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Abstract
Nilsson, Per, (2012). Interactions between platelets and complement with implications
for the regulation at surfaces. Linnaeus University Dissertations No 83/2012. ISBN:
978-91-86983-46-8. Written in English with a summary in Swedish.
Disturbances of host integrity have the potential to evoke activation of innate
immunologic and hemostatic protection mechanisms in blood. Irrespective of
whether the activating stimulus is typically immunogenic or thrombotic, it will
generally affect both the complement system and platelets to a certain degree. The
theme of this thesis is complement and platelet activity, which is intersected in all
five included papers. The initial aim was to study the responses and mechanisms
of the complement cascade in relation to platelet activation. The secondary aim
was to use an applied approach to regulate platelets and complement on model
biomaterial and cell surfaces.
Complement activation was found in the fluid phase in response to platelet
activation in whole blood. The mechanism was traced to platelet release of stored
chondroitin sulfate-A (CS-A) and classical pathway activation via C1q. C3 was
detected at the platelet surface, though its binding was independent of
complement activation. The inhibitors factor H and C4-binding protein (C4BP)
were detected on activated platelets, and their binding was partly dependent on
surface-exposed CS-A. Collectively, these results showed that platelet activation
induces inflammatory complement activation in the fluid phase. CS-A was shown
to be a central molecule in the complement-modulatory functions of platelets by
its interaction with C1q, C4BP, and factor H.
Platelet activation and surface adherence were successfully attenuated by
conjugating an ADP-degrading apyrase on a model biomaterial. Only minor
complement regulation was seen, and was therefore targeted specifically on
surfaces and cells by co-immobilizing a factor H-binding peptide together with
the apyrase. This combined approach led to a synchronized inhibition of both
platelet and complement activation at the interface of biomaterials/xenogeneic
cells and blood.
In conclusion, here presents a novel crosstalk-mechanism for activation of
complement when triggering platelets, which highlights the importance of
regulating both complement and platelets to lower inflammatory events. In
addition, a strategy to enhance the biocompatibility of biomaterials and cells by
simultaneously targeting ADP-dependent platelet activation and the alternative
complement C3-convertase is proposed.
Keywords: complement system (activation, regulation), platelets (activation,
regulation), biomaterials, biocompatibility, chondroitin sulfate-A, apyrase, C1q,
C3, factor H, C4BP, ADP

POPULÄRVETENSKAPLIG
SAMMANFATTNING
I kroppen finns naturligt en rad försvarsmekanismer med syfte att skydda
kroppens funktioner och integritet. Hot kan bland annat utgöras av infektiösa
mikroorganismer, yttre trauma, men även döda eller skadade kroppsegna celler.
En stor del av dessa försvarsmekanismer återfinns i blodet i form av celler och
proteiner. I denna avhandling ligger fokus på två centrala skyddsmekanismer
och
dess
samverkan:
komplementsystemet
och
trombocyter.
Komplementsystemet är evolutionärt sett ett gammalt skydd som hittas även i
många primitiva organismer. Det består centralt av ett flertal proteiner vars
uppgift är att identifiera, markera och eliminera allt som är främmande för
kroppen, och är på så sätt involverat i den komplexa inflammationsprocessen.
Trombocyter är små celler vars centrala uppgift är att i samarbete med
koagulationssystemet stoppa blödning från ett skadat blodkärl. Trombocyterna
fungerar som väktare och reagerar direkt vid skada genom att klumpa ihop sig
och täta det skadade området. Traditionellt har komplementsytemet och
trombocyter beskrivits som separata, i princip isolerade händelser, men en rad
vetenskapliga arbeten har på senare tid visat att de interagerar på ett flertal
punkter. De båda är syftade att snabbt och lokalt reagera på hot, och oavsett
om aktiveringen primärt påverkar komplement eller trombocyter så återfinns en
mer eller mindre aktivering av de båda systemen.
I denna avhandling ingår fem delprojekt vars syfte i stort var att studera
komplement- och trombocytaktivering. Målet med de tre första arbetena var att
undersöka hur komplementsystemet påverkas då trombocyter aktiveras. I de
efterföljande två var principen att på en för mänskligt blod främmande yta
försöka hämma aktiveringen av dels trombocyter, men även samtidigt hämma
komplementaktivering. Idén för hur hämningen sker var hämtad från hur ett
friskt blodkärl förhindrar att aktivera de båda systemen. De främmande ytorna

var en plastyta, samt blodkärlsceller från gris. Dessa modeller exemplifierar två
kliniskt viktiga behandlingsmetoder, dels behandling med biomaterial och
dels att via blodbanan transplantera celler icke ämnade för kontakt med
mänskligt blod. Biomaterial innefattar alla kroppsfrämmande material ämnade
att komma i kontakt med mänsklig vävnad (ofta blod) inom sjukvården.
Transplantation av celler via blodbanan sker exempelvis då bukspottkörtelceller
transplanteras med syfte att behandla diabetes typ I. Både biomaterial och
icke-blodceller har i kontakt med blod visat sig vara associerade med
aktivering av komplementsystemet och trombocyter. Följden av detta är lidande
för patienten då det föreligger risk för inflammation, blodproppar samt
försämrad funktion av biomaterialet respektive minskad överlevnad av
transplanterade celler.
Våra resultat visade att trombocytaktivering ger upphov till inflammatoriska
signaler via aktivering av komplementsystemet. Mekanismen för aktivering
kunde spåras till frisättning av kondroitinsulfat (en kolhydratbaserad molekyl)
från trombocyterna ut i plasma. Komplementaktivering skedde dock inte på
ytan av trombocyterna. Orsaken till detta är sannolikt att trombocyten bär på
ett flertal komplementinhibitorer. I del två kunde vi, genom att binda upp ett
specifikt enzym, hämma trombocytaktivering på en plastyta såväl som på
celler. Motsvarande hämning av komplementsystemet sågs på samma modeller
efter att specifikt rekryterat en viktig löslig komplementinhibitor. De positiva
effekterna bibehölls när de två strategierna kombinerades på samma ytor.
Sammanfattningsvis bidrar denna avhandling till ökad förståelse om hur
komplementsystemet och trombocyter interagerar. En helt ny mekanism för
hur trombocyter ger upphov till inflammatorisk komplementaktivering
beskrivs. Vidare visar vi hur det är möjligt att minska dessa reaktioner, på för
blodet främmande ytor, genom att inhibera komplement- och
trombocytaktivering via två mekanismer direkt hämtade från våra blodkärl.
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thrombin receptor-activating peptide
thromboxane A2
vascular cell adhesion molecule-1 (CD106)
von Willebrand factor
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1. INTRODUCTION
Under resting conditions, approximately five litres of blood are pumped
through the human heart into the vascular system every minute. This process
is essential to support human tissues with oxygen and nutrients and to
discharge their waste products. Within the complex fluid called blood are a
number of cells, proteins, and other molecules that are important for
maintaining vital functions. Approximately 55 % of the blood volume is
plasma, and the remaining fraction is composed of cells, of which more than
99 % are erythrocytes and the rest leukocytes and platelets.
A large fraction of the blood cells and proteins are associated with innate
mechanisms that aim to counteract dangers that might damage the vascular
system as well as overall host integrity. These dangers include invading
microorganisms, damaged self-cells, and trauma affecting the integrity of the
vascular wall. These mechanisms have been classified into the innate
immunity and hemostatic systems and are traditionally described separately;
however, a growing body of evidence has begun to describe intense crosstalk
between the two systems.
The focus of this thesis is the biology and interaction between the
complement system and the blood platelets. The complement system, also
known as the complement cascade, is a part of our innate immune system and
has traditionally been viewed as being important for combating invading
microorganisms. The platelet is the central cell of the hemostatic system and
is also involved in inflammatory events. Together with coagulation proteins
and inflammatory cells, this thesis has explored complement and platelet
interactions in both the physiological situations and in situations involving
contact with biomaterial surfaces.
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2. THE COMPLEMENT SYSTEM
2.1 Overview of the complement system
The complement system was discovered in the late 1890s and was described
as a component that complements the lytic effect of antibodies. Today, almost
50 complement proteins have been described. Our appreciation of the function
of the cascade has evolved, and numerous interaction points with other
molecular pathways have been discovered [1].
The complement system is a central part of our innate immune system and
represents a powerful first line of defense against microbes, as well as against
damaged endogenous cells. By recognizing and tagging surfaces exposing
danger-associated molecular patterns (DAMPs) (e.g., pathogens, cellular debris
and immune complexes [ICs]), it can efficiently eliminate unwanted particles.
In addition to its immunological function, the complement system has also
been shown to participate in other processes, such as synapse maturation [2],
tissue regeneration [3] and angiogenesis [4].
The core of the complement system is a proteolytic cascade that begins with
pattern recognition molecules binding to DAMPs and the sequential
activation of zymogens. Activation of only a few individual molecules can give
rise to a sufficient response, thanks to a powerful amplification process built
into the system [5]. Throughout the cascade, complement proteins are cleaved
to produce activated fragments that directly or indirectly lead to the
elimination of particular activating agents. Among the important effects of
complement activation are: opsonization for phagocytosis, generation of
anaphylactic/chemotactic peptides, lysis of pathogens, and enhancement of
adaptive immunity.
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2.2 Complement activation
The complement system can be activated via three pathways: the classical,
lectin, and alternative pathways, all of which form enzymatic complexes
(convertases) that cleave C3 and C5, the central components of the system (see
Fig. 1).
The classical pathway (CP) is, in general, activated by clusters of IgG or
IgM, whose Fc regions are recognized by the recognition molecule C1q.
Upon C1q binding, a mechanical stress occurs that leads to the activation of
C1r, which subsequently cleaves C1s. C1r and C1s are serine proteases
associated with C1q in a calcium-dependent fashion [6]. C1s cleaves C4 into
C4b and C4a, with C4b then covalently binding adjacent to the activation site
and C4a diffusing into the fluid phase. C2 associates with C4b and is cleaved
by C1s into C2a and C2b, leading to the formation of the CP C3 convertase,
C4b2a. The C3 convertase cleaves C3 into C3a and C3b. Like C4b, C3b also
binds covalently to the surface close to the activation site. Like C4a, C3a is
released into the fluid phase, but unlike C4a, it acts as a potent anaphylatoxin.
The lectin pathway (LP) begins with either mannose-binding lectin (MBL) or
ficolins, which typically bind to carbohydrates associated with microbes.
MBL-associated serine proteases (MASPs) share structural similarities with
C1r/C1s and are also associated with MBL/ficolins, by analogy to the
C1r/C1s connection to C1q [7]. LP activation is mainly associated with
MASP-2, which once activated has been shown to cleave both C4 and C2,
generating a CP C3 convertase [8].
Covalently surface-bound C3b, generated by either the CP or the LP, triggers
the alternative pathway (AP). Once C3b is attached, it binds factor B, which
is cleaved into Bb and Ba by factor D, resulting in the formation of the AP
C3 convertase, C3bBb. Every AP C3 convertase molecule can form several
new C3 convertases as a result of the deposition of C3b. In this way, the AP
constitutes an important amplification loop, multiplying the complement
activation initiated by the CP or LP. The AP can also be activated
independently of CP and LP by so-called “C3 tick-over”: C3 is continuously
hydrolyzed at a slow rate in the fluid phase. Hydrolyzed C3 is termed C3H2O.
Fluid-phase C3H2O, but not C3, can bind factor B, which is then cleaved by
factor D as described above, resulting in formation of a soluble AP C3
convertase, C3H2OBb [9]. This convertase cleaves C3 in the fluid phase and
generates C3b, which can bind to surfaces and initiate activation of the AP.
Endogenous cells carry regulatory molecules that degrade deposited C3b
immediately, but the activation is instead amplified on foreign cells. In this
way, the AP is only activated on surfaces lacking inhibitory molecules. The
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AP also includes a pattern recognition molecule called properdin. Properdin
binds DAMPs on pathogenic and damaged cells. Once bound, it binds C3b
and follows the same sequence described above for factors B and D [10].
Properdin can also stabilize an already formed C3bBb complex by forming
C3BbP, which has up to a 10-fold higher stability than that of C3Bb [11].

