reconstituted 
mice showed a 2.7-fold decrease compared to control mice (median OD at 550 nm 
of C1q-injected mice: 0.31 (0.06-0.70) vs. saline-injected mice: 0.85 (0.37-1.12), 
p=0.0503) (Figure 22D). Most strikingly, the relative weight loss of C1q-
reconstituted mice during tail bleeding experiment correlated negatively with the 
achieved C1q concentrations after reconstitution (Spearman r=-0.7461, p=0.0071) 
(Figure 22E).  
Notably, when comparing bleeding tendency of C1q-reconstituted with WT mice, 
bleeding time of C1q-reconstituted mice approached the times as observed in WT 
mice, while the absolute as well as relative weight loss was nearly identical between 
C1q-reconstituted mice and WT mice suggesting that the lack of C1q was fully 
responsible for differences observed between C1q-deficient and WT mice. 
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Figure 22: Bleeding tendency of C1q-deficient mice with or without reconstitution 
with C1q. 
Tail bleeding assay was performed and bleeding tendency in C1q-deficient mice injected i.p. 
with either C1q or 0.9% saline 2 hr prior to assessment of (A) bleeding time, (B) weight loss, 
(C) relative weight loss normalized to the total body weight and (D) OD of obtained blood-
PBS solution. (E) Correlation between relative weight loss and achieved C1q plasma 
concentration in C1q-reconstituted C1q-deficient mice is shown. Horizontal lines in the box 
plots denote median while the boxes indicate interquartile range and whiskers minimum 
and maximum values. Data points represent individual mice, l: n=12, �: n=10 (Mann-
Whitney test; r, Spearman’s rank correlation coefficient). 

Discussion 
The cross-talk between the complement system and the coagulation system is 
becoming ever more apparent with many of the interactions still not being fully 
understood. Our previous research has shown that a complex of C1q and vWF is 
able to recruit human platelets indicating that C1q has the potential to mediate 
hemostasis [100]. Therefore, we sought to examine whether C1q can impact on 
blood coagulability. For this purpose, we compared C1q-deficient mice to WT mice 
with regard to qualitative and quantitative analyses of parameters of primary and 
secondary hemostasis. Our study demonstrates that C1q-deficient mice exhibit 
prolonged bleeding and increased blood loss compared to WT mice during tail 
bleeding experiments. Performing reconstitution experiments with human purified 
C1q, the altered bleeding behavior of C1q-deficient mice could be reversed and 
correlated with the achieved C1q concentration in those mice. These findings 
highlight that C1q is directly involved in thrombus formation during coagulation. 
Similar to humans, clinical conditions characterized by a decline in blood platelets 
(thrombocytopenia) or vWF levels (von Willebrand factor disease) can lead to 
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dysfunctional hemostasis and thrombosis in mice [206, 207]. In order to exclude 
such quantitative differences, we compared complete blood counts and vWF 
plasma concentrations of C1q-deficient and WT mice. As expected, counts of 
platelets, red blood cells, white blood cells and lymphocytes as well as levels of 
hemoglobin and vWF did not differ significantly (Figure 16). Remarkably, the trend 
of higher platelet counts in C1q-deficient mice, which might rather imply increased 
coagulability in these mice, could be due to higher platelet consumption during 
blood collection in WT mice. 
PT and aPTT are employed in the clinics to monitor clotting time, e.g. for 
assessment of anticoagulant therapy, and to diagnose bleeding disorders, e.g. due 
to deficiencies in coagulation factors. While PT and aPTT both give insight into a 
functional common pathway involving factors X, V and II, the PT measures the 
integrity of the extrinsic pathway involving TF and factor VII, whereas the aPTT 
provides information on the intrinsic pathway involving factors XII, XI, IX, and VIII. 
While prolonged PT and aPTT usually indicate impaired secondary hemostasis, 
shortened PT or aPTT due to abnormal levels of coagulation factors, such as factor 
XII, does not necessarily translate into coagulation disorders [202, 208]. Since no 
defect in coagulation factors has been described for C1q-deficient mice, we expected 
the two tested mouse strains to show no significant differences in PT and aPTT. 
While PT was comparable, unexpectedly, the activated partial thromboplastin time 
was significantly shorter in C1q-deficient mice compared to WT mice (Figure 17). 
This finding would be indicative of an increased coagulability of C1q-deficient 
mice, and thus oppose the enhanced bleeding behavior. Since previous research has 
demonstrated that C1q exerts an inhibitory effect on factor XII under physiological 
conditions, absence of C1q might result in an overly active factor XII, hereby 
shortening the aPTT [198]. Another explanation for the shorter aPTT might be an 
indirect effect of the formation of C1q-vWF complexes. Physiologically, vWF is 
necessary for the transport of factor VIII to the site of secondary hemostasis on 
activated platelets. Thus, deficiency in C1q might result in its omission as a binding 
partner and hence in a shifted balance of vWF function towards carrying factor VIII, 
hereby enhancing factor VIII function and leading to a shortened aPTT. 
Next to vWF dysfunction or quantitative platelet defects, qualitative platelet 
defects, such as dysfunctional platelet membrane receptors, can be causative for 
bleeding disorders [209, 210]. Several studies investigating the effect of C1q on 
collagen-induced platelet aggregation have shown controversial findings, either 
weakening or potentiating platelet aggregation [30, 195, 196, 211]. Peerschke and 
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Ghebrehiwet have repeatedly studied C1q receptors on platelets as well as the 
consequences of C1q stimulation on platelet activation, concluding that C1q 
binding to several platelet receptors leads to platelet activation via P-selectin 
induction and thus increases procoagulant activity [31, 124, 212]. 
However, Kölm et al. have not observed binding of platelets to C1q, whereas 
platelets are enabled to adhere to the C1q-vWF complex in an in vitro flow-chamber 
model [100]. Additionally, interaction between C1q and endothelial cells has been 
demonstrated. C1q has been shown to induce endothelial cell adhesion and 
spreading, which in turn leads to a prothrombotic phenotype of these cells [213, 
214]. 
In our study, analyzing platelet aggregation induced by collagen and ADP, platelets 
of WT as well as C1q-deficient mice were found to be functional even though 
responsiveness of platelets of C1q-deficient mice was slightly lower (Figure 18).  
Taken together, we demonstrate that C1q-deficient mice exhibit augmented 
bleeding (Figure 20) that can be partially reversed by reconstitution with C1q 
(Figure 22).  
These results suggest that C1q is directly involved in the maintenance of 
hemostasis. Conceivably, C1q might represent a binding partner for vWF not only 
in vitro but also in vivo. Consequently, the lack of C1q potentially results in reduced 
vWF binding followed by diminished platelet aggregation and subsequent 
prolongation of bleeding.  
However, considering the substantial body of evidence from C1q-platelet and C1q-
endothelial cell interaction studies, we cannot exclude an (maybe additional) 
interplay between i) C1q and platelets directly, ii) C1q and endothelial cells or iii) a 
still unknown interplay between C1q and another component of coagulation to 
participate in hemostasis. 
Therefore, a limitation of our study is that, although we propose the C1q-vWF 
interaction to be responsible for the altered bleeding tendency, the precise 
mechanism remains to be clarified. Furthermore, our study is limited by the use of 
human instead of murine C1q for reconstitution experiments due to the lack of 
availability of the latter. Nevertheless, a 76% sequence homology on DNA level and 
a 72% homology on protein level exists between human and murine C1q [215]. 
Although human C1q levels in C1q-reconstituted mice remained lower than murine 
C1q levels in WT mice (Figure 21B), we observed significant differences in blood 
loss between C1q-reconstitued and non-reconstituted mice (Figure 22B,C), 
indicating that human C1q is capable of mimicking functions of murine C1q.  
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With regard to the clinical relevance of our observations, a well-balanced 
complement system is crucial to protect against pathogens and fight against 
infections. In conditions where an overly active complement system results in high 
consumption and deposition of complement components, such as in bacterial sepsis 
and SLE, severe thrombotic complications are frequently observed at the same time. 
Regarding sepsis, it has been demonstrated that gram-positive bacteria-induced 
sepsis is accompanied by significant C1q consumption [216]. Additionally, C1q has 
been described to bind to gram-positive and gram-negative bacteria [217].  
Downstream activation of complement and generation of inflammatory mediators, 
such as C3a and C5a, has been shown to stimulate circulating neutrophils and 
endothelial cells and subsequently upregulates TF expression on these cells [87, 
218]. The enhanced TF expression fuels activation of the contact system of 
hemostasis and thus leads to increased thrombogenicity. This in turn can result in 
sepsis-associated coagulopathies that have been suggested to negatively affect the 
outcome by increasing mortality in these patients [219]. In general, inflammation is 
considered a predisposing factor for thrombosis. 
Another example of such cross-talk is SLE, the prototype of systemic autoimmune 
diseases. SLE is commonly characterized by low plasma levels of C1q due to high 
consumption and consequent deposition [220, 221]. Strikingly, SLE patients have 
been described to have a higher risk of thrombotic complications, which cannot be 
sufficiently explained by traditional risk factors [222, 223]. Those thrombotic 
complications include platelet hyperfunction [224], thrombotic microangiopathies 
(TMA) [225], venous thromboembolism (VTE) [226] and atherosclerosis [227]. 
Moreover, it has been shown that C1q and other complement components are 
deposited on platelets of SLE patients and are associated with venous as well as 
arterial thrombotic events in those patients [228-230]. 
Apart from bacterial sepsis and SLE, C1q has also been found to be present in high 
concentrations at sites of atherosclerotic, inflammatory and vascular lesions, and 
vice versa high concentrations of C1q in these conditions have been postulated to 
be a driver for inflammation and thrombosis [114, 115, 231]. Therefore, future work 
is warranted to elucidate the clinical relevance of C1q for hemostasis in humans. 
In conclusion, our study provides evidence that C1q has a physiological role in 
hemostasis in vivo by promoting arrest of bleeding. With regard to disease, an 
excess of deposited C1q might be a cause of thrombotic complications in 
inflammatory diseases such as bacterial sepsis and SLE.  
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Conclusion  

In my doctoral studies, I investigated the consequences of the interaction between 
C1q and vWF. In my first project, I focused on the immunological consequences of 
the C1q-vWF interaction in the context of atherosclerosis. For this purpose, we 
developed and characterized an in vitro model of CC-C1q-vWF complexes, which 
was used to study the modulation of immunological effects on human macrophages 
derived from healthy donors. I could demonstrate that formation of CC-C1q-vWF 
complexes occurs by binding of vWF to CC in a C1q-dependent manner. Moreover, 
CC-C1q-vWF complexes induce an upregulation of macrophage receptor 
expression, in the same time hamper phagocytosis, and lead to a caspase-1 
dependent reduction in IL-1 cytokine secretion by macrophages (Figure 23) [232]. 

