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List of abbreviations: ADP, adenosine diphosphate; αIIβI/GpIa/IIa, glycoprotein Ia/IIa; 

CD62P, P-selectin; C1q, complement protein 1q; CRP, C-reactive protein; FITC, Fluorescein; 

Fura-2AM, Fura-2-acetoxymethylester; GPVI, glycoprotein VI; IgG, immunoglobulin G; 

IgM, immunoglobulin M; IP3, inositol(1,4,5)triphosphate; LPS, lipopolysacchride; MBL, 

mannose-binding lectin; PKC, protein kinase C; PRP, platelet rich plasma; PSGL-1/CD162, 

P-selectin glycoprotein ligand-1; TRAP, SFLLRN peptide. 
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Abstract   

Blood platelets are emerging as important immunomodulatory cells, but complement 

interaction with platelets is not well understood. Several platelet structures have been 

described as complement protein 1q (C1q) binding receptors, such as C1qRp/CD93 and 

gC1qR. However, there are conflicting results whether these receptors are C1q binding 

structures, or even at all expressed on the cell surface. Recently, the collagen binding integrin 

αIIβI was reported to bind C1q on mast cells, and this receptor is also present on platelets. 

The aim of this study was to further characterize the effects of C1q on platelets, by 

quantifying the platelet surface expression of P-selectin (CD62P) and monitoring the 

formation of platelet-neutrophil aggregates. Using flow cytometry, we found that C1q dose-

dependently triggered a rapid but moderate and transient up-regulation of P-selectin already 

within 5 seconds of C1q exposure. Pre-incubation with an antibody directed against gC1qR 

significantly inhibited (with 57 % compared to control) the up-regulation, whereas an 

antibody towards the αIIβI-integrin showed no effect. Stimulation with C1q did not change 

the cytosolic calcium-levels, as measured with the fluorescent ratiometric probe Fura-2, 

however, a protein kinase C inhibitor (GF109203x) blocked the C1q-induced P-selectin 

expression. Furthermore, pre-incubation of platelets with C1q diminished both the collagen as 

well as the collagen-related peptide induced up-regulation of P-selectin, most evident after 90 

seconds of stimulation. This indicates that C1q may regulate platelet activation via the GPVI 

receptor, which is a novel finding. Moreover, C1q antagonized the collagen-induced 

formation of platelet-neutrophil aggregates, indicating a reduced interaction between platelet 

P-selectin and neutrophil P-selectin glycoprotein ligand-1(PSGL-1/CD162). In summary, C1q 

induces a moderate rapid platelet P-selectin expression, modulates subsequent collagen and 

collagen-related peptide stimulation of platelets, and inhibits the formation of platelet-
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neutrophil aggregates. These immuno-regulatory effects of C1q may have a crucial role in 

innate immunity and inflammation. 
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Introduction 

The complement system is an important part of the innate immunity and is recognized as a 

modulator of inflammatory processes, for example in atherosclerosis (recently reviewed by 

Haskard et al., 2008), and at material-tissue interfaces, where complement activation could 

occur on top of adsorbed plasma proteins (Andersson et al., 2005; Gorbet and Sefton, 2004; 

Wetterö et al., 2002). The complement system is comprised of about 35 circulating and/or 

membrane bound proteins and there are three pathways of activation, i.e. the alternative 

pathway, the lectin pathway, and the classical pathway (Gasque, 2004; Haskard et al., 2008). 

Activation of the classical pathway is initiated via binding of immunoglobulins G and M (IgG 

and IgM) to complement protein 1q (C1q). Moreover, C1q may also bind to structures such as 

C-reactive protein (CRP) and lipopolysaccharides (LPS), thereby leading to activation of the 

cascade (Gasque, 2004; Sjöwall et al., 2007).  

C1q is a 462 kDa molecule with 18 polypeptide chains (A-, B- and C-chains, six of each 

chain) and it is often described as a “bundle of tulips” with an amino-terminal collagen-like 

region and a carboxyl rich terminal globular region (Nicholson-Weller and Klickstein, 1999; 

Reid and Porter, 1976; Wallis et al., 2010). In contrast to other complement proteins which 

are synthesized by hepatocytes, C1q is produced and secreted by macrophages and dendritic 

cells (Muller et al., 1978; Schwaeble et al., 1995).  

In the last decades, several publications attribute various cellular effects to C1q. Monocytes 

and granulocytes, B lymphocytes, dendritic cells, mast cells, fibroblasts, smooth muscle and 

epithelial cells, endothelial cells and platelets are all reported to bind C1q (Andrews et al., 

1981; Bobak et al., 1986; Bordin et al., 1983; Bordin et al., 1992; Edelson et al., 2006; 

Peerschke and Ghebrehiwet, 1987; Vegh et al., 2006; Young et al., 1991). Cellular responses 

upon C1q binding include for example chemotaxis of dendritic cells (Vegh et al., 2006), 
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cytokine release from mast cells (Edelson et al., 2006), and enhancement of Fcγ-receptor 

mediated phagocytocis by macrophages and monocytes (Bobak et al., 1987).  

