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Introduction

Autoimmune hemolytic anemia (AIHA) is a rare disease
with an estimated incidence of 17 per 100,000 per year, which
is characterized by the formation of autoantibodies (auto-Abs)
directed to red blood cells (RBC) with or without complement
activation resulting in shortened lifespan of RBCs in the circu-
lation.1-3 Based on the optimal binding temperature, AIHA is
classified into warm autoantibody AIHA (WA-AIHA), cold
autoantibody AIHA (CA-AIHA), and mixed forms, respective-
ly.1-3 The diagnosis of AIHA is based on the presence of
hemolytic anemia with a positive direct antiglobulin test (DAT)
for IgG and/or complement C3d. The degree of anemia at pres-
entation correlates with the severity of AIHA and with the
probability of relapse.4 The lowest hemoglobin levels have
been observed in patients suffering from warm AIHA with IgG
and C3d positivity and mixed forms of AIHA (e.g. co-existence
of warm and cold autoantibodies, respectively).  In these forms
of AIHA, complement is activated as evidenced by the positive
DAT for C3d. Atypical AIHA which is, at least in part, caused
by warm IgM, is also associated with a more severe disease
course. In a significant percentage of patients suffering from
these forms of warm AIHA, IgM reactive at 37˚C (warm IgM)
can be detected.4 In an older study, 13% of all patients had
detectable monophasic “hemolysins”, which mainly consist of
warm IgM.4 This is in accordance with our own data from
patients suffering from AIHA with a DAT positive for IgG and
C3d. A majority of these patients also have evidence for the
presence of RBC specific IgM, which escapes routine diagnos-
tic testing (Meulenbroek et al., accepted for publication). Given
the fact that warm IgM reacts at 37˚C, these auto-Abs can effi-
ciently activate complement in vivo resulting in complement-
mediated destruction of RBCs. Taken together, these data

show that the presence of IgM with a broad temperature
amplitude and/or optimal binding temperature above 30˚C
induce complement activation in vivo and are associated with a
more severe course of AIHA. 

Treatment of AIHA mainly aims to abrogate RBC auto-Ab
production by B cells as well as to inhibit clearance of RBC in
the spleen. In WA-AIHA, the first-line treatment is steroids,
and as second-line treatments, splenectomy or rituximab
(anti-CD 20) turned out to be effective.5 Established effective
therapy in CA-AIHA consists of rituximab optionally com-
bined with fludarabine.6 Needless to say that treatment of the
underlying disease is essential.3 All these therapeutic
approaches need time to become effective. However, in
patients presenting with acute symptomatic AIHA or experi-
encing an exacerbation of AIHA, the primary goal of treat-
ment is to halt acute hemolysis.  In addition, restoration of
oxygen carrier in symptomatic anemia is mandatory. Yet
autoantibodies will react with donor cells as well, resulting in
an inadequate recovery of RBC transfusion. In addition, RBC
transfusion may exacerbate hemolysis with the potential risk
to develop hyperhemolysis. In addition, there is a significant
risk to develop RBC alloantibodies. In IgM-mediated AIHA,
complement-mediated RBC destruction significantly con-
tributes to the severity of acute hemolysis, to the exacerba-
tion of chronic AIHA, and to the decreased recovery of RBC
transfusion. Therefore, treatment with complement
inhibitors may halt or at least attenuate acute complement-
mediated hemolysis in these patients and may improve
recovery of RBC transfusion. In this article we will give an
overview of the physiology and pathophysiology of the com-
plement system and its role in AIHA. Then we will discuss
the mechanism of action and the efficacy of complement
inhibitors in the treatment of acute AIHA. 
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Complement activation in autoimmune hemolytic anemia may exacerbate extravascular hemolysis and may occa-
sionally result in intravascular hemolysis.  IgM autoantibodies as characteristically found in cold autoantibody
autoimmune hemolytic anemia, in cold agglutinin disease but also in a considerable percentage of patients with
warm autoantibodies are very likely to activate complement in vivo. Therapy of IgM-mediated autoimmune
hemolytic anemia mainly aims to decrease autoantibody production. However, most of these treatments require
time to become effective and will not stop immediate ongoing complement-mediated hemolysis nor prevent
hemolysis of transfused red blood cells. Therefore pharmacological inhibition of the complement system might be
a suitable approach to halt or at least attenuate ongoing hemolysis and improve the recovery of red blood cell trans-
fusion in autoimmune hemolytic anemia. In recent years, several complement inhibitors have become available in
the clinic, some of them with proven efficacy in autoimmune hemolytic anemia. In the present review, we give a
short introduction on the pathogenesis of autoimmune hemolytic anemia, followed by an overview on the comple-
ment system with a special focus on its regulation. Finally, we will discuss complement inhibitors with regard to
their potential efficacy to halt or attenuate hemolysis in complement-mediated autoimmune hemolytic anemia. 
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Complement system
The complement system is an evolutionary highly con-

served cascade system that makes up part of the innate
immune system.7-9 Complement activation can occur via
three distinct pathways (classical pathway (CP), lectin path-
way (LP) and alternative pathway (AP) that converge at the

level of C3 cleavage and eventually lead to a common ter-
minal pathway (TP) (Figure 1A).  