2.3 Complement effector phase
The effect phase of complement activation begins once C3 is cleaved to C3a
and C3b. The small anaphylactic fragment C3a is released into the fluid
phase, and C3b is deposited at the cell surface in the vicinity of the convertase.
The anaphylactic C3a triggers inflammation by binding to the C3a receptor
(C3aR), expressed on many cells. C3b has a dual function, acting as an
opsonising agent for phagocytosis and also fueling activation by assembling
new AP C3 convertases. As complement activation proceeds, the density of
C3b increases at the surface, mediating a convertase substrate shift from C3 to
C5 [12]. The assembly and function of the C3 convertase are well known
from structural characterizations [13], but the mechanism by which the
substrate-specificity shift occurs, as well as the structural mechanisms of the
C5 convertase, have not yet been clarified.
Like the C3 convertase, the C5 convertase cleaves C5 into C5a and C5b. C5a
is a potent anaphylatoxin that recruits and activates leukocytes by binding to
receptors (C5aR, C5aL2) at the surface of a variety of cells [14]. C5b forms a
complex with C6 and C7 that is inserted into the plasma membrane. C8 and
multiple units of C9 are subsequently inserted through the membrane to form
a lytic pore, C5b-9 (also called membrane attack complex [MAC]) [15]. The
formation of the MAC is one of the effects that is not mediated by receptor
interactions and is particularly important in the host defense against Neisseria
species. [16]. MAC insertion at sublytic levels in nucleated host cells is also
important for signaling events [17]. The antimicrobial activity of C3a/C4a
(but not C5a) is another effect that involves membrane destabilization and
does not require receptor interaction; C3a and C4a are believed to kill
microbes by destabilizing the microbial membrane [18].
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Fig. 1. Complement activation, amplification and effect on a microbial cell. Complement is activated by one of the three activation pathways, starting
with binding of C1 (CP), MBL (LP) or C3b/C3 H2 O (AP), which all are combined in the formation of a C3 convertase (C4bC2a/C3bBbP). Once C3b is
bound, the AP C3 convertase amplification loop amplifies the response. Increased surface density of C3b switches the substrate-specificity of corresponding
convertase towards C5 (C4bC2aC3b/C3bC3bBbP). Elimination is undertaken by insertion of MAC through the membrane of the microbial cell, by
recruiting (C5a) and activating (C3a/C5a) inflammatory cells that phagocytose the C3b/iC3b opsonised cell. Activation of AP with properdin as the
recognition molecule is not shown in this illustration.

2.4 Complement C1q
C1q, the pattern recognition molecule of the classical pathway, is crucial for
the efficient clearance of pathogens and apoptotic cells [19]. By utilizing
antigen-bound IgG and IgM as its major ligands, C1q indirectly recognizes a
broader range of DAMPs than is typical of other pattern recognition
molecules. This association with Ig also represents a major connection
between the innate and the adaptive immune systems. A fraction of C1q is
present in plasma in free form, but the majority forms a calcium-dependent C1
complex together with C1r and C1s [20]. In addition to antigen-bound IgG
and IgM, C1q interacts with several other molecules, including C-reactive
protein (CRP) [21], pathogen molecular patterns (lipopolysaccharide) [22],
abnormal endogenous proteins (prions, β-amyloid fibers) [23], structures
associated with cell death (phosphatidylserine, DNA) [24,25], and
glycosaminoglycans (GAGs) / proteoglycans (heparin and chondroitin sulfate
proteoglycans) [26,27,28,29]. Specific receptors for C1q have also been
described [30,31,32,33].
The molecular weight of C1q is 460 kDa, distributed in hexametric structure
that is assembled in a way that resembles a bouquet of tulips, with a gathered
N-terminal collagen-like region forming the stalk and the outspread Cterminal globular heads forming the flowers. Each hexamer is composed of
three chains, A, B, and C; they are all represented in the six globular heads,
which are the major ligand-recognition region mediating avidity for its ligand
[34]. It is not exactly known how the globular heads interact with ligands,
although a charge recognition pattern has been proposed [35]. However, it is
clear that each chain in the head has a different electrostatic potential, with A
and C having a combination of basic and acidic residues and B a
predominantly positive charge. Different but overlapping regions at the
globular head have been suggested to mediate binding to IgG and IgM.
Regarding the role of C1q in removing IC and apoptotic cells, several
questions remain to be answered. Binding of C1q to apoptotic cells has been
shown to activate complement, but C1q binding may instead clear apoptotic
cells via opsonization. C1q has also been discussed in the context of
immunological tolerance, in particular regarding the body’s ability to avoid
developing autoantibodies against self-structures [36]. A deficiency of C1q is
correlated with an inability to eliminate apoptotic cells and with the
development of the autoimmune diseases such as systemic lupus
erythematosus (SLE) [37] and glomerulonephritis [38].
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2.5 Complement C3
Present at approximately 1.3 mg/mL in plasma, complement component 3
(C3) is the most abundant complement protein in blood. C3, together with
factor B and MASP, is thought to be among the most ancient complement
proteins [39]. By displaying a variety of conformations and fragments, it
exerts multiple functions in the cascade, including AP activation, convertase
formation, opsonization (C3b/iC3b), activation of inflammatory cells (C3a),
and B-cell stimulation (C3d).
Recent crystal structure determination of native C3, C3c [40], and C3b in
complex with factor B and D [13] has led to new insights into this complex
component. Native C3 is a rather inert molecule, consisting of a 110-kDa
alpha-chain and a 75-kDa beta-chain held together with a disulfide bond.
Upon proteolytic cleavage by a C3 convertase, C3a (9k-Da) is split from the
alpha-chain. The remaining C3b undergoes a major conformational change
that leads to the exposure of a previously hidden reactive thioester. In the
vicinity of a surface, this thioester mediates the covalent attachment of C3 to
hydroxyl groups or amines, whereas in the absence of an accepting surface, it
hydrolyzes within fractions of a millisecond [41]. Surface-bound C3b is able
to interact with factor B in an AP C3 convertase as well as with complement
receptor (CR) 1, 3, and 4. Following surface attachment, C3b is prone to
inactivation by factor I, in which case the alpha-chain is cleaved into iC3b,
which has even higher affinity for the important CR3 phagocytic receptor.
iC3b can then be further degraded to C3c/C3dg and C3d/C3g [42]. In
addition to being proteolytically activated, C3 can adopt a C3b-like
conformation through the spontaneous hydrolysis of the thioester of fluidphase C3. C3H2O still retains C3a in the alpha-chain but has C3b-like
functions, including AP C3 convertase formation and receptor interactions
[41].
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2.6 Receptors involved in the complement response
Most effects from complement activation require interaction with specific
receptors (see Fig. 1). Apart from initiating CP activation, C1q exerts its
effects by direct binding to receptors, including gC1qR/p33 [31], cC1qR
[30], C1qRp (CD93) [33], and CR1 [32]. gC1qR/p33 binds C1q via its
globular heads, whereas the three other receptors bind to the collagenous stalk.
The physiologic significance of each of these receptors is not known, but they
are known to participate in diverse extra- and intracellular events [43].
A major role of the complement system is to mark pathogens and cell debris
for phagocytosis by tagging them with C3b. CR1, 3, and 4, together with the
complement receptor of the immunoglobulin family (CRIg), are important
receptors for binding opsonised particles. CR1 (CD35) is expressed on most
blood cells, CR3 (CD11b/CD18) and CR4 (CD11c/CD18) on phagocytic
cells, and CRIg on certain tissue macrophages. By means of these receptors,
opsonized particles are recognized, engulfed, and eliminated by phagocytosis.
Erythrocytes, which are incapable of phagocytosis, clear immune complexes
(IC) from the bloodstream by binding C3b-tagged particles via CR1 and
transporting them to the liver and spleen for removal and degradation by tissue
macrophages [44]. CR3 is the main integrin on neutrophils and monocytes,
and its expression increases following complement activation and cell
stimulation via the C5aR (CD88) [45]. CR3 binds iC3b, but not C3b [46].
CR2 (CD21) is expressed on B- lymphocytes and shares structural similarities
with CR1; CR2 binds C3d with the highest affinity and acts as a co-receptor
for B-cell activation, thereby enhancing responsiveness toward antigens [47].
The potent proinflammatory effect of the complement system is mediated via
binding of the anaphylatoxins C3a to C3aR and C5a to the C5aR and C5L2.
Via corresponding receptors, they attract (C5a) and activate (C3a and C5a)
leukocytes at the inflammatory site [48]. The deleterious inflammation of an
overactive or inadequately regulated complement system is to a large degree
mediated via the proinflammatory effect of C3a and C5a [49].
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2.7 Complement regulators
The complement response is considered to act rapidly and locally. The
complement system is activated within seconds of exposure to a pathogen and
normally acts in a limited space. This activation is controlled by complement
regulators that are present in both the fluid phase and on healthy endogenous
cells (see Fig. 2). The complement system is a potent inflammatory cascade,
and inadequate regulation can generate a high concentration of anaphylatoxins
and cause consumption of complement proteins and reactivity against self.
Loss-of-function mutations in genes coding for complement regulators are
frequently correlated with inflammatory disorders.
The most-characterized regulator of the initial stages of the CP and LP is the
C1-inhibitor (C1INH), although others have been identified [50]. C1INH is
a serine protease inhibitor that inhibits C1r/C1s as well as the MASPs [51].
C1INH becomes activated by the serine protease, leading to covalent
attachment of C1INH and inactivation of the enzyme. Convertase formation is
a key target for complement regulation, and several regulators are focused on
this process. Regulators control C3 convertase through two different
approaches, either by competitive binding/displacement of factor B/Bb from
the C3 convertase (decay acceleration), or by serving as a cofactor for the
degradation of C3b by the proteolytic protein factor I. Both C4b-binding
protein (C4BP) and factor H have these effects and are important regulators at
this level, C4BP on the CP convertase and factor H on the AP convertase.
Both C4BP and factor H are fluid-phase regulators recruited to endogenous
cells by their interaction with surface patterns (e.g., GAGs) and sialic acid
[52,53]. Certain microbes have taken advantage of this principle to recruit
host fluid-phase regulators to their surfaces in order to evade complement
recognition and activation [54].
Under physiological conditions, host cells are also covered by different subsets
of membrane regulators. Three of them act on the convertase level: CR1,
decay-acceleration factor (DAF) (CD55), and membrane cofactor protein
(MCP) (CD46) [55]. CR1 has both decay acceleration and cofactor activity,
whereas DAF has only decay acceleration activity, and MCP has only cofactor
activity. Regulation of the terminal pathway occurs at the assembly of MAC
by the membrane bound CD59 and the fluid-phase regulators vitronectin and
clusterin [17]. They all prevent the insertion of the lytic complex or promote
its release from the plasma membrane. The effect of the potent anaphylatoxins
C3a and C5a is kept under control by the fact that their half-lives are limited
by the action of carboxypeptidase N. This protease cleaves the C-terminal
arginine from the anaphylatoxins, thereby preventing the binding of C3a to
C3aR and decreasing the affinity of the C5aR for C5a [1].

17

C4b

C2a
C4b

decay acceleration

DAF
C3bBb
P

factor H

MCP
C3b

CD59

iC3b

factor I

cofactor activity

factor I

C5a

C3d

CR1

vitronectin

clusterin

18

Fig.2. Complement regulation by soluble and membrane bound regulators at various stages on host cells. The soluble serpin C1INH acts on C1r/C1s and
MASPs in the initial stage to limit activation via the CP and LP. The C3 convertase is the major site for inhibition excerted through decay acceleration
(DAF, C4BP, factor H) and cofactor activity (MCP, C4BP, factor H, CR1) for factor I in the degradation of C3b. CD59, vitronectin and clusterin act
in the later stages by preventing the formation of MAC. The half-life of C3a and C5a is limited by the action of carboxypeptidase N.
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2.8 Complement factor H and related proteins
Factor H is a crucial regulator of the AP of complement. This 150-kDa
molecule is present in blood plasma at 0.3-0.8 mg/mL and is therefore one of
the most abundant soluble complement proteins. Like many other
complement proteins, factor H is primarily produced in the liver. Individuals
with inadequate factor H function are predisposed to developing inflammatory
disorders because of insufficient complement regulation [56]. The molecular
structure of factor H consists of 20 individually folded domains called short
consensus repeats (SCR) that are arranged one after one another in a “string of
beads” structure [57]. Other complement regulators possess SCRs, including
C4BP and CR1. Each SCR contains about 60 amino acids and forms several
subregions with different functions. Factor H is recruited to the surface of
host cells through its attraction to GAGs and sialic acid [53]. It controls
complement activation by interfering with the factor B-binding portion of
C3b/C3H2O and by serving as a cofactor for the degradation of C3b to iC3b,
the objective being to stop the AP C3 convertase.
Factor H contains two major functional subregions, one at each end of the
molecule: the N-terminal SCRs 1-4 have regulatory activity, and C-terminal
SCRs 19-20 are important for surface binding. SCRs 1-4 have affinity for C3b
[58], and SCRs 19-20 for C3b/C3d and cell-surface GAGs [59,60]. SCRs
19-20 are known to be an important heparin-binding region, and SCRs 7 [61]
and 9 [62] also bind heparin. Heparin binding can be misinterpreted as equal
to cell-surface GAG binding, but this correlation has to be carefully
considered, since different GAGs have different protein-binding capacities
[63], mainly because of differences in their sulfation patterns [64]. In
addition to the heparin-binding domains in SCRs 7 and 9, the broad middle
region shows an affinity for C3b/C3c [65]. The overall role of this middle
region may be to fold factor H into a backbend hairpin structure to organize
the elongated structure into a more condensed projection, and thereby optimize
the interaction with C3b and the cell-surface GAGs [66].
A number of other molecules closely related to factor H are also present in
plasma, in lesser amounts: factor H-related (CFHR) proteins 1-5 and factor
H-like protein 1. Factor H-like protein 1 contains SCRs 1-4 of factor H and
shares its ancestor factor H’s regulating activity; in contrast, the CFHR
proteins lack this region. The exact function of these proteins are not yet
identified even if some are implicated in complement regulatory activities
[67].

