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Abstract

In thrombotic microangiopathies (TMA) pathological changes of the small vessels are present,
which lead to ischaemia of the affected tissues, low platelet-count and intravascular haemolytic ana-
emia with fragmentocytes. Two main clinical syndromes belong to the group of TMAs: the haemo-
Iytic uraemic syndrome (HUS) with kidney failure, mainly affecting children, and the thrombotic
thrombocytopenic purpura (TTP), starting primarily in adulthood. HUS can be clinically classified
into two forms: typical and atypical HUS, the latter being caused by defective regulation of the
complement system. However, acccording to recent studies, complement activation is also present in
other TMAs. Complement activation products (C3a, C5a, MAC) are able to activate endothelial
cells, which results in loss of their antiinflammatory and antithrombotic potential. Activation of the
complement system can also lead to direct activation of platelets and granulocytes. The consequent
endothelial damage and thrombosis forms the pathological basis of the TMAs. Exploring the exact
pathogenetic role of the complement system in these diseases makes the development of new

therapeutic methods possible.
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The thrombotic microangiopathies

Thrombotic microangiopathy (TMA) is a
descriptive name for the pathological changes
of small vessels (arterioles and capillaries) with
swelling of endothelial cells, their detachment
from the basal membrane and thickening of the
subendothelial layer, leading to thrombosis of
the affected vessels [1].

The clinical features of TMAs consist of
the following:

e ischaemic injury caused by the throm-
botic occlusion of small vessels,

e low platelet count due to platelet con-
sumption,

¢ haemolytic anaemia caused by the me-
chanical injury of red blood cells passing through
the narrowed small vessels [1].

The group of TMAS consists of two main
clinical syndromes: the haemolytic uraemic
syndrome (HUS) and the thrombotic thombo-
cytopenic purpura (TTP).

In HUS, the pathological changes affect
mostly the kidney, the glomerular thrombosis
often leading to cortical necrosis of the kidney
[2]. Thus, besides the thrombocytopenia and
microangiopathic haemolytic anaemia, kidney
failure is characteristic of HUS. The typical
form of the disease, associated with infection
with shiga-like toxin producing microbes, affects
mainly children [3, 4].

In the case of TTP, lesions in multiple
organs are charateristic [2], thrombocytopenia
and microangiopathic haemolytic anaemia are
often accompanied by gastrointestinal and/or
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neurological symptoms, but severe kidney fai-
lure seldom occurs. In contrast to typical HUS,
the disease manifests mainly in young adultho-
od, predominantly in females [1, 3, 4].

Table 1

The growing knowledge concerning the
molecular patomechanism of these diseases has
allowed a new, more detailed classification of
TMAs (Table 1).

Classification of TMAs

Advanced etiology

Unknown etiology,
TMA secondary to underlying disease

e TTP as a result of ADAMTSI13 deficiency (on
account of inhibitor or ADAMTS13-mutation)
e Atypical HUS as a result of impaired com-

plement regulation

e D+ HUS as a result of infection caused by
verocytotoxin- or shiga-toxin-producing bacteria

e HUS as a result of neuraminidase-producing
Streptococcus pneumoniae or Influenza A infection

e HUS on the grounds of defective cobalamine

metabolism
e  Quinine induced HUS

Malignancy-associated HUS/TTP
Transplantation-associated HUS/TTP
HUS/TTP caused by drugs

TTP/HUS associated with autoimmune
diseases (SLE, APLS)
Pregnancy-associated TTP/HUS
HUS/TTP associated with DIC, sepsis
HIV-associated HUS/TTP

Other forms

(Based on: Besbas, N., Karpman, D., Landau, D. et al.: A classification of haemolytic uremic syndrome
and thrombotic thrombocytopenic purpura and related disorders. Kidney Int., 2006, 70, 423-431.)

In this article, we are going to discuss the
most important forms of TMAs with advanced
etiology (D+ HUS, aHUS, TTP).