 
Figure 23: Graphical summary of the effects of CC-C1q-vWF complexes on human-
monocyte derived macrophages. 
The effects of exposure of human monocyte-derived macrophages to CC-C1q complexes vs. 
CC-C1q-vWF complexes on i) MΦ receptor expression, ii) phagocytosis and iii) secretion of 
inflammatory IL-1 cytokine are summarized. 
Abbreviations: MΦ: human monocyte-derived macrophages. 

 
Additionally, I investigated the localization of C1q and vWF in human carotid 
arteries. Here, I observed that C1q and vWF are both localized in the endothelium, 
intima and media of carotid arteries of patients with atherosclerotic manifestations, 
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whereas C1q appears to be mostly absent in the intima and media of healthy arteries 
(Donat et al., in preparation).  
In conclusion, our results indicate that the C1q-vWF interaction might be beneficial 
in dampening inflammation and decelerating plaque progression in the context of 
atherosclerosis. 
In my second project, I focused on the functional consequences of the C1q-vWF 
interaction in the context of hemostasis in vivo. 
For this purpose, a thorough analysis of coagulation parameters and assessment of 
bleeding behavior of C1q-deficient versus WT mice was conducted. Furthermore, 
in order to investigate whether the observed phenotype of an altered bleeding 
behavior could be explained by the mere absence of C1q, we carried out 
reconstitution experiments. In these experiments, I could show that C1q-deficient 
mice exhibit prolonged bleeding times and increased blood loss compared to WT 
mice. Upon reconstitution of C1q-deficient animals with human C1q, this blood loss 
is reduced compared to saline-injected animals (Figure 24) (Donat et al., submitted 
to Frontiers in Immunology).  

 
Figure 24: Graphical summary of altered bleeding behavior in C1q-deficient mice. 
The observed effects from tail bleeding assays of 1) wild-type (WT) and C1q-deficient  
(C1qa-/-) mice, as well as of 2) C1q-deficient (C1qa-/-) mice injected with saline (control) or 
C1q are summarized. 
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In conclusion, our data indicate that C1q enhances primary hemostasis. These 
findings might be of relevance for the understanding of thromboembolic 
complications in inflammatory conditions, where excess C1q deposition is 
observed. 
 
Overall, immunological and functional consequences of the interaction between 
C1q and vWF were explored in in vitro and in vivo models and propose the 
involvement of C1q-vWF complexes in health (hemostasis) and disease 
(atherosclerosis and SLE). Since the cross-talk between the complement and 
coagulation systems has been described to have fundamental clinical implications 
[233], we predict that the C1q-vWF interaction is also playing a role in other yet 
unknown physiological as well as pathophysiological settings, such as bacterial 
sepsis, antibody-mediated hemolytic anemia or acute hemolytic transfusion 
reaction. 
Taken together, the findings of my doctoral research provide a closer insight into 
the consequences of the interaction between C1q and vWF, which is pivotal for a 
better understanding of their implications in health and disease. An appreciation of 
the manifold interplays of both systems holds promise for developing novel 
diagnostics and therapies for a wide range of diseases that extend beyond those 
traditionally regarded as complement- or coagulation-mediated. 
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Outlook 

Part I 
In vitro 
I could show that phagocytosis of CC-C1q-vWF complexes by HMDMs is 
hampered and secretion of pro-inflammatory IL-1 cytokine is reduced. 
Consequently, we suggest that detrimental foam cell formation by engulfment of 
CC-C1q complexes can be retarded by the additional presence of vWF (Manuscript 
I). However, formation of foam cells can be viewed from at least two perspectives, 
namely i) an increased uptake of lipid structures such as CC and ii) an exhausted 
efflux of metabolized free cholesterol by transporters such as the ATP-binding 
cassette transporters ABC-A1 and ABC-G1 [109, 190]. Therefore, we aim to 
undertake a dual approach to investigate the kinetics of CC-complex uptake by 
HMDMs on the one hand and the kinetics of efflux of generated free CC as well as 
expression of efflux transporters on the other hand. For this purpose, live cell 
imaging of HMDMs treated with CC complexes shall give answers to the question 
whether foam cell formation can be impeded due to a reduced uptake, an increased 
efflux or a combination of both. Expression of efflux transporters ABC-A1 and ABC-
G1 on mRNA level will be investigated by quantitative polymerase chain reaction 
(PCR) and on protein level by western blot. 
Next to monocyte-derived macrophages, vascular smooth muscle cells [234] as well 
as endothelial cells [235] can give rise to foam cells. Therefore, in a second step, the 
use of an in vitro model of foam cell formation, including co-culture of three cell 
types and a microfluidic device exerting stretch forces [236], shall be exploited to 
provide a deeper understanding of the complex mechanisms of foam cell formation.  
 
Ex vivo 
Currently, the number of our obtained specimens of human carotid arteries has not 
been sufficient to allow for quantification of C1q and vWF expression in healthy 
compared to diseased individuals. The same accounts for the statistical 
interpretation of co-localization of C1q and vWF in arteries with atherosclerotic 
manifestations. 
Moreover, since none of our specimens show CC deposits, we are working in 
collaboration with groups from Milan, Italy, and Trondheim, Norway, to 
demonstrate the presence of CC-C1q-vWF complexes in human atherosclerosis. So 



Outlook  

 65 

far, preliminary data indicate that C1q-vWF formation occurs also in areas where 
CC clefts are present. This part of the project will be finalized in the near future. 

Part II 
I was able to provide in vivo data demonstrating that C1q fulfils an essential role in 
primary hemostasis by contributing to arrest of bleeding, potentially due to 
complex formation with vWF (Manuscript II).  
Even though platelets of C1q-deficient as well as WT mice are functional, the 
response to platelet aggregation appeared to be slightly constrained for platelets of 
C1q-deficient mice (Figure 18). To address this point, an in-depth characterization 
of platelet functionality of C1q-deficient mice could be envisaged. Moreover, up to 
this point, we were unable to elucidate the exact mechanism of our observations. 
Future work is needed to clarify the intricate interactions of C1q with vWF and 
platelets and possibly other not yet considered coagulation factors or cell types.  
First, in vitro binding experiments with murine vWF (recombinant and plasma-
derived) and human C1q shall be carried out to provide evidence that supports our 
hypothesis of a vWF-dependent C1q-platelet interaction. 
Second, functional platelet experiments with normal human serum compared to 
vWF- and C1q-deficient serum shall be conducted to obtain information about the 
complex interplay. 
With regard to clinical implications, previous studies have pointed out that 
complement deposition on platelets might be contributing to the thrombotic 
complications frequently occurring in SLE [228, 237]. 
Hence, a study investigating platelets of SLE patients, whose C1q serum 
concentration is strongly decreased, could be conceived. More precisely, platelets 
of SLE patients and healthy donors shall be examined for the presence of C1q and 
vWF, by using imaging flow cytometry, and correlated with their ability to form 
platelet aggregates, by using a reproducible and sensitive platelet aggregation test 
such as multiple electrode aggregometry (MEA) [238]. 
Taken together, these future experiments aim to provide a better understanding of 
the underlying mechanisms of the C1q-hemostasis cross-talk.
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Complement C1q, the initiation molecule of the classical pathway, exerts various

immunomodulatory functions independent of complement activation. Non-classical

functions of C1q include the clearance of apoptotic cells and cholesterol crystals (CC),

as well as the modulation of cytokine secretion by immune cells such as macrophages.

Moreover, C1q has been shown to act as a binding partner for von Willebrand

factor (vWF), initiation molecule of primary hemostasis. However, the consequences of

this C1q-vWF interaction on the phagocytosis of CC by macrophages has remained

elusive until now. Here, we used CC-C1q-vWF complexes to study immunological

effects on human monocyte-derived macrophages (HMDMs). HMDMs were investigated

by analyzing surface receptor expression, phagocytosis of CC complexes, cytokine

secretion, and caspase-1 activity. We found that vWF only bound to CC in a

C1q-dependent manner. Exposure of macrophages to CC-C1q-vWF complexes resulted

in an upregulated expression of phagocytosis-mediating receptors MerTK, LRP-1, and

SR-A1 as well as CD14, LAIR1, and PD-L1 when compared to CC-C1q without vWF,

whereas phagocytosis of CC-C1q complexes was hampered in the presence of vWF.

In addition, we observed a diminished caspase-1 activation and subsequent reduction

in pro-inflammatory IL-1β cytokine secretion, IL-1β/IL-1RA ratio and IL-1α/IL-1RA ratio.

In conclusion, our results demonstrate that vWF binding to C1q substantially modulates

the effects of C1q on HMDMs. In this way, the C1q-vWF interaction might be beneficial

in dampening inflammation, e.g., in the context of atherosclerosis.

Keywords: macrophages, complement C1q, von Willebrand factor, cholesterol, atherosclerosis, innate immunity

INTRODUCTION

The complement system is a highly effective part of the innate immune system. The multiple
functions of complement include defense against bacterial infections, bridging innate and adaptive
immunity and the clearance of immune complexes, and components of inflammation (1).
The complement system can be activated through three distinct pathways: the classical, the
lectin and the alternative pathway. All three pathways converge in a shared terminal response
resulting in the formation of C5a and C3a as potent inflammatory effector molecules and C5b-9
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as membrane attack complex. However, each pathway is initiated
through different characteristic recognition molecules (2). The
initiation of the classical pathway is triggered by C1q through
sensing of bound antibodies as well as pathogen- and damage-
associated molecular patterns (PAMPs/DAMPs). In addition,
more recent research has shown a number of functions for
C1q that are independent of downstream complement activation
(3). On the one hand, opsonization with C1q enhances the
clearance of diverse structures, namely immune complexes (4)
and apoptotic cells (5) as well as atherogenic lipoproteins (6)
and cholesterol crystals (CC) (7) by phagocytes. On the other
hand, anti-inflammatory properties for C1q have been well-
described. For example, bound C1q decreases the release of
pro-inflammatory cytokines and increases the production of
anti-inflammatory mediators by phagocytes (8, 9). Additionally,
the presence of C1q on apoptotic cells skews macrophage
polarization toward an anti-inflammatory phenotype (10).

Apart from C1q’s extensively studied involvement in
immunity, a complex cross-talk between complement
and coagulation is becoming more and more evident (11).
Complement components have been found to induce hemostasis
and vice versa coagulation factors can trigger complement
activation, thereby combining two powerful plasma cascades.
Within the hemostatic cascade, von Willebrand factor (vWF)
acts as an important starter molecule by mediating platelet
adhesion and aggregation. Immune cells, such as macrophages,
are competent to take up and clear vWF through scavenger
receptors (12, 13). Moreover, vWF has been shown to interact
with complement factor H (14, 15) and therefore can modulate
the activation of complement via the alternative pathway (16).
Furthermore, a direct interaction between vWF and C1q was
found by our group, demonstrating that C1q, bound to surfaces
such as apoptotic cells, acts as a binding partner for vWF (17).
The C1q-vWF interaction also seems to occur on the surface
of CC.