19

2.9 Complement C4b-binding protein
By analogy to factor H’s regulation of C3 in the AP convertase, C4BP is the
regulator of C4 in the CP convertase. C4BP regulates the convertase by the
same principle of decay acceleration of C4b and C2a and acts as a cofactor for
factor I in degradating C4b. Binding to C4b is also a prerequisite for cofactor
activity [68]. C4BP, with a molecular size of 570 kDa, is mainly produced in
the liver and circulates at a plasma concentration of approximately 0.2 mg/mL.
C4BP has a polymeric structure consisting of six to eight identical α-chains
and one smaller β-chain, which are composed of seven and three SCRs,
respectively. The chains are held together with disulfide bridges. The β-unit
has high affinity for the K vitamin-dependent protein S, causing C4BP to
circulate in complex with protein S [69]. Protein S can in turn direct C4BP to
cell membranes because of its affinity for negatively charged phospholipids
[70]. C4b is a major ligand for binding C4BP to surfaces, even though this
large molecule also possesses affinity for C3b [52] and heparin [71]. The
interaction sites for these molecules are located in the α-chains of C4BP;
thus, the overall binding affinity is based on avidity.
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3. PLATELETS
3.1 Overview of platelets
Platelets are small cells of great structural and functional complexity.
Although sometimes not even referred to as cells, these anucleated,
membrane-enclosed discoid structures are essential for maintaining cellular
hemostasis. They have also been shown to be a central component of
inflammatory events [72] and to be involved in angiogenesis [73].
Hemostasis is the physiological process of controlling blood fluidity,
preventing blood loss after vessel damage and resolving clots after healing.
Platelets are a central player in primary hemostasis, which aims to stop
bleeding by forming an initial platelet plug. Platelets also promote secondary
hemostasis by promoting the coagulation cascade, which leads to the
formation of a more stable hemostatic plug. Primary hemostasis is initiated
immediately upon vessel damage and continues until the coagulation cascade
has been activated to secure the damage by means of a fibrin network. Platelets
are therefore essential to life but can also be detrimental if activation is
uncontrolled in time and space, with regard to both their thrombotic and
inflammatory functions.

3.2 Platelet production and morphology
Platelets are produced by cytoplasmic extension and budding from
megakaryocytes in the bone marrow via an intermediate, the pro-platelets. Proplatelet formation is thought to be regulated by the interaction of
megakaryocytes with adhesion molecules in the bone marrow
microenvironment, but the details are largely unknown [74]. Approximately
100x109 platelets are produced and released into the circulation each day,
maintaining a normal platelet count of 150x109 to 400x109 cells per liter of
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blood [75]. The resting platelet has a discoid shape with a smooth surface
exposing a sensitive “danger-sensing” surface that responds to stress. Upon
activation, a dramatic change in platelet shape occurs, involving intracellular
contraction and pseudopod protrusion. Simultaneously, intracellular stored
granules release their content into the fluid phase. In essence, three kinds of
granula are released: alpha-granules containing various proteins, dense
granules (with e.g., ATP/ADP, calcium), and lysosomes containing
hydrolases. Granule secretion is a gradual response, and the extent and rate of
secretion is dependent on the potency of the activating agent [76,77]. Many of
the functions of platelets are dependent on release of these intracellular stored
molecules.

3.3 Platelet activation
The endothelial cells lining the blood vessels expose surfaces covered with
anti-thrombotic molecules, including membrane proteins and GAGs, to the
lumen of the blood vessels. These surfaces are the perfect blood-compatible
surface for keeping platelets in their resting state. Every other surface has a
certain risk of activating platelets; this activation is a problem in clinical
situations involving treatment with artificial materials that are in contact with
blood [78]. Furthermore, injured vessels are highly activating surfaces, with
subendothelial matrix molecules such as collagen becoming exposed to the
bloodstream and thereby initiating a series of events in platelets (see Fig. 3).
First, collagen binds a protein called von Willebrand factor (vWF), which in
turn recruits platelets by interacting with the glycoprotein (GP)Ib-IX-V
complex on the platelet surface. This initial link brings platelets to the site of
injury, decreases their velocity, and makes them adhere [79]. A more firm
adherence of platelets occurs in the next step, in which GPVI interacts with
collagen [80]. This interaction causes the platelets to change shape, spread
along the subendothelium, and release stored granules [81]. In particular,
ADP released from dense granules and thrombin generated at the activated
platelet membrane, act through a paracrine feedback loop to further activate
platelets in the vicinity. ADP is predicted to be the major amplifier of initial
platelet activation [82]. Platelet integrin GPIa/IIa and GPIIb/IIIa become
activated, with GPIa/IIa binding collagen with high affinity and GPIIb/IIIa
binding fibrinogen [80]. Collagen binding via GPIa/IIa induces a sustained
increase in cytosolic calcium, which causes a redistribution of the platelet
membrane known as membrane flip-flop. In this process, negatively charged
phospholipids, including phosphatidylserine, in the inner leaflet of the platelet
membrane become exposed on the outer leaflet [83]. Exposure of negatively
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charged phosphatidylserine due to membrane flip-flop is a gain for effective
thrombin generation in that it promotes the assembly of coagulation factors
(F) that cleave prothrombin to active thrombin. Thrombin is a strong platelet
activator, binding to proteinase-activated receptors (PARs) 1 and 4 and
cleaving an ectodomain of the receptors, leaving a new amino terminus that act
as a tethered ligand for autoactivation. PAR 1 responds rapidly to low
concentrations of thrombin; PAR 4 requires 10-fold higher concentrations and
responds more slowly but is thought to have a more sustained effect [84].
Thrombin is also essential to securing the hemostatic plug that seals the
injured site by cleaving fibrinogen to fibrin [85]. Highly procoagulant
platelet-derived microparticles are released by exocytotic budding of the
platelet membrane. This is a consequence of a cytosolic rise in calcium,
activation of the proteolytic enzyme calpain, and the loss of platelet
cytoskeleton/plasma membrane contact [86]. Platelet microparticles typically
have diameters one-tenth that of platelets and therefore have a higher surfaceto-volume ratio than do activated platelets. They share similarities with the
activated parent platelets but have a much higher procoagulant activity, with an
increased surface density of phosphatidylserine, P-selectin, and recruited
coagulation factor X [87]. However, the platelet microparticle-population is
heterogeneous, and the phenotype is dependent on the activation mechanism
[88]. Fibrinogen released from alpha-granules causes platelet aggregation by
linking two platelets via their GPIIb/IIIa integrins. Once the first layer of
platelets is formed, additional platelets attach on top of the first layer, being
activated by the release of ADP, thromboxan A2, and generation of thrombin
from the first layer of platelets.
The shear rate also affects platelets and is an important determinant of platelet
thrombus formation [89]. Fibrinogen and vWF link recruited platelets via
binding to the GPIIb/IIIa [90]. Stretched platelets express junctions that may
induce platelets to form tight junctions with each other [81,91]. P-selectin is
a membrane-bound adhesion protein that is stored in the membrane of the
alpha-granules of platelets. When granules are secreted, their membranes fuse
with the plasma membrane, and P-selectin becomes exposed on the surface of
the activated platelets. P-selectin glycoprotein ligand-1 (PSGL-1) on
leukocytes is the main ligand for P-selectin, and leukocytes are recruited
through this interaction to the site of thrombosis.
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3.4 Effects of platelet activation
Platelet activation follows a sequence of adherence, activation, and
aggregation. The cellular effects involved include contraction, with the release
of a variety of molecules, and a dramatic change in the surface phenotype of
the platelets, with the expression of P-selectin, CD40 ligand (CD40L), and
phosphatidylserine along with exocytotic budding of platelet microparticles.
The hemostatic relevance of this process is that it forms an initial platelet
plug to stop the bleeding, promotes secondary hemostasis by releasing
fibrinogen, and contributes to the activation of thrombin and the subsequent
formation of a stable fibrin clot. P-selectin expressed on the platelet surface
after activation is important for bringing tissue factor (TF) to the thrombus.
Both monocytes and monocyte-derived microparticles express PSGL-1, a
receptor that interacts with P-selectin. By binding to P-selectin on activated
platelets, circulating TF-bearing monocyte microparticles are brought to the
thrombus, where they stimulate coagulation by activating factor VII [92].
Binding of P-selectin to PSGL-1 on monocytes also induces the de novo
synthesis of TF in these cells [93].
The proinflammatory effects of platelet activation are complex. These effects
originate from the mediators released and expressed upon platelet activation,
including adhesion and complement proteins, growth factors, and cytokines.
Surface expression of P-selectin and CD40 are crucial for the recruitment and
activation of leukocytes and endothelial cells near the thrombus [94]. IL-1
and soluble CD40L shed from platelets are important activators of endothelial
cells [95,96]. Activated endothelial cells alter their phenotype to express
adhesion molecules (ICAM-1, VCAM-1) and release chemotactic mediators
(MCP-1, IL-8) that recruit leukocytes [96,97]. Important mediators of the
direct recruitment of leukocytes to the thrombi are released platelet factor 4
(PF4) and RANTES. PF4, which is an abundant protein in platelet alphagranules, attracts monocytes and promotes their differentiation into
macrophages [98]. The chemokine RANTES also recruits monocytes and
cooperates with P-selectin in keeping them at the activation site [99]. Once
leukocytes are recruited to the activation site, they are prone to form complexes
with activated platelets and platelet microparticles via P-selectin/PSGL-1 and
CD40L/CD40. Circulating aggregates of monocytes/granulocytes and
platelets/platelet microparticles are associated with thrombotic syndromes and
are prone to enhance atherosclerotic plaque formation and graft occlusion
[100].
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3.5 Platelet regulation
The optimal platelet hemostatic response is a full prevention of blood loss,
without vascular occlusion. To prevent occlusion from occurring, multiple
molecules participate in the regulation of platelet thrombus formation.
Endothelial cells offer at least three important regulatory mechanisms:
production of prostacyclin, generation of nitric oxide (NO), and degradation of
ADP (see Fig. 3). The first two are autacoids, released locally upon cell stress
and rapidly inactivated. Degradation of ADP is continuously performed by
CD39, an ecto-NTPDase expressed at the membrane of healthy endothelial
cells [101]. NO and prostacyclin prevent intracellular calcium-mobilization
and subsequent events associated with increased intracellular calcium,
cytoskeleton rearrangement, and granule release [102]. NO is also associated
with attenuation of the TXA2 receptor [103], lowered expression of P-selectin
[104], and attenuated fibrinogen binding via GPIIb/IIIa [105]. CD39 acts
solely on the prothrombotic ADP by preventing ADP-dependent activation in
healthy endothelium (CD39 is further described in section 7.1). Aside from
the depletion of prothrombotic ADP, CD39 contributes to the formation of
adenosine by supplying AMP to CD73. CD73 then degrades AMP into
adenosine, a potent platelet inhibitor [106]; CD73 activity has been shown in
a mouse model to attenuate platelet activation [107].
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Fig. 3. Platelet regulation and activation on healthy and damaged endothelium. Healthy
endothelium expose e.g., heparan sulfate and CD39 that prevent activation of platelets. Once the
vessel wall is damaged, vWF and collagen promote adherence and activation of platelets at the
damaged site. Various stimuli promote a series of events leading to release of granule content,
activation of platelets in the vicinity and formation of a platelet aggregate. Damaged
endothelial cells and recruited monocytes express TF that promotes coagulation.
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4. COAGULATION
4.1 Overview of the coagulation cascade
As the secondary hemostatic system, coagulation acts as a relief to plateletderived primary hemostasis. Like the complement system, the coagulation
pathway is organized in a cascade that involves the formation of enzyme
complexes and cleavage of zymogens to activate new enzymes, some of which
are calcium-dependent. Two different branches exist for coagulation activation:
the TF pathway and the contact activation pathway. They converge in activated
FXa, which forms a common enzyme complex for the activation of thrombin.
Thrombin subsequently forms insoluble fibrin from soluble fibrinogen. As
discussed in section 3.3, coagulation and platelets are intimately connected;
activated platelets and platelet microparticles provide a surface for the assembly
of coagulation enzyme complexes. Platelets also recruit TF to the thrombotic
site as well as promote a negatively charged surface that can initiate contact
activation.