Hence, there has been an extensive search for candidate receptors responsible for the C1q- 

mediated effects and several C1q binding structures have been described, e.g. cC1qR 

(calreticulin) and gC1qR reported  to bind the collagenous and the globular parts of the C1q 

molecule, respectively (reviewed in Ghebrehiwet and Peerschke, 2004). However, there are 

conflicting results whether gC1qR is located on the cell surface or not (van den Berg et al., 

1997). Other structures that are suggested to bind C1q are CD91 (low-density lipoprotein 

receptor-related protein 1 or alpha-2-macroglobulin receptor) (Ogden et al., 2001), CD35 

(complement receptor 1) (Klickstein et al., 1997) and CD93 (C1qRp) (Steinberger et al., 

2002). In contradiction, recent reports have demonstrated that CD93 does not bind to C1q 

(McGreal et al., 2002). Furthermore, Edelson and co-workers recently demonstrated C1q 

binding to the collagen-binding integrin αIIβI (GPIa/IIa) on mast cells (Edelson et al., 2006). 

The latter is particularly interesting since blood platelets are becoming recognized as 

important immunomodulatory cells, apart from their established role in haemostasis (as 

reviewed in von Hundelshausen and Weber, 2007). C1q has previously been shown to inhibit 

collagen-induced platelet activation and the αIIβI-integrin is one of several platelet collagen 

binding receptors (Cazenave et al., 1976; Surin et al., 2008). Platelet activation usually 

involves the release of a wide range of inflammatory mediators, including growth factors, 

cytokines and thromboxanes (von Hundelshausen and Weber, 2007) . Excessive and/or 

misdirected platelet activation may thus contribute to the inflammatory reaction. Upon 

platelet activation, P-selectin (CD62P) is translocated from the α-granules to the platelet 

surface. This up-regulation of P-selectin is proven to play an important role in the aggregate 

formation between platelets and PSGL-1 (CD162) bearing cells, such as neutrophil 

granulocytes (May et al., 2007; Wetterö et al., 2003).  



 7 

Complement activation is described to occur on the membrane of the platelet (Del Conde et 

al., 2005; Peerschke et al., 2008; Peerschke et al., 2006) and is enhanced upon platelet 

activation (Del Conde et al., 2005). In addition, we recently showed a regulatory effect of C1q 

and C-reactive protein on platelet adhesion and activation at plasma protein-coated surfaces 

(Skoglund et al., 2008). Since conflicting results regarding the role of C1q receptors and C1q-

mediated effects on various types of cells are found in the literature, mechanistic studies on 

C1q-mediated cell regulation are warranted. Hence, the present study was undertaken to 

further clarify the cellular effects of C1q and its interaction with platelet surface receptors. 

More specifically we have studied effect of C1q on platelet P-selectin expression and the 

regulation of collagen stimulation and the role of the gC1qR and the collagen receptors αIIβI 

and glycoprotein VI. Our paper also addresses the intracellular signaling events in platelets 

induced by C1q binding. 
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Materials and methods 

Isolation of platelets and neutrophil granulocytes    

Peripheral blood was drawn from apparently healthy, non-medicated donors at the Linköping 

University Hospital. Platelets were isolated as described previously (Bengtsson and 

Grenegård, 1994). In short, five parts of heparinized (10 IU/mL) whole blood mixed with one 

part of an acid-citrate-dextran solution (85 mM sodium citrate, 71 mM citric acid and 111mM 

glucose) was centrifuged at 220 x g for 20 minutes at room temperature. Platelet rich plasma 

(PRP) was collected and platelets were pelleted by centrifugation at 480 x g for 20 minutes at 

room temperature. The plasma was discarded and the platelets washed and resuspended in 

calcium-free Krebs-Ringer phosphate buffer, pH 7.4, supplemented with 10 mM glucose and 

1.5 mM magnesium sulphate (KRG). Cell density was assessed using a Bürker chamber and 

light microscopy, which also confirmed that isolated platelets showed no signs of activation 

and that the contamination of other blood cells was negligible. Before experiments, the 

extracellular concentration of Ca
2+ 

was set to 1 mM, (CaCl2).  

Neutrophils were isolated according to Böyum and others (Boyum, 1968; Ferrante and Thong, 

1980). Whole blood was layered onto Lymphoprep and Polymorphprep (Axis-Shield AS, 

Oslo, Norway) and centrifuged at 480 x g for 40 minutes at room temperature. The fraction 

containing neutrophils was harvested and washed in PBS (10 mM sodium hydrogen 

phosphate, 10 mM potassium dihydrogen phosphate and 0.15 M sodium chloride, pH 7.4) at 

480 x g for 10 minutes. Remaining red blood cells were removed by brief hypotonic lysis at 

4° C followed by washing in KRG at 200 x g at 4° C. Isolated neutrophils were counted in a 

Coulter counter ZM Channelyser 256 (Coulter-Electronics Ltd., Luton, UK) and kept on ice 

until experiments.  
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Platelet P-selectin expression 

Isolated platelets (2 x 10
8
 /mL) were incubated in a 24-well plate (Sarstedt AG & Co, 

Nümbrecht, Germany) at 37 °C for 5 minutes. C1q, 8-80 μg/mL (Quidel Corp., San Diego, 

CA) or as positive control 10 μg/mL TRAP (SFLLRN, Biotechnology Centre of Oslo, Oslo 

University, Norway) was added under shaking conditions, and samples were taken after 5, 15, 

45 and 120 seconds. To investigate the role of the gC1qR, monoclonal antibodies were used. 