The AP can be initiated by spontaneous hydrolysis of the
central complement component into C3b(H2O).  C3b(H2O)
is an acceptor for the next AP protein Factor B (FB) which is
then cleaved by the serine protease factor D (FD), resulting
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Figure 1. Overview of the complement system. (A) Overview of the complement system including the main activation pathways. (B) The alter-
native pathway is initiated by spontaneous low-grade conversion of C3 into active C3 (C3b), which together with activated factor B (Bb) forms
the alternative C3 convertase which can induce additional C3 cleavage in a positive feedback loop. (C) The classical pathway is activated by
antibodies [one IgM molecule, multiple (preferably 6) IgG molecules] leading to the formation of the classical C3 convertase (C2aC4b) by the
activation C2 and C4 by C1s/C1r. (D) The lectin pathway is initiated by binding of MBL (or ficolins) to sugar structures followed by activation of
C2 and C4 by MASP1/MASP2, leading to the formation of lectin C3 convertase (C2aC4b). (E) C3-activation by the classical, lectin or alternative
C3 convertase results in the formation of the C5 convertase. C5 convertase subsequently activates C5 resulting in the formation of the mem-
brane attack complex (MAC). C: complement factor; MAC: membrane attack complex; MBL: mannan binding lectin; MASP: MBL–associated
serine protease; P: properdin; C1-inh: C1-inhibitor; FI: factor I; CR1: complement receptor 1; MCP: membrane co-factor protein; DAF: decay
accelerating factor; C4BP: C4-binding protein; FH: factor H.
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in the fluid phase C3 convertase (C3b(H2O)Bb), that can
cleave multiple C3 molecules into C3b and C3a. C3b binds
to nucleophilic targets on cell membranes10 and C3a acts as
a pro-inflammatory anaphylatoxin (Figure 1B). Low-level
activation of C3 can significantly be accelerated through a
positive feedback loop resulting in the formation of addi-
tional alternative C3 convertases on the surface (C3bBb)
that are stabilized by properdin (P) and eventually give rise
to the formation of a C5 convertase (C3bBbC3b), which
subsequently cleaves C5 into C5b and C5a.10 C5b attaches
to the surface and subsequently binds to C6, C7 and C8 to
form the C5bC8 complex allowing polymerization of C9 to
form the membrane attack complex (MAC), which inserts
into target membranes and induces cell lysis (Figure 1A and
E).11,12 Next to lysis by the MAC, cleavage of both C3 and C5
results in the generation of pro-inflammatory anaphylatox-
ins (C3a, C5a) that attract and activate leukocytes13 and C3b
opsonization of the target surface facilitates uptake by
phagocytic cells in the liver and spleen. 

During evolution complement activation became more
specific by the development of recognition molecules. The
CP is initiated by binding of C1q to the Fc-part of IgM or
IgG complexed with their target antigens. IgM is most effi-
cient in complement activation, due to its polymeric nature.
Human IgG activates complement in the order
IgG3>IgG1>IgG2, whereas IgG4 does not activate comple-
ment at all.14 As the affinity of C1q for a single IgG Fc tail is
very low, C1q needs multiple Fc tails in close proximity for
efficient binding and subsequent complement activation.
Recently, Diebolder et al. described a novel concept.15 They

observed that IgG antibodies that are bound to a cellular
surface are organized in a hexameric structure by non-cova-
lent Fc interactions, thereby increasing the avidity of C1q
and allowing optimal complement activation. Potentially,
this phenomenon also plays a role in IgG binding to RBCs
in AIHA, thereby influencing the strength of subsequent
classical pathway activation. Upon binding of C1q to its lig-
and, the associated serine proteases C1r and C1s are activat-
ed and these subsequently cleave C4 and C2 into C4b and
C2a together forming a C3 convertase (C4bC2a) on the sur-
face10,16 (Figure 1C). The LP is triggered by mannan binding
lectin (MBL) or ficolins recognizing polysaccharides of vari-
ous microbes,17 subsequently activating MBL-associated-
serine-protease-1 (MASP-1) and MASP-2.18,19 MASP-2
cleaves both C4 and C2, resulting in the formation of  a sim-
ilar C3 convertase (C4bC2a) (Figure 1D).

Host cells are well protected by several membrane-bound
and soluble complement-regulating proteins to minimize
damage to healthy host tissue. The most important plas-
matic inhibitors of the AP are factor H (FH) and factor I (FI)10

(Figures 1B and 2). FH induces the dissociation of C3 con-
vertase and has co-factor activity in the proteolytic degrada-
tion of C3b by FI. C3b is proteolytically degraded stepwise
by FI to inactivated C3b (iC3b) and subsequently to C3d.
Next to its function in fluid phase, FH can exert its protec-
tive effects on cellular surfaces by binding to polyanionic
residues on the cell surface.20 The CP and LP are controlled
by 2 plasmatic inhibitors: C1-inhibitor (C1-inh) and C4-
binding protein (C4BP). C1-inh decreases C2 and C4 activa-
tion and hence C3 convertase formation by the inhibition
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Figure 2. Regulation of
the complement sys-
tem by endogenous
and pharmacological
inhibitors. Plasmatic
(green), membrane-
bound (purple) and
pharmaceutical (red)
complement inhibitors.
IgM is shown as pen-
tamers on the red blood
cells. C3b deposition is
depicted as triangles on
the red blood cell.
Hemolysis by the MAC
is depicted as red pores
on the red blood cell
membrane and a disin-
tegrated membrane (so
called red blood cell
“ghost”). C4BP: C4b
binding protein; MCP:
membrane co-factor
protein; DAF: decay
accelerating factor;
(s)CR1: soluble comple-
ment receptor 1; for
other details see text.
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of C1r/C1s as well as MASP1/MASP221,22 (Figure 1C and D
and Figure 2). C4bp decays C3 convertase by binding C4b
and may serve as co-factor for FI-mediated cleavage of
C4b10 (Figure 1C and D and Figure 2). Membrane co-factor
protein (MCP, CD46) serves as a co-factor for FI in the inac-
tivation of surfaced-bound C4b and C3b MCP is expressed
on nucleated cells, but is lacking on red blood cells.
Glycophosphatidylinositol (GPI)-linked decay accelerating
factor (DAF, CD55) prevents the formation of C3-conver-
tase (C4bC2a, C3bBb) and GPI-linked CD59 interferes with
the polymerization of C9 and MAC formation on cells
(Figure 1E and D and Figure 2). Fluid phase regulators of the
MAC are vitronectin and clusterin. Complement receptor 1
(CR1, CD35) binds to C4b and C3b, thereby exerting
decay-accelerating properties by separating the active sub-
units. In addition, CR1 serves as a co-factor for the inactiva-
tion of C4b and C3b by FI.10  

