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BACKGROUND: Platelets have distinct roles in the vascular system in 
that they are the major mediator of thrombosis, critical for restoration of 
tissue integrity, and players in vascular inflammatory conditions. In close 
spatiotemporal proximity, the complement system acts as the first line 
of defense against invading microorganisms and is a key mediator of 
inflammation. Whereas the fluid phase cross-talk between the complement 
and coagulation systems is well appreciated, the understanding of the 
pathophysiological implications of such interactions is still scant.

METHODS: We analyzed coexpression of the anaphylatoxin receptor C3aR with 
activated glycoprotein IIb/IIIa on platelets of 501 patients with coronary artery 
disease using flow cytometry; detected C3aR expression in human or murine 
specimen by polymerase chain reaction, immunofluorescence, Western blotting, 
or flow cytometry; and examined the importance of platelet C3aR by various in 
vitro platelet function tests, in vivo bleeding time, and intravital microscopy. The 
pathophysiological relevance of C3aR was scrutinized with the use of disease 
models of myocardial infarction and stroke. To approach underlying molecular 
mechanisms, we identified the platelet small GTPase Rap1b using nanoscale 
liquid chromatography coupled to tandem mass spectrometry.

RESULTS: We found a strong positive correlation of platelet complement 
C3aR expression with activated glycoprotein IIb/IIIa in patients with coronary 
artery disease and coexpression of C3aR with glycoprotein IIb/IIIa in thrombi 
obtained from patients with myocardial infarction. Our results demonstrate 
that the C3a/C3aR axis on platelets regulates distinct steps of thrombus 
formation such as platelet adhesion, spreading, and Ca2+ influx. Using 
C3aR−/− mice or C3−/− mice with reinjection of C3a, we uncovered that the 
complement activation fragment C3a regulates bleeding time after tail injury 
and thrombosis. Notably, C3aR−/− mice were less prone to experimental stroke 
and myocardial infarction. Furthermore, reconstitution of C3aR−/− mice with 
C3aR+/+ platelets and platelet depletion experiments demonstrated that 
the observed effects on thrombosis, myocardial infarction, and stroke were 
specifically caused by platelet C3aR. Mechanistically, C3aR-mediated signaling 
regulates the activation of Rap1b and thereby bleeding arrest after injury and 
in vivo thrombus formation.

CONCLUSIONS: Overall, our findings uncover a novel function of 
the anaphylatoxin C3a for platelet function and thrombus formation, 
highlighting a detrimental role of imbalanced complement activation in 
cardiovascular diseases.
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In any injury, defense and protection mechanisms are 
initiated that aim to prevent further tissue damage 
and to restore organ integrity. For instance, central 

systems of our body such as the complement cascade 
and platelet thrombus formation are initiated in close 
spatiotemporal and functional proximity.1 The comple-
ment system is an important part of innate immunity 
and consists of various tightly regulated soluble factors. 
It is activated by 3 distinct pathways converging in the 
formation of the C3 convertases C4bC2a and C3bBb, 
which mediate the cleavage of the central complement 
component C3 to C3b and C3a.2 Whereas C3b further 
propagates the downstream complement cascade, 
the anaphylatoxin C3a formed in parallel constitutes 
a highly active protein contributing to tissue remodel-
ing.3,4 Binding of C3a and its connate C5a fragment to 
their receptors C3aR or C5aR1 and C5aR2, respectively, 
on a variety of cell types mediates a broad range of ef-
fects during inflammation.5–7

Besides its function in innate immunity, complement 
regulates a wide range of processes during tissue turn-
over, including angiogenesis, ischemia/reperfusion in-
jury, sepsis, or organ healing.3,8,9 Although knowledge 
about the cross-talk between complement and platelet 

activation is scarce, several reports about intersection 
points between complement activation and the soluble 
coagulation system exist. For instance, complement 
activation results in generation of thrombin, which in 
turn mediates platelet activation.10 Very recently, it was 
shown that high concentrations of complement C3 are 
associated with an increased risk of venous thrombo-
embolism11 and that complement factors C3 and C5 
contribute to platelet activation and fibrin deposition.12 
Furthermore, the human coagulation factor XIIa can 
activate the complement factor C1q and thereby ini-
tiate the classic pathway of complement activation.13 
On the other hand, C1 esterase inhibition can sup-
press all 3 complement pathways and the intrinsic co-
agulation cascade via kallikrein and factor XIIa.13,14 It is 
known that thrombin can generate C5a in the absence 
of C3.15 Furthermore, C3aR-dependent formation of 
neutrophil extracellular traps (NETosis) on cellular and 
artificial surfaces triggers activation of the coagulation 
system, which links coagulation and complement acti-
vation to inflammation.16

Similar to the complement activation process, plate-
let thrombus formation is a structured and coordinated 
process that involves adhesion to subendothelial ma-
trix proteins, platelet spreading, and finally formation 
of fibrinogen bridges between platelets recruited from 
the bloodstream via activated glycoprotein (GP) IIb/IIIa 
(integrin αIIbβ3) receptors, resulting in the development 
of a thrombotic clot.17

It has been shown that complement activation and 
the formation of C3b can occur on the platelet surface 
and that C3b can bind to the platelet receptor P-selec-
tin,18–20 which is expressed on platelet activation. How-
ever, a role of C3a for platelet-complement cross-talk 
has not been addressed so far in vivo. A potential im-
portance of this finding has been highlighted recently; 
a whole-exome sequencing approach of a patient with 
severe and complex hemostatic abnormalities revealed 
a possible contributing frameshift mutation in C3aR1.21 
A role of complement deposition on platelets has been 
suggested,20 although the exact mechanisms detailing 
how complement components bind to platelets and the 
relevance of this binding for platelet functions remain 
elusive. Because complement deposition on the plate-
let surface is of pathophysiological relevance in several 
immune-mediated diseases with a prothrombotic state, 
including paroxysmal nocturnal hemoglobinuria, atypi-
cal hemolytic-uremic syndrome, or atherosclerosis,22 it 
is important to characterize the underlying mechanisms 
connecting complement activation to thrombus forma-
tion. This is of particular importance in diseases featur-
ing thromboinflammation such as stroke or myocardial 
infarction.22,23 Already in the early phase of myocardial 
infarction, accumulation of the terminal complement 
complex was detected after reperfusion, and inhibition 
of the complement cascade was demonstrated to re-

Clinical Perspective

What Is New?
•	 Murine and human platelets express the anaphyl-

atoxin receptor C3aR. It can be detected in aspi-
rates of patients with myocardial infarction, and its 
expression in patients with coronary artery disease 
correlates with the activated platelet fibrinogen 
receptor glycoprotein IIb/IIIa.