D+ (diarrhoea positive) HUS is associa-
ted with microorganisms producing verocyto-
toxin 2 (shiga-like toxin, Stx) or shiga-toxin. In
Europe, the most common cause of the disease
is infection with Stx-producing enterohaemor-
rhagic E. coli (EHEC) of the O157:H7 seroty-
pe, although the outbreak in 2011, Germany, in
which many adults were affected, was caused
by the strain O104:H4. The D+ HUS is referred
clinically as typical. The disease usually mani-
fests after (bloody) diarrhoea and affects mostly
children above the age of 2 years. Its prognosis
is relatively good with supportive therapy, re-
lapse is extremely rare [3, 4].

In contrast to the typical, D+ HUS, the
atypical HUS (aHUS) evolves without a pre-
ceding diarrhoea episode, or other atypical fac-
tors are present, such as age less than 6 months,
slow, insidious onset, asynchronous onset in
family members, suspicion of a previous epi-
sode (unexplained anaemia or kidney failure in
the anamnesis). Atypical HUS is caused by de-
fective regulation of the complement activa-
tion, which is most frequently caused by muta-
tions of genes encoding complement proteins
or regulators. In a small number of cases, anti-

factor H autoantibodies are the main causes of
defective complement regulation. The first line
therapy of atypical HUS is plasmapheresis with
FFP substitution; however, a complement C5
inhibiting monoclonal antibody based drug,
eculizumab (Alexion), was registered recently
for this disease. Relapses are frequent, therefo-
re the prognosis is poor, the disease often leads
to end-stage kidney failure or even death [3, 4].

In the majority of cases clinically clas-
sified as TTP, the activity of the enzyme
ADAMTSI3 is severely decreased or absent.
This enzyme processes the ULVWF (unusually
large von Willebrand factor) macromolecules,
which can bind platelets with high affinity. In
the less frequent congenital form of the disease
the ADAMTSI13 gene is defective (mainly in
the form of compound heterozygous mutations),
resulting in abnormal structure or impaired se-
cretion of the enzyme. In the acquired form
accountable for most TTP cases, the deficient
enzyme activity is due to inhibitory autoanti-
bodies against ADAMTS13. The acquired form
develops mainly in early adulthood, its preva-
lence is higher in women. The congenital form
begins mostly in newborns, but can manifest at
any age, and, interestingly, pregnancy is an im-
portant precipitating factor for disease develop-
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ment in affected women. The first line therapy
for TTP is plasmapheresis with FFP substitu-
tion. Steroid or other immunosuppressant the-
rapy (i.e. cyclophosphamide or rituximab, as
B-cell inhibitory therapies) can be used in ad-
dition to reduce the amount of inhibitors. Re-
lapses in congenital TTP can be prevented by
FFP infusions every 2 to 3 weeks [1, 3, 4].

The complement system plays an impor-
tant role in the pathomechanism of atypical
HUS; moreover, recent studies have revealed
its importance in almost every form of TMAs.
Therefore in the next part we summarize its
structure and function, and then we review the

Alternative pathway Lectin pathway

linkage between this enzyme system and the
various forms TMAs.

The complement system

The complement system is a system of
recognition molecules, zymogen proteases, re-
gulators and receptors, which turn into a cas-
cade reaction after the specific stimuli and exert
an important biological function, such as fa-
cilitation of fagocytosis, antigen presentation,
inflammation and cell lysis (Figure 1). Consti-
tuting the humoral branch of the inborn im-
mune response, its primary role is to protect aga-
inst pathogens and altered self structures (5).

Classical pathway
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Figure 1 — Schematic presentation of the complement system

The central molecule of the complement
system, C3 is capable of spontaneous activa-
tion, forming activated C3b. C3b binds to
extrinsic surfaces and becomes able to bind
complement factor B. The latter molecule is
then cleaved by factor D, resulting in the for-
mation of the C3bBb enzyme complex, which
is stabilized by a protein called properdin. This
complex, known as the alternative C3 conver-
tase, is able to cleave and activate further C3
molecules. The alternative pathway is in this
manner not only able to start the complement

activation but serves also as a positive feed-
back loop, amplifying the process [5].