Complement-mediated hemolysis in IGM-mediated AIHA
Complement–mediated hemolysis occurs in both WA-

and CA-AIHA. In CA-AIHA, autoantibodies to RBCs are
nearly exclusively of IgM isotype.2,23 Although WA-AIHA is
generally considered to be caused by IgG, in a significant
percentage (up to 13%) IgM seems to contribute to hemol-
ysis.4,23 A significant proportion of our own patients suffer-
ing from AIHA with a DAT positive for IgG and C3d also
have IgM in their serum, which is not measurable with the
routine techniques (Meulenbroek et al., accepted for publi-
cation). IgM auto-Abs can efficiently activate complement
via the CP leading to the formation of the CP C3 convertase

(C4bC2a) on the surface of RBCs.10,24 IgM circulates as a pla-
nar pentameric and hexameric structure, the latter charac-
terized by absence of a J-chain, both forms being unable to
bind C1q in fluid phase. Upon antigen binding, IgM under-
goes a conformational change providing access of C1q to
the Fc parts of IgM.25,26  Hexameric IgM was reported to acti-
vate the CP and hence induce lysis of RBCs more efficiently
as compared to pentameric IgM.27,28 Hexameric IgM was
found to be present in significant amounts in patients with
cold agglutinin disease (CAD).  IgM antibodies, which can
agglutinate RBC at low temperature (4°C), are called cold-
agglutinins. Polyclonal cold agglutinins can be found in
healthy subjects.29 In contrast, monoclonal cold agglutinins
with high thermal amplitude are characteristic for CAD.30

CAD is characterized by IgM-mediated agglutination of
RBCs in the microcirculation exposed to lower tempera-
tures, e.g. fingers, toes, etc., which becomes clinically appar-
ent as acrocyanosis.31 Depending on the strength of the cold
agglutinin titer (which goes in parallel with the density of
cold-agglutinin deposition on RBCs) and the width of the
thermal amplitude cold-agglutinins can also induce comple-
ment activation.30,32 This is illustrated by the fact that C3
deposition on RBC membranes increases and C1s levels in
plasma decrease with increasing titers of cold agglutinins.33

A considerable percentage of AIHA patients have IgM,
which does not behave as a classical cold agglutinin anti-
body, but has characteristics of a classical warm autoanti-
body (classified as “mixed” and “atypical” forms or
“hemolysins”). These IgM autoantibodies reactive at 37˚C
or at least over 36˚C are potent complement activators and
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Figure 3. Inhibition of intra- and extravascular hemolysis in AIHA by complement inhibitors. Complement-mediated removal of RBCs can occur
intravascular or extravascular by complement-receptor mediated phagocytosis, mainly in the liver and to some extent also in the spleen. C3b
deposition is depicted as triangles on the red blood cell. C5b deposition is depicted as circles on the red blood cell. Hemolysis by the MAC is
depicted as a disintegrated membrane. Eculizumab inhibits intravascular hemolysis, whereas TNT003 and C1-inhibitor are able to inhibit both
intravascular- and extravascular hemolysis (adapted from Zeerleder 3).  
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may cause acute hemolysis. Activation of complement by
IgM auto-Abs induces cleavage of C3 by means of C3 con-
vertase of the classical pathway leading to the deposition of
C3b on the surface of RBCs, which is subsequently prote-
olytically cleaved by FI to iC3b, and eventually C3d.
Complement receptor-mediated phagocytosis of RBC
opsonized with C3 results in extravascular hemolysis and
the amount of C3 deposition was reported to be predictive
for hemolysis.34 In the presence of strong complement acti-
vation, e.g. by IgM, complement activation may proceed to
the formation of C5 convertase and insertion of MAC into
the RBC membrane, resulting in intravascular hemolysis3

(see above).
Complement-mediated hemolysis induces a severe sys-

temic inflammation, as evidenced by clinical symptoms
such as fever and chills, and, in extreme cases, hypotension
and shock. Complement activation leads to the generation
of vasoactive and chemotactically active C3a and C5a.13 In
systemic inflammatory diseases with a comparable comple-
ment activation to AIHA, C3a and C5a concentration sig-
nificantly correlated with disease severity and fatality.21,35

Upon extravascular lysis, RBC are removed by orches-
trated phagocytosis via Fc-gamma receptors and/or com-
plement receptors. Degradation of RBC cell constituents
in macrophages results in the breakdown of heme consist-
ing in a protoporphyrin ring and ferrous iron by means of
heme oxygenase into carbon monoxide, billiverdin and
ferric iron, the latter consequently bound to ferritin.36