•	 Using several in vitro, ex vivo, and in vivo approaches 
and different genetic mouse models, we identified 
the anaphylatoxin receptor C3aR and its corre-
sponding ligand C3a as platelet activators via intra-
platelet signaling resulting in activated glycoprotein 
IIb/IIIa, which mediates intravascular thrombosis, 
stroke, and myocardial infarction.

•	 We have identified a novel point of intersection 
between innate immunity and thrombosis with 
relevance for the thrombotic diseases stroke and 
myocardial infarction.

What Are the Clinical Implications?
•	 Complement components involved in the develop-

ment of atherothrombosis need to be further stud-
ied in translational and clinical settings of stroke 
and coronary heart disease.

•	 The identified C3a-C3aR axis on platelets may be 
a promising diagnostic and therapeutic target to 
approach underlying thromboinflammatory mech-
anisms of stroke and myocardial infarction.

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 7, 2018



Sauter et al� C3aR in Thrombosis and Disease

October 16, 2018� Circulation. 2018;138:1720–1735. DOI: 10.1161/CIRCULATIONAHA.118.0346001722

OR
IG

IN
AL

 R
ES

EA
RC

H 
AR

TI
CL

E

duce myocardial damage after myocardial infarction.24,25 
In stroke, components of the complement system have 
been shown previously to be involved in tissue remodel-
ing processes such as neural plasticity, and inhibition of 
complement components was proposed as a therapeutic 
approach after neural ischemia.26,27 Mice deficient for the 
central complement component C3 or mice treated with 
a C3aR antagonist are protected from transient focal ce-
rebral ischemia,28 although the role of platelet-derived 
anaphylatoxin receptors has not been addressed so far.

Here, we sought to investigate whether expression 
of complement C3aR holds a pathophysiological rele-
vance for platelet function, hemostasis, and thrombosis 
in pathologies such as stroke or myocardial infarction.

METHODS
Please see the online-only Data Supplement for expanded 
methods. Requests by researchers to access the data, analyti-
cal methods, and study materials for the purposes of repro-
ducing the results or replicating procedures can be made to 
the corresponding author, who manages the information.

Study Approval
For experiments with human material, written informed con-
sent was received from participants before inclusion in the 
study (approval 270/2011B01).

All animal experiments were approved by governmental 
authorities and performed in accordance with the German 
law guidelines of animal care (approval M10/12).

Immunofluorescence Staining
Human thrombi harvested from aspirates of the coronary 
arteries of patients with myocardial infarction undergo-
ing percutaneous coronary intervention were analyzed by 
immunofluorescence microscopy. Samples were stained with 
primary antibodies: antihuman C3aR and antihuman or corre-
sponding control immunoglobulin G followed by a secondary 
antibody conjugated with ALEXA fluorochromes.

Flow Cytometry Analysis
Human platelets in freshly collected blood were evaluated for the 
surface expression of C3aR and P-selectin (CD62P) after gating 
for the platelet-specific marker CD42b. Isolated murine platelets 
for flow cytometric analysis were stained with the anti-mouse 
antibodies fluorescein isothiocyanate (FITC)–anti-P-selectin, 
FITC–anti-GPVI, FITC–anti-GP Ibα, FITC–anti-integrin αIIbβIII, 
FITC–anti-integrin α5, and FITC–anti-integrin β3. Activated 
GPIIb/IIIa was detected with fibrinogen-Alexa 488 or PE–anti-
integrin GPIIb/IIIa. Samples were analyzed with a FACSCalibur 
flow cytometer (Becton Dickinson, Heidelberg, Germany).

Mice
C57BL/6 mice and C3−/− mice were obtained from The Jackson 
Laboratory. C3aR−/− mice were a kind gift from Dr Rick Wetsel 
(University of Houston, TX), and C5aR−/− mice were kindly pro-
vided by Dr Craig Gerard (Harvard Medical School, Boston, 

MA). Spa.1−/− mice were provided by Dr Yasutoshi Agata (Kyoto 
University, Japan) and bred with the C3aR−/− mice to obtain a 
Spa.1−/−×C3aR−/− double-knockout strain. GPIbα−/− mice were 
kindly provided by Dr Jerry Ware (University of Arkansas for 
Medical Sciences). All strains were on a C57BL/6 background, 
and genotypes were confirmed by polymerase chain reaction. 
Littermates were used in all experiments as control animals.

Isolation of Human and Murine Platelets
Human platelets were isolated according to standard proto-
cols. Murine platelet preparations were obtained with a modi-
fied protocol. For activation, isolated platelets were stimulated 
with 20 µmol/L ADP or 0.01 U/mL thrombin and/or C3a (as 
indicated in figure legends) at room temperature.

Western Blotting
Whole-cell lysates were separated by SDS-PAGE and subjected 
to Western blot. Membranes were incubated with primary 
antibodies (anti-mouse C3aR, anti-human C3aR, anti–Spa-1, 
clone M-300, anti-RAP1, anti-GAPDH, anti-mouse phospho–
phosphoinositide 3-kinase [PI3K], anti-mouse total PI3K, or anti-
tubulin). Membranes were scanned with the Odyssey Infrared 
Imaging System (LI-COR, Bad Homburg, Germany) and analyzed.

Flow Chamber Assay
Isolated human platelets were stimulated with recombinant 
human C3a or scrambled C3a and perfused through a trans-
parent flow chamber over a coated surface (collagen [20 µg/
mL], von Willebrand factor [20 µg/mL], or fibrinogen [50 µg/
mL]) with high (1.700 seconds−1) shear rates for 10 minutes.29 
Experiments were recorded with a video recorder linked to a 
microscope (optical objectives, ×20 and ×40; Carl Zeiss), and 
adherent platelets were quantified.

Platelet Spreading
Isolated murine platelets were incubated on fibrinogen-
coated and BSA-blocked cover slides for 30 minutes at room 
temperature. Platelets were fixed and permeabilized with 
PHEM buffer (100 mM PIPES, 5,25 mM HEPES pH 7.0, 10 
mM EGTA, 20 mM MgCl 2) containing paraformaldehyde and 
NP-40, stained with rhodamin-phalloidin, and analyzed with 
an Axio Observer Z.1 microscope (Zeiss).

Scanning Ion Conductance Microscopy
Isolated wild type (WT) and C3aR−/− platelets were stimulated 
with thrombin and allowed to adhere for 30 minutes to fibrin-
ogen-coated culture plates. Platelets were then fixed with 
4% paraformaldehyde and mounted into the scanning ion 
conductance microscopy setup. Platelet morphology was ana-
lyzed with custom-written software. Briefly, the cell contour 
was determined automatically with a height threshold of 50 
nm and processed to calculate the morphology parameters 
(area A, height, and circularity C=4πA/P2 with perimeter P).

Immunoprecipitation
Resting and stimulated platelets were lysed by adding an 
equal amount of lysis buffer. Samples were incubated with 
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anti-C3aR antibody. Protein G–Sepharose was added, and 
samples were incubated overnight at 4°C with rotation. 
Immunoblotting was performed as indicated.