CC can be found as a characteristic feature in the intima
of atherosclerotic arteries from early lesions to late plaque (18)
and are widely used in in vitro models of atherosclerosis (19–
21). Formation of CC occurs upon fatty streak development
by an increased uptake and exhausted efflux of cholesterol by
lipid-laden macrophages known as foam cells. In in vitro and
in vivo models of atherosclerosis, CC have been implicated
in the activation of the NOD [nucleotide oligomerization
domain]-, LRR [leucine-rich repeat]-, and PYD [pyrin domain]-
containing protein 3 (NLRP3) inflammasome and downstream
cytokine secretion, consequently triggering local and systemic
inflammation (22–24). While the role of CC and macrophages
in atherosclerosis appears unambiguous, C1q can play a dual
role. On the one hand, C1q bound to oxidized low-density
lipoproteins (LDL) or CC has been shown to activate the
classical pathway, and in this context to drive the progression
of atherosclerosis in animal models (25, 26). On the other
hand, C1q has also been described to be protective in early
atherosclerosis in vivo (27, 28) and to increase cholesterol efflux
transporter expression in vitro (6), suggesting atheroprotective
properties. Similarly, the role of vWF in atherosclerosis is still
a matter of debate. Although various studies suggest that vWF

deficiency provides protection from atherosclerosis in animals,
in humans, an unequivocal protective effect of vWF deficiency
on atherosclerosis has not been demonstrated so far (29).

In summary, CC, macrophages, C1q and vWF have all been
implicated in atherosclerosis. Nevertheless, the consequences
of the interaction between C1q and vWF, especially on
phagocytes, remain to be determined. In order to better
understand this interaction, the aim of our study was to
investigate the immunological effect of complexes consisting of
cholesterol crystals, C1q and von Willebrand factor (CC-C1q-
vWF complexes) by studying receptor expression, phagocytosis
and cytokine secretion of macrophages.

MATERIALS AND METHODS

Preparation of CC
Cholesterol (suitable for cell culture, Sigma Aldrich, St. Louis,
MO, USA) was dissolved in 95% ethanol at 60◦C (12.5 g/l), sterile
filtered and allowed to crystallize at room temperature (RT) for
7 days (d). Excess liquid was removed from the suspension,
followed by drying for 5 d. Finally, CC were ground and stored as
stock CC at−20◦C until use.

Preparation of CC, CC-C1q, and
CC-C1q-vWF Complexes for
Characterization of C1q and vWF Binding
Dry stock CC were weighed and suspended in PBS (Life
Technology, Carlsbad, CA, USA) at a concentration of 1.6mg/ml,
vortexed, and sonicated until a visually homogenous suspension
was achieved. This CC suspension was split in three fractions
for generation of CC, CC-C1q complexes, and CC-C1q-vWF
complexes. Fractions were washed with PBS by centrifugation
(1,000 x g, 5min, RT) and resuspended at the same concentration.
For generation of CC-C1q complexes, 50µg/ml purified C1q
(Complement Technology, Tyler, Tx, USA), diluted in PBS,
was added and incubated for 1 h at RT on a shaker (700
rpm). Afterwards, CC and CC-C1q complexes were washed (as
described above). For generation of CC-C1q-vWF complexes,
10µg/ml recombinant vWF {provided by Baxalta, Lexington,
MA, USA [former Baxter; characterization by Turecek et al.
(30)]}, diluted in PBS, was added to washed CC-C1q complexes,
vortexed rigorously, and further incubated for 1 h at RT on a
shaker (700 rpm). After another washing step, CC complexes
were further incubated with monoclonal mouse anti-C1q [clone
32A6 cell supernatant (31)], diluted 1:20 in PBS, or polyclonal
rabbit anti-vWF (Abcam, Cambridge, UK), diluted 1:1,000
in PBS, for 1 h at RT on a shaker (700 rpm). Secondary
antibody staining was performed with donkey anti-mouse IgG-
AlexaFluor (AF)555 (Life Technology) and goat anti-rabbit IgG-
AF647 (Abcam), both diluted 1:200 in PBS/1%BSA (Sigma
Aldrich)/0.5M NaCl for 30min at 4◦C in the dark, followed by
a final wash step and resuspension in PBS/1%BSA/0.5M NaCl.
All fractions were washed and treated with either active substance
(protein or antibodies) or solution only in the same manner. For
flow cytometry, data were acquired using a BD Accuri 6 (BD
Biosciences, San Jose, CA, USA) and analyzed with FlowJo10.
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For confocal microcopy, CCwere spun onto cytoslides (Shandon,
Pittsburg, PA, USA) by a Cytospin centrifuge (Thermo Fisher
Scientific, Waltham, MA, USA) and analyzed using Nikon A1R
Nala and NIS software (both Nikon, Tokyo, Japan). For imaging
flow cytometry, analyses were carried out using ImageStreamX
Mark II and IDEAS software (both EMD Millipore, Billerica,
MA, USA).

Cell Culture
Peripheral blood mononuclear cells were isolated from fresh
buffy coats (Blood Transfusion Center of the University Hospital
Basel, Basel, Switzerland) by density gradient centrifugation
using Lymphoprep (Stemcell Technologies, Vancouver, Canada).
Monocytes were obtained by CD14+ magnetic-activated cell
separation beads (Miltenyi, Bergisch Gladbach, Germany)
according to the manufacturer’s instructions (yielding an
average purity of 95–98% CD14+ monocytes determined by
flow cytometry). Monocytes were differentiated into human
monocyte-derived macrophages (HMDMs), cultured in
DMEM supplemented with 100 U/ml penicillin and 100µg/ml
streptomycin (DMEM+), 10% fetal calf serum (FCS) (all
from Life Technology), and 50 ng/ml GM-CSF (Immunotools,
Frisoythe, Germany) at a cell concentration of 5 × 105 cells/ml
in 6-well plates (BD Biosciences, Franklin Lakes, NJ, USA) and
maintained in 5% CO2 at 37◦C for 7 days.

Treatment With CC Complexes
After 7 days, HMDMs were washed with prewarmed DMEM+,
optionally stimulated with 100 ng/ml lipopolysaccharide (LPS)
(E. coli O127:B8, Sigma Aldrich), diluted in prewarmed
DMEM+, and treated with CC, CC-C1q, or CC-C1q-vWF
complexes for indicated time points. CC and CC-complexes
were prepared as described above, washed once with PBS by
centrifugation (1,000 × g, 5min, RT) and resuspended in
prewarmedDMEM+ at a final concentration of 0.5 mg/ml before
adding to cells.

Surface Receptor Expression
HMDMs were stimulated with LPS and treated with CC, CC-
C1q, or CC-C1q-vWF complexes as described above. After 18 h,
HMDMs were washed with PBS and incubated with PBS/10mM
EDTA (AppliChem, Darmstadt, Germany) for 30min at 4◦C.
Cells were collected in FACS buffer (PBS/0.1% FCS/1mMEDTA)
and resuspended at a cell concentration of 5 × 105 cells/100 µl
and incubated with 2µg/ml of human IgG for 45min at 4◦C to
block unspecific binding of antibodies to Fcγ receptors. Staining
was performed for 30min at 4◦C in the dark in PBS using
the following antibodies: anti-MHC II-FITC (Immunotools),
anti-tyrosine-protein-kinase Mer (MerTK)-PE (R&D Systems,
Minneapolis, MN, USA), anti-programmed death ligand 1 (PD-
L1/CD274)-APC and anti-CD14-PeCy7 (both from Biolegend,
San Diego, CA, USA) (antibody panel 1), or anti-CD86-
FITC (Biolegend), anti-lipoprotein receptor-related protein 1
(LRP-1/CD91)-PE (Thermo Fisher Scientific, Waltham, MA,
USA), anti-leukocyte-associated immunoglobulin-like receptor
1 (LAIR1/CD305)-AF647 and anti-scavenger receptor A 1 (SR-
A1/CD204)-PeCy7 (both from Biolegend) (antibody panel 2).

HMDMs were washed and resuspended in FACS buffer. Data
were aquired using a BD LSRFortessa (BD Biosciences) and
analyzed with FlowJo10. Gating was performed on SSC/CD14+
cells (antibody panel 1) or SSC/CD91+ cells (antibody panel 2),
respectively, and geometric mean fluorescence intensity (gMFI)
was calculated.

Phagocytosis Assay
Assessment of Granularity of HMDMs
HMDMs were kept untreated or treated with CC, CC-C1q or
CC-C1q-vWF complexes as described above. After 18 h, HMDMs
were harvested with PBS/10mM EDTA and resuspended at a cell
concentration of 5 × 105 cells/100 µl in FACS buffer. HMDMs
were stained with anti-CD11c-APC (Biolegend) for 30min at
4◦C in the dark. Data were aquired using a BD LSRFortessa (BD
Biosciences) and analyzed with FlowJo10. For the quantification
of phagocytosis the percentage of CD11c+ cells with high cell
granularity, indicated by a shift into the side scatter (SSC) high

gate (gate set according to shift in SSC from CD11c+ untreated
to CC treated cells), was determined.

Assessment of Phagocytosed pHrodo-Dyed CC
Complexes
HMDMs were harvested with PBS/10mM EDTA and
resuspended in phagocytosis buffer (DMEM+/12.5mM
HEPES (Sigma Aldrich)/5mM MgCl2) at a density of 5 × 105

cells/100 µl. For pHrodo-dyed CC complexes, 1 mg/ml CC were
suspended in 0.1M NaHCO3 buffer (pH 8.3) and incubated with
10µg/ml pHrodo Red Ester (Thermo Fisher Scientific) for 1 h
in the dark before the addition of C1q or C1q-vWF as described
above. After a final wash, pHrodo-dyed CC complexes were
added to HMDMs at a concentration of 0.5 mg/ml and incubated
at 37◦C for 30min. Unphagocytosed CC complexes were
washed away and HMDMs were stained with anti-CD11c-FITC
(Bio-Rad, Hercules, CA, USA) for 30min at 4◦C in the dark and
resuspended in FACS buffer. Data were aquired using a Beckman
Coulter CytoFLEX (Beckman Coulter, Brea, CA, USA) and
analyzed with FlowJo10. For the quantification of phagocytosis,
the percentage of CD11c+ cells with a shift into the pHrodo
Red Ester+ gate (gate set according to shift in pHrodo Red Ester
from CD11c+ untreated to CC treated cells) was determined.

