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Summary. Background: Chondroitin sulfate (CS) is a glycos-
aminoglycan released by activated platelets. Objective: Here we
test the hypothesis that CS released by activated platelets can
trigger complement activation in the fluid phase. Methods and
results: Thrombin receptor-activating peptide (TRAP)-6 was
used to activate platelets in platelet-rich plasma and blood,
anticoagulated with the thrombin inhibitor lepirudin. TRAP
activation induced fluid-phase complement activation, as
reflected by the generation of C3a and sC5b-9, which could
be attenuated by the C3 inhibitor compstatin. Chondroitinase
ABC treatment of supernatants from activated platelets totally
inhibited the activation, indicating that platelet-derived CS had
initiated the complement activation. Furthermore, addition of
purified CS to plasma strongly triggered complement activa-
tion. Clq was identified as the recognition molecule, as it bound
directly to CS, and CS-triggered complement activation could
be restored in Clg-depleted serum by adding purified Clq.
TRAP activation of whole blood increased the expression of
CD11b on leukocytes and generation of leukocyte—platelet
complexes. It was demonstrated that these leukocyte functions
were dependent on C3 activation and signaling via C5a, as this
expression could be inhibited by compstatin and by a C5aR
antagonist. Conclusions: We conclude that platelets trigger
complement activation in the fluid phase by releasing CS, which
leads to inflammatory signals mediated by C5a.
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Introduction

Several studies have clearly shown that the levels of C3 and C4,
and the C3/C4 ratio [1,2], are associated with increased risk of
pathologic thrombotic processes such as myocardial infarction
and stroke. Supporting direct involvement of complement in
these conditions are generation of complement activation
fragments in myocardial infarction and unstable angina [3—6].
The mechanism by which complement is activated in throm-
botic and cardiovascular disease, and the function of this, are
not very well understood.

Although the complement and coagulation systems have
evolved independently from a common protease ancestor,
cross-talk exists between the two systems [7]. An already
well-established interaction involving the complement and
coagulation systems is the regulation mediated by the Cl1
inhibitor C1-INH, which acts within both systems [8]. Early
studies demonstrated that activated coagulation factors such
as thrombin, plasmin and factor XIla can cleave comple-
ment components [9,10]. Recently, it has been reported that
C5 is activated by thrombin in C3-knockout mice, in which
the terminal pathway cannot be activated by the C3b,Bb C5
convertase. Also, human C5 was shown to be cleaved by
thrombin in this study, indicating that C5a may be
generated in the absence of an intact complement system
[11].

Despite these observations of direct contact between
components of the two cascade systems, interactions between
the two systems occur most frequently and vigorously
through the mediating activity of cells such as polymorpho-
nuclear neutrophils (PMNs), monocytes, and platelets [7]. In
a series of papers, Sims and co-workers have shown that
complement attack activates platelets and generates micro-
particles via C5b-9 [12]. C5b-9 also triggers the expression of
tissue factor (TF) in endothelial cells, and C5a is able to
induce the expression of TF on PMNs and endothelial cells
[13-15]. It is also well known that complement is activated in
clotting blood, and significantly higher levels of complement
activation products, for example C3a and sC5b-9, are found
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in human serum than in blood anticoagulated with EDTA,
heparin, or lepirudin [7].

Kalowski and co-workers [16] have reported that thrombin
and thromboplastin can induce complement activation when
injected into rabbits. Induction of thrombocytopenia before
treatment of the animals was able to attenuate this activation,
suggesting that platelets were involved in the phenomenon. This
activation has been further investigated in vitro in experiments
in which platelets in platelet-rich plasma (PRP) or whole blood
were activated by different stimuli and in which complement
activation was reported to occur on activated platelets [17,18].