Upon intravascular lysis, hemoglobin and heme are
released into the circulation. The plasma proteins hapto-
globin (Hp) and hemopexin (Hpx) neutralize free hemo-
globin and heme efficiently.36 However, due to rapid con-
sumption of both Hp and Hpx, free hemoglobin and heme
may escape neutralization and subsequently contribute to
systemic inflammation. Heme–bound and free iron in the
form of ferrous iron become oxidized resulting in the gen-
eration of highly cytotoxic reactive oxygen species.37 In
addition, free heme may activate the complement system
via the alternative pathway, thereby promoting C3 depo-
sition on bystander RBCs that may be efficiently cleared.
So via complement activation, free heme may perpetuate
the development of anemia in patients with extravascular
hemolysis.38,39 In contrast, a negative effect of free heme on
C1q binding to IgG and IgM has been described.40,41 It was
mentioned that classical pathway activation can be mod-
ulated by released heme by inhibiting the binding of C1q
to its ligands. However, it still remains to be investigated
whether the amount of released heme in AIHA patients
with extravascular hemolysis is sufficient to exert the
reported effects on the complement system in vivo. In addi-
tion, most of the studies make use of the hemin and
hematin, consisting of protoporphyrin ring containing a
ferric iron with either a chloride or hydroxide ligand,
respectively, both having a restricted solubility, and which
differs from heme consisting of a protoporphrin ring con-
taining ferrous ion. Upon massive RBC lysis release of
RBC membrane fragments occurs, which may occasional-
ly result in disseminated intravascular coagulation.42,43

Altogether, complement inhibition may not only be a suit-
able approach to halt complement-mediated RBC lysis
and to improve RBC survival, but also to limit the poten-
tially fatal pro-inflammatory effects of generated comple-
ment activation products and release of RBC constituents,
such as heme, Hb and iron, and RBC membrane frag-
ments.

Pharmacological complement inhibitors 
potentially effective in the treatment of 
complement-mediated AIHA

To date, several complement inhibitors have been
described that interfere with different steps in the activation
cascade to limit complement activation.44 However, only a
few have been evaluated for prevention of complement-
mediated RBC destruction so far. 

Eculizumab is a humanized monoclonal antibody that
binds to the C5 component of complement and inhibits ter-
minal complement activation. Treatment of PNH patients
with eculizumab significantly improves morbidity and
mortality.45 Eculizumab has been occasionally administrat-
ed to AIHA patients that were refractory to rituximab treat-
ment.46 Two case reports described patients with CAD who
were successfully treated with eculizumab.46,47 In both cases,
hemolysis improved significantly and clinical symptoms
resolved. In AIHA, complement activation is mainly driven
by IgM-mediated classical pathway activation, eventually
leading to C3 opsonization and only rarely resulting in
MAC formation.48 Eculizumab will, therefore, only be
effective in AIHA patients with intravascular hemolysis
because anti-C5 acts downstream C3 deposition and hence
does not influence complement receptor-mediated uptake
of C3 opsonized RBCs by phagocytic cells in the liver and
spleen (Figure 2). This is also illustrated by the fact that dur-
ing treatment with eculizumab increased C3 deposition on
RBCs can be observed in a significant percentage of PNH
patients.49,50 Moreover, long-term C5 blockade renders
patients more susceptible for bacterial infections, such as
meningococcal infection. AIHA patients receive immuno-
suppressive treatment (e.g. prednisolone, rituximab), which
increases the risk of infections and may potentially mitigate
the efficacy of prophylactic measures, such as vaccination
against capsuled bacteria.51 

Therapeutic intervention at the level of C3 activation, or
even more upstream in the classical pathway activation is
another attractive approach to treat AIHA patients during
the time window period that immunosuppressive therapy
is initiated to treat the underlying B-cell-mediated auto-Ab
production. In recent years, several inhibitors have been
reported to efficiently inhibit C3. The Parker group reported
monoclonal antibody H17/3E7 directed to C3b/C3bi,
which efficiently inhibited hemolysis of RBCs from PNH
patients.52 Monoclonal H17/3E7 binds to C3(H2O) and C3b,
thereby preventing C3- as well as C5-convertase formation
resulting in efficient inhibition of the alternative pathway
leaving classical pathway activation unaffected. Therefore,
H17/3E7 efficiently inhibits both, hemolysis and C3 depo-
sition on PNH RBCs in vitro. Theoretically, H17/3E7 might
also be efficient to inhibit auto-Ab-mediated hemolysis in
vitro, by blocking the amplification loop52 (Figure 2). 

Another elegant approach to inhibit complement activa-
tion on the level at C3 has been reported by Fridkis-Hareli
and co-workers.53 This group describes a fusion protein
(TT30) linking the first 4 short consensus repeats (SCR) of
human complement receptor 2 (CR2) with SCR1-5 of FH.
The CR2 part of this fusion protein serves as recognition
subunit for C3 degradation products (e.g. iC3b, C3dg) tar-
geting the protein to the location of complement
activation.54 The FH SCR1-5 domains of the fusion protein
efficiently prevent C3 convertase formation of the alterna-
tive pathway by its decay accelerating activity.52,53 The effi-
cacy of TT30 to inhibit alternative pathway activation at
the site of complement activation has been demonstrated in
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vitro in a hemolysis assay using rabbit RBCs.53 Risitano and
co-workers reported TT30 to efficiently inhibit C3 deposi-
tion on and hemolysis of PNH RBCs.55 Therefore, TT30
might be a suitable therapeutic, not only to inhibit intra-
vascular hemolysis, but also extravascular hemolysis in
PNH patients (Figure 2). In analogy to H17/3E7, TT30 is not
effective in the inhibition of classical pathway activation.
However, it might prevent intra- and extravascular hemol-
ysis in AIHA by the limitation of the amplification loop and
hence C3 deposition.  Another drug under development
that specifically targets surface AP activation is mini-FH,
which is an engineered complement inhibitor consisting of
SCR1-4 linked to SCR19-20 of FH. Mini-FH has high affin-
ity for C3b and C3d and showed better inhibitory function
in vitro compared to native FH.56,57 In addition, as with
eculizumab, safety issues still have to be defined with
regard to infectious complications. A more specific
approach to inhibit complement activation via the classical
pathway on the level of C3 has been described by
Yazdanbaksh and co-workers.58 They showed that recombi-
nant soluble CR1 (sCR1) by specifically binding C4b and
C3b efficiently inhibits both the classical as well as the alter-
native pathway C3 convertase. In addition, sCR1 serves as
a co-factor for factor I-mediated inactivation of C4b and
C3b, respectively. Soluble CR1 effectively reduces comple-
ment-mediated RBC destruction both in vitro and in a
mouse model of immune mediated transfusion reaction.58 In
this antibody-mediated transfusion reaction model, a
decrease in C3 sensitization of the transfused RBCs was
correlated with prolonged survival of the transfused RBCs.
sCR1 has been studied in several human clinical trials with
possible favorable outcomes.59,60 