Besides spontaneus activation, C3 can be
cleaved by other enzyme complexes, too. The
classical pathway is activated via the binding
of the complement factor C1 to antibodies of
the IgG or IgM type, apoptotic bodies, CRP
molecules, bacteria or viruses. The conseqgent
conformational changes enable the Clqrss; en-
zyme complex to cleave C4 and then C2, thus
forming the classical C3 convertase, the C4b2a
complex [5].
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The initial step of MBL-lectin pathways
is the binding of the MBL (mannose binding
lectin) molecule to foreign carbohydrate structu-
res (mannose, fucose, N-acetylglucosamin). Fi-
colins are recently discovered carbohydrate-de-
tecting molecules also capable of starting the
(ficolin)-lectin pathway. MBL or ficolins then
activate the MASPs (MBL associated serine pro-
teases 1 and 2), followed by the activation of
C4 and C2. Therefore activation of C1 and
MBL/Ficolin complexes lead jointly along a
final, common pathway to the activation of C3
[5, 6].

Thus, each of the above recognition path-
ways leads to the activation of the C3 mole-
cule, which, through binding of more C3b,
forms the enzyme C5-convertase complex. This
step and the following events are referred to as
the terminal complex. The C5b fragment binds
C6, C7 and C8 forming a pore on the marked
surface. Binding of C9 molecules makes the
pore bigger, leading to osmotic destabilisation
and lysis of the affected cell. The C5b-9 com-
plex is therefore called the membrane attack
complex (MAC) [5].

The C3b and C4b fragments bound to the
foreign surfaces facilitate the antigen-presenta-
tion and phagocytosis of the marked structures
(opsonisation) [5].

The soluble complement products, C3a,
C4a and C5a provoke inflammation by increa-
sing the permeability of blood-vessels, recrui-
ting inflammatory cells and activating them. In-
flammation provides a milieu ideal for the era-
dication of pathogens, but can also lead to tis-
sue injury [5].

As excessive complement activation can
damage the structures of the organism and can
lead to the consumption of the complement sys-
tem, it is important to keep the process under
control. Because of the self-enhancing nature
of the reaction this is only possibe with tight
regulation [5].

The C1 esterase inhibitor arrests the clas-
sical and lectin pathways by causing the dis-
sociation and inhibition of the activated C1 and
MBL-MASP (and supposedly the ficolin asso-
ciated MASPs, too) complexes. Factor I is able
to inactivate C3b and C4b in the presence of its
cofactors. In the regulation of the alternative
pathway factor H plays a role as a cofactor,

while the analogous molecules of the classical
and lectin pathways is C4b-binding protein.
Besides the above soluble cofactors, membra-
ne-bound cofactors also exist, these are the
membrane cofactor protein (MCP) and the com-
plement receptor 1 (CR1). The decay-accelera-
ting factor (DAF) is also a membrane-bound
complement regulator that facilitates the disin-
tegration of the C3 convertase enzyme com-
plexes [5]. Specific regulators of the terminal
pathway are vitronectin and CD59.

How may complement activation

provoke the development of TMA

in general?

The key step in the development of TMAs
is damage to the endothelial layer in small ves-
sels and the subsequent loss of the antithrom-
botic properties of the endothelium. Activation
of the complement system can provoke endo-
thelial damage and prothrombotic changes in
multiple ways.

The soluble complement activation pro-
ducts, the C3a and CS5a are able to directly
activate endothelial cells via their cell-surface
receptors [5]. Sublytic MAC deposition can also
evoke endothelial activation [7]. As a result of
the activation, the amount of heparan sulphate
molecules (responsible mainly for the antithrom-
botic character) decreases on the cell surface,
the number of adhesion molecules responsible
for the binding of leukocytes and platelets (P-
selectin, ULVvWF) increases in turn [7, 8]. The
activated endothelial cells may also express tis-
sue factor (TF) [7], which, besides the reduc-
tion in the amount of thrombomodulin [8], leads
to loss of anticoagulant properties of the endo-
thelium.