The presence of chondroitin sulfate (CS)-4 or CS-A in
platelets as the main glycosaminoglycan (GAG) has been well
established by both biochemical and histologic techniques
[19,20]. Rapid release of CS from platelets has been demon-
strated to occur in response to different agonists, including
ADP, collagen, adrenalin, and thrombin, resulting in a rise in
plasma CS by up to 2 pg mL™" within 3 min after activation
[21]. CS has also been shown to be exposed on the surface of
platelets after activation [19]. The CS present in platelets, unlike
that in blood plasma, is fully sulfated, and its molecular mass
has been estimated to be approximately 28 kDa [20].

In the present study, we have investigated whether clotting
induced by either contact activation or the TF pathway can
trigger complement activation. Our analyses of the mechanism
by which complement activation occurs in clotting blood have
identified a novel fluid-phase mechanism in which activated
platelets are able to trigger complement activation by releasing
CS. CS has previously been shown to interact with Clq and act
as a specific inhibitor of C1q [22,23]. We here postulate that this
inhibition is a secondary phenomenon due to depletion of
intact complement caused by activation of the classic pathway.
Our studies also elucidate some of the physiologic conse-
quences of platelet activation, which may be of importance for
our understanding of the role of complement activation in
thrombotic disease.

Materials and methods

Blood samples

Fresh non-anticoagulated human blood, obtained from healthy
volunteers who had received no medication for at least 10 days,
was collected in 50-mL tubes heparinized with the Corline
surface (Corline Systems, Uppsala, Sweden). The blood was
divided into aliquots for preparation of whole blood, PRP, and
platelet-poor plasma (PPP). Blood was also drawn with the
addition of the thrombin inhibitor lepirudin (70 pm; Refludan;
Pharmion Ltd, Cambridge, UK). To obtain PRP, blood was
centrifuged at 150 x g for 15 min at room temperature (RT).
PPP was prepared by centrifuging twice at 2000 x g for 15 min
at RT. The platelet content in PRP, counted using a Coulter
AcCT diff analyzer (Beckman Coulter, Miami, FL, USA) was
increased by a factor of approximately 1.5 as compared to whole
blood, whereas the platelet content in PPP was below the
detection limit of the instrument (2 x 10° L™").

Incubation of blood, PRP and PPP with thromboplastin

Blood (800 uL), PRP (400 pL) and PPP (400 uL) were
activated by incubation in glass tubes. Incubation with 10 pL
of rabbit brain thromboplastin-S (Biopool International,
Ventura, CA, USA), diluted 1: 100 in 0.9% NaCl, was
performed in polypropylene tubes. The reaction was stopped
by the addition of a stock solution giving final concentrations
of 10 mm EDTA, 50 pg mL™" soybean trypsin inhibitor, I mm
theophylline, 20 mm benzamidine, and 1 pm polyethylene
glycol (PGE), (all from Sigma Aldrich, St Louis, MO, USA),
to block further activation of the platelet, contact, coagulation
and complement systems. The tubes were then centrifuged at
3400 x g for 15 min at 4 °C, and the plasma (approximately
400 pL) was stored at — 70 °C until analysis.

Preparation of washed platelets

After centrifugation of lepirudin-anticoagulated PRP, the
pellet containing the platelets was washed three times with
Tyrode’s buffer (pH 6.5), containing 3.5 mg mL™' bovine
serum albumin (BSA), 1 um PGE; (Sigma Aldrich), and
2 TU mL™" heparin (Bioiberica, Barcelona, Spain). The plate-
lets were resuspended in Tyrode’s buffer (pH 7.45), without
additions, and activated using 6.25 pg mL™" thrombin recep-
tor-activating peptide-6 (TRAP; Invitrogen, Molecular Probes,
Carlsbad, CA, USA) dissolved in milliQ water, at 37 °C for
15 min. This concentration of TRAP was the lowest one able
to induce maximal expression of P-selectin as determined by
flow cytometry (not shown). After centrifugation, the super-
natants were stored at — 70 °C.