4.2 The tissue factor pathway
The major physiologic initiator of coagulation is TF. Monocytes and
endothelial cells both show inducible expression of TF [93,108]. When
stimulated by proinflammatory mediators, TF is expressed at the cell surfaces
of endothelial cells and monocytes, as well as on monocyte- and plateletderived microparticles [109,110]. TF is also constitutively expressed in the
vascular adventitia and in extravascular tissue [111]. FVII binds membranebound TF, which facilitates the activation and formation of the extrinsic
tenase complex TF-FVIIa. TF-FVIIa cleaves FIX and FX to its
representative active forms (FIXa and FXa).
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4.3 Contact activation
Contact activation is initiated by the adsorption and autoactivation of FXII on
negatively charged surfaces, e.g., upon contact with an anionic artificial
material. Even when negatively charged surfaces are also physiologically
present in the bloodstream, the relevance of contact activation in vivo is still
rather indefinite. However, anionic macromolecules such as collagen [112]
and RNA [113] are thought to be involved, and endothelial cells [114] and
activated platelets have been shown to initiate contact activation. Platelets can
initiate activation both by offering a negatively charged outer leaflet [115] and
by releasing dense granule polyphosphate, which is prone to activate FXII
[116]. Activation of FXIIa leads to a stepwise activation of FXI and FIX and
the formation of the intrinsic tenase complex FIXa-FVIIIa, which cleaves FX
into FXa. FXIIa can also convert prekallikrein into kallikrein. Kallikrein
contributes to the inflammatory response by generating the proinflammatory
peptide bradykinin by cleaving high molecular weight kininogen [117].
Once FXa is formed, it initiates the common pathway by assembling the
prothrombinase complex with FVa. Prothrombin is cleaved to form thrombin,
which cleaves fibrinogen to generate fibrin. Thrombin also activates the
transglutaminase FXIII into FXIIIa, which stabilizes the clot by crosslinking
the fibrin network.

4.4 Coagulation control
The contact/coagulation cascade is assembled by serine proteases and hence
derives its major regulation from the serine protease inhibitors (serpins):
antithrombin (AT), heparin cofactor II, protein C, and C1INH, all of which
represent important coagulation inhibitors [118]. They all act at multiple
points in the cascade, although the level of thrombin and thrombin activation
(FXa) is of major importance because of thrombin’s role as a key molecule in
the cascade. AT is a major anticoagulant and acts by forming a complex with
the target molecules (e.g., thrombin and FXa), thereby blocking their active
sites. The rate of inhibition by AT and other serpins is influenced by heparin
and heparan sulfate (HS) [118,119]. Heparin binds both AT and serine
protease and facilitates their interaction. Heparin accelerates AT’s interaction
by 1000-fold for thrombin and 10,000-fold for FXa [118]. The level of
thrombin-antithrombin (TAT) complexes formed is a representative marker for
the propagation of coagulation [120]. Interestingly, the regulation of the
contact activation serine proteases (FXIIa, FXIa, kallikrein) differs according
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to the initiating agent. Contact activation as a result of platelet activation or
contact with a material surface is regulated by AT and C1INH, respectively
[121]. TF pathway inhibitor is an early regulator of the extrinsic pathway and
acts by inhibiting the extrinsic pathway tenase complex (TF-FVIIa) [122].
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5. PLATELET AND
COMPLEMENT INTERACTIONS
Both platelets and the complement cascade are constantly present to guard
against the stress that prompts hemostasis. Following rapid activation, they
affect the local milieu and also influence each other. Vascular damage caused
by external trauma accompanied by a septic condition leads to synchronized
activation of the thrombotic and complement systems. However, aseptic
trauma associated with thrombotic events is also, to some greater or lesser
extent, accompanied by complement activation. Ischemia-reperfusion injury
has been shown to activate complement in a variety of tissues [123], and all
three complement pathways have been suggested to be involved
[124,125,126]. Much of this work has been carried out in thrombotic heart
tissue in the course of studying complement activation resulting from
myocardial infarction [127,128,129].
Thrombotic events are also a consequence of disturbances of complement
control. Atypical-familial hemolytic uremic syndrome (aHUS) and paroxysmal
nocturnal hemoglobinuria (PNH), both of which are associated with
deficiencies in complement regulation, show a clinical picture of
thrombocytopenia [130,131] and platelet hyper-reactivity [132,133]. aHUS
patients with mutations in factor H showed complement activation on
platelets that can be abrogated by the addition of normal factor H [134]. The
multifactorial disease systemic lupus erythematosus (SLE), which exhibits a
clinical picture involving disturbances in complement function [37,135], is
reported to feature thrombocytopenia as a correlate of a higher severity of
disease [136,137].
The molecular details of the interactions between the complement and platelet
systems are still unclear today and are therefore the subject of this thesis.
These interactions are, however, rather difficult to evaluate, not least because
of the need to use more or less purified systems, anticoagulants, and
inhibitors. The phenotype of the activated platelets is also dependent on the
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concentration/strength of the agonist used, as well as on the intrinsic variation
between platelets [138].
Complement activation elicited via both the AP and the CP has been
postulated to occur at the surface of activated platelets. In 2005, del Conde et
al. showed deposition of C3 and C5b-9 as a consequence of platelet activation
by ADP, thrombin receptor-activating peptide (TRAP), or shear stress [139].
They proposed a mechanism whereby P-selectin acts as an acceptor molecule
for the binding of C3b and the assembly of the alternative pathway convertase.
Following this study, Peerschke et al. reported CP activation with C4d
deposition at the surface of activated platelets [140]. Binding of C4d to
platelets was demonstrated on platelets in suspension as well as on
immobilized platelets that had been induced in response to TRAP, or to
TRAP or shear stress, respectively. Initiation of complement activation was
proposed to occur by the binding of C1q via its globular C1q head to the
receptor gC1qR/p33. The gC1qR/p33 C1q receptor shows weak expression in
resting platelets, but its expression is induced after stimulation with various
agonists [141,142]. Complement activation was also found on platelet
microparticles [143]. In 1978, Polley et al. showed a complement-dependent
deposition of C3 on platelets, in the absence of C2 and in heat-inactivated
serum. These authors proposed a mechanism for thrombin-dependent C3
convertase formation at the platelet surface [144]. Thrombin has recently been
shown to cleave C3 and C5 in a purified system [145] and has been suggested
to cleave C5 in a C3-/- knockout mouse model [146], but if these findings are
relevant in the in vivo human situation, it has yet to be established. Complement activation on the surface of activated platelets is, however, counteracted
by a number of expressed and recruited complement regulators: DAF [147],
MCP [148], and CD59 [149] are all expressed at the platelet membrane;
C1INH [150] and factor H [151] are stored in platelet alpha-granules and
released and expressed on the platelet surface after activation; clusterin is
abundantly transcribed in platelets and expressed at the surface [152].
Platelet activation has been shown to occur subsequent to the binding of
complement proteins and activation fragments. Sims and coauthors have
thoroughly investigated the effects of the insertion of C5b-9 into the platelet
membrane. They found that sublytic levels of C5b-9 induce platelet activation,
with release of stored granules [153] and shedding of microparticles [154].
This induction, however, was counteracted by the presence of CD59 on the
platelet surface [155]. Also, direct binding of C1q multimers to specific C1q
receptors induces platelet activation [156]. Polley et al. in 1983 demonstrated
platelet responsiveness to C3a and C3-des-Arg [157]. High concentrations
were able to directly cause platelet activation, whereas lower concentrations
decreased the activation threshold needed for ADP-dependent platelet
activation.
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6. PROTEOGLYCANS AND
GLYCOSAMINOGLYCANS
6.1 Overview of proteoglycans and
glycosaminoglycans
Proteoglycans are formed from one or several GAG units covalently connected
to a common protein core (see Fig. 4). Generally, the GAG chains tend to
dominate the specific features of the proteoglycans, but the protein core can
influence binding by directly interacting with ligands or by tethering the GAG
chains in a specific organization that promotes high-avidity binding [158].
Proteoglycans have since long been known as an important structural unit in
the extracellular matrix and for the role of heparin as an anticoagulant, but in
addition they have been progressively implicated in other physiologic
[159,160] and pathologic situations [161]. Proteoglycans are crucial for
normal hemostasis and inflammatory modulation [162]. Intriguingly,
platelets and all leukocytes show the presence of some type of intracellular
GAG [163].
The common GAG backbone is a linear carbohydrate chain of multiple
repeating disaccharide units consisting of an amino sugar (Nacetylglucosamine or N-acetylgalactosamine) and a glucuronic acid or
galactose. By combining and modifying the disaccharide building blocks in
distinct ways, four families of GAGs are assembled: chondroitin/dermatan
sulfate (DS), HS/heparin, keratan sulfate, and hyaluran. The last two are of
lower significance in this thesis and will not be considered in the following
text. Important modifications of CS/DS and HS/heparin chains include
sulfation, deacetylation, and epimerization, which create a large diversity of
different GAGs. Carboxylic acids, and in particular sulfate groups, supply
negative charges that are important for molecular interactions [164]. Not only
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is the overall negative charge important, but the specific pattern of sulfate
groups is also important for recognition and function [64].
The Golgi apparatus is the main site of GAG synthesis. CS/DS and
HS/heparin share the same biosynthetic pathway. A tetrasaccharide linker
region is first attached to serine residues on the protein core via sequential
addition of monosaccharides, followed by stepwise addition of Nacetylgalactosamine/N-acetylglucosamine and glucuronic acid units to the
growing chain [165]. Finally, the GAG chain is modified at specific
locations by reactions that include O-sulfation (all), N-sulfation (HS/heparin),
epimerization (DS, HS/heparin) and deacetylation (HS/heparin) [165]. Of
these four GAGs, CS has the lowest degree of sulfation, followed by DS,
HS, and heparin. Heparin is highly sulfated throughout the chain, whereas
HS is highly sulfated in discrete blocks [166] (see Fig. 4).
CS is composed of repeating units of N-acetylgalactosamine and glucuronic
acid. The disaccharide units in CS are most often monosulfated at carbon 4
(CS-A) or 6 (CS-C) of the N-acetylgalactosamine unit, but they also exist in
non- di- or tri-sulfated forms [167]. DS has similarities to CS and was
formerly referred to as CS-B, but it differs from CS in its frequent
epimerization of the glucuronic acid to iduronic acid [168]. This
epimerization increases its molecular flexibility and promotes ligand
interactions [169].
All the GAGs except heparin are found in the bloodstream. Heparin, which is
an effective anticoagulant that potentiates AT, is exclusively found in
connective tissue mast cells [163]. HS proteoglycan is abundantly present at
healthy vascular endothelial surface but can be shed upon stress [170]. By
interacting with various ligands such as cytokines, complement proteins, and
adhesion molecules, it modulates vascular homeostasis (e.g., inflammatory
events at the endothelium) [162]. A minor fraction of the endothelial HS
carries the AT potentiating sequence and is thought to be sufficient to
maintain blood fluidity [171].
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6.2 Serglycin
DS, and particularly CS, make up the major pool of intracellular GAGs in
hematopoietic cells [163]. Many of the GAGs are found in secretory granules,
the vast majority connected to a protein core rich in serine and glycine residues
that form the proteoglycan serglycin [172]. Serglycin in secretory granules has
mainly been implicated in promoting efficient storage of various granule
components destined for regulated secretion. It may also be important for
facilitating the delivery/presentation of the secreted compounds [172].
Serglycin has been implicated in immune regulation; serglycin (core protein)
expression has been shown to be highly upregulated in a canine model after
bacterial infection [173]. A serglycin knockout mouse model has shown a
reduced capacity to combat Klebsiella pneumoniae infection [174] as well as
delayed neutrophil infiltration during Toxoplasma gondii infection [175].
These reports implicating serglycin in promoting the innate immune response
are, however, not in line with other studies that show classical pathway
complement inhibition by serglycin (CS-A) in cancer B-cell lines [28,176].
The proteoglycan in platelets is a serglycin [177,178,179] carrying a fully
sulfated CS-A as the GAG chain [180]. Serglycin is stored in the platelet
alpha-granules and, once activated, is rapidly released into the fluid phase as
well as exposed on the surface of platelets [181,182,183]. CS is also present
in low concentrations in blood plasma, but unlike platelet CS-A is
predominately unsulfated [184]. Along with serglycin in other blood cells, the
platelet variant has been shown to promote the storage of granule components.
PF4 has shown to be released from activated platelets in complex with
serglycin [178]. Woulfe et al. recently shed light on the function of serglycin
in mouse platelets [179]. In a serglycin-/- knockout mouse model, they found
platelets with altered morphology and reduced levels of granule components:
PF4, β-thromboglobulin, and platelet-derived growth factor. The platelets
also had defective granule secretion and aggregation, and the in vivo phenotype
showed reduced thrombus formation.
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Fig. 4. Hypothetical serglycin carrying different GAG chains. All GAGs are connected to a serine
residue in the protein core via a common tetrasaccaride linker of xylose-galactose-galactoseglucoronic acid. The different GAG chains shown here represent three types of chondroitin sulfate
(A, C and E), dermatan sulfate, heparan sulfate and heparin. The major part of heparan sulfate
and heparin is composed of the “major units” disaccharides, but they can carry any degree of
modifications represented in the “minor units” disaccharides.
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7. ADP AND APYRASES
7.1 ADP in platelet activation
Two phosphate groups are what set ADP apart from adenosine,
distinguishing a platelet activator from an inhibitor. Degradation of ADP via
adenosine occurs continuously in healthy vascular endothelium and is
mediated by CD39 and CD73 lining the endothelial surface [185,186]. ADP,
as well as ATP is degraded by CD39 into AMP, which is subsequently
degraded to the platelet inhibitor adenosine by the action of CD73. When
platelets are activated, ADP and ATP are released from platelet-dense granules
and act as paracrine activators of platelets in the vicinity, a function that is
essential for the recruitment and aggregation of platelets. Two ADP receptors
and one ATP receptor are present at the platelet surface: P2Y 1, P2Y 12, and
P2X1. The first two bind ADP and are responsible for early and late
aggregation, whereas the last binds ATP and mediates the change in platelet
shape [187,188]. ADP is crucial for efficient platelet aggregation and is an
obvious therapeutic target for platelet inhibition [189]. Ticlopidine and
clopidogrel are pharmacologic inhibitors that irreversibly block P2Y 12
receptors. Both inhibitors have proved beneficial in patients undergone
coronary stent insertion and those with a history of arterial thromboembolic
disease [190,191]. However, blockade of the platelet ADP receptors
incapacitates the circulating platelets, and treatment is associated with an
increased risk of bleeding [192].
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7.2 Apyrases
Ecto-apyrases, or apyrases, are enzymes that share the same catalytic
mechanism for degrading triphospho- and diphosphonucleosides to their
equivalent monophosphonucleosides, and the term most often refers to
ATPases and ADPases. Related apyrases are found in a variety of eukaryotic
organisms [193]. They have homologous regions that have been conserved
throughout evolution, particularly the regions related to the catalytic
mechanism [194]. The use of apyrases as antiplatelet agents is an intriguing
approach; these agents target the activating agents ATP and ADP and do not
interfere with the platelets per se. Apart from endothelium-expressed CD39,
ADP-dependent platelet activation is also targeted by several soluble apyrases
expressed in the mouthparts of hematophagous arthropods. By excreting
apyrases, bloodsucking arthropods can feed on their hosts’ blood without
having blood-clotting problems. The ADP depletion is postulated to be an
essential factor in host-parasite interplay [195]. Both the CD39 and arthropod
variants of apyrase have been expressed in recombinant form as soluble
enzymes and successfully used as platelet inhibitors in various settings
[196,197,198,199]. Extensive work has also been done to overexpress CD39
in organs for (xeno-)transplantation. Platelet activation as a result of the
shedding of endothelial surface CD39 in response to ischemia-reperfusion
stress is a factor impairing the outcome of transplanted organ [200,201].
Transgenic overexpression of CD39 has been shown to reduce damage after
ischemia-reperfusion stress [202,203], as well as to improve the outcome of
transplanted organ [204,205,206].