Complement activation may lead to endo-
thelial damage in an indirect way as well, as it
activates leukocytes, and increases the emis-
sion of free radicals. The complement-media-
ted over-expression of P-selectin makes the
endothelial cells more vulnerable to the harm
caused by the leukocytes [9]. Moreover, the
activated endothelial cells contribute to the acti-
vation of leukocytes by secreting leukotrienes
and cytokines [7].

Besides the prothrombotic changes to the
endothelium, complement activation can also
lead to thrombosis by activating platelets. C3a
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and C5a can activate platelets via anaphylato-
xin receptors C3aR and C5aR, sublytic MAC
deposition is able to do so by destabilising the
membrane potential [5, 10]. Microparticles and
platelet-leukocyte complexes formed of activa-
ted platelets bear complement factors (C3, MAC)
[11], and provide an ideal surface for comple-
ment activation, thus further enhancing the
thrombotic processes detailed above.

The role of the complement system in
the pathomechanism of different TMAs

Atypical HUS

In the development of aHUS the impai-
red regulation of the alternative pathway plays
the primary role. The spontaneous activation of
C3 amplified by the self-activating loop of the
unregulated alternative pathway results in exces-
sive activation and consumption of the comple-
ment system [3], which leads to manifestation
of TMA through the mechanisms described
above. The aHUS can therefore be regarded as
the model-disease of complement over-activa-
tion on cell surfaces.

The number of identified mutations exce-
eds 120 in total, these are identifiable in appro-
ximately 50-60% of aHUS cases [12]. The
most common among them, with even the worst
prognosis in certain cases, are the alterations to
the factor H gene, usually affecting the protein
regions responsible for binding to the cell mem-
brane or to the C3 molecule [4]. The second
most frequent variants are the mutations of the
MCP. These have a relatively good prognosis,
only seldom leading to end-stage kidney failu-
re, and, if so, the risk of relapse after the tran-
splantation is the lowest among mutations lea-
ding to aHUS. This is not suprising however,
taking into account that in the transplanted kid-
ney the MCP molecules of the donor are expres-
sed [4]. Factor I mutations usually affect the
catalytic regions of the enzyme [12]. Less fre-
quently, gain-of-function mutations of alterna-
tive pathway complement activators (C3, factor
B) can be identified in the background of the
disease [3]. In a further part of the cases, the
factor H deficiency is caused by inhibiting auto-
antibodies, which, like the mutations, perturb
the binding regions of the molecule [12].

The penetrance of mutations is generally
low, around 50%, indicating that further trig-

gering factors are needed to provoke the dise-
ase [3]. TMA occurs often following infectious
diseases or pregnancy. These states can cause
complement activation, and, if it reaches a cri-
tical level, the impaired regulation becomes
unable to control the reaction, leading to over-
activation of the complement system resulting
in aHUS [12].

D+ HUS

Activation of the complement system is
also detectable in D+ HUS [8].

During the EHEC infection causing D+
HUS, the pathogen itself does not reach the
circulation, but the Stx produced by it does and
is able to activate complement. Furthermore,
the Stx enters the cells following the binding to
the glycolipid called globotriosylceramide (Gbs).
This glycolipid is expressed especially by glo-
merular endothelium, which helps to explain
the involvement of the kidneys in D+ HUS
[13]. A sublethal amount of Stx induces typical
changes of the endothelial cells. The expres-
sion of some adhesion molecules, like P-selec-
tin, increases. P-selectin supports complement
activation, as it is able to bind C3 to the cell
surface [8].

C3a and C5a produced during comple-
ment activation in response to Stx also lead to
inflammation and prothrombotic changes of the
endothelium via previously delineated mecha-
nisms [8].

The role of the complement system in the
pathogesesis of the disease is supported by in
vivo studies as well. In a murine model of D+
HUS, severe kidney involvement was absent in
factor B deficient mice, and administration of
C3a receptor antagonists limited glomerular
thrombosis [8].

