Complement C3 inhibition by compstatin Cp40
prevents intra- and extravascular hemolysis of red
blood cells

In autoimmune hemolytic anemia (AIHA), auto-anti-
bodies directed against red blood cells (RBC) lead to the
breakdown of these cells through complement-depen-
dent and -independent mechanisms. Multimeric IgG or
IgM auto-antibodies bind to RBC and recruit C1, thereby
triggering activation of the classical complement path-
way. This results in the deposition of the opsonic frag-
ment C3b on the RBC and may, upon increasing
opsonization, lead to the formation of membrane attack
complexes (MAC). Complement-opsonized RBC are
cleared extravascularly via complement receptor-mediat-
ed phagocytosis mainly by liver macrophages, whereas
IgG-opsonized RBC are phagocytosed via Fc-gamma
receptors by splenic macrophages. Additionally, intravas-
cular hemolysis may occur due to complement-induced

MAC formation on the RBC membrane as a consequence
of strong complement activation (by, for example, IgM
auto-antibodies) causing direct hemolysis in the circula-
tion. A significant proportion of patients with AIHA have
IgM auto-antibodies that are not detectable using the
most common diagnostic techniques and complement
activation accompanied by intravascular hemolysis.'
Intravascular hemolysis is, in turn, directly related to the
course and severity of the disease.’

Immunosuppressants are the first-line treatment in
ATHA and are given with the aim of reducing auto-anti-
body production. However, they do not act immediately
and some patients are unresponsive.’ In severe cases,
symptomatic anemia in patients is corrected by RBC
transfusion.’ However, the efficacy of RBC transfusion is
reduced because the RBC auto-antibodies react with both
recipient and donor RBC causing the destruction of trans-
fused cells.’ Complement inhibition may be implemented
to halt ongoing hemolysis in patients refractory to
immunosuppressants and to improve the utility of RBC
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Figure 1. Inhibition of complement
deposition and lysis of red blood
cells opsonized with autoimmune
hemolytic anemia sera by Cp40. Red
blood cells (RBC) were opsonized
with sera from patients with autoim-
mune hemolytic anemia (AIHA) in the
presence of recalcified human plas-
ma from an AB blood group donor as
a source of complement factors and
C3b and C4b deposition on the RBC
was determined using flow cytome-
try. (A) Levels of C3b and C4b deposi-
tion on RBC after incubation with
sera from five individual AIHA
patients. Dotted and dashed lines
represent the C3b and C4b deposi-
tion levels obtained with RBC
opsonized with serum from a healthy
control (HC). (B) Representative flow
cytometry histogram showing the
effect of Cp40 on the C3b deposition
on RBC opsonized with one tested
. AIHA serum. (C, D) Detection of C3b