37

8. BLOOD-MATERIAL
INTERACTIONS
8.1 Biomaterial definition
The only true hemocompatible surface is the healthy endothelium; every other
surface will to some extent exert stress that affects the various blood
constituents. This problem is highlighted in clinical situations that
encompass treatments involving biomaterials. “Biomaterial” is a rather broad
concept and has recently been defined as follows:
“A biomaterial is a substance that has been engineered to take a form
which, alone or as part of a complex system, is used to direct, by control of
interactions with components of living systems, the course of any
therapeutic or diagnostic procedure, in human or veterinary medicine”
[207].
The ability of a biomaterial to work together with living systems and blood is
referred to as biocompatibility.

8.2 Biomaterials for blood-contact applications
The biomaterials field is a growing industry, and the need of devices is
increasing along with our aging population, and improvements in clinical
replacement therapy. Frequently used biomaterials in contact with blood
include vascular stents and hemodialyzers [208]. A stent is an expandable tube
made up of metal mesh that is inserted into an artery to hold the lumen free
after reopening an occluded vessel. Complications after insertion of a bare
metal stent are associated with thrombosis in the short term and restenosis in
the long term [209]. Thrombosis occurring in response to stent insertion is
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counteracted by the obligatory administration of antiplatelet drugs.
Hemodialysis refers to the extracorporeal removal of waste products in patients
suffering from renal failure. Anticoagulant is administered, and blood is led
into an extracorporeal circuit that includes the dialyzer, a semi-permeable
membrane permitting low molecular weight molecules to leave the blood.
Hemodialysis is associated with chronic inflammation and high
morbidity/mortality risk from progressive atherosclerotic cardiovascular disease
[210,211]. These two devices represent different types of blood-material
interactions, the stent being an implantable metal device that exposes only a
small surface, and the hemodialyzer exposing the blood to a very large polymer
surface a large number of times.

8.3 Initial exposure and activation of cascade
systems
When a material comes in contact with the blood, plasma proteins rapidly
adsorb to the solid surface [212]. The details of how this plasma protein
adsorption occurs have not yet been clarified [213]. The composition of the
protein layer is prone to change over a period of time, with generally smaller,
highly abundant proteins being displaced by larger, higher-affinity proteins;
this effect is referred to as the Vroman effect [214]. The nature of the
adsorbed proteins, as well as the conformation of the proteins after the
interaction is determined by the surface characteristics of the material (e.g., their
charge, hydrophobicity, and porosity) [215,216]. The nature and
conformational changes in the adsorbed proteins will in turn largely influence
the biological effect and are a driving force for the activation of the various
activation systems, such as the complement cascade [217]. The degree of
complement activation is also influenced by the relative amounts of recruited
activators and regulators. Direct binding of C3 [218] and IgG/IgM [219] to
material surfaces has been shown to evoke complement activation, whereas
interfering binding by inert proteins and regulators limits activation [215].
Thrombin is generated on various surfaces such as metals and glass and
triggers contact activation via the autoactivation of FXII [220,221]. Contact
activation is traditionally thought to occur only on anionic surfaces but has
recently been shown to occur on hydrophobic surfaces as well; therefore, it
may have an effect on a broader range of materials than traditionally thought
[222,223]. Adsorbed fibrinogen has been shown to recruit and activate
platelets by binding platelet GPIIb/IIIa receptors [224]. The degree of
adsorption-induced unfolding of the fibrinogen structure is a strong
determinant of platelet binding, with the extent of platelet binding being
directly correlated with the degree of denaturation of adsorbed fibrinogen
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[225]. A similar pattern was recently shown for human serum albumin
(HSA), in which platelets did not bind to either native or moderately changed
HSA, but denaturation induced a certain degree of platelet binding that was
intensified along with the degree of HSA denaturation [226]. Altogether,
these data highlight the importance of surfaces interacting with abundant
plasma proteins (e.g., albumin, IgG, fibrinogen, C3) in the proper
conformation to augment hemocompatibility.

8.4 Cell activation
The first phase of protein adsorption/triggering of clotting and complement
activation is followed by an amplification of the response and crosstalk
between the various cascades as well as the involvement of a variety of cells, as
discussed in previous sections. One important feature of hemodialysis has
been shown to be complement-dependent coagulopathy. Complement has
shown activated in extracorporeal circuits, where it induces the expression of
TF on monocytes and neutrophils via C5a. TF expression fuels the generation
of thrombin and clotting progression [227].

8.5 Modification strategies
Different approaches have been applied to decrease the reactivity of blood
against material surfaces: altering the design of the materials (their
composition, structure), coating strategies, and attachment/targeting of
specific molecules.

8.5.1 Material design
Producing materials with specific nanostructures is a promising approach in
regenerative medicine [228] and may also have a specific impact on materials
that are in permanent contact with blood. The material pore size has been
shown to influence the pattern of proteins that bind as well as the ability to
activate the complement cascade [215,229]. A limited pore size may sterically
decrease the area accessible for assembly of the complement convertases [217].
As compared to hydrophilic surfaces, hydrophobic surfaces generally show
greater protein binding capacities and are, importantly, also prone to induce
more prominent conformational changes [230]. Therefore, strategies have been
focused on increasing the hydrophilicity of biomaterials. Introducing
hydrophilic polymer networks that penetrate the hydrophobic polymer, or
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simply coating surfaces with hydrophilic polymers, reduces the hydrophobic
material interface with the blood [231]. Coatings with hydrophilic
polyethylene glycol (PEG) have been tested on biomaterial surfaces. PEG
provides the material with a surface that exhibits low protein adsorption and
low platelet activation [232]; however, PEG surfaces are still prone to activate
the complement cascade [233].

8.5.2 Heparin coating
Another coating strategy is the attachment of heparin. Unlike PEG, which is
protein-repellant, heparin is believed to specifically recruit inhibitory
molecules to the surface. Immobilized heparin, which resembles endothelial
surface HS, has been shown to control both coagulation/platelet activation and
the complement cascade when coated on biomaterials [234,235]. Much of the
coagulation inhibition is certainly due to the potentiating effect of the AT
upon heparin binding, and to the complement-regulatory effect of the binding
of factor H and perhaps other complement regulators [234,236]. The overall
binding pattern and conformation of plasma proteins after recruitment to the
heparin surface may also explain the high blood compatibility of heparin
[233]. Heparin-coated biomaterials are routinely used in the clinic.
Cardiopulmonary bypass circuits carrying heparin coatings are associated with
a reduced inflammatory response and an overall improved clinical outcome
during extracorporeal circulation [237,238]. Also, implanted heparin-coated
vascular grafts have recently been shown to significantly increase graft patency
when compared to uncoated grafts [239].