Another complement inhibitory drug targeting C3 is the
cyclic peptide compstatin. Compstatin binds native C3 and
prevents its cleavage by C3 convertases (Figure 2).
Therefore, compstatin is an ideal compound to inhibit clas-
sical, lectin as well as AP activation.61 It has been tested in
several animal models and shown to be an effective com-
plement inhibitor.62,63 Recently, Risitano and co-workers ele-
gantly demonstrated that pegylated compstatin not only
efficiently prevents lysis of PNH-RBCs, but also C3 deposi-
tion.64 Currently, compstatin is being tested in a human clin-
ical trial for age-related macular degeneration (AMD) and in
pre-clinical studies for several other inflammatory dis-
eases.44 However, to our knowledge, its ability to inhibit
complement-mediated immune hemolysis in vivo has still
not been tested. Blocking C3 activation by a compound
such as compstatin might be the best way to totally shut off
the complement cascade, as both the release of the pro-
inflammatory C3a and opsonization by C3b are blocked,
and in addition, the membrane attack complex does not
form.61 Therefore, short-term blockade of C3 activation
may be helpful to inhibit intra- and extravascular hemolysis
in AIHA. However, by shutting down the three activation
pathways of the complement system, patients may become
vulnerable to infectious complications. This risk may signif-
icantly increase in the present patient population due to
concomitant immunosuppressive treatment. Besides effica-
cy, clinical studies have to proof safety of compstatin with
regard to the susceptibility for infections.

Since complement activation in AIHA is mainly driven by
IgM-mediated CP activation, eventually leading to C3
opsonization, and in rare cases, MAC formation, selective
inhibition of the CP upstream the C3 convertase may be an
attractive therapeutic approach (Figures 2 and 4).2,3 By selec-

tive inhibition of the CP, the other arms of complement
activation, and thus the ability to fight infections, remain
intact. Recently two studies have been published in which
inhibitors of the CP were shown to inhibit in vitro comple-
ment activation on antibody-sensitized RBCs.33,65 In the first
study, supraphysiological levels of an endogenous plasma
inhibitor of the CP, C1-inh, were used.65 Red blood cells that
were in vitro opsonized with patient antibodies were pro-
tected from C3 deposition and hemolysis upon co-incuba-
tion with high levels of C1-inh. In this paper, one anecdotal
AIHA patient was treated with high doses of plasma-puri-
fied C1-inh to improve transfusion efficiency. Hemolysis
appeared to be inhibited and RBC survival increased after
administration of C1-inh in this particular patient.65

Although high levels were required to inhibit auto-Ab-
induced complement-mediated RBC destruction, C1-inh
might be an attractive approach to improve transfusion effi-
cacy during hemolytic crises because of its excellent safety
profile.22,66 Plasma-purified C1-inh has been used for more
than 30 years to treat patients suffering from hereditary
angioedema (HAE). Moreover, C1-inh has been efficiently
used in studies in patients suffering from sepsis and
ischemia reperfusion injury.22,66 We are currently investigat-
ing the efficacy of C1-inh to improve recovery of RBC
transfusion in patients suffering from complement-mediat-
ed autoimmune RBC destruction in an open label study. 

Another elegant approach to inhibit the activation of the
classical pathway of complement in AIHA has been report-
ed by Shi and co-workers by using an antibody (TNT003)
targeting the serine protease C1s.33 TNT003 efficiently
inhibits dose-dependent in vitro hemolysis induced by auto-
Abs from patients suffering from CAD. Both complement
deposition on the RBC surface and complement-mediated
phagocytosis by macrophages were inhibited by TNT003.
TNT003 also efficiently reduced the generation of pro-
inflammatory and vasoactive anaphylatoxins.33 Moreover,
TNT003 efficiently inhibited cold-agglutinin-mediated RBC
hemolysis. In a humanized form, TNT003 might be a suit-
able inhibitor to block complement-mediated RBC destruc-
tion in AIHA.33 Recently, TNT003 was successfully tested in
an in vitro model for antibody-mediated graft rejection
(AMR) showing its potency to reduce antibody-mediated
classical pathway activation.67 In addition, plasma-derived
C1-inh is currently being tested in clinical trials for its effi-
cacy in preventing AMR in kidney transplantation (clincial-
trials.gov identifier: 01147302 and 01134510). Both inhibitors,
C1-inh and TNT003, seem to be suitable to efficiently
inhibit complement–deposition as well as insertion of the
MAC into RBCs, and hence complement-mediated extra-
and intravascular hemolysis, respectively.33,65 A major advan-
tage of this approach is that classical pathway inhibition
leaves the alternate complement pathway activation unaf-
fected reducing the risk of potential fatal bacterial infections
in these patients who are extremely susceptible to infec-
tious complications due to concomitant therapy and/or pos-
sible underlying disease. It must be noted though, that long-
term inhibition of the classical pathway of complement
potentially increases the risk for development of autoim-
mune disorders, as deficiencies in early classical pathway
components are predisposing for systemic lupus erythe-
matosus (SLE).68 Whether long-term classical pathway-tar-
geted therapy will induce lupus-like or other autoimmune
complications remains to be investigated. In conclusion,
complement inhibition at the very beginning of the classical
pathway of complement activation is an effective potential

