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    Chapter 2   
 Complement Interactions with Blood 
Cells, Endothelial Cells and Microvesicles 
in Thrombotic and Infl ammatory Conditions 

             Diana     Karpman     ,     Anne-lie     Ståhl    ,     Ida     Arvidsson    ,     Karl     Johansson    , 
    Sebastian     Loos    ,     Ramesh     Tati    ,     Zivile     Békássy    ,     Ann-Charlotte     Kristoffersson    , 
    Maria     Mossberg    , and     Robin     Kahn   

    Abstract     The complement system is activated in the vasculature during thrombotic 
and infl ammatory conditions. Activation may be associated with chronic infl amma-
tion on the endothelial surface leading to complement deposition. Complement 
mutations allow uninhibited complement activation to occur on platelets, neutro-
phils, monocytes, and aggregates thereof, as well as on red blood cells and endothe-
lial cells. Furthermore, complement activation on the cells leads to the shedding of 
cell derived-microvesicles that may express complement and tissue factor thus pro-
moting infl ammation and thrombosis. Complement deposition on red blood cells 
triggers hemolysis and the release of red blood cell-derived microvesicles that are 
prothrombotic. Microvesicles are small membrane vesicles ranging from 0.1 to 
1 μm, shed by cells during activation, injury and/or apoptosis that express compo-
nents of the parent cell. Microvesicles are released during infl ammatory and vascu-
lar conditions. The repertoire of infl ammatory markers on endothelial cell-derived 
microvesicles shed during infl ammation is large and includes complement. These 
circulating microvesicles may refl ect the ongoing infl ammatory process but may 
also contribute to its propagation. This overview will describe complement activa-
tion on blood and endothelial cells and the release of microvesicles from these cells 
during hemolytic uremic syndrome, thrombotic thrombocytopenic purpura and vas-
culitis, clinical conditions associated with enhanced thrombosis and infl ammation.  
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2.1            Complement Activation in Thrombotic 
and Infl ammatory Disease 

 The complement system is an assembly of proteins activated via three pathways, the 
classical, lectin and alternative pathways [ 1 ]. All ultimately result in activation of 
the common terminal complement pathway. Complement activation results in dis-
posal of foreign cells, such as bacterial pathogens, unwanted host cells, such as 
apoptotic cells, or immune complexes, by opsonization or cytolysis. Certain com-
plement components have anaphylatoxic, anti-microbial and chemotactic properties 
[ 1 ]. Due to its potent effects the complement system needs to be strictly regulated to 
prevent uncontrolled activation on host cells. Even so, complement may become 
activated, with secondary harmful effects, during infectious, hereditary and auto- 
immune diseases. 

 Complement activation may be so extensive that regulators are overwhelmed 
thus allowing continued activity. Alternatively, if the regulators are dysfunctional or 
the complement components are hyperfunctional, complement activation may pro-
ceed in an uninhibited manner. Regardless of the cause, inappropriate activation 
will be deleterious to host cells in the vasculature at the interface of blood cells and 
the endothelium. Activation on blood cells and endothelial cells will predispose the 
host to thrombosis, infl ammation and hemolysis by rendering the endothelium pro-
thrombotic while activating platelets, leukocytes and red blood cells. Activated 
blood and endothelial cells may shed microvesicles [ 2 ].  

2.2     Complement Interaction with the Endothelium 

 Complement activation occurs on endothelial cells during infl ammatory and throm-
botic processes and enhances cell injury as well as vascular permeability and leuko-
cyte recruitment to the vascular wall and underlying tissues. In infectious and 
infl ammatory conditions the endothelium may be markedly affected, by bacterial 
virulence factors, platelet microthrombi, as well by neutrophil proteases and migra-
tion. Complement activation is either a primary or secondary phenomenon. 
Endothelial cells express complement factors, regulators and their receptors [ 3 ,  4 ]. 
Endothelial complement deposition will lead to cell activation, expression of adhe-
sion molecules [ 5 ,  6 ], release of cytokines and chemokines [ 7 – 10 ], membrane attack 
complex (MAC) formation [ 11 ] and ultimately cytolysis. C5b-9 formation on the 
endothelial cell induces von Willebrand factor (VWF) secretion and expression of 
the catalytic surface for the prothrombinase enzyme complex as well as shedding of 
microvesicles with assembled C5b-9 on their surfaces [ 12 ]. C3a and C5a are released 
activation products that induce cytokine release [ 13 ,  14 ]. C5a and IL-8 (also secreted 
by the endothelium) are chemotactic for polymorphonuclear leukocytes. Vascular 
permeability is increased by complement activation [ 15 ] in part due to C3a and C5a 
[ 16 ] and the terminal complement complex, C5b-9, which also induces increased 
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endothelial permeability [ 17 ] followed by leukocyte migration into the extravascular 
space [ 18 ]. Tissue factor release by endothelial cells is mediated by IL-1α and regu-
lated by complement [ 19 ] promoting a procoagulant phenotype.  