TTP

According to the new classification of
TMAs based on molecular etiology, TMA forms
caused by deficiency of the enzyme ADAMTS13
belong to this group [3, 4]. The function of
ADAMTSI3 is the cleavage of the ULVWF.
ULVWF is a macromolecule secreted by endo-
thelial cells and platelets upon certain stimuli.
As this molecule is highly adhesive to GPIb
receptors of platelets, its permanent presence
on the endothelial surface as a consegence of
defective cleavage leads to platelet adhesion and
aggregation [14].
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Severe deficiency of the ADAMTSI13
enzyme, however, does not always cause TTP,
as is confirmed by the case of the many TTP
patients in remission despite of extremely low
or deficient enzyme activity. Impaired or
deficient ADAMTSI3 activity is a predispo-
sing factor, but further triggering events are
needed for the evolvement of the disease. TTP
develops fregently following conditions with
complement activation and inflammation, which
suggests the causal role of the complement
system in the pathogenesis of the disease [15].

In a study investigating complement acti-
vation in TTP, levels of certain complement
activation products such as C3a and sMAC
(soluble MAC) were found to be elevated du-
ring the acute phase of the disease [15]. In ano-
ther research, C3b and MAC deposition was
observed on human microvascular endothelial
cells following treatment with serum of acute
TTP patients [9].

In the latter experiment it was also shown
that the serum taken in the acute phase of the
disease was capable of activating leukocytes
and diminishing the antithrombotic and antiin-
flammatory properties of endothelial cells. All
of these effects could be prevented by inacti-
vating the complement system, which confirms
its role in the process [9].

P-selectin expression was also increased
on the surface of endothelial cells in response
to acute TTP serum administration. [9] This
molecule is able to enhance the complement
activation by binding C3 [8]. As P-selectin and
ULVWF are stored together in the Weibel-Pa-
lade bodies of endothelial cells, an increase of
P-selectin expression means that the ULvWF
secretion is also increased [16]. The primary role
of ULVWF in the prothrombotic changes of
endothelial cells was experimentally proven [9].

If an increase in ULVWF secretion cau-
sed by complement activation exceeds the clea-
vage rate by the deficient ADAMTS13 enzyme,
the adhesive macromolecules accumulate, which
results in platelet-aggregation. The activated
platelets and platelet aggregates provide an
ideal surface for further complement-activa-
tion, enhancing the process [11]. The forming
of platelet thrombi throughout the vasculature
leads to the evolvement of TTP.

New perspectives in TMA therapy

In the light of the above facts, the com-
plement system takes part in the development
of the characteristic pathological changes in
TMAs via its ability to cause endothelial injury
and platelet activation. Therefore the modula-
tion or inhibition of the complement system
seems to be a promising possibility in the treat-
ment of TMAs.

Eculizumab is a monoclonal antibody,
which binds to C5 promoting its cleavage, and
thus blocking the terminal pathway and for-
ming of C5a. It was shown to be effective in
the treatment of atypical HUS, even in cases
resistant to plasmapheresis. Therefore, this drug
now belongs to the registered therapies of aHUS
in the US and EU, although it is not widely
used because of its high price and limited avai-
lability [17]. Although eculizumab is not regi-
stered for the treatment of other TMAs, it was
still proven to be useful in some cases of D+
HUS and TTP resistant to routine therapy [18,
19]. We must add, though, that the results
acquired during the German EHEC outbreak in
2011 indicate only restricted effectiveness of
eculizumab in the treatment of D+ HUS pati-
ents (as compared to standard, guideline-based
therapy) [12].

von Willebrand cleaving protesase (a disintegrin-like and metalloprotease with

Abbreviations
ADAMTSI3 thrombospondin type 1 repeats 13)
aHUS atypical haemolytic uraemic syndrome
APLS antiphospholipid syndrome
C3aR C3a receptor
CR1 Complement receptor 1
D+ HUS diarrhoea positive haemolytic uraemic syndrome
DAF decay accelerating factor
DIC disseminated intravascular coagulation
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EHEC
FFP
Gb3
GPIb
HIV
HUS
MAC
MASP
MBL
MCP
P-HUS
SLE
sMAC
Stx