Clone 60.11 is directed against the amino-terminal part of the receptor also described as the 

C1q binding epitope and clone 74.5.2 is directed towards the carboxyl-terminal (Abcam, 

Cambridge, UK). The role of the αIIβI integrin was evaluated by pre-incubation of platelets 

with clone AK7, directed against the alfa2 subunit of the integrin (AbD Serotec, Oxford, UK). 

GF109203X (Tocris, Ellisville, MO) was used to elucidate the role of protein kinase C (PKC) 

in the signaling following C1q stimulation. Since the C1q preparations contain glycerol as a 

stabilizer, buffer with a corresponding concentration of glycerol (Sigma Chemical Co, St 

Louis, MO) was added in some samples, as control. As further controls, we treated C1q with 

the intention of modifying the protein structure using heat-inactivation (56 º C, 30 minutes), 5 

cycles of thawing and freezeing (-70 ° C) or addition of deionized water to the C1q 

suspension (1:1). 

To investigate the effect of C1q on collagen-, collagen-related peptide- or TRAP-induced P-

selectin expression, platelets were pre-incubated with C1q (80μg/mL) before addition of 

collagen (3 μg/mL, equine type 1 collagen, Chrono-log, Haverston, PA), collagen-related 

peptide (1 µg/mL, Gly-Cys-Hyp-(Gly-Pro-Hyp)10-Gly-Cys-Hyp-Gly-NH2, kindly provided by 

Dr. Richard W. Farndale and Dr. Graham Knight, Cambridge, UK) or TRAP (10 μg/mL). 

Samples were taken after 15, 45, 90 and 120 seconds. In control experiments, human serum 

albumin (HSA, Albuminativ, Octapharma AB, Stockholm, Sweden) was used instead of 

C1q. Direct immunofluorescence staining of platelets was performed by incubation with 
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saturating concentrations of monoclonal (clone AK-4) fluorescein isothiocyanate (FITC)-

conjugated anti P-selectin (CD62P; BD Biosciences, NJ, USA) for 10 minutes at room 

temperature in the dark. To account for non-specific staining, FITC-labeled irrelevant isotype-

matched monoclonal (clone DAK-GO1) antibodies (DAKO, Glostrup, Denmark) were used. 

Samples were then fixed in 1% ice-cold paraformaldyhyde (Fluka, Sigma) for 15 minutes and 

diluted in PBS prior to flow cytometry analysis. Control experiments with non-fixed cells 

confirmed that this fixation protocol did not influence the P-selectin expression. 

Immediately after staining, the samples were analyzed with flow cytometry in a FACS 

Calibur equipped with an argon 488 laser (Becton Dickinson, San Jose, Ca, USA). Platelets 

were identified by their specific light scattering characteristics, and in some samples 

confirmed by positive staining for phycoerythrin-labelled anti-GPIb (CD42b, clone AN51) 

(DAKO, Glostrup, Denmark). A total of 10,000 events were collected in the platelet gate and 

data was analyzed using the CellQuestPro software (Becton Dickinson).  

 

Cytosolic calcium  

Platelet cytosolic Ca
2+

 levels were investigated using the fluorescent ratiometric probe Fura-2. 

Briefly, platelets were loaded with Fura-2 by incubating PRP with 4 μM Fura-2-

acetoxymethylester (Fura-2-AM, Sigma) in the presence of 0.5 U/mL apyrase (Sigma), for 40 

min at room temperature and under gentle shaking. Platelets were then washed as described 

above. Upon addition of C1q (5-50 μg/mL) and thrombin 0.1 U/mL (Sigma) to 1.5 ml 

aliquots of a platelet suspension, measurements of cytosolic Ca
2+

 were performed in a F-2000 

spectrofluorometer (Hitachi Ltd., Tokyo, Japan) under constant stirring (300 rpm) and at 37 

°C. Fluorescence emission was
 
registered at 510 nm during simultaneous excitation at 340 nm

 

and 380 nm. 
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Platelet adhesion to collagen coated surfaces  

Platelet adhesion to collagen coated surfaces was performed as previously described (Eriksson 

and Whiss, 2005). In short, microplates were coated with 0.1 mg/mL bovine collagen 

(RnDSystems, Abingdon, UK) or 2 mg/mL fibrinogen (American Diagnostica Inc., 

Greenwich, CN). Unattached proteins were removed by washing in 0.9 % NaCl before 

addition of 50 µl diluted PRP (some samples were pre-incubated with 80 µg/mL C1q). Cells 

were allowed to adhere for 1 hour at room temperature followed by washing in 0.9% NaCl to 

remove non-adhering platelets. Enzymatic detection of adhering platelets was then performed 

by adding P-nitrophenyl-phosphate (Sigma) and 0.1% Triton X- 100 (Sigma) in a citrate/citric 

acid buffer (0.1 M, pH 5.4). The reaction was stopped after one hour by addition of 2M 

NaOH, and absorbance measured at 405 nm (Spectramax microplate reader, Molecular 

Devices, Sunnyvale, CA) and percentage platelet adhesion was calculated.  