Quantification of Secreted Cytokine Levels
HMDMs were stimulated with LPS and treated with CC, CC-
C1q, or CC-C1q-vWF complexes as described above. After 18 h,
supernatants were collected, centrifuged to remove cellular debris
and CC and stored at −80◦C until measurement. Analyses of
cytokine secretion were carried out in duplicates with ELISA
kits according to the manufacturer’s instructions. IL-1ß, IL-1α,
IL-6, and IL-10 were measured using Biolegend ELISA kits, IL-
18 and IL-1RA using Abcam ELISA kits and TNFα using a BD
Bioscience ELISA kit.

Caspase-1 Activity Assay
HMDMs were kept untreated or treated with CC, CC-
C1q, or CC-C1q-vWF complexes as described above. After
18 h, HMDMs were harvested with PBS/10mM EDTA and
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resuspended at a cell concentration of 5 × 105 cells/ml. Cells
were incubated for 1 h with fluorochrome-labeled inhibitors of
caspases (FLICA) probes for caspase-1 detection according to
the manufacturer’s instruction (FAM FLICA Caspase-1 Assay
Kit, Immunochemistry Technology, Bloomington, MN, USA).
HMDMs were stained with anti-CD11c-APC (Biolegend) for
30min at 4◦C in the dark. Data were aquired using a BD
LSRFortessa (BD Biosciences) and analyzed with FlowJo10.
Quantification of caspase-1 activity was determined by the
percentage of CD11c+ cells in the FLICA+ gate.

Statistical Analysis
Data are expressed as median ± interquartile range (IQR), if not
stated otherwise. Wilcoxon matched pairs signed rank test was
used to compare two groups of paired data. When more than 2
groups of unpaired data were compared, Kruskal-Wallis test was
performed and if significant followed by Mann-Whitney U-test
for comparison of two specified groups as indicated. Data were
analyzed with a statistical package program (GraphPad Prism
8, La Jolla, CA, USA). Differences were considered statistically
significant when the p < 0.05.

RESULTS

vWF Binds to CC in a C1q-Dependent
Manner
Whereas, C1q is described as a classical opsonin for a variety
of DAMPs (10), the molecule has been also shown to adhere
to oxidized LDL (6). In addition, Samstad et al. demonstrated
C1q binding on CC after incubation with human plasma (7).
Therefore, we first analyzed whether surface-bound C1q on CC
secondarily enables the binding of vWF. We characterized the
binding of vWF to C1q on the surface of CC by flow cytometry
(Figures 1A–C), confocal microscopy (Figure 1D), and imaging
flow cytometry (Figure 1E). C1q deposition on the surface of CC
is shown in Figure 1A. The incubation of CC with vWF in the
absence of C1q showed no vWF deposition on the CC surface
(orange histogram in Figures 1B,C). Only in the presence of
surface-bound C1q, vWF was enabled to bind (green histogram
in Figures 1B,C). The gMFI for vWF binding in the presence of
C1q was 50-fold higher compared to CC without C1q [median
gMFI (IQR) of C1q+vWF: 115,000 (102,000–175,000) vs. vWF:
2,300 (1,500–2,400), p = 0.0079]. Furthermore, we analyzed the
localization of vWF binding to CC-C1q complex. Using confocal
microscopy, C1q and vWF could be visualized on CC. C1q and
vWF stainings co-localized (Figure 1D). Finally, we used imaging
flow cytometry to analyze a larger CC population as CC have
a heterogenous structure. Again, we observed a similar staining
pattern for C1q and vWF on CC (Figure 1E).

Taken together, our results demonstrate that bound C1q
mediates the binding of vWF to CC, and vWF alone is not able to
bind to the surface of CC.

CC-C1q-vWF Complexes Upregulate the
Surface Receptor Expression of HMDMs
Macrophages have a high degree of plasticity, enabling these
cells to change their phenotype according to the environmental

stimuli (32). In this context, C1q has been shown to elicit
upregulated expression of MerTK receptor, which is involved
in the process of dead cell removal, termed efferocytosis (33).
Moreover, it has been described that stimulation of macrophages
with C1q leads to a polarization of these cells toward an anti-
inflammatory state (34). Therefore, we aimed to investigate the
phenotype of HMDMs in our in vitro model. For this purpose,
HMDMs were kept untreated or treated with CC, CC-C1q, or
CC-C1q-vWF complexes for 18 h. To mimic the inflammatory
milieu present in, e.g., atherosclerotic plaques (35), HMDMs
were simultaneously exposed to 100 ng/ml LPS for 18 h. The
phenotype was studied by analyzing the expression of surface
CD14, CD86, LAIR1, LRP-1, MerTK,MHC II, PD-L1, and SR-A1
(Figures 2A–H). HMDMs treated with CC-C1q-vWF complexes
significantly upregulated the expression of CD14 (p = 0.0312),
LAIR1 (p = 0.0312), LRP-1 (p = 0.0312), MerTK (p = 0.0312),
PD-L1 (p = 0.0312), and SR-A1 (p = 0.0312) as compared to
CC-C1q complexes without vWF. In four out of six donors,
CD86 expression was upregulated, while MHC II expression was
downregulated in five out of six donors. Neither the median
receptor expression of CD86 nor of MHC II was significantly
affected. Also, CC treatment did not induce any significant
changes in surface receptor expression as compared to untreated
HMDMs (data not shown).

Our results demonstrate that CC-C1q-vWF complexes
uniquely affect the expression of surface receptors, namely
an upregulation of efferocytosis receptor MerTK, scavenger
receptors LRP-1 and SR-A1 as well as CD14, LAIR1, and PD-L1.

Phagocytosis of CC-C1q-vWF Complexes
by HMDMs Is Hampered
Since C1q is involved in the processes of efferocytosis (36) as
well as phagocytosis (9) and as the additional presence of vWF
upregulates efferocytosis and scavenger receptors (Figure 2), we
next investigated the role of C1q-vWF binding in the uptake of
CC complexes by HMDMs (Figure 3). Therefore, HMDMs were
kept untreated or treated with CC, CC-C1q, or CC-C1q-vWF
complexes for 18 h. The phagocytosis of CC led to an increase
in cell granularity, which could be determined by a shift in SSC
using flow cytometry. Analyzed as control, untreated CD11c+
HMDMs did not express a SSChigh population. When HDMDs
were treated with CC, CC-C1q, or CC-C1-vWF complexes,
the cells exhibited a SSChigh population (Figure 3A). HMDMs
showed a significant decrease in cells positive for phagocytosis
after the treatment with CC-C1q-vWF complexes compared
to CC-C1q complexes [median phagocytosis (IQR) in six
independent donors of CC-C1q-vWF: 13.65% (5.83–16.35%) vs.
CC-C1q: 24.05% (22.55–34.60%), p = 0.0312] (Figure 3B). To
exploit the effect on early phagocytosis, we incubated CC with
the pH-dependent pHrodo Red dye (Figures 3C,D). Analyzed
as control, unstimulated CD11c+ HMDMs only exhibited a
dim fluorescent signal for pHrodo Red. Fluorescent signal for
pHrodo Red increased strongly when HMDMs were treated with
pHrodo-dyed CC complexes for 30min, due to the fusion of
phagocytosed CC with the acidic lysosome of HMDMs. For
the early phagocytosis, HMDMs had phagocytosed significantly
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FIGURE 1 | vWF binds to CC in a C1q-dependent manner. Binding of C1q and vWF to surface-bound C1q on CC was determined by (A–C) flow cytometry, (D)

confocal microscopy, and (E) ImageStreamX. Representative flow cytometry diagrams show the binding of (A) C1q or (B) C1q-dependent binding of vWF on the

surface of CC. Controls (ctrl) represent the presence of secondary antibodies only. (C) Flow cytometry data are shown as median gMFI with IQR (n = 5, Mann-Whitney

U-test, **p < 0.01). (D) Confocal microscopy depicting a representative CC in brightfield, with C1q (red) or vWF (blue) in the presence of C1q bound to its surface. The

merged staining patterns visualize the C1q-vWF interaction. One of three independent experiments is shown. Scale bar = 50µm. (E) Fluorescent staining of CC

captured by ImageStreamX for C1q (yellow) or C1q-vWF (red). One of two independent experiments is shown. Scale bar = 10µm.

less CC-C1q-vWF complexes than CC-C1q complexes [median
phagocytosis (IQR) in six independent donors of CC-C1q-vWF:
54.55% (40.05–60.03%) vs. CC-C1q: 62, 40% (49.05–68.78%), p
= 0.0312] (Figure 3D).

In summary, late as well as early phagocytosis, by HMDMs,
of CC-C1q-vWF complexes is reduced as compared to CC-
C1q complexes.

CC-C1q-vWF Complexes Reduce IL-1
Cytokine Secretion of HMDMs
CC have been repeatedly described as capable inducers of IL-
1ß secretion in human monocytes and macrophages (23). On
the contrary, C1q has been shown to dampen pro-inflammatory
cytokine secretion for the same cell types (34). Consequently,
we next examined the effect of CC-C1q-vWF complexes on
the cytokine profile of HMDMs. For this purpose, HMDMs

kept untreated or treated with CC, CC-C1q, or CC-C1q-vWF
complexes were stimulated with 100 ng/ml LPS for 18 h and
supernatants were analyzed for the secretion of IL-1ß, IL-1α, IL-
1RA, IL-18, IL-6, IL-10, and TNFα cytokine levels (Figure 4).
The CC treatment induced a strong IL-1ß and IL-1α secretion
by HMDMs and a moderate increase in IL-18 secretion as
compared to untreated HMDMs. A robust decrease in pro-
inflammatory cytokines for IL-1ß and IL-1α was observed with
CC-C1q complexes, and a decreasing trend for IL-6 and TNFα
secretion. The additional presence of vWF on CC-C1q complexes
significantly enhanced reduction of IL-1ß secretion (p= 0.0078),
IL-1ß/IL-1RA ratio (p = 0.0078), and IL-1α/IL-1RA ratio (p
= 0.0234) compared to CC-C1q complexes alone. No other
cytokines were significantly changed by vWF bound to CC-
C1q complexes. Differences in cytokine secretion of HMDMs
according to the treatment added were not due to differences in
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FIGURE 2 | CC-C1q-vWF complexes upregulate the surface receptor expression of HMDMs. LPS-stimulated HMDMs were treated with CC, CC-C1q or

CC-C1q-vWF complexes for 18 h and analyzed by flow cytometry for surface marker expression of (A) CD14, (B) CD86, (C) LAIR1, (D) LRP-1, (E) MerTK, (F) MHC II,

(G) PD-L1, and (H) SR-A1. Pooled flow cytometry data are shown as gMFI with horizontal lines denoting median. Data points represent independent experiments

analyzing six different healthy donors used to obtain HMDMs (Wilcoxon matched pairs signed rank test, *p < 0.05; ns, not significant).

cell death as assessed by quantification of early and late apoptosis
or necrosis (data not shown).