Activation of platelets in blood and PRP by TRAP

Platelets were activated in lepirudin-anticoagulated PRP and
whole blood by incubation with 6.25 pg mL™' TRAP in
polypropylene tubes. In some experiments, the blood was
preincubated with 10 um C3 inhibitor compstatin, Ac-ICV(1-
MeW)QDWGAHRCT-NH, [24], for 5 min at RT before
activation. Complement activation was stopped by the addition
of 10 mm EDTA (final concentration). PRP and blood were
either directly used in further experiments or centrifuged to
obtain plasma.

Activation of complement by CS

PPP was incubated with CS-A from bovine trachea, average
molecular mass 28 kDa (product number C9819; Sigma
Aldrich), dissolved in phosphate-buffered saline (PBS) or with
supernatants from washed and TRAP-activated platelets for
15 min at 37 °C, and this was followed by addition of EDTA.
Alternatively, the incubation was performed in the presence of
10 mm EDTA (where complement is totally inactivated) or
10 mm Mg>"-EGTA (where only the alternative pathway is
operative). In some experiments, the platelet supernatants had
been subjected to ultracentrifugation at 100 000 x g for
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60 min, in order to remove platelet-derived microparticles,
prior to the addition to PPP. Finally, in other sets of
experiment, CS or supernatant from activated platelets was
digested with 5 U of chondroitinase ABC (CSE; Sigma
Aldrich) dissolved in PBS for 5 h at 37 °C before incubation
with plasma.

Quantification of CS released from activated platelets

Platelets were activated in PRP with TRAP; this was followed
by centrifugation, and the amount of CS released from the
platelets was measured with toluidine blue. Plasma samples
(25 pL) were incubated with 75 pL of a solution of toludine
blue (25 pg mL™"; Fluka Chemie AG, Buchs, Swizerland) for
5 min at RT, and the color shift at 600 nm was compared to
that generated by CS (Sigma Aldrich) serially diluted in plasma
(standard curve).

Preparation of CS-coated microtiter plates

CS-coated surfaces were generated on a polyamine layer in
microtiter plates using the cross-linking reagents 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS) (Pierce Biotechnology, Rock-
ford, IL, USA). Microtiter plates (Maxisorb Immunoplates,
Nunc, Copenhagen, Denmark) were coated with polyallyl-
amine (Sigma Aldrich; 0.25 mg mL™") dissolved in 25 mm
borate buffer (pH 9.0) [25]. One hundred and fifty microliters
of CS dissolved (2 mg mL™") in 40% (v/v) ethanol containing
50 mm MES, pH 5.1 (Sigma Aldrich), was added to each well.
One hundred and fifty microliters of 33 mm EDC and 6 mm
NHS in 40% (v/v) ethanol containing 50 mm MES was mixed
with the CS solution, and the plates were incubated on a shaker
for 4 h. The surfaces were washed in 25 mm borate buffer
(pH 9.0), and the remaining amine groups were acetylated
using acetic acid anhydride (Merck, Darmstadt, Germany)
diluted 1 : 1000 in 25 mwM borate buffer (pH 10.5). The surface
was rinsed repeatedly in milliQ water. The amount of bound
CS was estimated to be 3 pg per well, using toluidine blue as
described above.

Enzyme-linked immunosorbent assays (ELISAs)

PBS containing 0.05% Tween-20, 1% (w/v) BSA and 10 mm
EDTA was used as dilution buffer, PBS containing 0.05%
Tween-20 as washing buffer, and 1,2-phenylenediamine dihy-
drochloride in 0.1 m citrate, pH 5 as color substrate, in all
ELISAs.