 

Formation of platelet-neutrophil aggregates 

Platelets and neutrophils isolated from the same donor were pre-warmed at 37 °C for 5 

minutes prior to mixing. In some experiments, platelets were pre-incubated with C1q (80 

μg/mL) before mixing with neutrophils. The cells were co-incubated during shaking 

conditions at 37 °C, unstimulated or stimulated with collagen (3 μg/mL) for 30, 60, 90 and 

150 seconds and fixed in 4% ice-cold paraformaldehyde for 30 minutes. Platelet-neutrophil 

aggregates were visualized in an Axiovert 200 microscope with an oil immersion 63x/1.4NA 

objective (Carl Zeiss GmbH, Göttingen, Germany) and digital images were obtained using a 

Axiocam MRm camera and the AxioVision software (version 4.6.3.0)  
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Statistics 

Data are presented as arithmetic averages ± standard error of the means (SEM). The number 

of individual experiments (individual blood donors) is indicated by n. Statistical significance 

was evaluated using one-way analysis of variance combined with Bonferroni´s or Dunnett´s 

post hoc test. Significance levels of * (p≤0.05), ** (p≤0.01), *** (p≤0.001), or ns (not 

significant) were used. All statistical analyses were performed with GraphPad Prism version 

4.03 (GraphPad Software, San Diego, CA).  
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Results 

 

C1q induces P-selectin expression  

By using flow cytometry, we found that C1q (80 μg/mL) induced a moderate, but rapid and 

highly significant expression of P-selectin on the platelet surface, compared to non-stimulated 

controls (p<0.001, Fig. 1A-B). The expression was most evident after 15 seconds, was still 

elevated after 45 seconds, and returned to resting control levels within 3-5 minutes. Further 

experiments targeting the temporal resolution indicated that the expression of P-selectin was 

elevated already after 5 seconds (Fig 1A. insert). In comparison and as expected, stimulation 

with TRAP induced a massive increase in platelet P-selectin (Fig. 1A). Upon addition of C1q, 

the geometric mean fluorescence value after 15 seconds was 36.7 ± 2.5 compared to 22.4 ± 

1.2 in the unstimulated control, and 245.5 ± 17.5 in the TRAP-stimulated positive control. 

The up-regulation of P-selectin induced by C1q was concentration dependent as shown in Fig. 

1C. Since the commercial C1q preparations typically contain a high concentration of glycerol, 

experiments with a glycerol control confirmed that the C1q-induced stimulation was not due 

to unspecific effects e.g. viscosity changes. Heat-inactivation, addition of deionized water or 

repeated cycles of thawing and freezing of the C1q preparation before addition to the 

platelets, did not induce further P-selectin expression (not shown).   

 

Role of the C1q-receptors and integrin αIIβI 

To investigate the involvement of gC1qR and the αIIβI integrin in C1q-induced up-regulation 

of P-selectin, antibodies directed against these receptors were used. Unfortunately, clones 

60.11 and 74.5.2, both described to block the gC1qR, induced P-selectin expression and gave 

raise to an intracellular Ca
2+ 

elevation when used at concentrations higher than 3 μg/mL. It is 

thus possible that the antibodies are receptor agonists, which call for some caution. 

Nevertheless, as shown in Fig. 2A, pre-incubation with 3 μg/mL of antibody 60.11  
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Figure 1. C1q induces a moderate but rapid and concentration dependent platelet P-selectin (CD62P) 

expression.  

A) Washed platelets (2 x 10
8 
/mL) were pre-incubated for 3 minutes in the presence of 1 mM Ca

2+
 at 37 °C,  

followed by stimulation under shaking conditions with C1q (80 μg/mL) or TRAP-6 (10 μg/mL). Samples were 

taken in duplicates after 15 and 45 seconds. Before fixation in 1 % paraformaldehyde, platelets were stained for 

CD62P using a FITC-conjugated  

monoclonal antibody. CD62P-FITC fluorescence was analyzed in the platelet population using flow cytometry. 

The data is presented as geometric mean fluorescence intensity values (MFI) from 10,000 collected events in the 

platelet gate ± SEM , n=17-23. Statistical significance was evaluated using repeated measures one-way analysis 

of variance combined with Bonferroni´s post hoc test, ** (p≤0.01) and *** (p≤0.001). The insert shows that P-

selectin was present on the platelet surface even within 5 seconds after addition of C1q (80 μg/mL), n=3 

B) Representative histogram showing the changes in CD62P-FITC fluorescence upon C1q (solid line) or TRAP 

(broken line) treatment for 15 seconds. (Dotted line: un-stimulated control).   