2.3     Microvesicles 

 Microvesicles are extracellular organelles that have an important role in infl amma-
tory and thrombotic processes. These plasma membrane vesicles are shed from cells 
during activation or apoptosis [ 20 ]. Complement deposition on cells may trigger 
microvesicle shedding [ 21 – 23 ]. Microvesicles are larger (100–1000 nm) than exo-
somes and are not preformed within the cell’s multivesicular bodies but rather shed 
directly from the cell membrane by the process of ectocytosis [ 21 ]. The phospho-
lipid bilayer plasma membrane of these vesicles exposes receptors from the parent 
cell, and the cytosolic content is similarly derived from the cell of origin. 
Microvesicles can communicate with cells in their immediate vicinity or at remote 
sites from the parent cell by receptor binding of the entire microvesicle, by detach-
ment of a protein from the microvesicle that serves as a ligand binding to the target 
cell, by fusion of the microvesicle to the cell or by endocytosis [ 24 ]. This interaction 
may lead to a signal cascade affecting essential cell functions such as proliferation, 
differentiation and apoptosis [ 25 ]. Increased numbers of circulating microvesicles 
occur in thrombotic and infl ammatory diseases [ 20 ]. 

 Most microvesicles in the systemic circulation originate from platelets [ 26 ] but 
they may originate from a variety of cells, including leukocytes [ 27 ], red blood cells 
[ 28 ] and endothelial cells [ 29 ]. As they transport substances derived from the cell of 
origin they may contain a broad spectrum of receptors, DNA, mRNA, micro RNA, 
histones and other proteins, as well as lipids capable of interacting with cells. 

 Of specifi c importance are the proinfl ammatory and prothrombotic properties of 
circulating microvesicles. Leukocyte-derived microvesicles harbor complement, 
chemokines, cytokines, proteases, HLA antigens, and adhesion molecules [ 27 ]. 
Upon contact these microvesicles can activate resting platelets and endothelial cells. 
Endothelial cells respond by expression of adhesion molecules [ 30 ]. Platelet-derived 
microvesicles bind to endothelial cells and induce the synthesis of pro- infl ammatory 
cytokines and arachidonic acid pathway products [ 31 ]. In the context of infl amma-
tion, they also promote binding of monocytes to endothelial cells [ 32 ]. Furthermore, 
platelet microvesicles modulate adaptive immunity by affecting immunoglobulin 
production by B cells [ 33 ]. Endothelial-derived microvesicles have been shown to 
express markers involved in cellular adhesion and infl ammation such as CD62E 
(E-selectin), CD62P (P-selectin), ICAM-1 (intercellular adhesion molecule-1), 
integrin α v β 3 , CD31 (PECAM-1: platelet endothelial cell adhesion molecule-1), 
CD105 (endoglin), CD144 (VE-cadherin), VWF and CD146 (S-endo-1) [ 34 ]. 
Microvesicles released from cytokine-stimulated endothelial cells induced  secretion 
of soluble ICAM-1 from targeted endothelial cells [ 35 ]. Endothelial microvesicles 
may be considered biomarkers of sustained endothelial activation [ 23 ]. 
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 The prothrombotic potential of microvesicles is mostly related to their exposure of 
phosphatidylserine and tissue factor. The release of microvesicles by cell activation is 
a calcium-dependent enzymatic process, involving scramblase, fl oppase and translo-
case/fl ippase activities [ 36 ,  37 ], leading to disruption of phospholipid membrane 
asymmetry during which phosphatidylserine is translocated to the outer membrane of 
the released microvesicles [ 20 ,  37 ,  38 ]. Not all microvesicles expose phosphatidylser-
ine on the outer leafl et [ 38 ]. Phosphatidylserine can bind coagulation factors VII, IX, 
X, and prothrombin thus initiating clotting. Microvesicles from platelets were shown 
to have a higher procoagulant potential than the parent cell [ 39 ]. The prothrombotic 
effect was also demonstrated in red blood cell-derived microvesicles [ 40 ]. 

 Tissue factor is the receptor for factor VIIa and initiates the extrinsic coagulation 
cascade and thrombin generation. Tissue factor has been demonstrated on microves-
icles derived from monocytes and endothelial cells [ 38 ] and also on platelet-derived 
microvesicles released from platelet-leukocyte aggregates [ 41 ]. Furthermore, tissue 
factor may be transferred to activated platelets on the surface of endothelial and 
monocytic microvesicles [ 34 ]. 

2.3.1     Detection of Microvesicles 

 Microvesicle detection requires specifi c techniques. The vesicles are isolated from 
biological fl uids by a series of centrifugations and detected using fl ow cytometry 
and cell-specifi c markers. The use of multiple markers enables higher specifi city 
and exclusion of contaminating subpopulations. Most microvesicles expose phos-
phatidylserine and will therefore bind annexin V. Their size is determined by com-
parison with fl uorescently-labeled particles/beads of a defi ned size and the quantity/
mL is calculated using a specifi ed quantity of blank calibration particles [ 42 ]. 