TF tissue factor
TMA
TTP
ULVWF

fresh frozen plasma
globotriosylceramide
glycoprotein Ib

mannose binding lectin
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Pesume

HOBHU CO3HAHMNJA 3A YJIOT'ATA

HA KOMIVIEMEHTHHUOT CUCTEM

BO INATOI'EHE3ATA HA TPOMBOTHYHA
MUKPOAHI'MOITATHUJA

I'ept CunkoBuy u 3oaran [Ipoxacka

HcrpaxyBauka abopaToprja 1 KOMIUIEMEHTHA JIHja-
rHocTruka naboparopuja @ycr ['mopru, Tper ompen
32 MHTEpHa MEAWIMHA, MEIUIMHCKH (QaKynTeT,
Yuusepsurer CemernBajc, bymumnenira, YHrapuja

Kaj tpomboTtnuna mukpoanruonatuja (TMA)
MIATOJIOIIKUTE TIPOMEHH BO MaJUTE CaIOBH CE€ IPH-
CYTHH W THE BOJAAT JI0 MCXEMHja Ha apHIUpPAHNTE
TKacHwa, TPOMOOICHHja U MHTPaBaCKyJIapHa XEeMO-
JMTHYHA aHeMHja co (parMeHTonuTo3a. /IBa riaBHM
KJIMHUYKY CHHIpOMA MpUIaraaT Ha TIpynara Ha
TMA: xemonutnuHo ypemudeH cuaapoM (XYC) co
OyOpexHa ci1aboCT KOJIITO, TJIaBHO, TH aduuupa
Jenara ¥ TpoMOOTHYHA TPOMOOLUTONEHUYHA Ty -

nypa (TTII), koja ce MmanudecTrpa Kaj BO3pacHUTE.
XYC Moxe KIMHUYKH Ja ce Kiacuduimpa Bo 2
¢dopmu: TunmueH u atunuyeH XYC co Toa WITO
MOCJIETHUOT € TPEAN3BUKaH Mmopaau aedeKT Bo pe-
ryjanyja Ha KOMIJIEMEHTapHUOT cucteM. MefyToa,
CHIOpe]] HA0IUTE Ha HEOJaMHELIHUTE CTYIUH, aKTH-
Ballja HA KOMIUIEMEHTOT, UCTO TaKa, € IPUCYTHA U
kaj npyru TMA. AKTHBanmMoOHWTE MpPOXYKTH Ha
kommiemeHToT (C3a, C5a, MAC) ce ciocoOHu na
TM aKTHBUpPAaaT CHJOTEIHUTE KICTKH, IITO pe3yl-
THpa BO TyOeHke Ha HUBHUOT aHTUMH(IAMATOPEH U
aHTUTPOMOOTHYEH TOTEHIINja]l. AKTHBAIMja HA KOM-
TUIEMEHTHUOT CHUCTEM HCTO MOXKE Jia BOIH 0 JU-
pPEKTHa aKTHBalMja HAa TPOMOOLMTHTE M TPaHyJIO-
murute. [locnenoBaTenHOTO EHIOTENTHO OIUTETY-
Bake M TpoMOO3aTa ja COYMHYBaaT HATOJIOLIKATa
ocHoBa Ha TMA. HcnutyBameTo Ha ersakTHaTa
MaTOreHEeTCKa pojja Ha KOMIUIEMEHTHHOT CHUCTEM
Kaj oBHE 3a00JyBamba OBO3MOXKYBa pa3Boj Ha HOBU
TEpaneBTCKU METOIU.

Kayunn 300poBu: TMA, aHUS, D+ HUS, TTP, xom-
TUIEMEHTAPEH CUHCTEM, SHJOTENIHA KJIETOYHA aKTHBAlIWja.