SDS-PAGE and In-Gel Digestion
Complete protein eluates of the pull-down experiments were 
submitted to a short run (1 cm in length) on 1-dimensional SDS-
PAGE. The proteins were visualized by staining, and the corre-
sponding gel sectors were excised and subjected to tryptic in-gel 
digestion. The resulting peptide mixtures were desalted before 
liquid chromatography (LC)/mass spectrometry measurement.

Nanoscale LC Coupled to Tandem Mass 
Spectrometry Analysis
LC–mass spectrometry analysis was carried out on a nanoscale 
LC (Easy-nLC, Thermo Fisher Scientific, formerly Proxeon 
Biosystems) coupled to a LTQ-Orbitrap-XL (Thermo Fisher 
Scientific). Mass spectrometry data were processed with the 
MaxQuant software suite, peptide sequences were retrieved 
by use of the Andromeda search engine, and data were 
searched against the Uniprot mouse database.

Rap1 Activation and Pull-Down Assay
For detection and pull-down of activated Rap1 (GTP-Rap1), a 
commercially available kit (affinity precipitation assay, Merck 
Millipore) was used.

Measurement of Cytosolic Ca2+ 
Concentration
Washed murine platelets were loaded with 5 μmol/L fura-2 
acetoxymethylester in the presence of 0.2 μg/mL pluronic 
F-127. Loaded platelets were activated with thrombin (0.01 
U) with or with C3a (200 nmol/L), with or without C3aR 
inhibitor SB290157 (10 µmol/L). Calcium responses were 
measured under stirring with a spectrofluorimeter (LS 55; 
PerkinElmer) at alternate excitation wavelengths of 340 and 
380 nm (37°C). The 340/380-nm ratio values were converted 
into concentrations of [Ca2+].

Platelet Aggregometry
Aggregation of human or murine platelets was estimated 
from light transmission determined with a luminoaggregom-
eter (model 700, ChronoLog). Platelets were activated with 
20 µmol/L ADP, C3a in different doses, or control protein 
(scrambled C3a) at the indicated concentrations. Analysis was 
performed with the Aggrolink8 software (ChronoLog).

Bleeding Time
Mice were anesthetized, and a 3-mm segment of the tail tip 
was removed with a scalpel. Tail bleeding was monitored by 
gentle absorption of the blood with filter paper at 20-second 
intervals without making contact with the wound site.

Intravital Microscopy
Intravital microscopy and induction of platelet thrombus for-
mation in vivo were carried out as described before.29

Stroke Model
All stroke experiments were performed in accordance with 
the recently published Animal Research: Reporting of In Vivo 
Experiments guidelines (nc3rs) and performed as described 
before.30

Myocardial Infarction Model
All myocardial infarction experiments were performed as 
described before.31

Statistics
Data are provided as mean±SD; n represents the number of 
experiments. All data were tested for significance with the 
unpaired Student t test and 1-way or 2-way ANOVA with the 
Bonferroni post hoc test. Results with values of P<0.05 were 
considered statistically significant.

RESULTS
Various components of the complement cascade have 
previously been detected on platelets isolated from 
human subjects, particularly after platelet activation.20 
Strikingly, in our large collective of patients with coro-
nary artery disease, expression of C3aR was strongly 
correlated with the expression of the activated fibrino-
gen receptor GPIIb/IIIa (with the use of an activation-
specific antibody; r=0.59, P<0.001; Figure 1A and 1B). 
We furthermore observed a significant correlation in the 
subgroup of patients receiving no P2Y12 inhibitor (Spear-
man rank coefficient rs=0.60, P<0.001; n=410 patients) 
and in the subgroup of patients receiving P2Y12 inhibi-
tors (rs=0.53, P<0.001; n=91 patients), as indicated in 
Figure I in the online-only Data Supplement. The distri-
bution of different P2Y12 inhibitors is depicted in Table 
I in the online-only Data Supplement. In line with this 
finding, C3aR was detected in platelets isolated from 
both murine and human blood (Figure 1C and 1E). Al-
though a marginal expression of C3aR was observed 
on the surface of unstimulated platelets, ADP-induced 
platelet activation resulted in a significant increase in the 
expression levels of C3aR (Figure 1F and 1G). Overall ex-
pression of C3aR in lysed platelets showed no significant 
differences among resting, ADP-, or C3a-stimulated 
platelets (Figure II in the online-only Data Supplement).

In light of the significant expression of C3aR on acti-
vated platelets, we assessed whether C3aR-mediated sig-
naling affects the function of platelets during bleeding. 
Initially, tail bleeding time was assessed in C3-deficient 
mice because C3 is the central complement component 
and key for the activation of all 3 complement pathways. 
Prolonged bleeding time (3 times longer compared with 
control mice) was observed in the absence of C3 (Fig-
ure 2A), which is in line with previous reports.32 Similar 
bleeding time was observed in GPIbα−/− mice, resembling 
the phenotype of the Bernard-Soulier syndrome in which 
increased bleeding time is seen as a result of thrombo-
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Figure 1. Platelets express the anaphylatoxin receptor C3aR.  
A, To analyze patients with coronary artery disease, expression of C3aR and activated glycoprotein (GP) IIb/IIIa (activation-specific antibody PAC-1) were measured by flow 
cytometry. The correlation of C3aR with activated GPIIb/IIIa is depicted. Spearman rank coefficient rs=0.59, P<0.001. n=501 patients. B, Baseline characteristics of the ana-
lyzed patients. C, Expression of C3aR on resting human platelets (Plt) and white blood cells (WBC) as control was detected by isolation of mRNA and reverse transcription–
polymerase chain reaction of transcribed cDNA with specific primers. A C3aR-specific band could be detected at 555 bp on a 2% agarose gel. D and E, Protein expression 
of C3aR on thrombin-stimulated (0.01 U/mL) murine (D) and human (E) platelets was analyzed by Western blot. Chinese hamster ovary (CHO) cells served as negative 
control, and murine bone marrow–derived dendritic cells (DC) or human monocyte-derived DCs served as positive control. One of 3 representative blots is depicted. 
Coomassie Blue staining of the polyvinylidene fluoride membranes after blotting served as loading control. F, ADP-stimulated (20 µmol/L) human platelets in platelet-rich 
plasma were fixed with 1% paraformaldehyde and spun on poly-l-lysine coverslips. Permeabilized platelets were analyzed for expression of CD62-P (green) and C3aR 
(red) with a Zeiss LSM 800 microscope (×63 objective; area of interest cropped ×4.7). G, Human platelets were isolated, stimulated with ADP (20 µmol/L), and analyzed by 
flow cytometry for surface expression of C3aR. n=8; 1 representative diagram is shown. BMI indicates body mass index; Ctrl, control; FITC, fluorescein isothiocyanate; IgG, 
immunoglobulin G; MFI, mean fluorescence intensity; MI, myocardial infarction; and WT, wild-type.
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cytopenia and platelet dysfunction33 (Figure 2A). Given 
that C3 is activated on the surface of activated platelets 
with consequent generation of C3a18 and the increased 
expression of C3aR (Figure 1G), we next analyzed bleed-
ing time after tail injury in C3aR−/− mice. In line with 
the findings described above, mice deficient for C3aR 
showed a significantly prolonged time to bleeding arrest 
compared with wild-type C57BL/6 (WT) littermate con-
trols (Figure 2B). This effect could not be attributed to 
altered platelet numbers in these mice because both WT 
and C3aR−/− mice showed comparable peripheral platelet 
counts (Figure III in the online-only Data Supplement). 
In contrast to C3aR−/− animals, no significant increase in 
bleeding time was observed in mice deficient for C5aR 
(Figure IV in the online-only Data Supplement), also a 
G protein–coupled receptor that binds the complement 
activation product C5a.3 Supporting a role for C3aR in 
the control of bleeding, pharmacological inhibition of 
C3aR with a small-molecule antagonist (SB290157, 750 
µg/mouse IP) resulted in prolonged bleeding time re-
sembling the phenotype of C3−/− and C3aR−/− mice (Fig-
ure 2C). Prolonged tail bleeding time in C3−/− mice was 
reversed on intravenous administration of C3a peptide 
(15 µg per mouse); a peptide with scrambled amino acid 
sequence was used as negative control (Figure 2D).