 In addition to fl ow cytometry-based methodology microvesicles can be studied 
using proteomics, electron microscopy, ELISA (using immobilized annexin V) as 
well as by nanoparticle tracking.  

2.3.2     Complement Activation and Microvesicle Release 
in Clinical Conditions 

 Elevated levels of blood cell- and endothelial cell-derived microvesicles have been 
demonstrated in prothrombotic states such as acute coronary syndrome [ 43 ], athero-
sclerotic disease [ 44 ], end stage renal disease [ 23 ], hemolytic uremic syndrome 
(HUS) [ 41 ,  42 ,  45 ,  46 ], thrombotic thrombocytopenic purpura (TTP) [ 47 ,  48 ], auto-
immune thrombocytopenia [ 49 ] and vasculitis [ 50 ]. Our current understanding of 
the contribution of complement activation and microvesicles to the pathogenesis of 
the thrombotic and infl ammatory entities comprised in thrombotic microangiopa-
thies and vasculitides will be summarized below.   
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2.4     Hemolytic Uremic Syndrome 

 HUS is defi ned by the simultaneous occurrence of non-immune hemolytic ane-
mia, thrombocytopenia and acute renal failure [ 51 ]. The pathological kidney 
lesion, known as thrombotic microangiopathy (TMA), is characterized by vessel 
wall thickening, detachment of the endothelium from the basement membrane 
with accumulation of amorphous material in the subendothelium and formation of 
microthrombi in glomerular capillaries leading to vessel occlusion. This lesion is 
typical of both HUS and TTP although the underlying pathogenetic mechanisms 
differ. 

 HUS is subdivided based on etiology into cases associated with specifi c infec-
tions, or not, the latter including atypical HUS and secondary causes (Table  2.1 ) 
[ 52 ,  53 ]. The most common subtype of HUS is associated with enterohemorrhagic 
 Escherichia coli  (EHEC) infection. The second most common cause is atypical 
HUS, aHUS, associated with mutations in complement regulators or factors, as well 
as auto-antibodies to the complement regulator factor H.

   Table 2.1    Classifi cation and subtypes of hemolytic uremic syndrome (HUS)   

 Cause 

  Infection-associated  
 EHEC-HUS a   Shiga toxin-producing non-invasive strains that can cause 

hemorrhagic colitis: enterohemorrhagic  E. coli  (EHEC) or 
 Shigella dysenteriae  

  Streptococcus pneumoniae   Neuraminidase-producing invasive strains 
 HIV b  
  Not associated with specifi c infection  
 aHUS c   Mutations in complement factors and regulators and 

auto-antibodies to factor H 
 DGKE d  defi ciency  Recessive DGKE mutations 
 Cobalamin metabolism defect  Cobalamin type C 

 MMACHC mutations, methylmalonic aciduria and 
homocystinuria 

 Drugs  Quinine, mitomycin, anti-VEGF 
 Malignancies  Tumors and anti-cancer treatment, drugs and irradiation 
 Solid organ transplantation  Including use of calcineurin inhibitors 
 SLE e  and antiphospholipid 
syndrome 
 Pregnancy HELLP f  syndrome 

   a HUS caused by bacterial strains that produce Shiga toxin and induce hemorrhagic colitis, also 
known as D+ HUS, diarrhea-associated 
  b HIV: human immunodefi ciency virus 
  c aHUS: atypical HUS 
  d DGKE: diacylglycerol kinase ε 
  e SLE: systemic lupus erythematosus 
  f HELLP: HEmolytic anemia, elevated Liver enzymes, and Low Platelets  
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2.4.1       EHEC-Associated HUS: Toxin Interaction with Blood 
Cells, the Endothelium and Complement Activation 

 EHEC bacteria produce a unique virulence factor known as Shiga toxin (Stx). The 
strains themselves are non-invasive, thus remaining in the intestinal tract after colo-
nization [ 54 ]. EHEC infection is associated with enteritis followed, in approxi-
mately 15 % of cases by the development of HUS [ 55 ]. The remote target organ 
damage occurring in the kidneys and other organs, including the central nervous 
system, during HUS, is secondary to systemic spread of the toxin and other bacterial 
virulence factors together with a potent intestinal and systemic host response [ 56 –
 58 ]. Stx has been demonstrated in the circulation of HUS patients bound to plate-
lets, neutrophils and monocytes [ 41 ,  59 ] but not in free form [ 60 ]. It has also been 
demonstrated in the kidneys of affected HUS patients [ 61 ,  62 ]. 