Complement inhibition in AIHA

haematologica | 2015; 100(11) 1393

© Ferr
ata

 S
tor

ti F
ou

nd
ati

on



D. Wouters and S. Zeerleder

1394 haematologica | 2015; 100(11)

References

1. Packman CH. Hemolytic anemia due to
warm autoantibodies. Blood Rev. 2008;22
(1):17-31.

2. Petz LD. Cold antibody autoimmune
hemolytic anemias. Blood Rev. 2008; 22(1):
1-15.

3. Zeerleder S. Autoimmune haemolytic
anaemia - a practical guide to cope with a
diagnostic and therapeutic challenge. Neth
J Med. 2011;69(4):177-184.

4. Barcellini W, Fattizzo B, Zaninoni A, et al.
Clinical heterogeneity and predictors of
outcome in primary autoimmune hemolyt-
ic anemia: a GIMEMA study of 308
patients. Blood. 2014;124(19):2930-2936.

5. Lechner K, Jager U. How I treat autoim-
mune hemolytic anemias in adults. Blood.
2010;116(11):1831-1838.

6. Berentsen S, Randen U, Vagan AM, et al.
High response rate and durable remissions
following fludarabine and rituximab com-
bination therapy for chronic cold agglutinin
disease. Blood. 2010;116(17):3180-3184.

7. Ricklin D, Lambris JD. Complement in
immune and inflammatory disorders:
pathophysiological mechanisms. J
Immunol. 2013;190(8):3831-3838.

8. Merle NS, Church SE, Fremeaux-Bacchi V,
Roumenina LT. Complement System Part I
- Molecular Mechanisms of Activation and
Regulation. Front Immunol. 2015;6:262.

9. Merle NS, Noe R, Halbwachs-Mecarelli L,
Fremeaux-Bacchi V, Roumenina LT.
Complement System Part II: Role in
Immunity. Front Immunol. 2015;6:257.

10. Makrides SC. Therapeutic inhibition of the
complement system. Pharmacol Rev. 1998;
50(1):59-87.

11. Tschopp J, Podack ER, Muller-Eberhard HJ.
Ultrastructure of the membrane attack
complex of complement: detection of the
tetramolecular C9-polymerizing complex
C5b-8. Proc Natl Acad Sci USA. 1982;
79(23):7474-7478.

12. Tschopp J, Muller-Eberhard HJ, Podack ER.
Formation of transmembrane tubules by
spontaneous polymerization of the
hydrophilic complement protein C9.
Nature. 1982;298(5874):534-538.

13. Hugli TE, Muller-Eberhard HJ.

Anaphylatoxins: C3a and C5a. Adv
Immunol. 1978;26:1-53.

14. Bruggemann M, Williams GT, Bindon CI, et
al. Comparison of the effector functions of
human immunoglobulins using a matched
set of chimeric antibodies. J Exp Med.
1987;166(5):1351-1361.

15. Diebolder CA, Beurskens FJ, de Jong RN, et
al. Complement is activated by IgG hexam-
ers assembled at the cell surface. Science.
2014;343(6176):1260-1263.

16. Sim RB, Arlaud GJ, Colomb MG. C1
inhibitor-dependent dissociation of human
complement component C1 bound to
immune complexes. Biochem J. 1979;
179(3):449-457.

17. Turner MW. Mannose-binding lectin: the
pluripotent molecule of the innate immune
system. Immunol Today. 1996;17(11):532-
540.

18. Matsushita M, Fujita T. Activation of the
classical complement pathway by man-
nose-binding protein in association with a
novel C1s-like serine protease. J Exp Med.
1992;176(6):1497-1502.

19. Thiel S, Vorup-Jensen T, Stover CM, et al. A
second serine protease associated with
mannan-binding lectin that activates com-
plement. Nature. 1997;386(6624):506-510.

20. Ferreira VP, Herbert AP, Hocking HG,
Barlow PN, Pangburn MK. Critical role of
the C-terminal domains of factor H in reg-
ulating complement activation at cell sur-
faces. J Immunol. 2006;177(9):6308-6316.

21. Caliezi C, Wuillemin WA, Zeerleder S,
Redondo M, Eisele B, Hack CE. C1-Esterase
inhibitor: an anti-inflammatory agent and
its potential use in the treatment of diseases
other than hereditary angioedema.
Pharmacol Rev. 2000;52(1):91-112.

22. Zeerleder S. C1-inhibitor: more than a ser-
ine protease inhibitor. Semin Thromb
Hemost. 2011;37(4):362-374.

23. Engelfriet CP, van t'Veer MB, Maas N,
Ouwehand WH, Beckers DO, von den
Borne AEG. Autoimmune haemolytic ane-
mias. In: Kay AB, Denman AM, Wright R,
eds. Clinical Immunology and Allergy.
London: Baillieres Tindall, 1987:251-267.

24. Atkinson JP, Frank MM. Studies on the in
vivo effects of antibody. Interaction of IgM
antibody and complement in the immune
clearance and destruction of erythrocytes in

man. J Clin Invest. 1974;54(2):339-348.
25. Feinstein A, Richardson N, Taussig MI.

Immunoglobulin flexibility in complement
activation. Immunol Today. 1986;7(6):169-
174.

26. Perkins SJ, Nealis AS, Sutton BJ, Feinstein
A. Solution structure of human and mouse
immunoglobulin M by synchrotron X-ray
scattering and molecular graphics model-
ling. A possible mechanism for comple-
ment activation. J Mol Biol. 1991;221(4):
1345-1366.