Because platelets have to firmly adhere to the ex-
tracellular matrix and spread before additional platelets 
can be recruited to the evolving thrombus,17 we tested 
whether C3aR-mediated signaling assists in the process 
of platelet adhesion. Although C3a alone was not suf-
ficient to mediate platelet adhesion (data not shown), 
a significant increase in platelet adhesion to fibrinogen-
coated chambers under dynamic flow conditions was 
observed on C3a stimulation (Figure 3A). Furthermore, 
coimmobilization of C3a with fibrinogen increased 
platelet adhesion (Figure VA in the online-only Data 
Supplement), and adhesion of murine C3aR−/− plate-
lets to fibrinogen was significantly reduced compared 
with WT platelets (Figure VB in the online-only Data 
Supplement). The difference was no longer present 
when C3a-des-arg7 was used (Figure VI in the online-
only Data Supplement). Such differences in platelet 
adhesion were not a consequence of differential ex-
pression levels of adhesion molecules because plate-
lets isolated from either WT or C3aR−/− mice showed 
similar expression of important platelet adhesion mol-
ecules (Figure 3B). In contrast, Ca2+ influx in response 
to thrombin, a key event during platelet adhesion to 
extracellular matrix proteins, was significantly reduced 
in platelets from C3aR−/− compared with WT mice or in 
WT platelets treated with a C3aR inhibitor (Figure 3C 
and 3D). Furthermore, the deficiency of C3aR resulted 
in decreased spreading capacity of thrombin-stimulat-
ed platelets (Figure 3E). A similar result was obtained 
with a C3aR inhibitor (Figure VII in the online-only Data 
Supplement). To investigate the influence of C3aR on 
platelet spreading on a single-cell level, WT and C3aR−/− 
platelets were analyzed with scanning ion conductance 
microscopy. Scanning ion conductance microscopy al-
lows label-free, quantitative characterization of platelet 
3-dimensional morphology with high resolution. After 
30 minutes of adhesion on immobilized fibrinogen, 
thrombin-stimulated (0.01 U/mL) C3aR−/− platelets ex-
hibited significantly reduced spreading area, increased 
height, and more irregular cell shape compared with 
WT platelets (Figure 3F).

Given our findings that C3aR-mediated signaling 
appears to modulate platelet adhesion and spreading, 
consequently affecting thrombus formation, we next 
investigated the pathophysiological relevance of these 
observations using in vivo models of experimental myo-
cardial infarction and stroke.30,31 Focal cerebral ischemia 
was induced in WT and C3aR−/− mice. Notably, C3aR−/− 
mice showed reduced brain infarct volume and consec-
utively reduced functional impairment (Figure  4A–4C) 
compared with WT mice, suggesting a deleterious role 
for C3aR during stroke. Treatment of mice with plate-
let-depleting serum (10 µg/mouse IP; Figure VIII in the 
online-only Data Supplement) before induction of brain 
infarction rescued the phenotype of reduced function-
al impairment associated with reduced infarct area in 