 Stx binds to the glycosphingolipid receptor globotriaosylceramide (Gb3/CD77), 
also known as the P k  antigen on red blood cells. The Gb3 receptor is present on a 
variety of cells including platelets, monocytes and endothelial cells [ 63 – 65 ]. The 
toxin receptor on neutrophils has been proposed to be toll-like receptor 4 (TLR4) 
[ 66 ]. After binding, the holotoxin undergoes endocytosis. Intracellular toxin is 
transported via a retrograde route from early endosomes to the endoplasmic 
 reticulum. From there the A subunit is translocated to rRNA where it inhibits pro-
tein synthesis leading to cell death. The cytotoxic effect has been demonstrated in 
renal glomerular endothelial cells [ 67 ] and tubular cells [ 68 ,  69 ]. However, not all 
cells are affected in this way. Certain cells, primarily blood cells, are activated by 
the toxin to secrete infl ammatory mediators [ 58 ,  64 ,  70 – 72 ]. Platelets, in particular, 
when partially activated, can be further activated by Stx [ 41 ,  73 ,  74 ]. The combina-
tion of platelet activation and endothelial cell injury will promote a prothrombotic 
interaction and enhance infl ammation. 

 Thrombocytopenia occurring during HUS is secondary to platelet consumption 
on the endothelium in the microangiopathic lesion. Both Stx and lipopolysaccharide 
circulate bound to platelets as well as to other blood cells [ 73 ,  75 ] and both viru-
lence factors activate platelets, either directly and/or in the presence of infl amma-
tory mediators, particularly under conditions of high shear stress [ 41 ]. Our group 
has shown that co-stimulation with both factors induced formation of platelet- 
leukocyte complexes that expressed tissue factor [ 41 ]. 

 During HUS, platelets are activated [ 76 ] and degranulated [ 77 ,  78 ], as indicated 
by elevated platelet-derived factors such as β-thromboglobulin, platelet factor-4 
and VWF [ 79 ]. The latter is also secreted from endothelial cells [ 80 ,  81 ] and medi-
ates Stx-induced platelet adhesion to activated endothelial cells involving the 
platelet receptor GPIIb/IIIa and P-selectin [ 82 ]. Platelets may also be activated by 
chemokines and cytokines released by Stx-stimulated monocytes [ 71 ] or endothe-
lial cells [ 72 ]. 

 Platelet activation and thrombus formation during HUS are thus caused by a direct 
interaction of bacterial virulence factors, especially Stx, with platelets and endothe-
lial cells, as well as an indirect infl ammatory effect, refl ected by cytokine release, 
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which further enhances the platelet-endothelial interaction [ 74 ]. Our group showed 
that Stx induced the formation of platelet-leukocyte aggregates coated with C3 and 
C9, an effect enhanced by co-stimulation with  E. coli  O157 lipopolysaccharide [ 83 ]. 
Platelets are capable of binding C3, C3b, C3d and C4, as well as expressing P selec-
tin and CR2 that bind C3b and C3d, respectively [ 74 ,  84 – 87 ]. Complement activation 
progresses to the terminal pathway and the cytolytic membrane attack complex may 
be assembled on the platelet surface [ 22 ,  83 ]. Complement deposition on platelets 
has an activating prothrombotic effect on the cells [ 88 – 91 ]. The reverse was also 
shown, that the complement system can become sequentially activated on activated 
platelets [ 84 ]. Thus, in order to prevent excessive complement activation platelets 
express and bind complement regulators, including factor H [ 92 – 98 ]. In vitro studies 
have, however, shown that Stx2, at rather high concentrations, could bind to factor H 
at its host surface recognition domain, thus inhibiting its regulatory effect and allow-
ing activation of the alternative pathway of complement in serum [ 99 ]. 

 Components of the coagulation cascade are not consumed as a consequence of 
the thrombotic process occurring during HUS, but prothrombin fragment 1 + 2 
[ 100 – 102 ], tissue plasminogen activator, tissue plasminogen activator inhibitor-1 
[ 103 ], and D dimers are elevated suggesting prothrombotic activity and impaired 
fi brinolysis. 

 In addition to platelets, neutrophils and monocytes, Stx can bind to red blood 
cells via the P k  antigen (an antigen within the P1PK blood group system) present on 
all red blood cells except for the rare p phenotype [ 42 ,  104 ]. Binding was shown, by 
our group, to induce hemolysis as indicated by release of lactic dehydrogenase and 
hemoglobin [ 42 ]. The hemolytic effect of Stx was complement-mediated, via the 
alternative pathway, as it was reduced in the absence of plasma and when plasma 
was heat-inactivated as well as in the presence of EDTA or eculizumab, a human-
ized anti-C5 antibody. 

 Stx has been shown to have a direct cytotoxic effect on endothelial cells [ 105 ] 
including glomerular endothelial cells. This effect may be enhanced in the presence 
of proinfl ammatory cytokines such as interleukin 1 and tumor necrosis factor [ 65 , 
 105 ]. The toxin induces the expression of P selectin on microvascular endothelial 
cells. P selectin binds C3, thus activating the alternative pathway and reducing 
thrombomodulin. This process was found to promote thrombus formation under 
perfusion in vitro, and in a mouse model in vivo [ 106 ]. 