C) C1q (8-80 μg/mL) induces a concentration dependent P-selectin expression. n=3 
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significantly reduced the C1q-induced P-selectin up-regulation (-57%). 3µg/mL of 74.5.2 

decreased the C1q-induced expression by 52 %, although not statistically significant. Pre-

incubation of platelets with a blocking antibody towards the αIIβI integrin did not 

significantly affect the C1q-induced P-selectin expression. 

 

Involvement of protein kinase C (PKC) 

Pre-incubation of platelets with the protein kinase C inhibitor GF109203X at 5 or 50 µM 

completely inhibited the C1q-induced expression of P-selectin (Fig 2B). Addition of C1q in 

the presence of DMSO (dimethylsulfoxide), confirmed that the effects were not influenced by 

the solvent.       

 

C1q does not elevate intracellular Ca
2+

  

Using the fluorescent probe Fura-2, we investigated whether the platelet P-selectin response 

was accompanied by a change in cytosolic calcium-levels. None of the C1q concentrations 

tested, 5, 20 (Fig. 3) or 50 μg/mL (not shown), yielded any intracellular Ca
2+

 elevations. The 

cytosolic calcium transient triggered by thrombin remained unaffected by the presence of 

C1q.  

 

C1q inhibits collagen- and collagen- related peptide-induced P-selectin expression 

Collagen or collagen-related peptide (which activates via GPVI, Morton et al., 1995) 

activation of washed platelets induced a substantial increase in P-selectin expression, although 

not as potent as upon addition of TRAP (MFI values of 60.0±11.0, 90.5±25 and 193.0±8.4 

after collagen, collagen-related peptide and TRAP stimulation for 45 seconds, respectively). 

Pre-incubation of platelets with C1q (80 μg/mL) for 5 minutes, markedly inhibited the 

collagen (3 μg/mL) and collagen-related peptide (1 µg/mL) induced up-regulation of P- 
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Figure 2. The C1q-induced up-regulation of P-selectin is inhibited by a gC1qR-antibody and by inhibition 

of PKC, but remains unaffected by blockade of the αIIβI-integrin. 

A) Washed platelets (2 x 10
8 
/mL) were pre-incubated at 37 °C with antibodies directed against two different 

epitopes of the gC1q-receptor (60.11 or 74.5.2, 3 µg/mL), a blocking antibody directed against the αIIβI-integrin 

(AK7, 3 µg/mL) or an isotypic control antibody for 5 minutes before stimulation with C1q (80 μg/mL) under 

shaking conditions. Samples were taken in duplicates after 15 seconds. Before fixation in 1 % paraformaldehyde, 

platelets were stained for CD62P using a FITC-conjugated monoclonal antibody. The FITC-fluorescence was 

collected from 10,000 events in the platelet gate, and the CD62P expression is presented as % induced by C1q 

stimulated cells ± SEM, n=4-5. Statistical significance was evaluated with one-way analysis of variance 

combined with Dunnett´s post hoc test, comparing antibody treated with untreated cells stimulated by C1q ,* 

(p≤0.05). 

B) Washed platelets (2 x 10
8 
/mL) were pre-incubated for 5 minutes at 37 °C with the PKC inhibitor GF109203X 

at 5 and 50 µM before stimulation with C1q (80 µg/mL) and flow cytometry analysis as described above. The 

CD62P expression is presented as % induced by C1q stimulated cells ± SEM , n=3-4. One-way analysis of 

variance combined with Bonferonni´s post hoc test was used to test statistical significance between PKC 

inhibited and untreated cells stimulated by C1q, *** (p≤0.001). 
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Figure 3. C1q does not induce Ca

2+
-signaling in platelets  

Platelet rich plasma was incubated with the fluorescent probe Fura-2-AM (4µM) at room temperature and gentle 

shaking for 40 minutes before isolation of platelets. The effect of 5-50 μg/mL C1q on the cytosolic Ca
2+

 levels 

was analyzed in a Hitachi F-2000 spectrofluorometer where the fluorescence signal from 1.5 ml aliquots of the 

platelet suspension was detected under constant stirring (300rpm) and at 37 °C. Fluorescence emission was
 

registered at 510 nm during simultaneous excitation at 340 nm
 
and 380 nm. The figure shows representative 

original traces from one of totally 3 experiments. 

 
 

selectin. Compared to controls, pre-incubation with C1q significantly inhibited P-selectin 

expression with 22.9 ± 5.1 % (p≤0,01) at 15 seconds, with 45.3 ± 5.3 % (p≤0.001) at 45 

seconds, and with 64.1 ± 3.6 % (p≤0.001) at 90 seconds of collagen stimulation, and with 

46.6 ± 4.0 % (p≤0,001) at 15 seconds, with 42.7 ± 1.8 % (p≤0.001) at 45 seconds, and with 

50.1 ± 3.2 % (p≤0.001) at 90 seconds of stimulation with collagen-related peptide, (Fig. 4A-

B). Inhibition by C1q was still detectable after 120 seconds of collagen stimulation, although 

not as pronounced as after 90 seconds. C1q did not significantly inhibit the TRAP stimulated 

up-regulation of P-selectin. Introduction of HSA instead of C1q did not yield such effects, 

excluding a general protein effect.  
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Figure 4. C1q inhibits further collagen or collagen-related peptide-induced platelet activation. 