Figure 2. Prolonged bleeding time in C3-deficient mice is mediated by C3a.  
To assess the role of the C3aR in hemostasis, tail bleeding time was addressed 
in anesthetized C3−/− mice, C3aR−/− mice, and wild-type (WT) mice after ampu-
tation of the tail tip. Data represent mean±SD. A, A prolonged bleeding time 
was observed in C3−/− mice compared with WT mice. Glycoprotein (GP) Ibα−/− 
mice served as positive control. n=27 (WT and C3−/−) and n=10 (GPIbα−/−) 
animals per group. *P<0.05 vs WT mice. B, Similarly, the bleeding time of 
C3aR−/− mice was significantly prolonged compared with WT mice. n=10 
animals per group. *P<0.05 vs WT mice. C, WT mice were treated with a 
specific inhibitor of C3aR (SB290157) by intraperitoneal injection (750 µg per 
mouse). Compared with control (dimethyl sulfoxide)–treated animals, bleeding 
time was significantly prolonged. n=10 animals per group. *P<0.05 vs control 
peptide-treated mice. D, C3−/− mice were injected intraperitoneally with C3a 
(15 µg per mouse) or control (scrambled C3a, 15 µg per mouse). In mice 
injected with C3a, bleeding time was significantly reduced. n=15 (WT) and n= 
20 (C3−/−; 10 with C3a and 10 with scrambled C3a) animals per group. Ctrl 
indicates control. *P<0.05 vs control peptide.
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Figure 3. C3aR is important for platelet function.  
A, Human isolated platelets were perfused over cover slides coated with different extracellular matrix proteins with a parallel-plate flow chamber. Under flow conditions 
(shear rate, 1,700 seconds−1), the increase of adhesion on stimulation with C3a compared with stimulation with control protein was measured. The increase in adhesion 
onto fibrinogen was significantly stronger compared with collagen and von Willebrand factor (vWF). Data represent mean±SD. n=5. *P<0.05. B, Whole blood of wild-
type (WT) and C3aR−/− mice was fixed with paraformaldehyde and analyzed for platelet surface receptor expression by flow cytometry. Receptor expression is not altered 
between the 2 groups. Data represent mean±SD. n=5. C and D, Ca2+ influx was analyzed in washed murine WT and C3aR−/− platelets activated with thrombin (0.01 U/
mL; C) or in washed WT platelets, treated with a C3aR inhibitor (10 µmol/L) or dimethyl sulfoxide (control [Ctrl]), and activated with thrombin (0.01 U/mL) with/without 
C3a (D). The measured 340/380-nm ratio values were converted into nanomolar concentrations of Ca2+. C3aR−/− platelets and C3aR inhibitor–treated WT platelets show 
significantly reduced Ca2+ influx compared with WT (and control-treated WT) platelets. Data represent mean±SD. n=5. *P<0.05 The corresponding curves show measure-
ments representative for all experiments. E, Isolated WT and C3aR−/− platelets were stimulated with 0.01 U/mL thrombin and allowed to adhere to immobilized fibrinogen 
before the spreading area of rhodamin-phalloidin–stained platelets was measured by microscopy. Data represent mean±SD. n=5. *P<0.05 for C3aR−/− platelets vs platelets 
isolated from WT mice. Scale bars: 10 µm. F, Isolated WT and C3aR−/− platelets were stimulated with 0.01 U/mL thrombin, and adhesion to immobilized fibrinogen was 
analyzed after 30 minutes. Area, height, and circularity of paraformaldehyde-fixed platelets were analyzed with scanning ion conductance microscopy (SICM). Data repre-
sent mean±SD. n=26 platelets from n=4 independent experiments each. *P<0.05. Bottom, Representative SICM topography images. The cell contour (red) was traced to 
quantify cell area, height, and circularity. Scale bars: 1 µm. GP indicates glycoprotein; and MFI, mean fluorescence intensity.
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C3aR−/− mice compared with WT mice (Figure 4A–4C). 
Addressing the role of C3aR in human heart disease, 
we could identify the presence of C3aR on platelets in 
thrombi aspirated from the coronary arteries of 5 pa-
tients with myocardial infarction during percutaneous 
coronary intervention (Figure 5A). Thus, we went on to 
study the role of the platelet C3aR in experimental myo-
cardial infarction. Similar to the results in experimental 
stroke, induction of myocardial infarction with an isch-
emia/reperfusion model resulted in significantly reduced 
myocardial necrosis and better left ventricular function 
in the C3aR−/− compared with WT mice (Figure 5B–5E 
and Tables II and III in the online-only Data Supplement). 
If platelets were depleted, this difference was no longer 
observed, highlighting the cell-specific functional role of 
this receptor on platelets (Figure 5B and 5C). The differ-
ence between WT and C3aR−/− mice persisted, however, 
after neutrophil depletion (Figure  5C). Reduced myo-
cardial necrosis was associated with an increase in left 
ventricular function in C3aR−/− mice compared with WT 

mice, which was not observed in the absence of plate-
lets (Figure 5D and 5E), suggesting an important role of 
the platelet C3aR in this setting.

We next investigated whether the reduced infarct 
volume observed in C3aR−/− mice was associated with 
the expression of C3aR specifically on platelets. For this 
purpose, C3aR−/− mice were reconstituted with either 
C3aR−/− or C3aR+/+ platelets (1×108 platelets per mouse) 
before tail bleeding time was analyzed as a measure of 
platelet thrombosis. The presence of the C3aR on plate-
lets in C3aR−/− mice reconstituted with platelets from 
C3aR+/+ mice was verified by Western blot 24 hours af-
ter adoptive transfer (data not shown). The prolonged 
bleeding time observed in C3aR−/− mice was reversed 
in the presence of WT platelets (Figure 6A). Consistent 
with our hypothesis, flow cytometric analysis of plate-
lets showed lower expression of the activated GPIIb/
IIIa fibrinogen receptor, critical for the triggering of the 
final events of platelet thrombus formation, in C3aR−/− 
mice reconstituted with WT platelets (1×108 platelets 

Figure 4. Platelet-derived C3aR contributes to experimental stroke.  
A through C, Stroke was induced with the temporary middle cerebral artery occlusion (tMCAO) model. A, Sample images of triphenyltetrazolium chloride stainings 
for infarcted brain tissue 24 hours after stroke induction. B, Brain infarct volumes in control (Ctrl) and platelet (Plt)-depleted mice 24 hours after tMCAO are given 
as mean±SD. Compared with wild-type (WT) animals, C3aR−/− mice were protected from ischemic stroke. n=6 (WT) and n=8 (C3aR−/−). *P<0.05 vs WT animals. No 
difference was observed between WT and C3aR−/− mice in the absence of platelets. C, Accordingly, the beneficial functional outcome observed in C3aR−/− compared 
with WT mice using the Bederson score disappeared after platelet depletion. n=6 (WT) and n=8 (C3aR−/−). *P<0.05 vs WT animals. ns indicates not significant.
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Figure 5. Platelet-derived C3aR contributes to experimental myocardial infarction.  
A, Expression of C3aR on platelets (Plt) in human thrombi from aspirates of the coronary arteries of patients with myocardial infarction undergoing percutaneous coro-
nary intervention. Double-immunofluorescence staining was carried out with anti-CD42b, a platelet marker, and anti-C3aR. Red fluorescence signal indicates platelets 
(CD42b positive); green fluorescence marks the C3aR. Nuclei were stained with 4’,6-diamidino-2-phenylindole. Arrows mark CD42b C3aR double-positive platelets. 
Shown is 1 representative staining; 5 thrombi were analyzed. Scale bar: 50 µm. B through E, Myocardial infarction was induced in wild-type (WT) or littermate C3aR−/− 
mice by ligation of the left anterior descending artery. In addition, mice were treated with platelet-depleting serum, control serum (Ctrl), neutrophil granulocyte–deplet-
ing antibody, or a control antibody (intraperitoneally) as indicated. B, Representative pictures of experiments in WT and C3aR−/− mice with injection of platelet-depleting 
serum or control serum. The infarct area was quantified after Monolite blue/triphenyltetrazolium chloride staining. C, The area of necrosis was quantified by a blinded 
investigator. We observed a significant reduction of necrosis in C3aR−/− animals vs WT littermate controls treated with control serum. This difference was no longer 
present when platelets were depleted. In neutrophil-depleted animals, we observed a significant reduction of necrosis in C3aR−/− animals vs WT mice. Data represent 
mean±SEM. n=7/8 (without depletion, 1 mouse died during the procedure), n=8 (platelet depletion), n=5/6 (neutrophil depletion, 1 mouse died during the procedure). 
Values are presented as percent of infarct size of the area at risk (AAR) vs WT littermate controls. *P<0.05. D and E, Before mice were euthanized, echocardiography 
was carried out. Fractional shortening as a measure of left ventricular (LV) function was determined. We observed a significantly better LV function in C3aR−/− animals 
vs WT littermate controls only after injection of control serum. This difference was no longer present when platelets were depleted. Data represent mean±SEM. n=7/8 
(without depletion, 1 mouse died during the procedure), n=8 (platelet depletion). Values are presented as percent increase in fractional shortening vs WT littermate 
controls. *P<0.05. D indicates diastole; ns, no significant difference was observed; and S, systole.
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per mouse; Figure IX in the online-only Data Supple-
ment). Furthermore, in vitro isolated platelets showed 
reduced ADP-induced binding of fibrinogen–Alexa 488 