 The induction of endothelial cell injury and microthrombi formation in glomer-
uli alongside severe tubular damage [ 68 ] would be expected to induce secondary 
complement activation during EHEC-mediated HUS. This is indeed the case as 
patients have been shown to have low levels of serum C3 [ 107 ,  108 ] and elevated 
levels of complement products C3a, factor Bb and soluble C5b-9 [ 83 ,  109 ], as well 
as complement C3 and C9 on platelet-leukocyte aggregates suggesting that bacte-
rial virulence factors and the host response induce complement activation on these 
blood cells. C3 has also been demonstrated on patient red blood cells [ 42 ] implicat-
ing a role in the induction of hemolysis. 

 Taken together, the fi ndings in patients, animal models and in vitro studies indi-
cate that complement is activated on blood cells and the endothelium during 
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EHEC- associated HUS and that Stx plays a major role in this process. Complement 
activation could aggravate the procoagulant interaction in the vasculature and 
thus contribute to formation of the pathological lesion manifest in thrombotic 
microangiopathy.  

2.4.2     Microvesicles in EHEC-HUS 

 Patients with EHEC-associated HUS have elevated levels of circulating microves-
icles derived from platelets, monocytes, neutrophils [ 41 ,  83 ,  110 ] and red blood 
cells [ 42 ]. Plasma microvesicle concentrations were higher during the acute phase 
of disease, decreasing to normal levels after recovery. The microvesicles exposed 
phosphatidylserine and a large proportion bore tissue factor [ 41 ], which could 
trigger thrombosis. In addition, blood cell-derived microvesicles had deposits of 
C3 and C9 [ 42 ,  83 ], suggesting that complement was either activated on the parent 
cells before the vesicle bud off, or occurred directly on the microvesicle. 
Complement deposition contributed to opsonization of labeled microvesicles 
[ 83 ]. A recent fi nding was that microvesicles circulating in EHEC-HUS patients 
bore Stx which could thus be transferred to kidney cells and evade immune 
 detection [ 46 ]. 

 In vitro studies showed that Stx and lipopolysaccharide from  E. coli  O157:H7 
induced the release of blood cell-derived microvesicles, mostly from platelets but 
also from monocytes. These microvesicles exhibit deposits of tissue factor [ 41 ], C3 
and C9 [ 83 ] as well as Stx [ 46 ]. Stx also triggered the release of C5b-9 coated red 
blood cell-derived microvesicles, an effect mediated by complement activation via 
the alternative pathway and inhibited by purinergic receptor antagonists [ 42 ]. Thus 
the fi ndings in patients could be reproduced in vitro by stimulation with Stx.  

2.4.3     Atypical HUS: Complement Interactions with Blood 
Cells and the Endothelium 

 aHUS is in many cases familial and recurrent leading to renal failure and vascular 
complications [ 111 ,  112 ]. It has been associated with mutations in complement 
regulators factor H, factor I, membrane cofactor protein (MCP/CD46), thrombo-
modulin, clusterin, or complement factors C3 or factor B [ 111 ,  113 ,  114 ]. Mutations 
are mostly heterozygous. Their impact on protein function is described in Table  2.2 . 
Less than 10 % of patients have mutations in more than one complement factor. 
A subset of patients have auto-antibodies to factor H [ 115 ], which are, in some 
cases, associated with deletions or rearrangements in factor H and factor H-related 
proteins (CFHRs) resulting in hybrid genes but usually not associated with other 
complement mutations.
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   Mutations in complement regulators lead to loss-of-function of the regulators thus 
allowing uninhibited complement activation to occur on endothelial cells [ 116 ] and 
platelets [ 45 ] in vitro. Mutations in, and antibodies to, factor H mainly affect the C 
terminus [ 117 ], which is involved in host recognition, differentiating host cells from 
foreign surfaces. Neutralization of host recognition results in undesirable comple-
ment activation on host cells. Mutations in complement factors C3 and factor B may 
lead to gain-of-function resulting in a hyperfunctional C3 convertase [ 118 – 120 ]. 
Thus mutations trigger complement activation, which, in patients, results in comple-
ment deposition on renal endothelial cells [ 121 ] and platelets [ 45 ,  114 ,  120 ]. 
Complement activation occurs via the alternative pathway followed by activation of 
the terminal complement cascade with deposition of C3 and C9 [ 45 ]. Complement 
activation occurs both systemically and locally in the renal vasculature. 