Taken together, our data show that IL-1ß cytokine secretion
and IL-1ß/IL-1RA and IL-1α/IL-1RA ratio by HMDMs after
exposure to CC-C1q complexes are diminished further in the
presence of vWF. This reduction appears to be IL-1 specific.

CC-C1q-vWF Complexes Suppress
Caspase-1 Activity of HMDMs
It is well-known that IL-1 maturation, cleavage and secretion
is regulated transcriptionally as well as post-transcriptionally.
While a priming signal through pattern recognition receptors
is required for pro-IL-1β transcription, the maturation is
dependent on the formation of the NLRP3 inflammasome and
subsequent caspase-1 activation (37). Therefore, we aimed to
examine whether the observed change in IL-1 cytokine secretion
was the result of a preceding NLRP3 inflammasome assembly.
To address this point, HMDMs were kept untreated or treated
with CC, CC-C1q, or CC-C1q-vWF complexes for 18 h and
the effect on caspase-1 activation was quantified with FLICA
probes. Upon CC treatment, HMDMs showed a marked increase
in FLICA signal, demonstrating caspase-1 activity (Figure 5A).
While the presence of C1q on CC exhibited only a delicate
reduction in caspase-1 activity, the additional presence of vWF
significantly suppressed caspase-1 activity in HMDMs [median

FLICA+ cells (IQR) in six independent donors of CC-C1q:
11.54% (7.29–28.38%) vs. CC-C1q-vWF: 9.37% (5.92–22.73%),
p= 0.0312)] (Figure 5B).

Overall, our data show that HMDMs treated with CC-C1q-
vWF complexes exhibit decreased caspase-1 activity that impacts
on NLRP3 inflammasome dependent IL-1β secretion.

DISCUSSION

The cross-talk between the complement and the hemostatic
systems is extensive and can provide synergistic benefits for the
human body (38, 39). Yet, the role of many of these interplays is
still unknown. In particular, even though an interplay between
bound complement C1q and vWF has been demonstrated
previously (17), its impact on the immune system has remained
unexplored until now. In our study, we can illustrate that CC
provide another physiological surface that allows a C1q-vWF
interaction. Moreover, we found that the binding of vWF to
bound C1q on CC is capable of modulating the immune response
of macrophages by an upregulated expression of phagocytosis-
mediating receptors and costimulatory receptors, a hampered
phagocytosis and an enhanced suppression of pro-inflammatory
cytokine secretion compared to C1q on CC alone.

Deposition of CC is described as a hallmark of atherosclerotic
plaques. After recognition as DAMPs and ingestion by
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FIGURE 3 | Phagocytosis of CC-C1q-vWF complexes by HMDMs is hampered. (A,B) HMDMs were kept untreated or treated with CC, CC-C1q or CC-C1q-vWF

complexes for 18 h and analyzed by flow cytometry for the degree of phagocytosis of CC complexes. Phagocytosis was determined by the percentage of CD11c+

cells with a shift into the SSChigh gate. (A) Flow cytometry dot plots show one out of six independent experiments. (B) Quantification of phagocytosis for pooled data

is shown. (C,D) HMDMs were treated with CC, CC-C1q or CC-C1q-vWF pHrodo-dyed complexes for 30min and analyzed by flow cytometry for the degree of

phagocytosis of CC complexes. Phagocytosis was determined by the percentage of CD11c+ cells with a shift into pHrodo Red Ester+ gate. (C) Flow cytometry dot

plots show one out of six independent experiments. (D) Quantification of phagocytosis for pooled data is shown. Columns denote median while error bars indicate

interquartile range. Data points represent independent experiments analyzing six different healthy donors used to obtain HMDMs (Wilcoxon matched pairs signed rank

test, *p < 0.05).

phagocytes, CC trigger ROS formation and lysosomal leakage
with consecutive NLRP3 inflammasome assembly, caspase-1
generation and IL-1β secretion (24). IL-1β secretion leads to
further recruitment of phagocytes by an amplification loop in
a concerted action with other pro-inflammatory cytokines and
chemokines (40). Phagocytes, in particular macrophages, also
are responsible for the essential function of recycling LDL and
cholesterol in the periphery, but can develop into lipid-laden
macrophage-derived foam cells during the course of the disease
when their recycling capacity is overwhelmed. First, those foam
cells can become apoptotic due to various stimuli, such as
prolonged endoplasmic reticulum stress. Second, apoptotic cells
that are insufficiently cleared (as occurring in advanced lesions
due to defective efferocytosis), advance into cellular necrosis,
in turn contributing to the formation of the necrotic core (41).
Consequently, enhanced ingestion of LDL and CC fuels foam cell
development, which is thought to be detrimental in later stages
of atherosclerosis (42). Hence, the conclusion that CC induce
arterial inflammation and destabilization of atherosclerotic
plaques seems to be plausible (43). The complement molecule
C1q can be considered as a double-edged sword in the context
of atherosclerosis. Previous studies showed that the clearance
of oxidized LDL and modified LDL is enhanced by binding
of C1q (6), but simultaneously leads to a polarization of

macrophages toward an anti-inflammatory phenotype through
a reduction in pro-inflammatory cytokine secretion (44). In
addition, C1q induces mRNA transcription of cholesterol efflux
transporters (6). In contrast to these atheroprotective traits, C1q
was demonstrated to be present on CC from human plasma (45)
and found to be complexed to ApoE in human arteries (46),
where it enables complement activation and thus contributes to
atheroprogression (47, 48).

With regard to vWF, a number of studies in vWF-deficient
animals and in patients suffering from Von Willebrand disease
have been performed. Several of those animal studies (29) as
well as human studies (49, 50) suggest atheroprogressive effects
of vWF. Therefore, one could hypothesize disadvantageous
consequences for the additional presence of vWF on CC-C1q
complexes on macrophages. However, our findings unexpectedly
point to a beneficial effect of vWF in the context of
phagocytosis of CC by macrophages, and suggest that the
role of vWF in atherosclerosis might be intricate and requires
further investigation.

Previously, C1q and vWF have been regarded as separately
acting molecules. Here, we identified not only a complex
formation of C1q bound to the surface of CC but also
the subsequent binding of vWF. Moreover, the treatment of
HMDMs with CC-C1q-vWF complexes results in an upregulated
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FIGURE 4 | CC-C1q-vWF complexes diminish LPS-induced IL-1 secretion of HMDMs. LPS-induced HMDMs were kept untreated or treated with CC, CC-C1q, or

CC-C1q-vWF complexes for 18 h. Supernatants were analyzed by ELISA for cytokine secretion. Data show median cytokine concentrations of (A) IL-1β, (B) IL-1α,

(C) IL-1RA, (F) IL-18, (G) IL-6, (H) IL-10, and (I) TNFα levels or median ratios of (D) IL-1β/IL-1RA and (E) IL-1α/IL-1RA of pooled donors. Data points represent

independent experiments analyzing eight different healthy donors used to obtain HMDMs (Wilcoxon matched pairs signed rank test, *p < 0.05; **p < 0.01; ns,

not significant).

expression of surface receptors of efferocytosis (MerTK),
scavenger receptors (LRP-1 and SR-A1) as well as CD14, LAIR1,
and PD-L1 compared to CC-C1q complexes alone. Studies
investigating the role of the phagocytosis-mediating receptors
MerTK and LRP-1 indicate atheroprotective features (51, 52),
whereas the role of SR-A1 in cardiovascular disease is still
controversial [reviewed by Ben et al. (53)]. Additionally, LAIR1
was described to have beneficial effects on foam cell formation
(54). Therefore, we next sought to determine the effect on the

phagocytic capacity of HMDMs. Interestingly, the presence of
vWF on CC-C1q complexes strongly diminished the late as well
as early phagocytosis of CC by HMDMs, hereby reversing the
effect of C1q alone. A possible explanation for this unexpected
finding could be that the upregulated expression of phagocytosis-
mediating receptors is representing a reinforcing feedback loop
that is triggered in order to compensate for the decreased
ingestion of CC-C1q-vWF complexes. Last, our data illustrate a
significant decrease in IL-1 cytokine secretion by HMDMs when
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FIGURE 5 | CC-C1q-vWF complexes lead to a reduced caspase-1 activity in HMDMs. HMDMs were kept untreated or treated with CC, CC-C1q, or CC-C1q-vWF

complexes for 18 h and analyzed for caspase-1 activity by flow cytometry. Activity of caspase-1 was determined by the percentage of CD11c+ cells in the FLICA+

gate. (A) Flow cytometry dot plots show one out of six independent experiments. (B) Quantification of caspase-1 activity for pooled data is shown. Horizontal lines in

the box plots denote median while the boxes indicate interquartile range and whiskers minimum and maximum values. Data points represent independent

experiments analyzing six different healthy donors used to obtain HMDMs (Wilcoxon matched pairs signed rank test, *p < 0.05).

treated with CC-C1q-vWF complexes compared to CC-C1q
complexes without vWF. The clinical significance of IL-1 in
cardiovascular disease was demonstrated by the anti-IL-1beta
antibody CanakinumabAntiinflammatory Thrombosis Outcome
Study (CANTOS) (55). Thus, a reduction in phagocytosis and
inflammation could retard plaque progression (56, 57).

One limitation of our study is its in vitro character,
since the in vivo situation in humans is likely to be more
complex. C1q’s role in human atherosclerosis is supported
by studies that have shown C1q expression in atherosclerotic
carotid arteries of patients (58–60) and therefore underlines
the relevance of our results. Whereas the majority of C1q is
non-covalently bound with serine proteases C1r and C1s to
form the C1 complex in plasma and whole blood, free C1q
is more prevalent in tissues where it is locally synthesized
mainly by macrophages and dendritic cells (61). Furthermore,
it has been demonstrated that vWF binds to a cryptic
epitope of C1q, which is only exposed when C1q is surface-
bound, while binding of vWF to surface-bound C1 was much
weaker (17). Hence, we assume that the C1q-vWF interaction,
especially on CC, primarily occurs in tissue, such as arteries
of atherosclerotic patients. Nevertheless, further investigation
on the occurrence of CC-C1q-vWF complexes in human
atherosclerosis is needed.

Second, in vivo, shear stress is necessary to unfold the
full functional potential of vWF (62). In our study however,
permanent shear stress was not applied, since the physiological
occurrence of shear stress would rather reflect the situation
during plaque rupture resulting from continuous blood flow but
not that inside the plaque itself.