A) Washed platelets (2 x 10
8
 /mL) were pre-incubated with C1q (80 μg/mL) at 37 °C under shaking conditions 

for 5 minutes followed by collagen (3μg/mL), collagen-related peptide (1 µg/mL) or TRAP (10 μg/mL) 

stimulation. Samples were taken in duplicates after 15, 45 and 90 seconds. Before fixation in 1 % 

paraformaldehyde, platelets were stained for CD62P using a FITC-conjugated monoclonal antibody. CD62P-

FITC fluorescence was analyzed in the platelet population using flow cytometry. Statistical significance was 

evaluated with a one-way analysis of variance combined with Bonferroni post hoc test comparing C1q 

treatments with collagen/collagen-related peptide controls, ** (p<0.01), *** (p<0.001). The data is expressed as 

% of collagen or collagen-related peptide control, calculated from geometric mean fluorescence values from 

10,000 collected events in the platelet gate ± SEM , n=6-11 (collagen), n=3 (collagen-related peptide) 

B) Representative histogram showing the changes in CD62P FITC fluorescence upon addition of collagen for 90 

seconds to platelets with or without pre-incubation with C1q (80 µg/mL). Un-stimulated control (dotted line), 

collagen (broken line) and C1q + collagen (solid line).  
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Platelet adhesion 

Pre-incubation of platelets with C1q did not affect platelet adhesion to a collagen coated 

surface, whereas the antibody directed against the αIIβI integrin inhibited the adhesion with 

66.0 ± 3.6 % (Fig. 5)  

 

C1q regulates platelet-neutrophil aggregate formation 

Since P-selectin plays an important role in the adhesion between platelets and neutrophils 

(May et al., 2007; Wetterö et al., 2003), we investigated whether the observed C1q-mediated 

down-regulation of P-selectin in collagen-stimulated platelets affected the formation of 

platelet-neutrophil aggregates. When a mixture of platelets and neutrophils were challenged 

with collagen (3 μg/mL) the formation of platelet-platelet aggregates as well as platelet-

neutrophil aggregates was markedly increased compared to the unstimulated control (Fig. 6).  

Pre-treatment of platelets with C1q (80 μg/mL), prior to mixing with neutrophils and 

subsequent collagen stimulation, considerably reduced the formation of platelet-neutrophil 

aggregates, compared to the collagen control.    

Discussion 

Increasing amounts of evidence during recent years recognize blood platelets as important 

players in innate immunity e.g. due to their expression of pathogen recognition receptors,  

adhesion molecules and release of inflammatory mediators (von Hundelshausen and Weber, 

2007). Complement activation is a crucial part of innate immunity and inflammation and 

during the past decade receptors for complement proteins have been identified on various cell 

types, including platelets (Edelson et al., 2006; Peerschke and Ghebrehiwet, 1994; Steinberger 

et al., 2002; Vegh et al., 2006). In the present study, we found that C1q induces a rapid 

platelet P-selectin expression, modulates subsequent collagen and collagen-related peptide 

stimulation of platelets, and inhibits the formation of platelet-neutrophil aggregates. When we 
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Figure 5. C1q does not affect platelet adhesion to collagen. 

Microplates were coated with 0.1 mg/mL bovine collagen and unattached proteins were removed by washing in 

0.9 % NaCl before addition of 50 µl diluted platelet rich plasma (PRP). Some samples were pre-incubated with 

80 µg/mL C1q or 10 µg/mL anti-αIIβI antibody. Cells were allowed to adhere for 1 hour at room temperature 

followed by washing in 0.9% NaCl to remove non-adhering platelets. Enzymatic detection of adhering platelets 

was performed by adding P-nitrophenyl-phosphate and 0.1% Triton X-100 in a citrate/citric acid buffer (0.1 M, 

pH 5.4). The reaction was stopped after one hour by addition of 2M NaOH, absorbance was measured at 405 nm 

and percentage platelet adhesion was calculated. Statistical significance was evaluated with one-way analysis of 

variance combined with Bonferonni´s post hoc test comparing treatments with collagen control,*** (p≤0.001), 

n=4 

 

 

Figure 6. C1q regulates the formation of platelet-neutrophil aggregates 

Washed platelets (1 x 10
8 
/mL) were pre-incubated with C1q (80 μg/mL) at 37 °C for 5 minutes. Isolated 

neutrophils (2 x 10
6 
/mL) from the same blood-donor were simultaneously pre-warmed and then mixed with the 

platelets. The mixture of platelets and neutrophils was challenged with collagen (3 μg/mL) and samples were 

taken after 30-150 seconds. Samples were fixed in 4% ice-cold paraformaldehyde for 30 minutes, washed in 