C3a (C3a was detected using monoclonal antibody
4SD17.3 as the capture antibody and biotinylated polyclonal
anti-C3a, followed by horseradish peroxidase (HRP)-
conjugated streptavidin (Amersham, Little Chalfort, UK), for
detection, using a standard of zymosan-activated serum
calibrated against a solution of purified C3a. Data are given
as ng mL™".
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sC5b-9  Soluble C5b-9 complexes were detected using
monoclonal antibody aEl11 [26] (Diatec, Oslo, Norway) as
the capture antibody, and polyclonal rabbit anti-human C5
followed by HRP-conjugated polyclonal swine anti-rabbit Ig
(both from Dako, Glostrup, Denmark) for detection.
Zymosan-activated serum was used as a standard, and values
are given as arbitrary units (AU) mL™".

Thrombin—antithrombin (TAT) TAT complexes were
measured using antibodies from Enzyme Research
Laboratories (South Bend, IN, USA). Anti-human thrombin
was used as the capture antibody, and HRP-coupled anti-
human antithrombin (AT) antibodies for detection. Standards
were prepared by mixing purified thrombin (Sigma Aldrich)
with an excess of AT in the presence of heparin (GE
Healthcare, Uppsala, Sweden). The standard was diluted in
normal citrate phosphate dextrose plasma and standardized
against the Enzygnost TAT kit (Behring-Dade, Warburg,
Germany). Values are expressed as ng mL™".

Binding of Clq to CS Purified Clq [27] or EDTA—plasma
was incubated in wells of microtiter plates coated with CS at
37 °C for 60 min. Bound Clq was detected using sheep anti-
human Clq (The Binding Site, Birmingham, UK) and rabbit
anti-sheep Ig HRP (Dako). Anti-C3c (Dako) and anti-AT
(American Diagnostica, Greenwich, CT, USA) were used as
controls.

Binding of C3 fragments to CS  Clg-depleted serum [28]
diluted 1:10 in the presence or absence of purified Clq
(15 pg mL™") and EDTA—plasma was incubated in wells of
microtiter plates coated with CS at 37 °C for up to 60 min [29].
After washing, bound C3 fragments were detected using rabbit
anti-human C3c-HRP.

Flow cytometry

Upregulation of CDI11b on PMNs and monocytes, as well as
conjugate formation between platelets and monocytes—granu-
locytes in whole TRAP-activated blood, were assessed by flow
cytometry using anti-CD11b-allophycocyanin (APC), anti-
CD14-fluorescein isothiocyanate, anti-CD16—peridin-chloro-
phyll-protein complex (PerCP), and anti-CD42a—phycoerythrin
(PE) (BD Pharmingen, BD Biosciences, San José, CA, USA).
After activation, 100 pL of blood was incubated with the
antibodies for 1 h at 4 °C. The erythrocytes were then lysed by
adding 2 mL of lysis buffer (Becton Dickinson, Franklin Lakes,
NJ, USA), and the leukocytes were washed three times using
PBS with 1% BSA and 0.1% NaNj; (Sigma Aldrich). In some
experiments, the blood was preincubated with 50 M compst-
atin and/or 5.5 pm C5aR antagonist (C5aRA) AcF[OpdC-
haWR][30] for 5 min at RT before activation. The samples were
then analyzed using FACS Calibur (Becton Dickinson), and
15 000 cells (granulocytes and monocytes) were collected. Data
were analyzed using Cellquest Professional (Becton Dickinson).
Formation of complexes was measured as the proportion of
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anti-CD42a-positive granulocytes or monocytes. Data are
presented as mean fluorescence intensity (MFI) given as
percentage of the positive (TRAP-activated) control ((MFIeype,-
iment — MFInegative control]/ [MFIposiIive control — MFInegative contro]])-
The negative control represents the MFI of non-TRAP-
activated platelets.

Statistics

Results are presented as mean = SEM. Correlations were
evaluated using Spearman’s rank test. Differences between
means were statistically evaluated using the Mann—Whitney
non-parametric test. The flow cytometry data were analyzed
using repeated measures ANova followed by a Bonferroni
multiple comparison test.