Lastly, alternative ways can be envisaged by which the C1q-
vWF interaction, in the form of CC-C1q-vWF complexes,
might exert its effect on HMDMs. One of the ways could be
partial steric shielding of the C1q molecule by vWF, weakening
the effects of C1q (e.g., Figure 3). Another way could be an
intrinsic effect of vWF (e.g., Figures 2, 4). Future studies will
have to explore the potential ways responsible for the overall

impact of CC-C1q-vWF complexes. In addition, since the mutual
interactions between complement and hemostatic systems in vivo
are likely to be more complex, our in vitro model will have
to be developed further in order to approach a physiological
setting. Recently, Gravastrand et al. have described that CC
induce complement-dependent activation of hemostasis (63).
In our group, we have observed that complement activation
remains unaffected by the presence of vWF (64). Hence,
downstream complement components, such as C4 and C3,
shall be implemented into our system and its effect on
HMDMs in the additional presence of platelets addressed in
the future.

In conclusion, with this study, we provide new insights into
an emerging cross-talk between C1q and hemostasis-initiating
vWF. Our findings reveal that binding of vWF to C1q on CC
regulates the immune response of HMDMs. We show that CC-
C1q-vWF complexes provoke a hampered phagocytosis together
with an accompanied reduction of IL-1 cytokine secretion by
macrophages that could prove favorable for retarding foam cell
formation and decelerating plaque progression.
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Abstract  

The cross-talk between the inflammatory complement system and hemostasis is becoming 

increasingly recognized. The interaction between complement C1q, initiation molecule of the 

classical pathway, and von Willebrand factor (vWF), initiator molecule of primary hemostasis, 

has been shown to induce platelet rolling and adhesion in vitro. As vWF disorders result in 

prolonged bleeding, a lack of C1q as binding partner for vWF might also lead to an impaired 

hemostasis. Therefore, this study aimed to investigate the in vivo relevance of C1q-dependent 

binding of vWF in hemostasis. For this purpose, we analyzed parameters of primary and 

secondary hemostasis and performed bleeding experiments in wild type (WT) and C1q-

deficient (C1qa-/-) mice, with reconstitution experiments of C1q in the latter. Bleeding tendency 

was examined by quantification of bleeding time and blood loss.  

First, we found that complete blood counts and plasma vWF levels do not differ between C1qa-

/- mice and WT mice. Moreover, platelet aggregation tests indicated that the platelets of both 

strains of mice are functional. Second, while the prothrombin time was comparable between 

both groups, the activated partial thromboplastin time was shorter in C1qa-/- mice. In contrast, 

tail bleeding times of C1qa-/- mice were prolonged accompanied by an increased blood loss. 

Upon reconstitution of C1qa-/- mice with C1q, parameters of increased bleeding could be 

reversed. 

In conclusion, our data indicate that C1q, a molecule of the first-line of immune defense, 

actively participates in primary hemostasis by promoting arrest of bleeding. This observation 

might be of relevance for the understanding of thromboembolic complications in inflammatory 

disorders, where excess of C1q deposition is observed. 
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Introduction 

Numerous interactions between the complement and the coagulation cascades have been 

described over the years. Since both pathways are thought to have evolved from a common 

ancestor, it is not surprising that structural as well as functional similarities exist between them 

(Krem and Di Cera, 2002). Structurally, both pathways are composed of potent serine 

proteases, which are circulating as inactive zymogens. Functionally, both systems belong to 

the first-line of defense and are intended to act locally at the site of infection/injury in order to 

limit collateral damage. 

The complement system can be activated through the classical, lectin and the alternative 

pathways, with all three pathways leading to a shared effector response characterized by the 

formation of C3 and C5 convertases, release of the effector molecules C3a and C5a, and 

assembly of the membrane-attack complex. 

The coagulation system can be characterized by the interaction between primary and secondary 

hemostasis. During primary hemostasis upon tissue damage, a concerted interplay of von 

Willebrand factor (vWF), collagen and platelets results in adhesion of platelets at the site of 

injury. Subsequent platelet activation and aggregation leads to the formation of a primary, 

instable platelet clot. During secondary hemostasis, exposure of blood to tissue factor (TF) 

initiates binding of factor VII, which in turn becomes activated. This leads to downstream 

activation of factors IX and X, with factor Xa being able to convert prothrombin to thrombin. 

Thrombin can amplify the cascade by activating factors XI, V, and VIII, as well as platelets 

themselves. Notably, to enable factor VIII to reach the phospholipid surface of those platelets, 

vWF is required as a carrier protein. The formation of a factor Xa-Va (prothrombinase) 

complex propagates the additional generation of thrombin, which then cleaves fibrinogen into 

insoluble fibrin. Cross-linking of fibrin polymers by factor XIIIa transforms the initial platelet 

clot into a stable clot. The current view is that primary and secondary hemostasis act in synergy 

rather than one after the other (Gale, 2011). 

To date, experimental studies have described a functional impact of complement components 

on coagulation (Markiewski et al., 2007; Oikonomopoulou et al., 2012). Furthermore, C1q - 

the pattern-recognition molecule of the classical complement pathway – has been attributed a 

number of complement-independent functions over the years. With regard to coagulation, a 
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number of in vitro studies have investigated the interplay between C1q and coagulation 

components: On the one hand, C1q has been described to interact with platelets but data on 

this interaction are conflicting. While some studies demonstrate that C1q enhances platelet 

activation and upregulates P-selectin expression (Peerschke et al., 1993; Skoglund et al., 2010), 

other studies rather suggest that C1q mitigates coagulation by inhibiting collagen-induced 

platelet aggregation (Cazenave et al., 1976; Skoglund et al., 2008). On the other hand, C1q has 

been described to interact with factor XII, hereby proposing an inhibitory effect on clot 

formation (Rehmus et al., 1987). Moreover, previous findings of our group have demonstrated 

that a complex of surface-bound C1q and vWF is able to induce platelet rolling and adhesion 

(Kölm et al., 2016). This observation is of importance as activated components of complement, 

including C1q, and coagulation are frequently encountered concomitantly in thrombotic 

complications that accompany inflammatory disorders such as bacterial sepsis and systemic 

lupus erythematosus (SLE) (Markiewski et al., 2008; Al-Homood, 2012; Bazzan et al., 2015).  

Therefore, this study aimed to investigate the in vivo relevance of C1q-mediated binding of 

vWF by studying C1q-deficient mice with regard to alterations in hemostasis.  
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Material and Methods 

Animals 

C57BL/6 mice (animal facility of the Department of Biomedicine, Basel, Switzerland) and 

C1qa-/- mice on a C57BL/6 genetic background were maintained in our specific-pathogen-free 

facility at 22 °C room temperature (RT) with 12 h light/12 h dark cycle and were housed in 

groups of 2–6 mice. Mice used for experiments were kept for 2 weeks of adaptation period 

upon transfer. All procedures were approved by the Cantonal Commission for Animal 

Experiments, and the Federal Food Safety and Veterinary Office (license number 2898/28447). 

This study was carried out by authorized staff in accordance with the guidelines and regulations 

of the Swiss welfare legislation (Animal Welfare Ordinance, Animal Welfare Act and the 

Animal Experimentation Ordinance). 

Tail bleeding time and blood loss 

For these experiments, 6-14 week old wild type (WT) or C1qa-/- mice were weighed and 

injected with a mixture of ketamine (100 mg/kg body weight (BW), xylazine (10 mg/kg BW) 

and atropine (1.2 mg/kg BW) before 10 mm of the distal tail was amputated and immersed into 

0.16% EDTA/PBS, kept at 37°C. Time to cessation of blood flow was evaluated for 15 min. 

Blood loss was analyzed by i) reduction in body weight, calculated by reweighing the animals 

including amputated tails before and after tail bleeding, ii) reduction in body weight normalized 

to total body weight and iii) optical density (OD) of blood-PBS solution obtained from tail 

bleeding assay. OD was analyzed in 96 well plate using a microplate reader with an emission 

wavelength of 550 nm. Experimental set-up is shown in Supplementary Figure 1. In all these 

experiments, the experimenter was blinded to the genetic background of the animals or the 

substance of reconstitution. 

Complete blood counts 

Whole blood was obtained from the tail vein, anticoagulated with EDTA and diluted with 0.9% 

saline (1:3). Blood cell counts and hemoglobin concentration were analyzed by using the 

ADVIA 2120i Hematology System (Siemens Healthcare, Erlangen, Germany).  
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vWF plasma levels  

Citrated plasma was obtained from the tail vein and analyzed for vWF levels using von 

Willebrand factor two matched antibody pair kit (Abcam), according to the manufacturer’s 

instructions. 

Prothrombin time (PT) 

Citrated whole blood was obtained from the tail vein and analyzed using Hemochron PT citrate 

cuvettes and Hemochron Jr. Signature+ (both from Accriva Diagnostics, Instrumentation 

Laboratory, Bedford, MA, USA). 

Activated partial thromboplastin time (aPTT) 

Citrated plasma was obtained by cardiac puncture and analyzed for aPTT using ACL Top 750 

Las (Instrumentation Laboratory). 

Platelet function  

Whole blood was obtained from the vena cava, anticoagulated with hirudin and diluted with 

0.9% saline (1:1) and analyzed for whole-blood platelet aggregation using the multiple 

electrode platelet aggregometry (MEA) Multiplate® Analyzer (Roche Diagnostics, Basel, 

Switzerland). Aggregation (electrical impedance) was induced with the platelet activating 

agonists ADP (15 μM) or collagen (10 μg/ml) and recorded for 6 min. In order to achieve 

sufficient amounts of platelets, blood was pooled from three mice per group. 

C1q levels and reconstitution of C1q 

To determine kinetics of C1q reconstitution, C1qa-/- mice were injected intraperitoneally (i.p.) 

with 500 μg purified human C1q (1 mg/ml, Complement Technology) and blood sampling 

from the tail vein was carried out at 30 min, 1 h, 2 h and 8 h. Data are shown in Supplementary 

Figure 2. For the comparison of bleeding diathesis with or without reconstitution, mice were 

injected i.p. with 500 μg purified human C1q or the same volume of 0.9% saline 2 h prior to 

tail bleeding. Blood sampling by cardiac puncture was carried out after the tail bleeding 

experiment. The degree of reconstitution with C1q was quantified from the obtained serum 

(time point experiments) or plasma (tail bleeding experiments) using a C1q ELISA kit (Hycult 

Biotech, Unden, Netherlands) according to the manufacturer’s instructions. Despite the 

concentration of administered C1q, the site of injection and the experimenter being constant, 
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we observed considerable interindividual differences in the recovery rate of C1q-reconstituted 

mice, potentially due to subclinical differences in the intraperitoneal injection site. As a 

consequence, for the analysis of tail bleeding experiments following C1q reconstitution, only 

mice in which at least 5 μg/ml of C1q plasma concentration could be achieved were included 

in the analysis. 