(20 µg/mL) and thus expression of activated GPIIb/IIIa 
in C3aR−/− compared with C3aR+/+ platelets or after 
treatment with a C3aR inhibitor (SB290157, 10 µmol/L; 

Figure 6. Platelet C3aR mediates thrombosis.  
A, Tail bleeding time was measured in C3aR−/− mice after intravenous injection of isolated wild-type (WT) or C3aR−/− platelets (1×108 per mouse). In C3aR−/− mice 
transfused with WT platelets, bleeding time was significantly shorter than in those transfused with C3aR−/− platelets. Data represent mean±SD. n=5. *P<0.05. B, 
Detection of activated glycoprotein (GP) IIb/IIIa by flow cytometry. Isolated murine platelets were stimulated with 20 µmol/L ADP and stained with fibrinogen–Alexa 
488 (20 µg/mL). In C3aR−/− platelets, the amount of bound fibrinogen (and thus activated GPIIb/IIIa) on platelets is lower than in WT mice. Data represent mean±SD. 
n=5. *P<0.05. C, Detection of activated GPIIb/IIIa by flow cytometry. Isolated murine WT platelets were treated with a C3aR inhibitor (10 µmol/L) or dimethyl sulf-
oxide (Ctrl), stimulated with 2 µmol/L ADP and C3a, and stained with fibrinogen–Alexa 488 (20 µg/mL). The binding of fibrinogen–Alexa 488 on activated platelets 
was inhibited by adding a C3aR inhibitor. Data represent mean±SD. n=5. *P<0.05. D, Platelet aggregation was analyzed in murine WT and C3aR−/− platelets with 
conventional aggregometry. WT platelets prestimulated with 2 µmol/L ADP show increased aggregation after the addition of C3a (time lag, 5 seconds), which was 
dose-dependent. In C3aR−/− platelets, aggregation after stimulation with ADP and increasing doses of C3a was significantly reduced vs WT platelets. E and F, Mesen-
teric arterioles were injured by topical application of 20% FeCl3, and thrombus formation was monitored by intravital microscopy. In C3aR−/− mice, the time to vessel 
occlusion was significantly prolonged in comparison to WT mice. Data represent mean±SD, n=6 (WT), n=8 (C3aR−/−), and n=8 (C5aR−/−). *P<0.05. F, Representative 
images of the experiments are shown. Pictures were taken after 10 minutes. n.s. indicates no significant difference (WT vs C5aR−/−mice).

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 7, 2018



Sauter et al� C3aR in Thrombosis and Disease

October 16, 2018� Circulation. 2018;138:1720–1735. DOI: 10.1161/CIRCULATIONAHA.118.0346001730

OR
IG

IN
AL

 R
ES

EA
RC

H 
AR

TI
CL

E

Figure  6B and 6C). To determine whether C3aR-me-
diated surface expression of activated GPIIb/IIIa is the 
mechanism underlying differential platelet function in 
the absence of C3aR, ADP-activated (20 µmol/L) mu-
rine platelets of C3aR−/− and C3aR+/+ were stimulated 
with recombinant C3a. Stimulation of ADP-preacti-
vated platelets with C3a resulted in increased platelet 
aggregation in a dose-dependent manner (Figure 6D). 
Similar results were obtained with human platelets (Fig-
ure X in the online-only Data Supplement). The differ-
ence was no longer present if C3a-des-arg34 (Figure IIA 
in the online-only Data Supplement) or other platelet 
agonists such as collagen and thrombin were used (Fig-
ure XIB and XIC in the online-only Data Supplement), 
suggesting the specificity of our findings. To directly 
assess thrombus formation in vivo, an established in-
travital microscopy model of FeCl3-induced thrombus 
formation of the mesenteric vasculature was used.29 
Supporting our previous findings, the time required to 
vessel occlusion was significantly prolonged in C3aR−/− 
compared with WT or C5aR−/− mice (Figure 6E and 6F).

Signaling via the GTPase Ras-related protein Rap-
1b (Rap1b) is critical for thrombus formation in mice.35 
Rap1 was detected after immunoprecipitation of plate-
let lysates with an anti-C3aR antibody (Figure 7A). Fur-
ther proteins associated with C3aR are listed in Table 
IV in the online-only Data Supplement. A pull-down 
assay showed that stimulation of WT but not of C3aR−/− 
platelets with C3a (200 nmol/L) reveals increased Rap1 
activity (Figure  7B), and inhibition of with SB290157 
(10 µmol/L) reduces activated Rap1 in the presence 
of C3a and ADP (Figure  7C). To assess the influence 
of P2Y12 inhibition on C3aR expression, we analyzed 
platelets treated with inhibitors of P2Y1 and P2Y12 in 
vitro by flow cytometry. We observed a significantly 
reduced C3aR expression in platelets treated with the 
P2Y12 inhibitor, but not with the P2Y1 inhibitor (Figure 
XIIA in the online-only Data Supplement). Because inhi-
bition of P2Y12, but not P2Y1, significantly reduces Rap1 
activity in stimulated murine platelets, P2Y12 seems to 
be the relevant ADP receptor in this setting (Figure XIIB 
in the online-only Data Supplement). C3a is a cleavage 
product of C3.3 In the absence of C3 using platelets iso-
lated from C3−/− mice, the effect of Rap1b activation by 
C3a is still detectable (Figure XIII in the online-only Data 
Supplement). To determine the role of C3aR for Rap1b 
signaling in platelets, Rap1b GTPase-activating protein 
Spa.1 knockout mice, which show constitutively active 
Rap1b,36 were back-crossed with C3aR−/− mice (Fig-
ure 8A). These C3aR−/−×Spa.1−/− double-knockout mice, 
which also have constitutively activated Rap1b (Fig-
ure 8B), were tested in tail bleeding time experiments, 
in vitro adhesion, and aggregation. Expression of Spa.1 
was confirmed in isolated activated platelets (Figure XIV 
in the online-only Data Supplement). In vitro analysis 
of C3aR−/−×Spa.1−/− double-knockout platelets showed 

that the phenotype of C3aR knockout (reduced spread-
ing and reduced aggregometry) could be reversed by 
constitutively active Rap1 (Figure XVA and XVB in the 
online-only Data Supplement). Strikingly, the pheno-
type of increased bleeding time previously observed in 
C3aR−/− mice was reversed in C3aR−/−×Spa.1−/− double-
knockout mice, but not in C3aR−/−×Spa.1+/+ littermate 
controls (Figure 8C), whereas Spa.1−/− mice show a reg-
ular bleeding time (Figure XVI in the online-only Data 
Supplement). In addition, with intravital microscopy, 
the time to vessel occlusion after induction of thrombus 
formation decreased in the presence of constitutively 
active Rap1b in C3aR−/−×Spa.1−/− mice (Figure 8D).