Results

Complement activation induced by clotting in PPP, PRP,
and whole blood

To determine whether the clotting induced by either contact
activation or the TF pathway can trigger complement activa-
tion, we incubated fresh non-anticoagulated PPP, PRP or
blood in polypropylene tubes with thromboplastin (TF-
activated clotting). Complement activation, as indicated by
the generation of C3a (Fig. 1A) and sC5b-9 (not shown),
occurred at only a low level in PPP, representing the
background activation induced by the surface of the tubes
and by the gas—fluid interphase. This activation was amplified
in PRP, and particularly in whole blood.

In Fig. 1B, the thrombin generation per se, regardless of
activating agent, reflected as TAT complexes are shown to
correlate with the complement activation monitored as C3a
levels in experiments where clotting was induced by either glass
or thromboplastin (r = 0.72, P < 0.0001).

Complement activation induced by platelets

The amplification of complement activation was inhibited by the
thrombin inhibitor lepirudin, further supporting the idea that
complement activation was elicited by the clotting process. In
order to study the effect of protease-activated receptor (PAR)-1
and PAR-4 stimulation of platelets in the absence of clotting, we
developed an in vitro model where PPP, PRP and whole blood
were anticoagulated using lepirudin. The platelets were then
stimulated by incubation with TRAP for up to 60 min, and
complement activation was monitored (Fig. 2A,B). A back-
ground level of complement activation, as indicated by the
generation of C3a and sC5b-9, was seen in PPP incubated with
(not shown) or without TRAP. The same level of activation was
found in non-TRAP-activated PRP. This level of complement
activation is elicited by the polystyrene surfaces of the plastic
tubes [29]. Addition of TRAP to PRP significantly increased the
formation of both C3a and sC5b-9, indicating that complement
was activated by the platelets.
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Fig. 1. Clotting induced complement activation. (A) Generation of C3a in
non-anticoagulated whole blood (diamonds), platelet-rich plasma
(squares), and platelet-poor plasma (triangles), incubated in glass tubes.
Data are mean = SEM (n = 5). (B) Relationship between the generation
of thrombin—antithrombin (TAT) (x-axis) and C3a (y-axis) in blood
activated by incubation in glass tubes (crosses) or with thromboplastin
(circles). Data points are means (n = 5).

Addition of the complement inhibitor compstatin to the PPP
and non-activated PRP lowered the surface-induced generation
of C3a and sC5b-9 to background levels (P < 0.05)
(Fig. 2C,D). Compstatin also inhibited complement activation
in the TRAP-activated PRP to almost the same level
(P < 0.05). TRAP treatment of PRP from an individual
deficient in mannan-binding lectin (MBL) (< 40 pg mL™") did
not affect the platelet-dependent complement activation,
excluding the possibility that activation occurred via the lectin
pathway.

