UvA-DARE (Digital Academic Repository)

Regulation of complement activation on red blood cells
Thielen, A.J.F.
Publication date
2019
Document Version
Other version
License
Other
Link to publication
Citation for published version (APA):
Thielen, A. J. F. (2019). Regulation of complement activation on red blood cells. [Thesis,
externally prepared, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).
Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)
Download date:09 Jan 2023

Chapter 7
The amplification loop is not required for efficient classical
complement pathway activation
Manuscript in preparation

Astrid J.F. Thielen, Elisabeth M. Meulenbroek, Mieke C. Brouwer,
Marlieke L. Jongsma, Robbert M. Spaapen, Sacha Zeerleder, and
Diana Wouters

Chapter 7

Abstract
The complement system is an important component of innate immunity for the
clearance of bacteria, dying cells and immune complexes. The alternative pathway
amplification loop is considered to be an essential feed forward mechanism, also
for complement activation by antibody initiated pathways. Because of the potential
clinical impact in treating antibody-mediated diseases, scientists have extensively
searched to what extent the amplification loop is important for total classical pathway
(CP) activation. Therefore, we evaluated the contribution of the amplification loop
to initial antibody-mediated CP activation on various physiologically relevant cell
surfaces by using Factor B- or Factor D-depleted normal human serum. Our results
showed that, on these tested surfaces, the amplification loop is completely bypassed
in conditions in which the CP pathway is activated via antibodies. This indicates
that therapeutic intervention in the amplification loop may not be effective to treat
antibody-mediated diseases and that inhibition more upstream in the CP is a better
treatment option.

102

Amplification loop during classical pathway activation

Introduction
As part of the innate immune system, the complement system, consisting of more
than 30 circulating and membrane-bound proteins, is important for the clearance
of pathogens, immune complexes and cellular debris from the human body, via
opsonization, lysis of bacteria via the membrane attack complex (MAC) and induction of
an inflammatory response. The potent inflammatory effects of complement activation
are potentially destructive for any host cell surface. Therefore, regulatory proteins on
human cell surfaces and in plasma are of utmost importance and should preferably
act specifically on healthy host cells, while leaving clearance of pathogens intact.
Complement dysregulation on host cells contributes to tissue damage in diseases
such as atypical hemolytic uremic syndrome, paroxysmal nocturnal hemoglobinuria
and autoimmune diseases1-4.
A hallmark disease associated with antibody-mediated complement activation is
autoimmune hemolytic anemia (AIHA). AIHA is characterized by autoantibodies
directed to red blood cells (RBCs), which can activate the complement system
and may cause RBC clearance via extravascular and/or intravascular hemolysis5.
Therapeutic complement inhibition is a potential therapeutic strategy for AIHA that is
currently being explored6-9.
The complement system can be activated via three pathways that have been
extensively investigated over the last decades: the classical (CP), the lectin (LP)
or the alternative pathway (AP), depending on the nature of the activating ligand.
In general, the CP is activated by antibody-antigen complexes, the LP by pathogen
specific carbohydrates and the AP gets spontaneously activated on unregulated
surfaces. Upon activation of the CP and the LP, complement proteins C4 and C2
are cleaved, together forming the C3 convertase C4bC2a on the activating surface.
The AP on the other hand is activated by the spontaneous hydrolysis of C3 into
C3(H2O), allowing for the binding of Factor B (FB), which in turn is cleaved by the
serine protease Factor D (FD). This results in fluid phase C3(H2O)Bb, the initial C3
convertase of the AP that can produce reactive C3b. C3b binds to any surrounding
surface and interacts with FB and FD forming the C3 convertase C3bBb on the
activating surface. C3bBb is a proteolytic complex that initiates the amplification
process by formation of more C3b molecules, resulting in efficient opsonisation of
surfaces that are not properly controlled by complement regulatory proteins1-4. Based
on experiments using artificial surfaces devoid of complement regulators it has been
postulated that the AP has a large contribution to total complement activation (80%)
by amplifying the initial response after initial CP or LP activation10,11. Therefore, it
is assumed that the AP is essential for efficient complement activation regardless
which pathway originally initiated the complement activation. As a consequence,
the amplification loop of the AP is considered as a potential therapeutic target for
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several complement mediated diseases, including autoantibody-mediated diseases,
although little evidence has been provided. It is crucial to generate fundamental
understanding of the role of the AP pathway during CP and LP activation.
Experimental therapeutic approaches would benefit from a better understanding
of the amplification of CP and LP activation on physiologically relevant surfaces.
Therefore, in this study we evaluated the contribution of the amplification loop to
antibody induced CP activation. Surprisingly, we provide the first evidence that the
AP amplification is bypassed during CP complement activation by using multiple
physiologically relevant cell surfaces.