27. Hughey CT, Brewer JW, Colosia AD, Rosse
WF, Corley RB. Production of IgM hexam-
ers by normal and autoimmune B cells:
implications for the physiologic role of
hexameric IgM. J Immunol. 1998; 161(8)
:4091-4097.

28. Randall TD, Parkhouse RM, Corley RB. J
chain synthesis and secretion of hexameric
IgM is differentially regulated by
lipopolysaccharide and interleukin 5. Proc
Natl Acand Sci USA. 1992;89(3):962-966.

29. Gertz MA. Cold hemolytic syndrome.
Hematology / the Education Program of the
American Society of Hematology Am Soc
Hematol Educ Program. 2006;19-23.

30. Berentsen S. How I manage cold agglutinin
disease. Br J Haematol. 2011;153(3):309-
317.

31. de Witte MA, Determann RM, Zeerleder
SS. A man with "black fingers". Cold agglu-
tinin disease (CAD). Neth J Med. 2014;
72(1):35,39-40.

32. Berentsen S. Complement, cold agglutinins,
and therapy. Blood. 2014; 123(26):4010-
4012.

33. Shi J, Rose EL, Singh A, et al. TNT003, an
inhibitor of the serine protease C1s, pre-
vents complement activation induced by
cold agglutinins. Blood. 2014;123(26):4015-
4022.

34. Fischer JT, Petz LD, Garratty G, Cooper
NR. Correlations between quantitative
assay of red cell-bound C3, serologic reac-
tions, and hemolytic anemia. Blood. 1974;
44(3):359-373.

35. Hack CE, Nuijens JH, Felt-Bersma RJ, et al.
Elevated plasma levels of the anaphylatox-
ins C3a and C4a are associated with a fatal
outcome in sepsis. Am J Med. 1989;
86(1):20-26.

36. Gozzelino R, Jeney V, Soares MP.

therapy to inhibit intra- and extra vascular hemolysis in
AIHA patients with complement-activating antibodies.

In summary, complement-mediated acute and chronic
breakdown of RBC in AIHA may be potentially fatal and
poses a major challenge for clinicians. Targeted therapy to
inhibit complement activation might, therefore, be a suit-
able approach. There are several complement inhibitors
available, which are potentially effective in vivo.
Complement inhibition at the level of C5 may prevent
MAC formation and hence intravascular hemolysis, but
will leave C3 deposition and, therefore, extravascular
hemolysis, unaffected.47,69 Complement inhibition at the C3
level is an alternative approach. Compstatin might be a
valuable candidate leading to the inhibition of all three com-
plement activation pathways, but may carry the risk of
infectious complications.61,64 In contrast, other inhibitors
(e.g. TT30 and monoclonal H17/3E7) only affect alternative

pathway activation, but leave activation of the classical
complement pathway unaffected.52 Therefore, a strategy
targeting the furthest upstream in the classical complement
pathway by means of, for example, C1-inh or TNT003 is
most suitable, since it attenuates complement deposition
and MAC complex formation, and hence inhibits both,
intra- and extravascular hemolysis33,65 (Figures 2 and 3). 

Acknowledgments
We thank Prof. Rien van Oers (Dept. Hematology, Academic

Medical Center, Amsterdam) and Prof. Anneke Brand (Sanquin)
for critical reading of the manuscript. 

Authorship and Disclosures
Information on authorship, contributions, and financial & other

disclosures was provided by the authors and is available with the
online version of this article at www.haematologica.org.

© Ferr
ata

 S
tor

ti F
ou

nd
ati

on



Mechanisms of cell protection by heme
oxygenase-1. Annu Rev Pharmacol Toxicol.
2010;50:323-354.

37. Soares MP, Bach FH. Heme oxygenase-1:
from biology to therapeutic potential.trends
Mol Med. 2009;15(2):50-58.

38. Frimat M, Tabarin F, Dimitrov JD, et al.
Complement activation by heme as a sec-
ondary hit for atypical hemolytic uremic
syndrome. Blood. 2013;122(2):282-292.

39. Pawluczkowycz AW, Lindorfer MA,
Waitumbi JN, Taylor RP. Hematin pro-
motes complement alternative pathway-
mediated deposition of C3 activation frag-
ments on human erythrocytes: potential
implications for the pathogenesis of anemia
in malaria. J Immunol. 2007; 179(8):5543-
5552.

40. Dimitrov JD, Roumenina LT, Doltchinkova
VR, Vassilev TL. Iron ions and haeme mod-
ulate the binding properties of complement
subcomponent C1q and of immunoglobu-
lins. Scand J Immunol. 2007;65(3):230-239.

41. Roumenina LT, Radanova M, Atanasov BP,
et al. Heme interacts with c1q and inhibits
the classical complement pathway. J Biol
Chem. 2011;286(18):16459-16469.

42. Atichartakarn V, Jootar S, Pathepchotiwong
K, Srichaikul T. Acute massive intravascular
hemolysis and disseminated intravascular
coagulation. Southeast Asian J Trop Med
Public Health. 1979;10(3):338-341.

43. Bleakly NT, Fontaine MJ, Pate LL,
Sutherland SM, Jeng M. Disseminated
intravascular coagulation due to IgM-medi-
ated autoimmune hemolytic anemia.
Pediatr Bood Cancer. 2011;57(2):329-331.

44. Ricklin D, Lambris JD. Complement in
immune and inflammatory disorders: ther-
apeutic interventions. J Immunol. 2013;
190(8):3839-3847.