 The effect of aHUS mutations on interactions with blood cells and the endothe-
lium has been studied in vitro and in animal models. Factor H was shown to bind to 
platelets mostly via its C terminal domain [ 96 ]. An aHUS mutant form of factor H, 
FH-E1198Stop, mutated in the C terminus, exhibited reduced binding [ 45 ] and pro-
moted C3 deposition on normal washed platelets. Likewise, patient sera, containing 
mutated forms of factor H or C3, allowed deposition of both C3 and C9 on normal 
washed platelets leading to their activation [ 45 ,  120 ]. 

 In addition to direct complement activation on platelet surfaces, platelet activa-
tion during aHUS may occur due to complement-mediated endothelial damage 
[ 116 ]. Uninhibited complement activation on endothelial cells has been shown to 
occur in the presence of mutated factor H [ 122 ], C3 and factor B mutations [ 118 , 
 119 ] due to decreased regulatory capacity of factor H or hyperfunctional C3 or 
factor B leading to excess formation of the C3 convertase which may also be 
resistant to decay [ 123 ]. Glomerular endothelial cells stimulated with pro-infl am-
matory mediators (TNF and IFNγ) and exposed to aHUS serum with hyperfunc-
tional C3 expressed tissue factor and a prothrombotic phenotype [ 118 ]. Similarly, 
cytokine- stimulated human umbilical vein endothelial cells exposed to certain 
factor B mutations bound more C3 [ 112 ,  123 ]. These in vitro studies exemplify 
how mutated over-functional complement mediated excessive complement depo-
sition on the endothelium. An in vivo model of aHUS was developed in mice 
transgenically expressing a factor H protein lacking the C terminal region. These 
mice exhibited C3 and C9 staining in glomeruli. Thrombotic microangiopathy did 
not develop in mice that, in addition to mutant factor H, lacked C5, indicating that 
the terminal complement pathway was involved in formation of the specifi c glo-
merular lesion [ 124 ]. 

 It would seem likely that complement should deposit on red blood cells during 
aHUS, as complement deposition has been demonstrated on platelets and endothe-
lial cells. This aspect, and if complement mediates hemolysis during aHUS, has, 
however, not been studied. Nonetheless, once hemolysis has occurred and hemoglo-
bin is released, heme is liberated and induces complement activation [ 125 ]. Heme 
was shown to activate complement via the alternative pathway in serum as well as 
on endothelial cells in vitro. The interaction between heme and C3 resulted in an 
overactive C3 convertase [ 125 ].  
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2.4.4     Microvesicles in aHUS 

 Sera from aHUS patients with defi ned factor H mutations located at the C terminal 
domain induced the release of tissue factor-bearing and phosphatidylserine expos-
ing microvesicles from normal washed platelets [ 45 ]. This effect was markedly 
decreased when the normal platelets were preincubated with normal factor H before 
addition of the patient sera indicating that the mutated complement regulator con-
tributed to shedding of prothrombotic microvesicles. Although complement deposi-
tion, secondary to excessive complement activation, has been demonstrated on 
blood and endothelial cells in aHUS, this has yet to be demonstrated on patient 
microvesicles. 

2.5     Thrombotic Thrombocytopenic Purpura 

 TTP is defi ned as the simultaneous occurrence of hemolytic anemia, thrombocyto-
penia, renal and neurological manifestations and fever. It may be recurrent. TTP is 
associated with dysfunctional or defi cient ADAMTS13 (a disintegrin and metallo-
proteinase with a thrombospondin type 1 motif, member 13) known as the VWF 
cleaving protease. Defi ciency of the protease occurs in congenital TTP due to com-
pound heterozygous or homozygous mutations in the protein whereas acquired dys-
function of the protease occurs due to the presence of circulating auto-antibodies to 
the protease [ 126 ]. Defi ciency or dysfunction of ADAMTS13 results in uncleaved 
ultra-large VWF multimers with high biological potency to bind platelets and form 
thrombi, thus predisposing patients to a prothrombotic condition. Lack of 
ADAMTS13 promotes the formation of platelet-VWF strings on endothelial cells 
in vitro [ 127 ]. 

 The primary pathogenetic event during TTP is the formation of microthrombi 
and the typical microangiopathic lesion. However, even during TTP secondary 
complement activation occurs, which may enhance the detrimental interaction 
between endothelial cells and platelets. Patients with TTP, both congenital and 
acquired, exhibit complement activation as shown by low C3 [ 128 ], elevated C3a, 
C5a and C5b-9 in the circulation during acute episodes [ 129 ,  130 ]. Renal, skin and 
cardiac tissue from TTP patients exhibited complement deposition [ 48 ,  131 – 133 ]. 
Sera from TTP patients induced C3 deposition and MAC formation on microvascu-
lar endothelial cells and promoted neutrophil-induced endothelial cytotoxicity, 
effects abrogated by complement inhibition [ 134 ]. 