8.5.3 Autoregulation
A more specifically targeted approach for increasing hemocompatibility is that
of directly immobilizing regulatory molecules or specifically targeting them to
the biomaterial surface. Factor H and C4BP are, as important complement
regulators, interesting targets. Factor H direct immobilized onto a surface has
been shown to reduce surface-dependent complement activation [240,241], as
has also been shown for DAF [242]. Direct immobilization of purified
proteins is, however, a rather expensive method and is associated with
contagion risk. Engberg et al. and Wu et al. have recently presented a further
development of this approach [243,244]. By using synthetic peptides with an
affinity for C4BP and factor H, respectively, they have succeeded in recruiting
these regulators from plasma in the fluid phase onto the material surface, with
a resulting attenuation in CP and AP complement activation. This approach
may be more applicable because it involves shorter synthetic peptides and is
therefore less expensive in terms of preparation and can withstand sterilization.
Various microorganisms utilize this approach of recruiting complement
regulators to their surface to evade complement attack [245].
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9. CELL THERAPY
9.1 Cell therapy and instant-blood-mediated
inflammatory reactions
Clinical cell therapies have emerged as a treatment of various conditions, such
as the transplantation of islets of Langerhans for the treatment of diabetes type
I and of hepatocytes for the treatment of hepatic insufficiency. By analogy with
the blood-biomaterial contact discussed in the previous section, cell-therapy
treatment is prone to evoke similar activation signals in response to blood
contact. The administration route for islet transplantation is to infuse islets
into the circulation. The rate of islet survival is largely determined by the
events taking place in the bloodstream from the time of infusion until the
islets have reached their destination in the liver [246]. Islets are not intended
to be in contact with blood, and they elicit reactions referred to as instantblood-mediated inflammatory reactions (IBMIR). These reactions are mainly
a result of initial complement and coagulation activation [247], since islets
lack some of the regulatory molecules that hematological cells carry [248].
Preformed natural antibodies can bind islets in the bloodstream, triggering
complement activation via the binding of C1q [249]. The complement
response is followed by islet-cell stress and an expression of TF that initiates
a clotting reaction [250]. These initial mechanisms are then amplified to
involve platelets and inflammatory leukocytes, which may contribute to
inflammation, thrombotic reactions, and sequestration of transplanted cells
[251]. The IBMIR has also been seen when porcine islet are transplanted to
primates in vivo [252]. In this xenogenic setting, IgM and IgG immediately
bind to the xenogenic islets, with subsequent complement activation.
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9.2 Strategies to increase cell transplant survival
Some of the strategies that have been used to increase the blood compatibility
of biomaterials have also been employed at cell surfaces. PEG has been
directly introduced into the membrane of cells or polymerized as a thin capsule
surrounding the cells. The latter approach protects the system from both
humoral and cellular immunity, but the cells suffer from an insufficient
diffusion of nutrients and oxygen [251]. Heparin coatings, which have shown
to not interfere with islet function or the release of insulin, have shown
promising results in attenuating complement as well as the clotting reactions
when exposed to blood in vitro [253,254].
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10. AIMS AND OBJECTIVES
The overall aim of this thesis has been to explore the intersecting activation
and crosstalk between platelets and the complement cascade under conditions
of stress. The first aim had a basic research purpose: to study the effects of
platelet activation on the complement cascade, with specific emphasis on CSA. The second aim was an applied aim: to increase the biocompatibility of
model biomaterial surfaces by specifically targeting platelet and complement
activation.

The specific objectives of:
Paper I were to study the response of complement to blood clotting, platelet
activation, and the release of CS-A, and to pinpoint the mechanism by which
CS-A activates complement.
Paper II were to characterize the binding pattern of complement proteins to the
surface of activated platelets, and to determine whether this binding is a result
of complement activation at the surface.
Paper III were to identify plasma proteins that interact with CS-A, and to
characterize the contribution of CS-A to the binding of identified complement
proteins to the platelet surface.
Paper IV were to increase the biocompatibility of a model biomaterial via the
immobilization of a functional apyrase targeting ADP-dependent platelet
activation.
Paper V were to simultaneously target ADP-dependent platelet activation and
the alternative pathway on the surface of a model biomaterial and cells, thereby
increasing their overall biocompatibility.
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11. METHODOLOGICAL
CONSIDERATIONS
The goal of this section is to justify and briefly describe the reagents, central
methodology, and techniques employed in the thesis. A more detailed
description of the materials and methods used is presented in each original
paper (I-V).

11.1 Reagents
11.1.1 Blood sampling
Nearly all of the work in this thesis is based on the use of human whole
blood or blood products: whole blood/plasma/serum, or purified components
of cells and proteins. Blood was collected by venous puncture of the forearm
vein. Blood donors were healthy volunteers who had not received any
medication for the last 10 days. The aim was to use as unprocessed blood as
possible: whole blood rather than plasma, plasma rather than serum, and
serum rather than purified components. However, to allow certain
experimental setups and facilitate interpretation of data, processing of blood
was necessary. To prevent blood coagulation, sampling of blood was done in
the presence of EDTA, lepirudin, or heparin. For particular experiments,
blood was collected without soluble anticoagulants, using blood-sampling
equipment with a Corline heparin surface [255]. The particular
anticoagulant used was selected to minimize interference with the blood
compartment to be studied: The divalent cation chelator EDTA was selected
for the study of inactivated cascade systems. The thrombin inhibitor lepirudin
was used for the study of complement function and platelets because it does
not interfere with the complement cascade [256] or with platelets per se, but
only thrombin [257]. Soluble heparin, which can interact with both the
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complement and coagulation cascades in addition to cells, was used in low
concentration when the purpose was to study the coagulation cascade alone or
coagulation together with complement/platelets.

11.1.2 Platelet preparation and activation
All five papers involved platelets in some form. Platelets were studied in
whole blood, in platelet-rich plasma (PRP), and as purified, washed cells.
Platelets were isolated from whole blood by centrifugation of PRP. Washing
and dilution was carried out in Tyrode’s buffer with bovine serum albumin,
prostaglandin E1 and heparin, or lepirudin in the washing steps to keep the
platelets from being activated. Specific activation of platelets via PAR-1 was
performed with the thrombin receptor agonist TRAP-6 in the presence of
lepirudin. Platelet activation was verified by the expression of P-selectin.

11.1.3 Complement control
Inhibition of the complement system was employed at certain stages in the
cascade to identify mechanisms of complement activation and surveillance
responses dependent on an active cascade. C1q-depleted serum with
subsequent C1q reconstitution was used in paper I to ascertain activation via
the classical pathway. Anti-C1q-85 is an antibody that specifically blocks the
globular heads of C1q [258] and was used in paper II for evaluating C1q
recruitment to CS-A. Compstatin (Ac-ICV(1-MeW)QDWGAHRCT-NH 2),
employed in papers I and II, inhibits complement activation at the level of
C3, binds C3, and prevents its cleavage into C3b and C3a [259]. C5aR
antagonist (C5aRA) was used in paper I to block granulocyte/monocyte
activation via the C5aR [260]. EDTA was employed to stop the activation
after incubations. EGTA, which preferentially binds calcium, was used
together with Mg2+ to displace the equilibrium of the complement activation
toward the AP, which is calcium-independent (in contrast to the CP and LP,
which are not) [261].

11.1.4 Other reagents
Chondroitin sulfate-A (CS-A), used in papers I-III, was from bovine trachea,
from a batch containing 77 % CS-A and the rest CS-C. To evaluate the effect
of CS, a CS-degrading enzyme (chondroitinase ABC) was employed in paper
I, and specific antibodies (CS-56 and 2H6) recognizing different epitopes of
CS-A [262] were used in paper III. Apyrase in paper IV-V was obtained from
potato and had an activity of ≥200 U/mg, with a low ATPase/ADPase activity
ratio.
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11.2 Central methodology and techniques
11.2.1 Quantification of activation markers and protein binding
Established enzyme-linked immunosorbent assays (ELISAs) were the main
methods used to quantitatively estimate fluid-phase activation markers. C3a,
C5a, and sC5b-9 in the fluid phase and C3 fragments on surfaces were used
as markers for complement activation. A hemolytic assay of the AP of
complement was also used in paper V. Erythrocyte lysis was calculated as
y/(1-y), where y is the percentage lysed [263]. TAT-complexes were analyzed
as a marker for coagulation, and complexes between AT/C1INH and
FXIa/FXIIa were measured to detect contact activation. Flow cytometry was
the corresponding method for measuring activation and direct protein binding
to cells. Expression of CD11b was employed as an activation marker of
granulocytes and monocytes. Specific antibodies were employed in flow
cytometry to detect direct protein binding to platelets.

11.2.2 Immobilization of biomolecules
All five papers involved some type of biomolecule immobilization onto
surfaces: CS-A was immobilized in paper I-III, apyrase in papers IV and V,
and a factor H binding peptide (5C6) in paper V. CS-A possesses two
possible sites for immobilization, carboxylic acids in the repetitive
disaccharide units and the primary amine in the protein core. The first was
employed in paper I and the second in papers II and III. Conjugation via the
carboxylic acid may interfere with CS-A-protein interactions, as has been
shown for heparin [264], whereas utilizing the primary amine ensures a onesite attachment and a presentation closer to the native presentation.
Immobilization involved both direct covalent attachment and conjugation of a
biotin and subsequent binding to streptavidin/avidin. Apyrase was
immobilized to surfaces in paper IV by biotinylation of primary amines in the
protein and attachment to an avidin layer on polystyrene surfaces. Initial
experiments in paper V utilized biotin-avidin chemistry for conjugation of
biotinylated peptides to polystyrene surfaces. To avoid the use of avidin,
peptides and apyrase in paper V were conjugated onto glass surfaces and cell
membranes through a PEG-lipid anchor. Peptides synthesized with a terminal
cysteine and apyrase chemically modified with thiol groups were utilized for
conjugation to a maleimide group of the PEG chain. The conjugate was
connected to the glass surfaces, which had been modified with amino groups,
or anchored in the cell membranes via the PEG-conjugated phospholipid.
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11.2.3 Biomaterial testing
Biocompatibility testing of material surfaces in papers IV and V was done
either in wells of microtiter plates or in the slide chamber model [265]. In the
case of microtiter plates, the wells were directly covered with the molecules to
be tested, and a small volume of blood/plasma (100 µL/well) was incubated
in the wells. The slide chamber model permitted the testing of a larger blood
volume (1.3-1.45 mL/well). This device consisted of two cylinders fixed onto
a microscope slide on one end, with the test surface acting as a lid on the
other end. The test surface could be uncoated or carrying molecules/cells to
test. The device was vertically rotated in a water bath at 37 °C. The chamber
surface, as well as all other material surfaces intended to come in contact with
blood, were coated with the Corline heparin surface to reduce background
activation.

11.2.4 Affinity chromatography and protein identification
A CS-A affinity column was used to find plasma proteins with affinity for
CS-A. Both normal serum and serum depleted of C1q were applied to the
column. Washing was done in reduced-salt PBS in accordance with previously
reported recommendations [63]. For the identification of abundant proteins,
the eluate was applied to SDS-PAGE for separation and in-gel digestion.
After in-gel digestion, visible proteins were ionized with matrix-assisted laser
desorption ionization (MALDI) or electrospray ionization (ESI) and detected
in MS/MS mode.

11.2.5 Surface plasmon resonance
Interaction analysis of CS-A and complement proteins was carried out in real
time on a Biacore X biosensor, which uses the principle of surface plasmon
resonance (SPR). This method enables the study of binding kinetics between
two unlabeled biomolecules in real time, in this case CS-A immobilized onto
a surface and purified complement proteins in the fluid phase. The physical
principle of SPR is rather complex; in a simplified view, the instrument
utilizes an optical device to detect changes in refractive index in close
proximity to a sensor surface. The biomolecule of interest is passed over the
sensor surface with microfluidics. Changes in the refractive index occur when
protein in the fluid phase interacts with ligands immobilized onto the surface.
The detected response is direct proportional to the mass of the protein
molecules [266]. Binding kinetics were analyzed with ClampXP software
[267] and fitted to a “surface heterogeneity model”, a model describing
different forms of immobilized ligand that are able to interact with the analyte
with separate rate constants. This model best represented the multivalent
binding of the analyzed proteins to CS-A and corresponded to a certain
heterogeneity of immobilized CS-A, with multiple sites for interaction and
possibly featuring rebinding phenomena.
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12. RESULTS
Inflammation and thrombosis in the blood compartment are not isolated
events, but are intertwined processes involving cells and proteins that have
evolved to act together to maintain blood homeostasis and overall host
integrity. This section presents the findings from three papers (I-III)
illustrating how the complement response is influenced by the activation of
platelets via thrombin receptors. The remaining two papers in this thesis (IVV) deal with analyses of platelet and complement regulation on model
biomaterials and cells, with the goal of increasing their biocompatibility.

12.1 CS-A released from activated platelets triggers
activation of the CP of complement (paper I)
Both in vitro studies and clinical situations have highlighted the increase in
complement activation that occurs as a secondary response to thrombosis. We
found that complement activation was correlated with thrombin generation,
which was elevated in the presence of platelets. The degree of C3a and sC5b-9
formation was similar regardless of whether the activation of platelets was
accomplished by TRAP in PRP or by the addition of supernatant from
activated platelets to PPP, indicating that platelet-dependent complement
activation occurred in the fluid phase. CS-A was hypothesized to modify the
complement response, and soluble CS-A was added to PPP to evoke a dosedependent complement activation, which was found to be abrogated by preincubating CS-A with chondroitinase ABC. A similar scenario regarding
complement activation was seen after the addition of chondroitinase ABC to
the platelet supernatant. Immobilized CS-A was found to specifically bind
C1q and thereby trigger complement activation. CS-A-dependent activation of
complement was pinpointed to the classical pathway. Activation was found to
be absent in C1q-depleted serum but was fully restored by the addition of
purified C1q. Activation was also absent in the presence of Mg 2+/EGTA.
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Finally, TRAP-mediated activation of platelets in whole blood was shown to
cause up-regulation of CD11b on granulocytes and monocytes, as well as to
increase complex formation between platelets and granulocytes/monocytes.
Adding compstatin and/or C5aR attenuated these effects.
Altogether, these results showed that thrombin activation of platelets causes
fluid-phase activation of the complement system that is dependent on the
release of CS-A and activation of C1q. Given this background, the focus in
paper II shifted to complement activity on the surface of activated platelets.