Materials and methods
Serum material
From a previous study12, three anonymized serum samples of AIHA patients were
used as antibody source in which complement activity was inhibited by incubation
for 30 minutes at 56°C. A normal human serum (NHS) pool was created from
eight different healthy volunteers after informed consent. As a negative control for
complement activation, NHS was heat inactivated for 30 minutes at 56°C (HI-NHS).
FB- and FD-depleted NHS were obtained from CompTech (Tyler, TX).
Antibodies and proteins
To detect complement deposition in-house monoclonal antibody (mAb) anti-C3-19
and anti-C4-10 were used13,14. In-house inhibitory mAb anti-C1q-85 was used for
blocking the CP15 and blocking mAb anti-C5 (Eculizumab; Alexion Pharmaceutical,
Cheshire, CT) was obtained from remnants of used Soliris® injection bottles and
used to block terminal complement activation. Purified FB and FD were obtained
from CompTech (Tyler, TX). In all experiments, 75 µg/mL purified FB and 0.5µg/mL
purified FD were added to substitute 25% (v/v) FB- or FD-depleted NHS respectively
to approach normal levels of these proteins.
Complement activation on RBCs and human cells deficient for CD46/CD55
C3 and C4 deposition
C3 and C4 deposition on RBCs was assessed as described previously14. In short,
0.08% bromelain-treated O-typed RBCs were incubated with 3% (v/v) AIHA patient
serum as antibody source, 25% (v/v) serum as complement source (NHS, FB- or
FD-depleted NHS) and in the presence of at least equimolar inhibitory mAb anti-C5
in VBG supplemented with 10mM CaCl2 and 2mM MgCl2 (VBG++) for 1.5h at 37°C.
As described previously16, human CD46/55 deficient HAP1 cells (1.0*105 cells) were
incubated with 25% complement source (NHS, FB- or FD-depleted NHS) (v/v) and at
104
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least equimolar inhibitory mAb anti-C5 in VBG++ for 1h at 37°C.
C3 and C4 deposition were detected by using 1.0µg/ml DyLight 488-conjugated
anti-C3-19 and 1.0µg/ml DyLight 647-conjugated anti-C4-10. LSR Canto II flow
cytometer (BD Biosciences, Breda, The Netherlands) was used for measuring and
data analysis was performed using FlowJo software v1.0 (Treestar, Ashland, OR).
End stage complement activation
0.4% bromelain-treated O-typed RBCs opsonized with 10% AIHA patient sera (v/v)
were incubated with 25% serum as complement source (NHS, FB- or FD-depleted
NHS) (v/v) either or not supplemented with purified FB or FD. Lysis was measured as
absorbance of the supernatant at 412nm and corrected for the absorbance at 690nm
with a Synergy 2 plate reader (BioTek Instruments) and expressed as percentage of a
100% lysis control (RBCs incubated in MilliQ). To measure the amount of perforated
nucleated HAP1 cells, 1µM DAPI (Thermo Scientific, Rockland, IL), which binds to
nucleic acids, was added to the cells and fluorescence was analyzed by LSR Canto
II flow cytometry.
E. coli bacteria killing assay
A killing assay was in principle performed as described previously17,18. In short,
mid-log grown One Shot® TOP10 E. coli (Invitrogen) carrying the pcDNA3.1vector
(containing ampicillin/carbenicillin resistance) diluted in LB medium to
OD600 = 0.001 were incubated with 50% complement source (NHS, FB- or FDdepleted NHS) (v/v) for 1h at 37°C while shaking. Subsequently, 25µL undiluted to
10000-fold diluted cultures were plated onto LB + 50 µg/ml carbenicillin agar plates.
After overnight incubation at 37°C the number of colony forming units (CFUs) was
counted. The lower detection limit was 40 CFU/ml.
Statistics
Analysis and statistical tests were performed using GraphPad Prism (version 6;
GraphPad Software, San Diego, CA).
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Results & Discussion
Complement activation in autoimmune hemolytic anemia is solely classical
pathway-mediated
Based on previously published experiments using artificial surfaces devoid of
complement regulators it has been postulated that the AP has a major contribution
to total complement activation after initial CP or LP activation10,11. Based on these
data, the assumption that efficient complement activation is dependent on an intact
amplification loop seems generally accepted. When using a similar assay set-up as
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Harboe and colleagues10, and by using FB- and FD-depleted NHS, we confirmed
the involvement of the amplification loop during CP activation in this setting
(Suppl. Fig. 1A and 1B). We next verified whether the amplification loop also