45. Parker CJ, Kar S, Kirkpatrick P. Eculizumab.
Nat Rev Drug Discov. 2007;6(7):515-516.

46. Roth A, Huttmann A, Rother RP, Duhrsen
U, Philipp T. Long-term efficacy of the
complement inhibitor eculizumab in cold
agglutinin disease. Blood. 2009;113(16):
3885-3886.

47. Gupta N, Wang ES. Long-term response of
refractory primary cold agglutinin disease
to eculizumab therapy. Ann Hematol.
2014;93(2):343-344.

48. Gehrs BC, Friedberg RC. Autoimmune
hemolytic anemia. Am J Hematol. 2002;

69(4):258-271.
49. Hill A, Rother RP, Arnold L, et al.

Eculizumab prevents intravascular hemoly-
sis in patients with paroxysmal nocturnal
hemoglobinuria and unmasks low-level
extravascular hemolysis occurring through
C3 opsonization. Haematologica. 2010;
95(4):567-573.

50. Risitano AM, Notaro R, Marando L, et al.
Complement fraction 3 binding on erythro-
cytes as additional mechanism of disease in
paroxysmal nocturnal hemoglobinuria
patients treated by eculizumab. Blood.
2009;113(17):4094-4100.

51. Brodsky RA. How I treat paroxysmal noc-
turnal hemoglobinuria. Blood. 2009;
113(26):6522-6527.

52. Lindorfer MA, Pawluczkowycz AW, Peek
EM, Hickman K, Taylor RP, Parker CJ. A
novel approach to preventing the hemoly-
sis of paroxysmal nocturnal hemoglobin-
uria: both complement-mediated cytolysis
and C3 deposition are blocked by a mono-
clonal antibody specific for the alternative
pathway of complement. Blood. 2010;
115(11):2283-2291.

53. Fridkis-Hareli M, Storek M, Mazsaroff I, et
al. Design and development of TT30, a
novel C3d-targeted C3/C5 convertase
inhibitor for treatment of human comple-
ment alternative pathway-mediated dis-
eases. Blood. 2011;118(17):4705-4713.

54. Parker C. Thanks for the complement
(inhibitor). Blood. 2011;118(17):4503-4504.

55. Risitano AM, Notaro R, Pascariello C, et al.
The complement receptor 2/factor H fusion
protein TT30 protects paroxysmal noctur-
nal hemoglobinuria erythrocytes from
complement-mediated hemolysis and C3
fragment. Blood. 2012;119(26):6307-6316.

56. Hebecker M, Alba-Dominguez M,
Roumenina LT, et al. An engineered con-
struct combining complement regulatory
and surface-recognition domains represents
a minimal-size functional factor H. J
Immunol. 2013;191(2):912-921.

57. Schmidt CQ, Bai H, Lin Z, et al. Rational
engineering of a minimized immune
inhibitor with unique triple-targeting prop-
erties. J Immunol. 2013;190(11):5712-5721.

58. Yazdanbakhsh K, Kang S, Tamasauskas D,
Sung D, Scaradavou A. Complement recep-
tor 1 inhibitors for prevention of immune-
mediated red cell destruction: potential use

in transfusion therapy. Blood. 2003;
101(12):5046-5052.

59. Zimmerman JL, Dellinger RP, Straube RC,
Levin JL. Phase I trial of the recombinant
soluble complement receptor 1 in acute
lung injury and acute respiratory distress
syndrome. Crit Care Med. 2000;28(9):3149-
3154.

60. Rioux P. TP-10 (AVANT
Immunotherapeutics). Curr Opin Investig
Drugs. 2001;2(3):364-371.

61. Ricklin D, Lambris JD. Compstatin: a com-
plement inhibitor on its way to clinical
application. Adv Exp Med Biol. 2008;
632:273-292.

62. Soulika AM, Khan MM, Hattori T, et al.
Inhibition of heparin/protamine complex-
induced complement activation by
Compstatin in baboons. Clin Immunol.
2000;96(3):212-221.

63. Chi ZL, Yoshida T, Lambris JD, Iwata T.
Suppression of drusen formation by comp-
statin, a peptide inhibitor of complement
C3 activation, on cynomolgus monkey
with early-onset macular degeneration.
Adv Exp Med Biol. 2010;703:127-135.

64. Risitano AM, Ricklin D, Huang Y, et al.
Peptide inhibitors of C3 activation as a
novel strategy of complement inhibition for
the treatment of paroxysmal nocturnal
hemoglobinuria. Blood. 2014;123(13):2094-
2101.

65. Wouters D, Stephan F, Strengers P, et al. C1-
esterase inhibitor concentrate rescues ery-
throcytes from complement-mediated
destruction in autoimmune hemolytic ane-
mia. Blood. 2013;121(7):1242-1244.

66. Wouters D, Wagenaar-Bos I, van Ham M,
Zeerleder S. C1 inhibitor: just a serine pro-
tease inhibitor? New and old considerations
on therapeutic applications of C1 inhibitor.
Exp Opin Biol Ther. 2008; 8(8):1225-1240.

67. Thomas KA, Valenzuela NM, Gjertson D,
et al. An Anti-C1s Monoclonal, TNT003,
Inhibits Complement Activation Induced
by Antibodies Against HLA. Am J
Transplant. 2015;15(8):2037-2049.

68. Botto M, Walport MJ. C1q, autoimmunity
and apoptosis. Immunobiology. 2002;
205(4-5):395-406.

69. Roth A, Duhrsen U. Treatment of paroxys-
mal nocturnal hemoglobinuria in the era of
eculizumab. Eur J Haematol. 2011;87(6):
473-479.

Complement inhibition in AIHA

haematologica | 2015; 100(11) 1395

© Ferr
ata

 S
tor

ti F
ou

nd
ati

on