12.2 Binding of C3 to activated platelets occurs
independently of complement activation (paper II)
There is a lack of consistency in the existing literature regarding complement
activation at the surface of activated platelets. The platelet surface is decorated
with abundant complement regulators, but complement activation has still
been reported recently at the platelet surface.
Binding of C1q, C3, C4, and C9 was significantly increased to the platelet
surface after TRAP-mediated activation of platelets in PRP and whole blood.
Purified C1q and C3 showed a similar degree of binding to washed platelets
and to PRP and whole blood, indicating direct interaction with the platelet
surface without support from other fluid-phase plasma proteins. Binding of
C3, as well as C1q, C4, and C9, in PRP was independent of an active
complement cascade, since the binding was unaffected by the presence of
complement-inhibitory EDTA or Mg2+/EGTA. No C3 was covalently
attached to the platelet surface, but it could be eluted from the surface with
Tween. Characterization of platelet C3 using specific antibodies in flow
cytometry and western blotting led to the identification of C3H2O and the
factor I-cleaved form iC3H2O as the forms of C3 present on activated platelets.
C3H2O is an activated form of C3 and, like C3b, is able to bind complement
receptors. Soluble CR1 was indeed able to bind washed, activated platelets (as
detected by flow cytometry), but only when co-incubated with purified C3.
Conclusively, this paper demonstrated the binding of early to late complement
components without complement activation. C3 was bound in the form of
nonproteolytically activated C3H2O, a conformation that was able to bind sCR1
and possibly act to link platelets to CR-bearing leukocytes.
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12.3 CS-A links C1q, C4BP, and factor H to the
platelet surface (paper III)
In paper II, complement activation was found to be absent at the platelet
surface, presumably because of the presence of complement regulators. CS-A,
which is present on activated platelets, has previously been shown to interact
with complement regulators and might also do so on activated platelets.
Passing serum through a column with Sepharose-immobilized CS-A led to
the identification of C1q, thrombospondin, plasminogen, TAT, and HSA as
CS-A-interacting proteins. Depleting C1q from the serum led to the specific
recruitment of fibronectin as well, and in general, to overall higher-quantity
binding profiles of other interacting proteins. Special emphasis was placed on
complement regulators: C4BP, factor H, and C1INH were all shown by
western blotting to be present in the affinity column eluate, although in lower
abundance than the previously mentioned proteins. Binding of factor H was to
a large degree competed out by C1q in serum, whereas C1INH binding was
instead associated with the presence of C1q. SPR analysis confirmed that
C1q, C4BP, and factor H all specifically interacted with CS-A, whereas
C1INH did not. All four regulators were also shown to bind platelets after
TRAP-mediated activation, and all except C1INH also bound activated
platelets in the purified system. Blocking platelet-exposed CS-A with a
specific antibody reduced the binding of C4BP in particular, but also
inhibited that of factor H and C1q, indicating that CS-A also represents a
ligand responsible for recruiting these complement regulators and C1q to the
platelet surface. Binding of C1q to immobilized CS-A and platelets was
shown to link model ICs to their respective surfaces, possibly implicating
C1q in linking ICs to activated platelets also in in vivo pathologic situations.
CS-A exposed on activated platelets may link soluble complement regulators
to the platelet surface, thereby balancing complement-triggering signals.
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12.4 Apyrase immobilization lowers the
thrombogenecity of a model biomaterial (paper IV)
With the aim of enhancing overall biocompatibility, platelet activation at a
model biomaterial surface was targeted in paper IV.
ATP/ADP-degrading apyrase was immobilized onto a model biomaterial.
Even though the procedure of surface attachment was associated with an
extensive loss of apyrase activity, the immobilized variant was still shown to
be active. When compared to a corresponding HSA surface, the apyraseimmobilized surface showed a reduction in platelet surface adherence in the
presence of PRP pre-stimulated with ADP. The integrity of the apyrase
surface was also damaged, with platelet deposition occurring at the damaged
site; this did not happen with the intact apyrase. When PRP without
anticoagulant was incubated on apyrase and control surfaces (HSA, avidin, and
polystyrene), the apyrase surface provoked a lower level of platelet
consumption and also induced significantly lower levels of coagulation (TAT)
and contact activation markers (FXIa-AT, FXIIa-AT). The levels of the
complement activation fragment C3a were somewhat lower on the apyrase
surfaces than on the protein-coated control surfaces, even though the changes
were not statistically significant. Staining of surface-deposited leukocytes and
platelets on apyrase and control surfaces (HSA, polystyrene, glass) after
whole-blood incubation demonstrated a lower total cellular adhesion on
protein-coated surfaces.
Surface-degradation of ADP by immobilized apyrase was associated with
lower platelet activation as well as lower activation of platelet-dependent
coagulation and contact activation.
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12.5 Enhanced overall hemocompatibility of
materials and cells with 5C6 and apyrase (Paper V)
A reduction (though not statistically significant) in complement activation was
observed after surface immobilization of apyrase. Paper V simultaneously
targeted platelet and complement activation on surfaces and cells.
Attachment of a factor H-binding peptide (5C6) to material surfaces and cells,
unlike that of a scrambled control peptide, was able to specifically recruit
fluid-phase factor H. Binding of factor H was associated with significantly
lowered surface-induced complement activation by the biomaterial or cells.
The surfaces carrying the peptide showed lower levels of fluid-phase markers,
and the introduction of the peptide onto the membrane of erythrocytes lowered
the level of hemolysis in an AP of complement hemolytic assay. Similarly,
apyrase anchored to erythrocytes was shown to suppress platelet consumption
and TAT generation, and the addition of erythrocyte-conjugated apyrase
lowered ADP-triggered platelet aggregation in PRP. The biocompatibilityenhancing effects of apyrase and 5C6 were retained when they were combined
on the same surface. Material surfaces carrying both modifications exhibited
significantly lower thrombogenicity and elicited complement activation to a
lower degree than did control surfaces coated with PEG. Although PEG was
inert against platelet consumption and TAT generation, these parameters were
significantly lower at the apyrase/5C6 surface. C3a and sC5b-9 levels were
similarly (and significantly) reduced. In a model system, apyrase and 5C6 were
analogously combined at the membrane of adherent porcine arterial endothelial
cells (PAECs) and exposed to human whole blood in a xenogenic setting.
The xenogenic interface elicit incompatibility reactions in human blood, since
preformed natural antibodies directly bind the xenogenic cells. These reactions
were, however, efficiently counteracted by the apyrase and 5C6, which
significantly lowered all four tested parameters (TAT, platelet consumption,
C3a, and sC5b-9) when compared to cells not carrying apyrase or 5C6peptide.
These results showed that combining apyrase and the factor H binding
peptide on the surfaces of materials and cells mediates an overall enhanced
biocompatibility with regard to the activation of platelets, coagulation, and the
complement cascade.
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13. GENERAL DISCUSSION
In vitro studies as well as clinical conditions have revealed crosstalk between
the hemostatic and inflammatory systems in the blood compartment [268].
This work, presented in five papers in this thesis, describes the consequences
of thrombin receptor agonist-mediated stimulation of platelets, with a focus
on complement response. The effects of specifically inhibiting platelet and
complement activation were subsequently studied on biomaterial and cell
surfaces.
These findings concerning the response of complement activity to platelet
activation can be separated into events in the fluid phase and events at the
surface of the activated platelets. When platelets were activated via thrombin
receptors, complement was found to be activated as well. The mechanism for
eliciting the complement response was traced to the fluid-phase release of CSA, the binding of C1q to CS-A, and complement activation via the CP. The
initiated complement activation, in turn, evoked the activation of inflammatory
granulocytes and monocytes. After platelet activation, the platelet surface
showed enriched binding of C1q, C3, C4, and C9. This binding was,
however, shown to occur independently of complement activation. Surfacebound C3 was shown with monoclonal antibodies to exist as C3H2O and in
the factor I-cleaved form iC3H2O, two forms that have been shown to bind
soluble CR1 and thus may act to link complement receptor-decorated blood
cells to thrombi. The absence of complement activation at the surface of
activated platelets is a logical outcome, given the presence of abundant
complement regulators at the platelet surface. C1INH, factor H, and C4BP
were all found to be recruited to the activated platelet surface. The last two
showed an affinity for CS-A, and their binding to activated platelets was
significantly reduced when platelet CS-A was blocked; this was also the case
for C1q binding to platelets. Binding of C1q to platelets was shown to link
model ICs to the platelet surface, a reaction that could cause pathological
platelet reactivity during IC diseases.
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The scenario of complement activation resulting from thrombotic events has
also been reported in the clinical situation, in which arterial
thromboembolism in vivo has been found to be accompanied by elevated levels
of complement activation markers [127]. However, it is difficult to determine
the direct contribution of platelets to the complement response in vivo, since
ischemia-reperfusion episodes exert extensive stress on the vascular cells that
might cause complement activation [123]. In a more controlled environment,
Kalowski et al. have showed that complement activation occurs as a result of
the injection of thrombin and thromboplastin in a rabbit in vivo model [269];
they were able to partially attenuate the complement activation by inducing
thrombocytopenia prior to injection. In this in vitro system, the mechanism
for the platelet-dependent activation of the complement system was traced to
the interaction between CS-A released from activated platelets and the binding
of C1q. In this model, the C1 complex is activated when C1q binds CS-A.
C1q has previously been shown to interact with CS-A proteoglycans purified
from serum and B-cell cancer lines, although the interaction was then
described as complement-inhibitory [28,29,176]. In those studies, the effect
of complement response resulting from the C1q-CS-A interaction in normal
human serum was evaluated in a CP of complement hemolytic assay with IgG
sensitized sheep erythrocytes, and hemolysis was found to be attenuated in the
presence of CS-A proteoglycan. Although the assays showed that erythrocytes
are protected from lysis in the presence of CS-A, they did not reveal the events
following the binding of C1q to CS-A in the fluid phase, which we have now
shown to involve complement activation and certainly consumption of
complement proteins. Consumption of complement components in the fluid
phase would, by definition, reduce the hemolytic activity.
C1q has an affinity for DS, HS, and heparin, in addition to CS species [270],
and the consequences of its binding to HS and heparin have been reported to
be complement-regulatory [271]. Extracellular peritoneal levels of hyaluronic
acid (HA) and CS-A have recently been reported to be highly increased in
response to Toxoplasma gondii infection [175], while corresponding levels of
HS and heparin were almost undetectable, suggesting a selective release of
HA and CS-A in response to infection. Serglycin, which can connect all these
four GAGs, might then cause different immunological response, depending
on the type of GAG attached. The connected GAGs are diverse in phenotype,
not least with regard to sulfation pattern. Gama et al. have shown that CS
oligosaccharides with different sulfation patterns recognize specific growth
factors depending on the specific sulfation motifs present [64], and Robinson
et al. have recently demonstrated considerably different binding characteristics
for different GAGs [272]. GAGs that bind C1q with different affinities
might by analogy have different effects on C1q activation. Heparin, which
possesses binding affinity for both the collagenous stalk of C1q and its
globular heads, binds the collagenous stalk with higher affinity than the
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globular heads [270]. Binding of C1q to CS-A in paper II was almost totally
inhibited by blocking the globular heads, indicating that CS-A does not
interact with the collagenous stalk of C1q. Binding selectivity for different
plasma proteins may also influence complement activation. Yu et al.
investigated complement protein binding to heparin and found a direct
interaction of C1INH with heparin, as well as a strong affinity for factor H
[273]. In contrast, we were unable to detect binding of C1INH to CS-A, and
factor H interacted with a markedly weaker affinity, which could explain the
differences regarding the complement response.
Although platelet activation caused an activation of the complement system in
the fluid phase, the platelet surface per se was shown not to initiate
complement activation. This result can be considered to be due to the presence
of an efficient complement-regulatory system at the platelet surface. An
absence of complement activation at the platelet surface, however, contradicts
what has previously been shown. Both the AP and CP of complement have
been suggested to elicit activation: AP activation via C3b deposition on Pselectin [139], and CP activation via C1q binding to gC1qR/p33 [140]. Pselectin was hypothesized to attract C3 to the platelet surface, but specific
blockage of P-selectin in our system with a polyclonal antibody had no effect