PBS and visualized using microscopy. Representative images from samples taken after 120 seconds, in I) 

untreated control II) collagen III) C1q + collagen. Bars: 20 μm. n=3 
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 investigated the effects of C1q on blood platelets and by using flow cytometry we found that 

monomeric C1q induces a moderate but rapid, within 5 seconds, up-regulation of P-selectin 

on the platelet surface. In correlation, Peerschke et al. have previously reported, by using 

fluorescence microscopy, that aggregated C1q induces P-selectin expression. However, the 

up-regulation of P-selectin found in the present study was not as potent as the one presented 

in the study by Peerschke et al, where the observed P-selectin expression was in the same 

range as that provoked by thrombin (Peerschke et al., 1993). Moreover, we also found that the 

up-regulation of P-selectin upon C1q stimulation was transient, and the expression returned to 

control levels within 3-4 minutes. This is interesting since P-selectin is known to be shedded 

or possible actively cleaved off from platelets and can be found in the circulation in vivo, as 

soluble sP-selectin (sCD62P). The level of sP-selectin is increased during a variety of 

cardiovascular diseases, which may reflect an increased platelet activation (Blann et al., 

2003).  

Complement activation may occur on the platelet membrane (Peerschke et al., 2008). P-

selectin on the platelet surface is described to function as a ligand for C3b, and thereby 

proposed to facilitate further activation of the complement cascade (Del Conde et al., 2005). It 

is thus possible that the moderate increase in P-selectin expression upon C1q stimulation as 

observed in the present study is sufficient to trigger further activation of complement, without 

leading to massive platelet activation. Consequently, a rapid C1q-induced up-regulation of 

platelet P-selectin may play an important role at sites of inflammation, e.g. in an 

atherosclerotic vessel, or at IgG-coated surfaces where C1q is transiently detectable  

(Tengvall et al., 1996; Wetterö et al., 2001). 

In search of the receptor(s) responsible for the C1q-induced P-selectin expression, we used 

monoclonal antibodies directed towards the gC1qR. Furthermore, since Edelson and co-

workers (Edelson et al., 2006) recently identified the αIIβI integrin as a C1q binding structure, 
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we investigated if the C1q-induced P-selectin expression was dependent upon this receptor, 

using an anti-αIIβI antibody. Pre-incubation of platelets with 3 μg/mL of antibody against 

gC1qR (clone 60.11) inhibited C1q-induced P-selectin up-regulation, whereas no inhibition 

was observed when blocking the αIIβI integrin. We therefore conclude that the initial and 

rapid effects of C1q are mediated, at least in part, via the gC1qR and not via binding of C1q to 

the αIIβI integrin. However, the identification of C1q binding structures has not been 

straightforward and there are some controversies in previously published reports. C1qRp is 

reported to bind C1q and elicit various cellular responses (Steinberger et al., 2002; Tenner, 

1998). Contradictory, C1qRp was later identified to be identical to CD93 and in a study by 

McGreal et al, no binding between CD93 and C1q was detected (McGreal et al., 2002). 

Moreover, conflicting results regarding the presence on the cell surface of the receptor with 

affinity for the globular heads of the C1q molecule (gC1qR) have been revealed. Several 

studies suggest that gC1qR is present on the surface of e.g. platelets and neutrophils (Eggleton 

et al., 1995; Peerschke et al., 1994). On the other hand, gC1qR is also shown to be primarily 

an intracellular protein and in a study by van den Berg et al, gC1qR could not be detected by 

flow cytometry on the surfaces of monocytes and Raji cells unless the cells where first treated 

with saponin. However, in the same study, gC1qR was detected on the surface of neutrophils 

using digoxigenin-conjugated antibodies (van den Berg et al., 1997). Furthermore, gC1qR is 

shown to be identical to a kininogen-binding protein, the p33, that is involved in the 

kallikrein-kinin system  (Herwald et al., 1996). It is evident that more studies are needed to 

elucidate the effects of C1q and the role of the proposed C1q receptors on different types of 

cells. Despite the previous report indicating that gC1qR is not located on the surface of 

various cells, our results indicate that gC1qR may be present on the surface of platelets. 

However, previous studies have shown that the expression of gC1q receptors on platelets is 

activation dependent (Peerschke et al., 2003). Consequently, it is possible that the isolation 
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procedure leads to priming of platelets and an up-regulation of gC1qR. Such a scenario is 

relevant as it reflects an in vivo situation where platelets in circulation may become primed by 

a vide range of substances (Gresele et al., 2008). Furthermore, as the antibodies directed 

towards gC1qR are frequently used in different studies it is valuable information that we in 

the present study found that both of the gC1qR antibodies (60.11 and 74.5.2) proved to be 

somewhat blunt tools as they upon pre-incubation provoked an intracellular Ca
2+

 increase and 

induction of P-selectin at concentrations above 3 µg/mL.  

Peerschke et al. reported that C1q induces platelet activation accompanied by an increase in 

inositol-1,4,5-triphosphate (IP3) production (Peerschke et al., 1993). IP3 releases Ca
2+ 

from 

intracellular
 
calcium stores through binding

 
to specific receptors (Brass et al., 1987). In our 

experiments, however, the addition of C1q to platelets loaded with the ratiometric fluorescent 

calcium probe Fura-2, did not elicit any detectable changes in the cytosolic calcium levels. 

Furthermore, presence of C1q in the suspensions did not affect a subsequent Ca
2+

 

mobilization triggered by thrombin. This suggests that C1q induces P-selectin expression 

through a Ca
2+

 independent pathway.  