B and C4b on RBC incubated with sera
from the same five patients as
shown in (A) in the presence of Cp40,
scrambled Cp40 control peptide,
aC1g-85, C1 esterase inhibitor (C1-
INH) or ethylenediaminetetraacetic
acid (EDTA). (E) Hemolysis of RBC
after incubation with patients’ sera
(n=10) in the presence of recalcified
human plasma as a source of com-
plement factors with either Cp40,
Cp40 scrambled peptide, aC1g-85,
C1-INH or EDTA. Median and data
points are shown. (F) Hemolysis
induced by opsonization of RBC with
all tested patients’ sera with or with-
out Cp40. Percentage lysis is normal-
ized to a 100% lysis control that was
obtained by incubating the RBC with
distilled water. Statistical differences
were calculated using one-way analy-
sis of variance; ns=not significant.
GeoMFI: geometric mean fluores-
cence intensity; Ctrl: control;
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transfusions by preventing hemolysis of donor RBC.
Currently, the only available therapeutic complement
inhibitors are eculizumab, used for the treatment of
paroxysmal nocturnal hemoglobinuria, atypical hemolyt-
ic uremic syndrome and generalized myasthenia gravis,
and C1 esterase inhibitor (C1-INH), approved for the
treatment of hereditary angioedema. Eculizumab inhibits
complement activation at the level of C5 and blocks
MAC formation, thereby preventing intravascular hemo-
lysis; however, it does not halt opsonization or extravas-
cular hemolysis, which renders this drug less suitable for
AIHA patients.® Although complement inhibition at the
C1 level using C1-INH has been shown to prevent MAC
formation and complement-mediated extravascular
hemolysis in vitro and in vivo,”® treatment of ATHA with
C1-INH has limitations. Due to the low-affinity interac-
tion with its substrates, high doses of C1-INH are need-
ed.® Moreover, C1-INH shows broad protease specificity
and regulates different plasma cascade systems, which
might be suboptimal features in the perspective of thera-
peutic use. Sutimlimab, a humanized monoclonal anti-
body directed against human Cls, specifically blocks the
classical pathway of complement. Although sutimlimab
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has been recently shown to be safe in a randomized first-
in-human study in healthy volunteers, antidrug antibod-
ies were detected in some of the treated volunteers,
which could compromise the inhibitory capacity of this
antibody.” In the present study, we investigated the
potential therapeutic effect of a small peptide of the
Compstatin family (Cp40) in AIHA. Cp40 targets com-
plement activation at the level of C3 and is therefore
expected to block both extra- and intravascular hemoly-
sis. Cp40 has been previously shown to inhibit C3 depo-
sition on RBC in an i vitro malaria model” and comple-
ment opsonization and hemolysis of RBC from patients
with  paroxysmal nocturnal  hemoglobinuria."
Furthermore, Cp40 has been tested for safety in nonhu-
man primates” and is under clinical development for the
treatment of age-related macular degeneration.”

First, to examine the effect of Cp40 on complement
deposition, donor RBC were incubated with sera from
AIHA patients with a positive direct antiglobulin test
(DAT) score for C3 deposition (details given in the Online
Supplementary Material) and C4b and C3b deposition on
the RBC was analyzed using flow cytometry. Although
complement deposition was observed with all tested

Figure 2. Red blood cells opsonized with
complement-activating serum from
patients with autoimmune hemolytic ane-
mia in the presence of Cp40 are not inter-
nalized by macrophages. Red blood cells
(RBC) labeled with PKH (yellow) were
opsonized with serum from patients with
autoimmune hemolytic anemia (AIHA) in the
presence of normal human serum as a
source of complement factors and incubat-
ed with M1 differentiated HLA-DR labeled
(red) macrophages to induce antibody-
and/or complement-mediated RBC internal-
ization. (A) Representative flow cytometry
image showing different levels of RBC inter-
nalization by macrophages. Panels 1, 2 and
3 show low, intermediate and high internal-
ization of RBC by the M1 macrophages,
respectively. (B) Sera from AIHA patients
with a positive direct antiglobulin test (DAT)
score for complement deposition (n=4 col-
ored symbols) or complement deposition in
combination with the presence of IgG auto-
antibodies (n=6 black symbols) were incu-
bated with healthy RBC and IgG deposition
was determined using flow cytometry in dif-
ferent experiments (symbol code) to confirm
DAT results. 1gG deposition induced by incu-
bating RBC with healthy control serum (HC)
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is depicted as a dotted line. (C)
Internalization of RBC opsonized with the
two different types of AIHA sera according to
the DAT (C3 positive patients: colored sym-
bols; C3 + IgG positive patients: black sym-
bols) in the presence of Cp40, scrambled
Cp40 control peptide, aC1g-85 or ethylene-
diaminetetraacetic acid (EDTA) by M1
macrophages was determined using imag-
ing flow cytometry. (D) Comparison of the
levels of phagocytosis of RBC opsonized
with 1gG-positive or -negative sera from
patients with AIHA (black vs. colored sym-
bols) in the presence of Cp40. The dotted
line represents the percentage of phagocy-
tosis when EDTA was added. Median and
data points are shown. Statistical differ-
ences in phagocytosis were calculated using
one-way analysis of variance; ns=not signifi-
cant. GeoMFI: geometric mean fluorescence
intensity; HC: healthy control.
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sera, opsonization levels differed among patients, pre-
sumably due to variability in titer and the subclass of the
opsonizing auto-antibodies in the sera from the different
patients (Figure 1A). Addition of Cp40 resulted in nearly
complete reduction in C3b deposition on RBC sensitized
with AIHA sera (Figure 1B, C). This reduction was
stronger than that achieved with C1-INH and similar to
the levels observed when a monoclonal antibody against
C1q was used and in the ethylenediaminetetraacetic acid
(EDTA) control (Figure 1C), the latter of which blocks all
complement activity. No inhibition was observed with a
sequence-scrambled Cp40 control peptide. As reported
previously, higher levels of C4b were detected on the
RBC membrane in the presence of Cp40 (Figure 1D),
probably due to enhanced detection of C4b in the
absence of surrounding C3b." Since Cp40 inhibits C3b
deposition on RBC incubated with AIHA sera, we next
examined the effect of Cp40 on MAC formation, which
results in intravascular hemolysis. RBC were incubated
with patients’ sera in the presence or absence of Cp40.
As expected, Cp40 inhibited lysis of RBC opsonized with
all the tested sera (Figure 1E, F). This inhibition was com-
parable to that observed in sera treated with eculizumab
or EDTA, whereas the scrambled Cp40 control did not
inhibit MAC formation. In conclusion, we found that
Cp40 effectively prevents C3b deposition and MAC for-
mation on RBC opsonized with AIHA sera from patients
with a DAT score positive for C3. Previous studies have
shown that Cp40 blocks C3 deposition and hemolysis of
RBC in the context of malaria and paroxysmal nocturnal
hemoglobinuria, which are both antibody-independent
diseases.””" Our results confirm these findings using
AIHA sera to opsonize RBC and suggest that Cp40 is a
potential candidate for complement inhibition to prevent
intravascular hemolysis, which has been associated with
thrombosis and an unfavorable prognosis,® in comple-
ment-driven AIHA.