 The ultra-large VWF strings formed on the endothelial surface in vitro were 
found to activate complement via the alternative pathway. Complement activation 
occurred on platelets, endothelial cells and on VWF itself under perfusion [ 48 ,  135 ] 
and the presence of ADAMTS13 abrogated this effect. Our group has shown that 
exposure of histamine-stimulated glomerular endothelial cells to patient plasma, but 
not normal plasma, induced C3 deposition on platelet-VWF strings and the endo-
thelium [ 48 ]. 
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 Interestingly, factor H was found to bind to VWF via its C terminal region [ 136 ] 
and thereby affect ADAMTS13-mediated cleavage, although confl icting data have 
been reported suggesting it may either enhance [ 136 ], or inhibit [ 137 ], this interac-
tion. Factor H was shown to reduce the size of VWF multimers [ 138 ] which would 
affect their capability to bind platelets. Moreover, VWF binding to factor H 
enhanced cofactor activity in conjunction with factor I [ 137 ] thus inactivating com-
plement progression. Both factor H and VWF are secreted by endothelial cells and 
may thus cooperate in reducing the infl ammatory and thrombotic reaction on the 
endothelial cell surface.   

2.5.1     Microvesicles in TTP 

 In TTP platelet and endothelial microvesicles are released into the circulation [ 47 , 
 139 ]. Calcium-dependent proteolytic activity (Calpain) was associated with platelet- 
derived microvesicles [ 47 ]. Patient endothelial microvesicles co-expressed CD62E 
(E-selectin) and VWF [ 140 ]. Expression of VWF may enhance the platelet aggrega-
tive potential of the microvesicles [ 141 ]. Our group has shown that endothelial 
microvesicles in TTP patient plasma bore deposits of C3 and C9 [ 48 ] refl ecting 
complement activation on the vascular lining. 

 TTP plasma induced the release of procoagulant endothelial cell-derived 
microvesicles from brain and renal microvascular endothelial cells [ 139 ]. The endo-
thelial microvesicles expressed CD62E, ICAM-1, platelet endothelial cell adhesion 
molecule (PECAM-1), CD105 (endoglin) and VWF [ 140 ]. In addition, TTP plasma 
combined with normal platelets and perfused over histamine-treated glomerular 
endothelial cells induced signifi cant C3 and C9 deposition on microvesicles released 
from the endothelial cells, in comparison to control plasma [ 48 ]. 

2.6     Vasculitis 

 Vasculitides are a group of autoimmune diseases characterized by infl ammation in and 
around vessel walls. They are predominantly classifi ed according to the size of the 
affected vessels [ 142 ]. A subset of patients with vasculitides have anti-neutrophil- 
cytoplasmic-antibodies (ANCAs) commonly directed to proteinase 3 and/or myeloper-
oxidase. Multiple organs may be affected during vasculitis, such as the kidneys, 
respiratory tract, gastrointestinal (GI) tract, joints and skin and thus patients may 
exhibit a variety of symptoms such as renal dysfunction, respiratory symptoms, sinus-
itis, GI-bleeding, arthritis and purpura. The clinical severity of vasculitides varies from 
mild and transient to life-threatening conditions, which may recur. Although the patho-
genesis is not fully elucidated ANCAs, complement, neutrophil- and T cell-mediated 
infl ammation are believed to be essential in the development of disease [ 143 – 147 ]. 

 The innate immune system, and especially the complement system, have been shown 
to play a part in the infl ammatory process in vasculitis [ 3 ]. In both immune- complex 
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mediated vasculitides, such as in Systemic Lupus Erythematosus (SLE), and in 
pauci-immune vasculitides, such as ANCA-associated vasculitides, the complement 
system is activated [ 147 ,  148 ]. In SLE both immunoglobulins and complement 
components including C1q, C3 and C4 are deposited in the renal glomerulus, thus 
indicating activation of the classical pathway of complement. In addition, the impor-
tance of the classical pathway in SLE is illustrated by the association with C1q and 
C2 defi ciency [ 149 ,  150 ]. On the other hand, animal models of pauci- immune vas-
culitides have demonstrated activation of the alternative pathway of complement 
[ 151 ,  152 ]. In these animal models C4 defi ciency (classical pathway) did not affect 
the course of disease whereas C5 and factor B defi ciency (alternative pathway) were 
protective suggesting that the alternative pathway mediated infl ammatory injury 
during ANCA-related disease [ 153 ]. 

 Neutrophil migration appears to be an essential component of tissue injury and 
particularly endothelial damage during ANCA-associated vasculitis. The impor-
tance of C5a, acting as a chemotactic agent and an anaphylatoxin, was demonstrated 
as patient neutrophils activated normal serum to produce C5a. The pivotal role of 
C5a was demonstrated by attenuation of the disease in a C5a receptor-defi cient 
mouse model of necrotizing crescentic glomerulonephritis [ 151 ].   