Activation of complement by CS released from activated
platelets

In order to study the release of CS from platelets, we activated
PRP with TRAP and measured the release of CS into the
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Fig. 2. Complement activation induced by TRAP-activated platelets. Lepirudin-anticoagulated platelet-poor plasma (PPP) (squares), platelet-rich
plasma (PRP) (circles) or PRP activated by incubation with 6.25 ug mL™' thrombin receptor-activating peptide (TRAP) (triangles) at 37 °C for up to
60 min. The reaction was stopped by addition of 10 mm EDTA, and the generation of C3a (A) and sC5b-9 (B) was assessed by enzyme-linked
immunosorbent assay. In addition, the generation of C3a (C) and sC5b-9 (D) measured in PRP and TRAP-activated PRP in the absence (gray bars)
or presence (white bars) of 10 pm complement inibitor compstatin (white bars). Data are mean = SEM (n = 5; *P < 0.05). AU, arbitrary units.
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Fig. 3. Complement activation by CS in the fluid phase. Platelet-poor plasma (PPP) was incubated with increasing concentrations of chondroitin sulfate
(CS) for 30 min at 37 °C, and the generation of C3a (A) and sC5b-9 (B) in PPP (diamonds), without additives and in the presence of 10 mm EDTA
(triangles) or 10 mm Mg? " -EGTA (squares), was measured by enzyme-linked immunosorbent assay (ELISA). CS (25 pg mL™") and supernatants from
isolated and thrombin receptor-activating peptide-activated platelets (PS) were treated with 5 U of chondroitinase ABC (CSE) for 5 h at 37 °C, and then
incubated with PPP for 30 min at 37 °C (white bars). In the same experiments, CS and PS were incubated in PPP in the absence (black bars) or presence
(gray bars) of 10 mm Mg® " -EGTA. The generation of C3a (C) and sC5b-9 (D) was analyzed by ELISA. Data are mean + SEM (n = 3). AU, arbitrary
units.
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supernatant. The estimated increase in the concentration of CS
was 4 pg mL™" in PRP from a basal level of 2 pg mL™", as
determined using a colorimetric assay. Next, the ability of CS
to activate complement was demonstrated by incubating CS in
lepirudin-anticoagulated PPP (Fig. 3A,B), resulting in genera-
tion of C3a and sC5b-9 in a dose-dependent fashion. Inhibition
of complement by addition of EDTA, Mg*"-EGTA, or
compstatin was able to inhibit this activation, and digestion of
CS with chondroitinase ABC prior to the addition to PPP also
abrogated the reaction. C3a and sC5b-9 were likewise gener-
ated when supernatants from activated platelets were incubated
with lepirudin-treated PPP for 30 min at 37 °C (Fig. 3C,D).
Less than 40% of the complement-activating activity was lost
by ultracentrifugation of the supernatants at 100 000 x g,
indicating that part of the activity was dependent on the
presence of microparticles.

Triggering of complement activation by C1q binding to CS

The binding of purified Clq to CS immobilized to microtiter
plates increased in a dose-dependent fashion when serial
dilutions (0-300 pg mL™") were incubated for 60 min (not
shown). Similar binding of Clq was observed when undiluted
EDTA-plasma was incubated in the wells for up to 60 min
(Fig. 4A). Measurements of C3 or AT binding were both
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Fig. 4. Complement activation by surface-bound CS. (A) Binding of Clq
(squares), C3 (triangles) and antithrombin (circles) in EDTA-plasma to
chondroitin sulfate (CS) conjugated to microtiter plates. (B) Binding of C3
fragments from Clg-depleted serum to CS conjugated to microtiter plates
in the presence (squares) or absence (diamonds) of purified Clq. EDTA-
plasma was used as control (circles). Data represent mean = SEM

(n = 3). AU, arbitrary units.

negative. As a functional verification of this binding reaction,
we measured the level of complement activation that occurred
in Clg-depleted serum, with or without the addition of purified
Clq. The serum preparations were incubated in CS-coated
microtiter wells for up to 60 min, and the binding of C3
fragments, as an indicator of complement activation, was
quantified (Fig. 4B). There was no binding of C3 in the absence
of Clq, but when purified Clq was added, the complement
activity was restored as monitored by a time-dependent
increase in bonding. No binding of C3 fragments was observed
in EDTA—plasma (where complement is inactivated; Fig. 4B).

Activation of monocytes and granulocytes

The physiologic relevance of platelet-triggered complement
activation was investigated by monitoring the expression of
CD11b on monocytes and granulocytes, as well as the
formation of conjugates between platelets and monocytes—
granulocytes. Addition of TRAP in the presence or absence of
non-functional linear compstatin peptide to lepirudin-treated
whole blood led to identical upregulation of CDI11b on
monocytes and granulocytes (Fig. 5A) and formation of
granulocyte—platelet and monocyte—platelet complexes
(Fig. 5B). Addition of either compstatin or C5aRA inhibited
this expression completely on monocytes (P < 0.05) and by
~ 60% on granulocytes (P < 0.05).