In addition to complement-mediated intravascular
hemolysis, extravascular hemolysis by phagocytosis of
opsonized RBC is a major cause of RBC breakdown in
ATHA. We studied the effect of Cp40 on extravascular
hemolysis by measuring the phagocytic uptake of
opsonized RBC by macrophages. We found that
opsonization of the RBC with AIHA serum resulted in
different levels of internalization of the RBC by
macrophages (Figure 2A). Patients’ sera were then divid-
ed into two groups based on results obtained in the DAT,
either positive for complement deposition only or posi-
tive for complement deposition and IgG opsonization,
which was confirmed using flow cytometry (Figure 2B).
As expected, a clear reduction in phagocytosis of the RBC
by macrophages was observed for all tested sera when
Cp40 was added during opsonization (Figure 2C) while
IgG opsonization levels remained unchanged (Online
Supplementary Figure S1) indicating that inhibition of
complement deposition on the RBC by Cp40 diminishes
internalization. Overall, the same degree of internaliza-
tion inhibition was achieved using Cp40 and EDTA but
Cp40 was more effective than aC1q-85 at preventing
RBC phagocytosis (Figure 2C). The same samples were
divided according to their DAT score for IgG (Figure 2D).
For samples with complement-activating capacity only,
RBC internalization by Cp40 was reduced to the same
extent as that by EDTA (dotted line; median, 22.45;
range, 25.8-8.97). As expected, phagocytosis of RBC
opsonized with complement and IgG-positive AIHA sera
(Figure 2D) was less well inhibited by Cp40 (median,
38.9; range, 81.91-7.3) probably due to IgG binding to Fc-

gamma receptors. This suggests that complement inhibi-

tion at the level of C3 with Cp40 is potentially beneficial
in AIHA patients with chronic hemolysis caused by com-
plement activation. Complement and Fc-gamma recep-
tors are the two major classes of receptors involved in
extravascular RBC breakdown in AIHA. Our results
show that Cp40 can inhibit complement-mediated
extravascular hemolysis of RBC opsonized with AIHA
sera. Previous studies showed that complement inhibi-
tion at the C5 level has positive effects in AIHA patients
with cold agglutinin disease.” Our findings are in line
with these results and additionally show that comple-
ment regulation by Cp40 can be even more beneficial
since both intra- and extravascular hemolysis are pre-
vented. Overall, we conclude that Cp40 is a promising
new treatment for complement-mediated ATHA. Future
research should confirm these findings i vivo.
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