2.6.1     The Role of Microvesicles in Vasculitis 

 Both adults and children with vasculitis have elevated levels of microvesicles in the 
circulation that have been shown to correlate to disease activity [ 154 ,  155 ]. 
Endothelial-, neutrophil- and platelet-derived microvesicles have been demon-
strated in vasculitis patients [ 50 ,  156 ]. As identifi cation of circulating microvesi-
cles, especially endothelial cell-derived, may refl ect endothelial damage seen in 
vasculitis, it has been suggested that circulating microvesicles could be used as a 
biomarker for vasculitis activity [ 154 ,  155 ,  157 ]. 

 Neutrophil-derived microvesicles have been shown to induce endothelial cell 
activation and subsequent release of cytokines [ 30 ,  158 ] as well as endothelial cell 
damage [ 159 ]. ANCA, which are present in a subset of vasculitides, have been 
shown to induce release of microvesicles from neutrophils in vitro, followed by 
microvesicle-dependent activation of endothelial cells, suggesting a pathogenic role 
of microvesicles in vasculitis [ 157 ].   

2.7     Clinical and Therapeutic Implications of Complement 
Activation and Microvesicle Release 

 In the conditions described, HUS (both EHEC-associated and aHUS), TTP and vas-
culitis, complement activation on blood- and endothelial cells activates platelets, 
monocytes, neutrophils, red blood cells as well as endothelial cells promoting 
thrombotic and infl ammatory damage. Activated or apoptotic cells will release 
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microvesicles, and the presence of complement on these microvesicles refl ects the 
detrimental in vivo process. Once complement activation and microvesicle release 
manifest the vascular damage may already be, to a certain degree, irreversible. 
However, an ongoing continuous process may be amenable to treatment. 

 During EHEC infection and prior to the development of HUS antibiotic treat-
ment may expose the patient to an increased risk of developing HUS [ 160 ]. 
Nonetheless, antibiotic therapy during the course of HUS may be benefi cial [ 161 ]. 
The infection, and the renal and neurological complications that may develop, are 
best managed by supportive care [ 161 ,  162 ] as no specifi c treatment has, to-date, 
been shown to be effective. Patients exhibit excessive complement activation [ 42 , 
 83 ,  109 ] and a few patients were suggested to respond to eculizumab, humanized 
anti-C5 antibody (Alexion, Cheshire, CT) [ 163 ], but, by the time patients present 
with HUS, treatment aimed at blocking complement activation may be ineffective, 
as reported during the large  E. coli  O104:H4 outbreak in 2011 [ 161 ,  164 ,  165 ]. 

 In contrast, the disease process occurring during aHUS leads to continuous com-
plement activation due to the presence of complement mutations, or antibodies to 
factor H. In these patients treatment with eculizumab is extremely effective, pre-
venting disease recurrence and renal failure [ 166 ] and allowing patients who previ-
ously developed kidney failure to undergo renal transplantation [ 167 ]. 

 Most patients with TTP are successfully treated with plasma infusions or 
exchange, and patients with acquired TTP respond to rituximab (anti-CD20) [ 126 ]. 
Complement blockade was described in one TTP patient whose disease activity was 
refractory to other treatments (plasma exchange, glucocorticoids, rituximab, and 
vincristine) [ 133 ]. Although this patient had antibodies to ADAMTS13 he was later 
shown to also have antibodies to factor H [ 168 ], which may explain the benefi cial 
response to eculizumab. 

 Patients with vasculitis are treated with non-specifi c immune suppression, usu-
ally achieving remission. Eculizumab was shown to be effective in one severe pedi-
atric case of SLE with vasculitis [ 169 ] and in an adult case of SLE complicated by 
thrombotic microangiopathy [ 170 ]. As animal models of necrotizing glomerulone-
phritis have shown that C5 is involved in the renal damage, using C5a receptor 
defi cient mice [ 151 ], further study of complement blockade as a treatment modality 
in vasculitis and SLE is warranted. 

 In addition to the commercially available eculizumab, multiple therapeutic 
agents are being developed in order to block complement activation at different 
levels and in the different pathways [ 171 ]. These agents may prove to be promising 
therapeutic options for certain thrombotic microangiopathies and vasculitides in the 
future. 

 Elevated circulating microvesicles may be biomarkers of an ongoing infl amma-
tory condition. Still, cells may attempt to eliminate unwanted substances by shed-
ding these within microvesicles. Thus future investigations will need to address the 
contribution of microvesicles to the infl ammatory process and if therapeutic inter-
ventions directed at blocking microvesicle release are benefi cial.  
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2.8     Conclusions 

 Whether as a primary event or as a secondary phenomenon, complement activation 
during thrombotic and infl ammatory conditions affecting the vasculature will fur-
ther perturb injury to the endothelial lining. Microvesicles released from blood and 
endothelial cells are prothrombotic and via secretion of their contents predispose to 
infl ammation. Conditions such as HUS, TTP and vasculitis differ in their etiologies 
and pathogenesis but in these conditions complement activation and microvesicle 
release may exacerbate the course of disease. For this reason therapeutic interven-
tions directed at these processes are worthy of future study.     
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