From previous studies, it is known that platelet stim-
uli such as ADP result in phosphorylation of PI3K and 
increased Rap1 activity.37 To further shed light on the 
signaling pathways involved in platelet C3aR signaling 
via Rap1b, we found that stimulation of platelets with 
C3a results in increased Rap1b activity on top of plate-
let stimulation by ADP. Accordingly, C3a and ADP-C3a 
costimulation resulted in increased phosphorylation of 
PI3K (Figure XVII in the online-only Data Supplement).

DISCUSSION
The complement cascade and platelet activation are 
important systems to preserve tissue integrity and or-
gan function. Here, we show that the complement 
C3aR is expressed on mouse and human platelets and 
document a functional role of this receptor for platelet 
functions such as firm adhesion or platelet spreading, 
important for thrombus formation in vivo. Furthermore, 
we show that the C3a-C3aR axis activates the small GT-
Pase Rap1b, promotes GPIIb/IIIa activation, and contrib-
utes to platelet aggregation and thrombus formation.

Early in vitro studies using guinea pig platelets sug-
gested expression of the anaphylatoxin receptor C3aR 
on platelets.38 Furthermore, the complement compo-
nent C3 was found to be present in human plasma 
clots.39 A role of the platelet C3aR was previously dem-
onstrated in the context of the prostaglandin metabolic 
pathway.40 Here, we demonstrate by Western blot and 
flow cytometry that C3aR is expressed and upregulated 
on platelets on activation.

Recently, it was observed that P2Y12 inhibitors re-
sulted in modification of G protein–coupled receptors/
GPIIb/IIIa. In the analysis of our patients, there was a 
significant correlation between C3aR expression and 
activated GPIIb/IIIa that was independent of the pres-
ence of a P2Y12 inhibitor. At this point, however, we 
cannot entirely rule out an influence of P2Y12 inhibition 
because of the small patient numbers, particularly in 
the group with no antiplatelet medication.

Expression of other platelet receptors relevant for 
platelet function was not different between WT and 
C3aR-deficient animals. In vitro, C3aR on platelets regu-
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Figure 7. Treatment with C3a results in Rap1b activation.  
A, Rap1 detection after immunoprecipitation of platelet lysates with an anti-C3aR antibody. Protein eluates of pull-down experiments using isolated 
murine platelets and an anti-C3aR antibody were subjected to nanoscale liquid chromatography tandem mass spectrometry (MS) analysis. Processing of the 
retrieved MS data with Max Quant/Andromeda software suite revealed Rap1 as a C3aR receptor interaction partner. Shown are representative mass spectra 
of the 3 peptides INVNEIFYDLVR, LVVLGSGGVGK, and YDPTIEDSYR identifying Rap1. The table shows the posterior error probability (PEP) of the 3 peptides 
identifying Rap1. A PEP <0.01 indicates that the peptide was identified with a probability of >99%. B, Rap1 pull-down assay for detection of activated 
Rap1 in murine platelet lysates of wild-type (WT) and C3aR−/− mice stimulated with C3a or control (Ctrl) peptide (200 nmol/L). Activated Rap1 in murine 
platelet lysates was isolated with glutathione S-transferase (GST)–tagged Sepharose, subjected to SDS-PAGE, blotted, and detected with an activation-
specific Rap1 antibody. The amount of total Rap1 is equal in each sample. One representative blot of 3 experiments is depicted. The bar chart shows the 
densitometric analysis of Rap1-GTP expression. Data represent mean±SD. n=3. *P<0.01. Control was set as the 100% value. C, Rap1 pull-down assay for 
detection of activated Rap1 in murine platelet lysates of WT mice stimulated with ADP (20 µmol/L), or ADP and C3a (200 nmol/L), or ADP and C3a and the 
C3aR inhibitor (Inh.) SB290157 (10 µmol/L). Activated Rap1 in murine platelet lysates was isolated with GST-tagged Sepharose, subjected to SDS-PAGE, 
blotted, and detected with an activation-specific Rap1 antibody. The amount of total Rap1 is equal in each sample. One representative blot of 3 experi-
ments is depicted. The bar chart shows the densitometric analysis of Rap1-GTP expression. Data represent mean±SD. n=3. ADP stimulated platelets were 
set as the 100% value. *P<0.01. a/z (amu) indicates atomic mass unit; and Plt, platelets.
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lates specific aspects of their function. For instance, we 
could measure a significant increase in platelet adhe-
sion, spreading, and aggregation after stimulation of 
platelets with a C3a peptide. Similarly, it was observed 
before that aggregation of human platelets after stimu-
lation with C3a was more pronounced.41 One explana-
tion is the reduced activation-dependent increase of the 
cytosolic Ca2+ concentrations in C3aR−/− platelets, which 
reflects an important step in platelet thrombus forma-
tion on stimulation with different platelet agonists.42 A 
previous study had observed cleavage of C3 into C3b 
on the platelet surface,43 although the potential role of 
C3a or the C3aR for platelets was not addressed. Here, 
we demonstrated that C3aR-deficient platelets show 

reduced spreading on fibrinogen, which is one of the 
later events during platelet thrombus formation before 
fibrinogen bridges are built by activated GPIIb/IIIa on ag-
gregating platelets. Thrombosis is a determining factor 
and often decisive event in various (patho-) physiologi-
cal settings such as provisional closure of an endothelial 
wound or vessel occlusion in stroke and myocardial in-
farction.44 Using aggregometry as the gold standard for 
analyzing ex vivo thrombus formation, we observed a 
dose-dependent effect of C3a on prestimulated plate-
lets on aggregation in vitro. In turn, C3aR−/− mice, but 
not C5aR−/− mice, had a prolonged time to vessel oc-
clusion after vascular injury. This was attributable to the 
presence of C3aR on platelets, as shown here by experi-