In addition, the granulocyte—platelet and monocyte—platelet
complex formation was also significantly inhibited by addition
of either compstatin or C5aRA (P < 0.05), indicating that the
upregulation was triggered by complement activation induced
by TRAP-activated platelets. This observation confirmed the
interpretation that the cellular activation was complement-
mediated.

Discussion

In the present work, we have demonstrated that clotting in
whole blood, elicited by either the contact system or the TF
pathway, leads to activation of the complement system. In
clotting PRP and whole blood, complement activation was
observed at levels well above the background level of activation
induced by contact with the surface of the polystyrene plastic
tube. These findings therefore indicate that the complement
activation was mediated by the blood cells in the sample, and
the results are in agreement with an earlier study in which we
detected lower amounts of TAT in PRP than in whole blood
[31]. As both PRP and whole blood exhibited this property,
and the complement activation was inhibited by the specific
thrombin inhibitor lepirudin, we focused our investigation on
platelets. In order to study platelet-induced complement
activation, we used a system in which platelets were activated
by TRAP in PRP or whole blood that had been anticoagulated
with lepirudin, allowing us to activate platelets specifically
without causing a clotting reaction.

Significantly increased production of both C3a and sC5b-9,
indicating complement activation, was found in the fluid phase

© 2008 International Society on Thrombosis and Haemostasis
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Fig. 5. Activation of granulocytes and monocytes in TRAP-activated whole blood. (A) CD11b expression on granulocytes (black bars) and monocytes
(gray bars). (B) Formation of granulocyte—platelet (black bars) and monocyte-platelet (gray bars) conjugates in whole blood activated with 6.25 pg mL™!
thrombin receptor-activating peptide (TRAP) as assessed by flow cytometry. The activation was inhibited using 50 um compstatin and/or 5.5 um C5aRA,
as indicated in the table below the figure. Data are expressed as percentage mean fluorescence intensity (MFI) of the positive control (mean + SEM;

n = 6) as described in Materials and methods (*P < 0.05).

of TRAP-activated PRP and whole blood, and this comple-
ment activation was confirmed by the inhibition seen in the
presence of the C3 inhibitor compstatin. Incubation of PPP
with supernatants from activated platelets resulted in a similar
generation of C3a and sC5b-9, demonstrating that complement
activation takes place in the fluid phase of TRAP-activated
PRP and whole blood. Less than 40% of this activity was lost if
the supernatants were ultracentrifuged, indicating that some of
the activity was associated with microparticles. CS is a GAG
that is released by activated platelets [19]. In the present study,
we have demonstrated that CS is a strong activator of
complement, making this substance a likely trigger for plate-
let-induced complement activation. This potential role was
confirmed by incubating CS and supernatants from activated
platelets with chondroitinase ABC, which abrogated the
complement activation.

Specific chelation of Ca®>" with EGTA totally inhibited
complement activation [32], indicating that the activation was
triggered by the Cl complex in the classic pathway, which
requires Ca’" for its function, and ruling out complement
activation by the alternative pathway [17]. The involvement of
the lectin pathway is less likely, as PRP from an individual
deficient in MBL still activated complement after TRAP
stimulation to the same extent.

Interactions between Clq and polyanions such as heparin
and DNA are well established [29], and heparin at low
concentrations tends to activate complement [29,33]. Kirschf-
ink and collaborators have previously demonstrated interac-
tion between Clq and GAGs secreted by human B-cell lines
[34], but in contrast to platelets, which mainly contain CS-A
[19,20], leukocytes and leukocyte cell lines release high amounts
of heparan sulfate (25-30%) in addition to CS-A and CS-C
[35]. In the present study, we have shown that Clq, both in
purified form and in whole EDTA—plasma, can bind specif-
ically to surface-conjugated CS.