contributes to total complement activation on the membrane surface of human
RBCs. Autoantibodies in AIHA patients enable complement deposition on RBCs,
providing a relevant tool to investigate the contribution of the AP amplification loop for
antibody mediated complement activation. To mimic the process as it occurs in AIHA
patients, we incubated healthy donor RBCs with AIHA patient serum and determined
C3 and C4 deposition after addition of NHS as an exogenous complement source14.
C3 and C4 deposition were completely abrogated using a blocking monoclonal
anti-C1q antibody, confirming CP initiated complement activation (Fig 1A and
1B). To investigate the contribution of the amplification loop to the total amount of
complement activation, FB or FD-depleted NHS was used as complement source
either or not supplemented with purified FB or FD. Strikingly, comparable levels of
C3 and C4 deposition on RBCs were observed, irrespective of whether the serum
contained FB or FD, suggesting that the amplification loop is bypassed during CP
activation. In the depleted sera, both C3 and C4 deposition were completely inhibited
by anti-C1q to the level of negative control HI-NHS (Fig. 1A-D), indicating that also
in these sera complement activation was initiated by the CP. In addition to these flow
cytometric observations, we measured end stage complement activation on RBCs
(hemolysis). Incubation of RBCs with AIHA sera in the presence of various serum
sources resulted in comparable levels of complement-mediated lysis, irrespective
of whether the serum contained FB or FD. Anti-C1q inhibited the lysis of RBCs to
background levels that were observed for the negative control HI-NHS (Fig. 1E).
To check the complement activity of the used FB- and FD depleted NHS, we
incubated these sera (either or not supplemented with purified FB or FD) in a Mgcontaining buffer on an LPS-coated ELISA plate and measured C3 deposition. C3
deposition was completely restored to the level of NHS when FB- and FD-depleted
NHS were substituted with purified FB or FD (Suppl. Fig. 1C), while no C3 deposition
was detected in the depleted sera. This confirmed that the depleted sera were
only defective for AP activity, but sufficient for all other components required for
complement activation.
Next, we investigated in a controlled setting whether the density of cell-bound
antibodies steers the contribution of the amplification loop. To this end, we varied the
amount of antibodies on the RBC surface by coupling the 2,4,6-trinitrophenyl hapten
(TNP) to the surface of healthy donor RBCs and incubated TNP-ylated RBCs with
increasing amounts of TNP-specific human antibodies. Antibody dose-dependent
C3 deposition, C4 deposition and hemolysis were observed upon incubation with
increasing amounts of antibodies and FB- or FD-depleted NHS as complement
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Figure 1: All complement activation in AIHA is CP-mediated. AIHA patient antibodies and different
serum sources 25% (v/v) were incubated with healthy donor RBCs in presence or absence of CP inhibitor
αC1q and either or not supplemented with purified FB or FD. (A+B) Representative FACS histograms
of (A) C3 deposition and (B) C4 deposition are shown for one AIHA patient. Filled: HI-NHS, black: NHS,
red solid: FB-depleted (dpl) NHS+ FB, red dashed: FB-dpl NHS, blue solid: FD-dpl NHS + FD, blue
dashed: FD-dpl NHS, green: serum source + αC1q. (C+D) Bar histograms of (C) C3 deposition and (D)
C4 deposition on RBCs assessed with flow cytometry are shown. (E) Hemolysis of RBCs induced by
AIHA patient antibodies, which is relative to 100%. Hemolysis induced by incubation with milliQ was set
to 100%. All data is presented as mean with SD, n=3 patient sera.
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source. Complement deposition or lysis were not influenced by the addition of purified
FB or FD (Suppl. Fig. 2A-F). We concluded that the absence of the amplification loop
after CP activation on RBCs was not due to the amount of surface bound antibodies
From these experiments, we concluded that in vitro complement activation on RBCs
by antibodies as present in AIHA serum is solely mediated via the CP to get efficient
C3 and C4 deposition and RBC lysis and thus bypassing the amplification loop. This
surprised us as in previous studies in murine models for CP-mediated diseases such
as rheumatoid arthritis, anti-phospholipid syndrome and myasthenia gravis, it was
shown that blocking the AP and the amplification loop was clinically beneficial19-21.