Figure 8. Role of Rap1b in C3aR-mediated thrombus formation.  
A, Generation of Spa.1−/−×C3aR−/− double-knockout (DKO) mice. Rap1 is activated (Rap1*GTP) by different ligands binding to G protein–coupled receptors such as 
C3aR. Rap1 is inhibited by specific GTPase activating proteins (Rap1GAPs) such as Spa.1. In Spa.1−/− mice, lack of this Rap1GAP results in constantly active Rap1. In 
C3aR−/− mice, we observed a phenotype of reduced thrombosis and increased bleeding. To address any intersection point between these observations, we crossed 
Spa.1 knockout mice with C3aR−/− mice to generate DKO mice (C3aR−/−×Spa.1−/− mice). B, Rap1 pull-down assay for detection of activated Rap1 in murine platelet 
lysates of wild-type (WT), C3aR−/−×Spa.1+/+, C3aR−/−×Spa.1−/−, and Spa.1−/− mice stimulated with C3a. Activated Rap1 in murine platelet lysates was isolated with 
glutathione S-transferase–tagged Sepharose, subjected to SDS-PAGE, blotted, and detected with an activation-specific Rap1 antibody. Total Rap1 in platelet lysates 
was analyzed by Western blot. One representative blot of 3 experiments is depicted. C, Tail bleeding time was measured in C3aR−/−×Spa.1−/− DKO mice, WT mice, 
and C3aR−/−×Spa.1+/+ mice. In C3aR−/−×Spa.1−/− DKO mice, bleeding time was significantly reduced compared with C3aR−/−×Spa.1+/+ mice. Data represent mean±SD. 
n=15 (WT), n=9 (C3aR−/−×Spa.1+/+), and n=8 (C3aR−/−×Spa.1−/−). *P<0.05. D, Similarly, FeCl3-induced thrombus formation was analyzed in these mice. After injury 
of mesenteric arterioles, time to vessel occlusion was significantly shorter in C3aR−/−×Spa.1−/− DKO mice compared with C3aR−/−×Spa.1+/+ littermate controls. Data 
represent mean±SD, n=5 (WT), and n=7 (C3aR−/−×Spa.1+/+ and C3aR−/−×Spa.1−/−). *P<0.05.
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ments with depletion of platelets in C3aR−/− mice and an 
additional approach with intravenous reconstitution of 
C3aR−/− mice with WT or C3aR−/− platelets as also carried 
out by others.45 In terms of tail bleeding time, C3aR−/− 
mice had a prolonged bleeding time, which could be 
reproduced with a pharmacological approach by the in-
jection of a C3aR antagonist peptide. To identify poten-
tial mechanisms mediating the observed effects of the 
C3aR on platelet function, we analyzed proteins associ-
ated with the C3aR on platelets. Recently, generation 
of Rap1b knockout mice revealed a severely prolonged 
bleeding time phenotype.35 Rap proteins are small GT-
Pases that belong to the Ras family,46 with Rap1b be-
ing the most abundant Ras protein in platelets.47 We 
observed that Rap1b was associated with the C3aR on 
platelets and that C3a treatment resulted in increased 
Rap1 activity in platelets. To follow up on these observa-
tions, we generated C3aR−/−×Spa.1−/− double-knockout 
mice to verify these observations in vivo. Activated Rap1b 
(Rap1b-GTP) is inactivated (Rap1b-GDP) by Spa.1,48 and 
Spa.1 knockout mice have constitutively active Rap1.36 
In line with our previous findings, C3aR−/−×Spa.1−/− mice 
showed a time to thrombosis significantly reduced com-
pared with C3aR−/−×Spa.1+/+ littermate controls and sim-
ilar to WT mice, indicating a role of this small GTPase in 
C3aR function in platelets. C3aR may activate Rap1b via 
PI3K signaling, as shown by our experiments detecting 
significantly increased amounts of phosphorylated PI3K 
in platelets costimulated with ADP and C3a.

The relevance of platelets in diseases with a pro-
thrombotic state involving complement activation has 
been known for a long time, although the direct con-
nection between platelets and the complement sys-
tem remains largely uncharacterized.49 In experimen-
tal stroke, inhibition of complement activation and 
endothelial-platelet-leukocyte interactions with a sialyl 
Lewis×(sLex) -glycosylated complement inhibitory pro-
tein results in neuronal protection.26 A potential role 
for C3aR in stroke has also been proposed before, al-
though the role of C3aR in this disease has so far been 
attributed mainly to inflammation.50 C3−/− mice are pro-
tected from transient focal cerebral ischemia,28 but the 
relevance of platelet-derived complement has not been 
addressed so far.

In cases in which clear complement targets can be 
identified (as in hereditary angioedema or nocturnal he-
moglobinuria), complement therapeutics have already 
been successfully introduced into the clinic and are ap-
plied in patients.51,52 There are several human trials53–56 
using complement inhibitors in patients undergoing 
coronary artery interventions. A benefit, however, could 
be shown only in specific patient settings. Because no 
drug targeting the C3a-C3aR axis has been applied in 
clinical studies with patients with atherothrombosis so 
far, the available studies do not necessarily contradict 
our data. Many of the compounds tested for trials in 

coronary artery disease that have been discontinued 
were designed to target underlying multifaceted and 
complex pathophysiologies such as vascular inflamma-
tion or ischemia/reperfusion injury.51 In these disorders, 
many parallel mechanisms are involved, and the influ-
ence of complement is still a matter of in-depth investi-
gation. Suddenly, the unsatisfactory results obtained for 
soluble complement receptor 1 (TP10)57 and pexelizum-
ab,56 which targets C5 downstream of C3a analyzed 
in our project, have left a bitter taste and may have 
had a negative impact on the field. For such complex 
indications, the key to success may be to use comple-
ment drugs not as single therapies but (in consonance 
with their name) as complementary therapies. Clearly, 
more basic research and additional tests are required 
in this context. Here, we provide an additional piece of 
knowledge to the puzzle, which may help to approach 
(specific) complement therapeutics in patients with car-
diovascular diseases.

Here, we show that C3aR−/− mice have reduced 
stroke and myocardial infarction after ischemia/reperfu-
sion injury, whereas there was no longer a difference 
between WT and knockout mice in the absence of 
platelets, indicating a functional role of the C3aR on 
platelets in this setting of thrombotic disease. Neutro-
phils and a cross-talk of platelets with neutrophils are 
known to contribute to ischemia/reperfusion injury.58 
Although the difference between WT and C3aR−/− mice 
persisted after neutrophil depletion in our experiments, 
at this point, we cannot entirely rule out any functional 
relevance of the C3aR on neutrophils for myocardial 
infarction, which will have to be addressed in future 
studies. Our findings support the hypothesis that the 
complement cascade, especially the C3-C3a-C3aR axis, 
is a “sweet spot” for therapeutic intervention and con-
firm the potential relevance of drugs modulating the 
complement cascade on the level of C3.59

CONCLUSIONS
Our observations demonstrate, to the best of our 
knowledge for the first time, a functional role of the 
anaphylatoxin receptor C3aR expressed on platelets 
for thrombosis and hemostasis in vivo. Our findings 
suggest that targeting C3aR on platelets could be 
a potential point for therapeutic interventions and 
for the development of further complement inhibi-
tors. This report thus identified a novel intersection 
point between 2 central systems of host defense and 
tissue repair: the complement cascade and platelet 
activation.
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