on the binding of C3. Therefore, we believe that C3 recruitment to the platelet
surface is independent of P-selectin and that C3 utilizes another yetunidentified ligand. The mechanism of thiolester-mediated disruption of
bound C3H2O is also still unknown.
Blockage of CS-A significantly reduced the recruitment of C1q to the platelet
surface (by 50 %), proposing that CS-A supports C1q in binding the platelet
surface. C1q binding was not associated with complement activation but was
able to link model ICs to the platelet surface, in agreement with earlier reports
[274]. Binding of model ICs to immobilized CS-A and to platelets was
potentiated in the presence of C1q. ICs are potent platelet activators that have
been shown to be correlated with platelet consumption in IC-associated
diseases [275]. Soluble regulators were found to be recruited to the surface,
which is already decorated with the membrane-bound regulators DAF, MCP,
and CD59 [148,149,276]. Factor H and preferentially C4BP showed affinity
for surface-bound CS-A. Factor H is reported to bind to the platelet surface
via GPIIb/IIIa [277] and thrombospondin [278], but binding to platelets
was significantly attenuated by blocking CS-A with a monoclonal antibody.
C4BP, which can use protein S for membrane binding [70], showed reduced
recruitment to the platelet surface, even at low concentrations of anti-CS-A.
The complement cascade is delicately controlled via a plethora of complement
regulators, including those at the platelet surface. Through a slow fluid-phase
C3 tick-over, the complement system provides ongoing fuel for activation and
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is prone to form convertases whenever regulation is insufficient. Altering the
presence or function of a single regulator can shift the balance toward
complement activation, as in the case of PNH and aHUS. Both disorders are
associated with altered function in complement control, as well as episodes of
thrombocytopenia and platelet hyperactivity [131,133]. PNH is caused by a
somatic mutation in the PIG-A gene that causes a deficiency in the
biosynthesis of the GPI anchor, which in turn decreases the expression of
DAF and CD59, both of which are dependent on GPI anchors for membrane
insertion [279]. PNH platelets have been shown to have markedly increased
levels of C3b fragments (over normal platelets) when triggering complement
activation by either the CP or AP [280]. Just blocking CD59 has shown to
predispose platelets to MAC insertion and exposure of procoagulatory
phospholipids via membrane flip-flop [155]. aHUS is associated with altered
activity of the AP, typically loss-of-function mutations in factor H but also
mutations in genes encoding other complement regulators or gain-of-function
mutations in C3 and factor B [281,282]. Ståhl et al. has highlighted the
complement activation that occurs on platelets obtained from aHUS patients.
Incubating normal platelets with serum from aHUS patients causes the
deposition of C3 and C9, with subsequent platelet activation [134]. This
reaction can be abrogated by preincubating the platelets with normal factor H
or normal human serum. In parallel with a deficient complement regulation at
the platelet surface, excessive triggering signals can disrupt the balance toward
activation, as may occur in immune thrombocytopenic purpura (ITP). ITP is
associated with accelerated platelet destruction that is mediated by
autoantibodies directed toward the platelet membrane [283]. Platelets from
some ITP patients with autoantibodies have been proposed to fix CP
complement proteins to the platelet surface [284] and to have increased levels
of platelet-associated C3 [285].
ADP is crucial for efficient platelet aggregation; this requirement is
highlighted by the evolutionary pressure brought to bear on organisms as
diverse as mammals and arthropods, which must express ADP-degrading
enzymes to inhibit blot clotting. Intact CD39 on the endothelial surface is
well known for maintaining platelets in their resting state, and endothelial
stress is correlated with platelet activation and shedding of CD39, along with
HS and thrombomodulin [200]. Evolution has also forced hematophagous
arthropods to express apyrases in their salivary glands to maintain blood
fluidity when feeding on vertebrate blood [195]. The clinical approach of
inhibiting ADP-dependent platelet activation has instead been irreversibly or
reversibly antagonized by platelet ADP receptors. Although efficiently
blocking the effect of ADP in order to irreversibly attenuate these receptors
will incapacitate platelets, it also increases the risk of hazardous bleeding. In
this situation, the approach of targeting ADP would be preferred over ADP
receptor antagonism.
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Apart from its direct thromboregulating properties, apyrase influence antiinflammatory events through the effects of adenosine. CD39 acts in
conjunction with CD73 at the endothelial surface to degrade ATP/ADP into
adenosine, which is subsequently degraded to hypoxantine via inosine [286].
Adenosine is anti-inflammatory and was recently implicated in attenuating
neutrophil accumulation and inflammation during hypoxia [287].
Platelet activation is an important determinant of the pathophysiolology of
biomaterial-associated complications, with respect to thrombotic as well as
inflammatory events. The overall approach in this project was to enhance the
biocompatibility of materials and cells using the endothelial surface as a
template by targeting ADP-dependent platelet activation and AP of
complement activation. It was shown that coating of material surfaces with
apyrase alone could reduce the adherence of platelets from PRP previously
challenged with ADP. Furthermore, when PRP was incubated without
anticoagulant, apyrase conjugated to the surface not only reduced direct platelet
consumption but even significantly lowered secondary effects such as the
activation of the contact and coagulation systems. A negligible effect on
complement activation was seen, and this aspect was therefore targeted
together with platelets in the following project. The factor H-binding 5C6
peptide alone was shown to regulate complement activation on the surface of
materials and cells. Co-immobilization of the 5C6-peptide and apyrase
efficiently regulated complement activation at the surface, while retaining the
positive effects of apyrase on the thrombotic events. Similar results were
shown when 5C6 and apyrase were introduced at the cell membrane.
The results have shown the potential of specifically degrading ADP and ATP
at the surface of a foreign material in contact with blood. Not only was a
direct effect of platelet inhibition detected, but also a subsequent limited
activation of the coagulation cascade appeared. Apyrases of various kinds have
been employed in experimental settings as putative anti-platelet drugs. Belayev
et al. have made use of a truncated, soluble variant of CD39. This soluble
CD39 significantly reduced infarct size in an ischemic stroke model in rats,
even when administered 3 hours after stroke induction [197]. A human
homologue of a salivary arthropod apyrase has been shown to be effective in
reducing thrombosis in a ferric chloride-induced model of thrombosis in mice
[288]. Transgenic animals overexpressing CD39 in organs suited for (xeno)transplantation have shown improved outcomes after transplant, [206] as well
as improved resistance to injury following ischemia-reperfusion [202,203].
Apyrase has also been previously employed at the surface of biomaterials with
the goal of reducing platelet activation [289,290]. Apyrase was either merely
adsorbed [289] or conjugated via glutaraldehyde [290] to the biomaterial
surface. Implanted devices carrying the apyrase coating showed reduced
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thrombogenicity. However, the controls in these studies were uncoated
surfaces, and the improved biocompatibility could also be explained by the
protein coating “pacifying” the surface. In our system, platelet adherence to
both apyrase and control HSA surfaces was negligible. This result would
suggest a relative inertness of both surfaces. However, stressing the system
with ADP caused an adhesion of platelet aggregates to the HSA surface, but
the apyrase surface was left intact. Bakker et al. have adsorbed apyrase onto
polyurethane [289]. There is a critical point here, that adsorption of the
apyrase might result in an “extended release” of soluble apyrase. The
immobilization procedure is critical step, and the use of the PEG linker for
attachment is a major achievement in apyrase immobilization. Immobilization
of apyrase using biotin/avidin chemistry was associated with a significant loss
in activity, which most certainly would also be caused by the glutaraldehyde
conjugation method. With the PEG linker, apyrase was immobilized on the
surfaces and cells with almost complete retention of activity.
Of concern as well is the source of the apyrase. In the experiments described
in this thesis, a commercial apyrase purified from potato was employed.
Although well characterized and frequently used (e.g., for the preparation of
human platelets in vitro) [291], apyrase from potato is not optimal for use in
the human system. A pH optimum around 6.5 and the risk of immunological
responses against the plant protein strongly suggest the value of using an
enzyme of human origin for continued applications.
The 5C6 peptide binds factor H in its middle region, as does the factor H
binding protein from Neisseria meningitidis that “hijacks” factor H from the
host to the bacterial surface via binding to SCR6 [292]. The ability of 5C6 to
bind factor H from plasma was recently thoroughly evaluated, and the peptide
was shown to bind factor H as well as to regulate AP complement activation
in Mg2+/EGTA-plasma [243]. The data have clearly shown that complement
is also significantly regulated when the CP is still active. Factor H is
exclusively able to regulate the AP C3 convertase, which suggests the
importance of regulating the AP amplification loop, as previously shown
[293]. The approach of “cheating” the complement cascade by recruiting
already-synthesized large proteins to the surface via smaller peptide sequences
has been demonstrated for Streptococcus pyogenes, which attracts C4BP via the
M-protein [294]. Engberg et al. have made use of the peptides derived from
the M-protein and successfully regulated CP complement activation at a
material surface [244]. Peptides of bacterial origin are, however, likely to
evoke an immune response, and therefore do not constitute a viable approach
for clinical situations. Direct immobilization of factor H has previously been
shown to be able to lower complement activation at surfaces [241]. However,
the use of a small peptide to recruit plasma factor H, rather than a direct
immobilization of the protein, has certain advantages. Binding of factor H via
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cross-linkers is rather nonspecific and can interfere with the protein’s
regulatory domains, whereas binding of the synthetic peptide to factor H is
site-specific. Production of a peptide is also cost-effective and can be
performed under sterile conditions.
The combined approach of regulating both complement and platelets at a
common surface can successfully reduce thrombogenicity and inflammatory
events; even in the xenogenic setting with porcine endothelial cells,
incompatibility reactions have been significantly decreased. The xenogenic
setting is a major stressor for human blood, since preformed natural antibodies
bind galactose-α-1,3-galactose-structures on porcine endothelial cells [295],
instantly leading to complement activation. However, in our system, specific
complement regulation alone was not sufficient to lower overall
incompatibility reactions, but it was seen to be effective in the combined
approach. One can now propose that a combined approach can be useful both
when cells of non-human hematologic origin are transplanted into the
circulation system, and when human blood is exposed to biomaterial devices.
ADP and the amplification loop of complement activation are essential
control points in the activation of platelet and complement, respectively, and
are therefore suitable targets for inhibition. Accordingly, it can be proposed
that this dual-targeting approach be suitable for inhibiting both thrombotic
and inflammatory reactions on materials and cells.
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14. CONCLUDING REMARKS
Taken together, the data shows that fluid-phase activation of the CP of
complement is a result of platelet stimulation via thrombin receptors. The
activation is confined to the fluid-phase and is not seen at the platelet surface.
This distinction is a logical consequence of efficient complement regulation at
the platelet surface. The crosstalk between platelets and complement that is
suggested here and has been shown by others, highlights the importance of
simultaneously targeting complement and platelet activation in order to
enhance the overall blood compatibility of surfaces of non-hematologic origin
(see Fig. 5).
It was found that biomaterial-induced platelet activation is efficiently
attenuated by immobilized apyrase. This apyrase is further able to reduce
platelet-induced contact and coagulation activation. Co-immobilization of
apyrase and the factor H-binding peptide 5C6 results in synchronized
complement and platelet regulation. Introducing the peptide and apyrase into
the membrane and cells results in a similar inhibition, clearly demonstrating
that the apyrase and soluble factor H on biomaterials and cells can effectively
reduce platelet and complement activation.
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Fig. 5. Schematic figure summarizing the major findings of this thesis. The complement system is activated in the fluid phase following the activation of
platelets. A number of complement inhibitors are recruited to the surface of the activated cells, and C3 is found as C3 H2 O / iC3 H2 O . Apyrase and factor H were
succesfully co-immobilized onto surfaces and cells, and the presence of these attenuated platelet and complement activation elicited in the interface between
the blood and material/cell-surface.
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any terrible day into something great, I don’t know how you do it, but I do
not need to know either. You changed my life that day in June, and it will
never be the same again. It has been a tough period of writing, but you have
supported me as I will support you through every tough period. I love you,
and no one could ask for more.
When you're on your own, you walk in the rain
Ed Harcourt (Apple of my eye)
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