Statistical analysis 

Data are expressed as median r interquartile range (IQR), if not stated otherwise. Mann-

Whitney test was used to compare two sets of nonparametric, unpaired data. Correlations were 

estimated by Spearman’s rank correlation coefficient. Data were analyzed with a statistical 

package program (GraphPad Prism 8, La Jolla, CA, USA). Differences were considered 

statistically significant when the p-value was <0.05. 
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Results 

Complete blood counts and vWF concentrations of C1q-deficient versus WT mice 

In order to exclude confounders that can influence bleeding behavior, we first assessed 

hematologic parameters of the two strains. In detail, blood of WT mice and C1q-deficient mice 

was analyzed for blood counts (red blood cells, white blood cells, platelets, lymphocytes and 

hemoglobin) by flow cytometry, and vWF levels were quantified by ELISA. There was no 

statistically significant difference between WT and C1q-deficient mice for all of these 

parameters (Figure 1).  

Prothrombin time and activated partial thromboplastin time of C1q-deficient versus WT 

mice 

Secondary hemostasis can be assessed by two different in vitro global coagulation tests. The 

PT provides information on the extrinsic pathway whereas the aPTT assesses the intrinsic 

pathway. In this way, abnormalities in coagulation factors of either pathway can be determined 

(Kamal et al., 2007). The PT of C1q-deficient mice did not differ significantly from WT mice 

(Figure 2A). However, the aPTT was longer in WT than in C1q-deficient mice (median aPTT 

(IQR) of C1q-deficient mice: 23.63 s (21.35-26.25 s) vs. WT mice: 28.75 s (23.73-29.65 s), 

p=0.0486) (Figure 2B). 

Platelet aggregation of C1q-deficient versus WT mice 

Platelet function can be assessed by various methods. An elegant way is the impedance whole 

blood aggregometry. This method allows platelets to adhere to a solid surface, which resembles 

the physiological function of platelets in vivo. Adhesion of platelets to fixed electrodes results 

in an increase of electrical impedance that is transformed to arbitrary aggregation units (AU) 

and plotted against time (Paniccia et al., 2015), from where the area under the curve (AUC) 

can be calculated (10 AU * min = AUC [U]). In our study, we obtained hirudin-anticoagulated 

whole blood and induced platelet aggregation with ADP and collagen. The AUC range in 

which human platelets are considered to be responsive is from 321-1059 U when platelet 

aggregation is induced by ADP and from 242-1019 U when platelet aggregation is induced by 

collagen (Multiplate® analyzer, validated for hospital use). The AUC for ADP-induced platelet 

aggregation was 574 U for WT mice and 497 U for C1q-deficient mice. For collagen-induced 
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platelet aggregation, an AUC of 745 U for WT mice and 578 U for C1q-deficient mice was 

observed. For both inducers, the AUC of C1q-deficient mice was slightly lower than the AUC 

of WT mice (Figure 3). However, based on criteria used in clinics, all AUCs indicate the 

functional responsiveness of platelets that were obtained from WT and C1q-deficient mice. 

C1q-deficient mice show enhanced bleeding diathesis  

Accumulating evidence highlights the cross-talk between complement and coagulation (Foley, 

2016; Dzik, 2019). Previously, our group described the occurrence of C1q-vWF complexes in 

vitro as well as ex vivo. Hence, we wanted to investigate whether C1q deficiency also impacts 

on hemostasis. For this, we conducted a tail bleeding assay and found that the bleeding time of 

C1q-deficient mice was significantly prolonged compared to WT mice (median bleeding time 

(IQR) for C1q-deficient mice: 900 s (750.5-900.0 s) vs. WT mice 750.5 s (651.8-802.0 s), 

p=0.0226) (Figure 4A). Noteworthy, 900s were equivalent to the upper time limit of the 

experimental procedure. Moreover, during the tail bleeding assay C1q-deficient mice lost twice 

the amount of blood (median weight loss (IQR) in mg of C1q-deficient mice 400 mg (225-775 

mg) vs. WT mice: 200 mg (100-475 mg), p=0.0511) (Figure 4B) and 2.3-fold the amount when 

normalized to their body weight (median weight loss (IQR) in % of C1q-deficient mice: 2.32% 

(1.21-3.7%) vs. WT mice: 1.01% (0.49-2.46 %), p=0.0273) (Figure 4C) compared to WT 

mice. The loss of blood could be confirmed when measuring the optical density of the resulting 

blood-PBS solution. The OD of the obtained solution from C1q-deficient mice showed a 3.2-

fold increase compared to WT mice (median OD at 550 nm of C1q-deficient mice: 0.69 (0.33-

0.90) vs. WT mice: 0.21 (0.09-0.70), p=0.0173) (Figure 4D). In addition, there was a positive 

correlation between the OD and the relative weight loss (Spearman r=0.7932, p<0.0001) 

(Figure 4E). 

To summarize, C1q-deficient mice exhibit an enhanced bleeding diathesis compared to WT 

mice. 

Reconstitution of C1q-deficient mice with purified C1q 

To confirm that the prolonged bleeding time in C1q-deficient mice can be attributed to the lack 

of C1q, we next performed reconstitution experiments. First, we quantified the C1q serum 

concentration of WT and C1q-deficient mice. The median C1q serum concentration of WT 
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mice was 192.4 µg/ml, whereas the C1q serum concentration of C1q-deficient mice was below 

the lower limit of detection (Suppl. Figure 2A). 

Second, we then investigated the kinetics of recovery for the reconstitution of C1q-deficient 

mice with human C1q. Injecting the highest administrable dose of C1q, a partial reconstitution, 

equivalent to approximately 30% of the concentration of murine C1q in WT mice, was 

achieved with its maximum at 58.75 μg/mL after 2 h (Suppl. Figure 2B). Hence, for tail 

bleeding experiments following C1q reconstitution, C1q-deficient mice were i.p. injected with 

either human C1q or 0.9% saline and tail bleeding experiments carried out after 2 h. 

 C1q reconstituted C1q-deficient mice show a reduced bleeding tendency  

In order to investigate whether the observed prolonged bleeding tendency of C1q-deficient 

mice could be rescued, and thus can be attributed to the lack of C1q, we reconstituted C1q-

deficient mice with human C1q or injected 0.9% saline as control and performed tail bleeding 

experiments in the same manner as described previously. Subsequently, C1q plasma 

concentrations were analyzed to evaluate the degree of C1q reconstitution.  

The bleeding time of C1q-deficient mice reconstituted with C1q was slightly shorter than in 

non-reconstituted control mice (median bleeding time (IQR) of C1q injected mice: 865 s 

(607.0-900.0 s) vs. saline injected mice 900 s (804-900 s), p=0.4981) (Figure 5A). Strikingly, 

mice that were reconstituted with C1q lost one fifth of the amount of blood of mice that were 

injected with saline instead (median weight loss (IQR) in mg of C1q injected mice: 100 mg 

(37.5-397.5 mg) vs. saline injected mice 500 mg (200-645 mg), p=0.0190) (Figure 5B) and 

4.2-fold less amount of blood when normalized to their body weight (median weight loss (IQR) 

in % of C1q injected mice: 0.45% (0.17-1.37 %) vs. saline injected mice: 1.87% (0.80-2.65 

%), p=0.0190) (Figure 5C). Moreover, the OD of obtained blood solution from C1q 

reconstituted mice showed a 2.7-fold decrease compared to control mice (median OD at 550 

nm of C1q injected mice: 0.31 (0.06-0.70) vs. saline injected mice: 0.85 (0.37-1.12), p=0.0503) 

(Figure 5D). Most strikingly, the relative weight loss of C1q reconstituted mice during tail 

bleeding experiment correlated negatively with the achieved C1q concentrations after 

reconstitution (Spearman r=-0.7461, p=0.0071) (Figure 5E). 

Notably, when comparing bleeding tendency of C1q-reconstituted with WT mice, bleeding 

time of C1q-reconstituted mice approached the times as observed in WT mice, while the 
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absolute as well as relative weight loss was nearly identical between C1q-reconstituted mice 

and WT mice suggesting that the lack of C1q was fully responsible for differences observed 

between C1q-deficient and WT mice.  
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Discussion 

The cross-talk between the complement system and the coagulation system is becoming ever 

more apparent with many of the interactions still not being fully understood. Our previous 

research has shown that a complex of C1q and vWF is able to recruit human platelets indicating 

that C1q has the potential to mediate hemostasis (Kölm et al., 2016). Therefore, we sought to 

examine whether C1q can impact on blood coagulability. For this purpose, we compared C1q-

deficient mice to WT mice with regard to qualitative and quantitative analyses of parameters 

of primary and secondary hemostasis. Our study demonstrates that C1q-deficient mice exhibit 

prolonged bleeding and increased blood loss compared to WT mice during tail bleeding 

experiments. Performing reconstitution experiments with human purified C1q, the altered 

bleeding behavior of C1q-deficient mice could be reversed and correlated with the achieved 

C1q concentration in those mice. These findings highlight that C1q is directly involved in 

thrombus formation during coagulation. 

Similar to humans, clinical conditions characterized by a decline in blood platelets 

(thrombocytopenia) or vWF levels (von Willebrand factor disease) can lead to dysfunctional 

hemostasis and thrombosis in mice (Denis et al., 1998; Morowski et al., 2013). In order to 

exclude such quantitative differences, we compared complete blood counts and vWF plasma 

concentrations of C1q-deficient and WT mice. As expected, counts of platelets, red blood cells, 

white blood cells and lymphocytes as well as levels of hemoglobin and vWF did not differ 

significantly (Figure 1). Remarkably, the trend of higher platelet counts in C1q-deficient mice, 

which might rather imply increased coagulability in these mice, could be due to higher platelet 

consumption during blood collection in WT mice. 

PT and aPTT are employed in the clinics to monitor clotting time, e.g. for assessment of 

anticoagulant therapy, and to diagnose bleeding disorders, e.g. due to deficiencies in 

coagulation factors. While PT and aPTT both give insight into a functional common pathway 

involving factors X, V and II, the PT measures the integrity of the extrinsic pathway involving 

TF and factor VII, whereas the aPTT provides information on the intrinsic pathway involving 

factors XII, XI, IX, and VIII. While prolonged PT and aPTT usually indicate impaired 

secondary hemostasis, shortened PT or aPTT due to abnormal levels of coagulation factors, 

such as factor XII, does not necessarily translate into coagulation disorders (Kamal et al., 2007; 
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Chaudhry et al., 2019). Since no defect in coagulation factors has been described for C1q-

deficient mice, we expected the two tested mouse strains to show no significant differences in 

PT and aPTT. While PT was comparable, unexpectedly, the activated partial thromboplastin 

time was significantly shorter in C1q-deficient mice compared to WT mice (Figure 2). This 

finding would be indicative of an increased coagulability of C1q-deficient mice, and thus 

oppose the enhanced bleeding behavior. Since previous research has demonstrated that C1q 

exerts an inhibitory effect on factor XII under physiological conditions, absence of C1q might 

result in an overly active factor XII, hereby shortening the aPTT (Rehmus et al., 1987). Another 

explanation for the shorter aPTT might be an indirect effect of the formation of C1q-vWF 

complexes. Physiologically, vWF is necessary for the transport of factor VIII to the site of 

secondary hemostasis on activated platelets. Thus, deficiency in C1q might result in its 

omission as a binding partner and hence in a shifted balance of vWF function towards carrying 

factor VIII, hereby enhancing factor VIII function and leading to a shortened aPTT. 