The surface-bound CS did not activate complement in Clq-
depleted serum, but its ability to activate complement was
restored when the Clg-depleted serum was reconstituted with
purified Clq. Binding of Clq to CS is also consistent with the
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previously described interaction between these two molecules
[22,23]; in these two studies, CS was shown to inhibit Clg-
specific hemolytic activity. In light of our results, it is obvious
that this inhibition was accomplished by classic pathway
activation, thereby depleting the plasma of intact complement
components, which subsequently leads to inhibition of the
hemolytic activity of Clq.

In platelets, the CS-A chains are attached to a serine- and
glycine-rich protein core forming the serglycin macromolecule.
Serglycins of different compositions have been implicated as
carriers of proteases [36]. Considering the fact that we do not
see any complement activation in C1g-depleted serum, and that
the activity is restored upon addition of purified Clq (which is
not proteolytically activated), it is not likely that other non-
complement proteases are responsible for the activation.

Taken together, these findings show that the binding of Clq
to CS in the fluid phase triggers complement activation in
TRAP-activated PRP. This reaction adds an additional
mechanism to the previously reported mechanisms of comple-
ment activation, which have been confined to the platelet
surface. Del Conde and co-workers [17] have proposed that P-
selectin, by binding C3b, triggers the activation of complement,
principally through the alternative pathway. In contrast,
Peerschke et al. [18] have reported that complement is activated
on the surface of activated platelets. In their assay using
platelets fixed to microtiter plates with polylysine and glutar-
aldehyde, they demonstrated that the activation involved
classic pathway components. The mechanism for complement
activation on the platelet surface is yet to be established.

In the present study, stimulation of whole blood with TRAP
led to upregulation of CD11b on monocytes and granulocytes.
The release of CS from TRAP-activated platelets in PRP was
shown to add approximately 4 pg mL™"' CS to the plasma. The
effect of this amount of CS would be multiplied in the vicinity
of the platelets, leading to enhanced complement activation
around the platelets. The physiologic relevance of this
complement activation was demonstrated by the finding that
TRAP-mediated platelet activation leads to CD11b upregula-
tion on leukocytes and generation of leukocyte—platelet
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Fig. 6. Model for how chondroitin sulfate (CS) released from thrombin
receptor-activated platelets induces complement activation in the fluid
phase of platelet-rich plasma and blood. This activation leads to the
generation of C5a, which subsequently upregulates CD11b on polymor-
phonuclear neutrophils (PMNs) and monocytes (Mo) and to formation of
leukocyte—platelet complexes. PAR, protease-activated receptor.

complexes (Fig. 5). This link was confirmed by our observation
that compstatin inhibited these functions. The dependence on
the C5a receptor was demonstrated by attenuation of CDI11b
expression and inhibition of leukocyte—platelet complex for-
mation in the presence of a C5aRA. The upregulation of
CD11b and generation of leukocyte—platelet complexes may
have implications for a wide variety of processes, from clotting
to tissue regeneration. The high affinity between CD11b and
fibrin [37] and the chemotactic properties of the complement-
generated anaphylatoxins and fibrin degradation products [38]
suggest that complement activation may be important for
leukocytic infiltration of blood clots and leukocyte-mediated
fibrinolysis [39,40], previously reported to be dependent on C3
[41].

In conclusion, we have demonstrated that complement is
activated by CS released from thrombin receptor-activated
platelets, as indicated by C3a and C5b-9 generation in the fluid
phase of PRP and blood. This activation leads to the
generation of C5a, which upregulates CD11b on both PMNs
and monocytes (Fig. 6). These findings may have important
implications for a wide range of clinical conditions that involve
platelet activation. Release of CS will contribute to the
complement activation that occurs in thrombotic conditions
such as myocardial and stroke [4-6,42]. Also, platelet activation
is a major contributor to the increased risk for thrombosis in
systemic lupus erythematosis [43]. This activation will add to
the complement activation that typically accompanies exacer-
bations of the disease. Therefore, CS-mediated activation of
complement provides a new potential target for reducing the
pathologic consequences of platelet activation, and adds to
mechanisms that link platelets to inflammation and the
immune system.
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