It has become evident that platelet alfa-granule secretion is a far more complicated process 

then has been appreciated (Blair and Flaumenhaft, 2009) and does not appear to be an “all or 

nothing” phenomenon, but instead a highly specific process where granules may be released 

differently depending on the stimulus (Italiano et al., 2008).  

Protein kinase C enzymes are important mediators in the intracellular signaling triggered by 

various platelet agonists (Cohen et al., 2009). Thrombin-induced up-regulation of P-selectin is 

shown to be dependent upon the novel PKC isoforms ε and ε as well as the atypical PKCδ, 

whereas inhibitors towards the conventional isoforms α and β and the novel δ were without 

effect (Libersan and Merhi, 2003). The PKC inhibitor GF109203X inhibits all of the PKC-

isoforms mentioned above, although with different potency (Martiny-Baron et al., 1993). 
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Thus, the concentrations of GF109203X used in the present study, 5 and 50 µM, are likely to 

inhibit several isoforms of the enzyme. Since the addition of C1q to washed platelets in this 

study did not provoke an intracellular elevation in Ca
2+

, and both the novel and the atypic 

PKC isoforms are Ca
2+

 independent (Libersan and Merhi, 2003), we speculate that one of 

these isoforms of PKC is involved in the C1q-induced up-regulation of P-selectin. In the case 

of thrombin, it was recently shown that mice lacking the PKCζ isoform displayed a reduced 

expression of P-selectin upon stimulation, another indication that the novel isoforms are 

involved in alfa-graule secretion (Cohen et al., 2009).   

In our initial studies, using an anti-αIIβI antibody, we found that the rapid and transient P-

selectin up-regulation induced by C1q was not mediated via the αIIβI-integrin. However, 

upon a longer pre-incubation of platelets with C1q, at a physiological concentration, the 

following collagen and collagen-related peptide-induced expression of P-selectin was 

diminished. In agreement with this, monomeric C1q has been shown to inhibit collagen-

induced aggregation in both isolated platelets and in PRP, as well as reducing the serotonin 

release from isolated platelets (Cazenave et al., 1976; Csako and Suba, 1981). On the other 

hand, we did not observe any effect of C1q on the adhesion of platelets to collagen coated 

surfaces, in correlation with a previous study (Peerschke and Ghebrehiwet, 1990). This is a 

very interesting finding considering that we in the present study, apart from collagen also used 

a specific GPVI-activating peptide, i.e. the collagen-related peptide (Morton et al., 1995).  

The GPVI receptor is regarded as the collagen receptor responsible for activation of non-

adherent cells, whereas the αIIβI-integrin is considered to be responsible for adhesion to 

collagen (reviewed by Surin et al., 2008). It is therefore plausible that previously described 

C1q-mediated inhibitory effects on platelet activation by collagen and the effects observed in 

the present  study are actually mediated via C1q binding to GPVI, thus explaining the lack of 

inhibition of platelet adhesion to collagen. However, Jung and Moroi have suggested that the 
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αIIβI-integrin may also bind soluble collagen and that this requires inside-out activation of the 

receptor. They have proposed a model of αIIβI activation where the receptor is converted 

from its resting state via ADP receptor signalling and, depending on agonist-concentration, 

the receptor binds soluble collagen with low or high affinity (Jung and Moroi, 2000).  

The binding of C1q via the collagenous part to any of the collagen receptors on the platelet 

would expose its globular heads, thereby hypothetically facilitating further immunoglobulin 

and subsequent complement deposition on the platelet membrane, without provoking an 

extensive “true” collagen-induced activation. Vice versa, exposure of the collagenous part of 

the C1q molecule upon binding of C1q to the gC1qR offers the possibility of interaction with 

other receptors/cells.  

We and others have reported that P-selectin binding to its ligand PSGL-1 is crucial in the 

formation of platelet-neutrophil aggregates (May et al., 2007; Wetterö et al., 2003), which are 

formed during different inflammatory conditions e.g. cardiovascular disease. In the present 

study, we investigated if the regulatory effects of C1q on collagen-induced P-selectin 

expression affected the formation of platelet-neutrophil aggregates. By microscopic analysis, 

we found that C1q inhibited the collagen-induced formation of platelet-neutrophil aggregates, 

indicating that the number of sites for P-selectin/PSGL-1 interaction is significantly reduced. 

These results further strengthen the role of C1q as an important modulator of inflammatory 

processes.  

In summary, the present study demonstrates that C1q causes a moderate up-regulation of P-

selectin on the platelet surface. This effect is PKC dependent, but Ca
2+

 independent, and 

seems to be initiated by C1q binding to the gC1qR, whereas the αIIβI-integrin is not involved. 

C1q also regulates, through GPVI, collagen- and collagen-related peptide-induced P-selectin 

expression. Moreover, C1q treatment reduces the collagen-triggered formation of P-selectin 

dependent platelet-neutrophil aggregates. Future studies intend to target the receptors and 
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intracellular signaling pathways that may be involved in C1q-mediated modulation of platelet 

function. 
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