Next to vWF dysfunction or quantitative platelet defects, qualitative platelet defects, such as 

dysfunctional platelet membrane receptors, can be causative for bleeding disorders (Ware, 

2004; Strassel et al., 2007). Several studies investigating the effect of C1q on collagen-induced 

platelet aggregation have shown controversial findings, either weakening or potentiating 

platelet aggregation (Cazenave et al., 1976; Csako et al., 1982; Peerschke and Ghebrehiwet, 

1997; Skoglund et al., 2010). Peerschke and Ghebrehiwet have repeatedly studied C1q 

receptors on platelets as well as the consequences of C1q stimulation on platelet activation, 

concluding that C1q binding to several platelet receptors leads to platelet activation via P-

selectin induction and thus increases procoagulant activity (Peerschke et al., 1993; 1994; 

Peerschke et al., 1998). 

However, Kölm et al. have not observed binding of platelets to C1q, whereas platelets are 

enabled to adhere to the C1q-vWF complex in an in vitro flow-chamber model (Kölm et al., 

2016). Additionally, interaction between C1q and endothelial cells has been demonstrated. C1q 

has been shown to induce endothelial cell adhesion and spreading, which in turn leads to a 

prothrombotic phenotype of these cells (Ghebrehiwet et al., 2003; Yau et al., 2015). 
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In our study, analyzing platelet aggregation induced by collagen and ADP, platelets of WT as 

well as C1q-deficient mice were found to be functional even though responsiveness of platelets 

of C1q-deficient mice was slightly lower (Figure 3).  

Taken together, we demonstrate that C1q-deficient mice exhibit augmented bleeding (Figure 

4) that can be partially reversed by reconstitution with C1q (Figure 5).  

These results suggest that C1q is directly involved in the maintenance of hemostasis. 

Conceivably, C1q might represent a binding partner for vWF not only in vitro but also in vivo. 

Consequently, the lack of C1q potentially results in reduced vWF binding followed by 

diminished platelet aggregation and subsequent prolongation of bleeding.  

However, considering the substantial body of evidence from C1q-platelet and C1q-endothelial 

cell interaction studies, we cannot exclude an (maybe additional) interplay between i) C1q and 

platelets directly, ii) C1q and endothelial cells or iii) a still unknown interplay between C1q 

and another component of coagulation to participate in hemostasis. 

Therefore, a limitation of our study is that, even though we propose the C1q-vWF interaction 

to be responsible for the altered bleeding tendency, the precise mechanism remains to be 

clarified. Furthermore, our study is limited by the use of human instead of murine C1q for 

reconstitution experiments due to the lack of availability of the latter. Nevertheless, a 76% 

sequence homology on DNA level and a 72% homology on protein level exists between human 

and murine C1q (Petry et al., 1991). Although human C1q levels in C1q-reconstituted mice 

remained lower than murine C1q levels in WT mice (Suppl. Figure 2B), we observed 

significant differences in blood loss between C1q-reconstitued and non-reconstituted mice 

(Figure 5B,C), indicating that human C1q is capable of mimicking functions of murine C1q.  

With regard to the clinical relevance of our observations, a well-balanced complement system 

is crucial to protect against pathogens and fight against infections. In conditions where an 

overly active complement system results in high consumption and deposition of complement 

components, such as in bacterial sepsis and SLE, severe thrombotic complications are 

frequently observed at the same time. Regarding sepsis, it has been demonstrated that gram-

positive bacteria-induced sepsis is accompanied by significant C1q consumption (Dumestre-

Perard et al., 2007). Additionally, C1q has been described to bind to gram-positive and gram-

negative bacteria (Brouwer et al., 2008).  
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Downstream activation of complement and generation of inflammatory mediators, such as C3a 

and C5a, has been shown to stimulate circulating neutrophils and endothelial cells and 

subsequently upregulates TF expression on these cells (Ikeda et al., 1997; Ritis et al., 2006). 

The enhanced TF expression fuels activation of the contact system of hemostasis and thus leads 

to increased thrombogenicity. This in turn can result in sepsis-associated coagulopathies that 

have been suggested to negatively affect the outcome by increasing mortality in these patients 

(Kienast et al., 2006). In general, inflammation is considered a predisposing factor for 

thrombosis. 

Another example of such cross-talk is SLE, the prototype of systemic autoimmune diseases. 

SLE is commonly characterized by low plasma levels of C1q due to high consumption and 

consequent deposition (Walport et al., 1998; Ghebrehiwet and Peerschke, 2004). Strikingly, 

SLE patients have been described to have a higher risk of thrombotic complications, which 

cannot be sufficiently explained by traditional risk factors (Svenungsson et al., 2001; Avina-

Zubieta et al., 2015). Those thrombotic complications include platelet hyperfunction (Dhar et 

al., 2009), thrombotic microangiopathies (TMA) (Wu et al., 2013), venous thromboembolism 

(VTE) (Kishore et al., 2019) and atherosclerosis (Asanuma et al., 2003). Moreover, it has been 

shown that C1q and other complement components are deposited on platelets of SLE patients 

and are associated with venous as well as arterial thrombotic events in those patients (Peerschke 

et al., 2009; Lood et al., 2012; Hoiland et al., 2018). 

Apart from bacterial sepsis and SLE, C1q has also been found to be present in high 

concentrations at sites of atherosclerotic, inflammatory and vascular lesions, and vice versa 

high concentrations of C1q in these conditions have been postulated to be a driver for 

inflammation and thrombosis (Vlaicu et al., 1985; Peerschke and Ghebrehiwet, 1998; 

Peerschke et al., 2004). Therefore, future work is warranted to elucidate the clinical relevance 

of C1q for hemostasis in humans. 

In conclusion, our study provides evidence that C1q has a physiological role in hemostasis in 

vivo by promoting arrest of bleeding. With regard to disease, an excess of deposited C1q might 

be a cause of thrombotic complications in inflammatory diseases such as bacterial sepsis and 

SLE. 
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Figure Legends 

Figure 1: Complete blood counts and vWF levels of C1q-deficient versus WT mice. 

EDTA-anticoagulated whole blood of C1q-deficient and WT mice was obtained and quantified 

by flow cytometry for numbers of (A) platelets, (B) red blood cells, (C) white blood cells, (D) 

lymphocytes and (E) amount of hemoglobin. (F) From citrated blood, vWF plasma 

concentration was quantified using ELISA. Horizontal lines in the box plots denote median 

while the boxes indicate interquartile range and whiskers minimum and maximum values. Data 

points represent individual mice, (A), (B), (C), (E), (F) ⚫: n= 11, c: n=10; (D) ⚫: n= 9, c: 

n=10 (Mann-Whitney test; ns, not significant). 

Figure 2: Prothrombin time and activated partial thromboplastin time of C1q-deficient 

versus WT mice. 

(A) Citrated whole blood was analyzed for prothrombin time. Data points represent individual 

mice, n=10 for each group. (B) Citrated blood plasma was analyzed for activated partial 

thromboplastin time. Horizontal lines in the box plots denote median while the boxes indicate 

interquartile range and whiskers minimum and maximum values. Data points represent 

individual mice, ⚫: n=12, c: n=16 (Mann-Whitney test). 

Figure 3: Platelet function of C1q-deficient versus WT mice.  

Hirudin-anticoagulated whole blood was obtained for functional platelet aggregation tests 

using ADP (15 μM) and collagen (10 μg/ml) as inducers of platelet aggregation. Platelet 

aggregation curve of (A) WT mice and of (B) C1q-deficient mice induced with ADP and 

collagen are shown. Electrical impedance is expressed as aggregation units (AU) and plotted 

over time [min]. Representative data of one out of three independent experiments are shown. 

For each experiment, blood from three mice per group was pooled. 

Figure 4: Bleeding tendency of C1q-deficient versus WT mice.  

A tail bleeding assay was performed and bleeding tendency of C1q-deficient and WT mice 

assessed by (A) bleeding time, (B) weight loss, (C) relative weight loss normalized to the total 

body weight and (D) OD of obtained blood-PBS solution. (E) Correlation between OD and 

relative weight loss is depicted. Horizontal lines in the box plots denote median while the boxes 

indicate interquartile range and whiskers minimum and maximum values. Data points represent 
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individual mice, n=12 per group (Mann-Whitney test; r, Spearman’s rank correlation 

coefficient). 

Figure 5: Bleeding tendency of C1q-deficient mice with or without reconstitution with 

C1q. 

Tail bleeding assay was performed and bleeding tendency in C1q-deficient mice injected i.p. 

with either C1q or 0.9% saline 2 h prior to assessment of (A) bleeding time, (B) weight loss, 

(C) relative weight loss normalized to the total body weight and (D) OD of obtained blood-

PBS solution. (E) Correlation between relative weight loss and achieved C1q plasma 

concentration in C1q-reconstituted C1q-deficient mice is shown. Horizontal lines in the box 

plots denote median while the boxes indicate interquartile range and whiskers minimum and 

maximum values. Data points represent individual mice, ⚫: n=12, c: n=10 (Mann-Whitney 

test; r, Spearman’s rank correlation coefficient). 

Supplementary Figure 1: Experimental set-up of tail bleeding assay. 

(A) Mice are anaesthetized and placed on individual platforms. 10 mm of the distal tail is cut 

and tails immersed in 37°C prewarmed PBS solution. Time of bleeding is observed for 15 min. 

(B) Blood-PBS solution obtained from tail bleeding of individual mice is shown. (C) Blood-

PBS solution is pipetted into a 96 well plate for analysis of OD. 

Supplementary Figure 2: Baseline serum C1q concentrations and concentrations of 

serum C1q in reconstituted mice over time.  

(A) Baseline C1q serum concentration of WT and C1q-deficient mice was quantified by 

ELISA. (B) C1q-deficient mice were i.p. injected with purified human C1q and C1q 

concentration was quantified from serum obtained after 30 min, 1 h, 2 h and 8 h after injection. 

Columns denote median while errors bars indicate IQR. Data points represent individual mice, 

(A) ⚫: n= 7, c: n=5; (B) n=2.  
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