However, complement activity varies between mouse strains and even the gender of
the mice seems to have influence on complement activity, which makes it difficult to
extrapolate results from murine models to the human situation22.
The amplification loop is bypassed during CP complement activation on
human cells deficient for surface complement regulators CD46/CD55
As we found paradoxical results on a plastic surface with immobilized antibodies
compared to RBC membrane surfaces, we hypothesized that on the human cell
surface complement regulatory proteins are expressed that may specifically interfere
with the amplification loop on the cell surface during CP initiated activation. Thus,
next we investigated the contribution of the amplification loop to C3 deposition on
human cells that were made deficient for complement regulators CD46 and CD55
that regulate surface C3 convertases. CD46 and CD55 were knocked out using
CRISPR/Cas9 in a model human cell line (HAP1)16. Incubation of human CD46/
CD55 deficient cells with NHS resulted in C3 and C4 deposition, which was
completely inhibited by anti-C1q, indicating that NHS contains antibodies that induce
CP complement activation on HAP1 cells. Similar to human RBCs, no difference in
C3 and C4 deposition was observed after incubation with FB- or FD-depleted NHS
either or not supplemented with purified FB or FD. As control, complement deposition
was again completely inhibited by addition of anti-C1q (Fig. 2 A-D). In addition, end
stage complement activation on these cells resulted in membrane perforation, which
was visualized by DAPI staining. As illustrated in Fig. 2E, incubation of the cells
with NHS resulted in only marginal cell death above the background. Complement
activation induced by either FB- or FD-depleted NHS resulted in a major increase in
perforated cells, which was abrogated to background levels by the addition of antiC1q. This indicates that there is natural variation in complement activity between the
different serum sources, which may be attributed to the so called complotype23. This
is mainly reflected by stronger terminal pathway activation, as we did not observe
such difference in C3 and C4 deposition. In addition, it has been reported that in
the blood of healthy individuals natural antibodies can be found against altered
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Figure 2: CP activation on human cells deficient for CD46/CD55 results in C3 and C4 activation
and membrane perforation while bypassing the amplification loop. Human HAP1 cells deficient
for CD46/CD5516 were incubated with different serum sources 25% (v/v) in presence or absence of
CP inhibitor αC1q and either or not supplemented with purified FB or FD. (A+B) Representative FACS
histograms of (A) C3 deposition and (B) C4 deposition are shown. Filled: HI-NHS, black: NHS, red solid:
FB-depleted (dpl) NHS + FB, red dashed: FB-dpl NHS, blue solid: FD-dpl NHS + FD, blue dashed: FDdpl NHS, green: serum source + αC1q. (C+D+E) Bar histograms of (C) C3 deposition, (D) C4 deposition
and (E) percentage DAPI positive human cells deficient for CD46/CD55 assessed with flow cytometry are
shown. (E) Paired t-test showed no significant difference between FD-dpl and FD-dpl + FD. All data is
presented as mean with SD, n=3 or 4 independent experiments.
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carbohydrate structures on malignant cells24. As the HAP1 cells are derived from
a chronic myeloid leukemia, it might be possible that the depleted sera contain
more of these natural antibodies compared to NHS. Most importantly, no significant
difference was observed when supplementing the depleted sera with purified FB or
FD (Fig. 2E), arguing that the amplification is bypassed. These results indicate that
CP initiated activation on human CD46/CD55 deficient cells leads to C3 and C4
deposition and end stage MAC formation upon incubation with serum, irrespective
of the presence of a functional amplification loop.
CP complement activation on E. coli bacteria bypasses the amplification loop
When opsonized by antibodies, bacteria are efficiently killed by CP initiated
complement activation. Therefore, we investigated the role of the amplification loop
after CP initiated complement activation on the surface of E. coli bacteria as a model.
Survival of E. coli bacteria after complement activation in serum was determined
by the quantification of CFUs. To our surprise, incubation with FB- or FD-depleted
NHS resulted in efficient killing of bacteria equal to NHS induced killing (Fig. 3).
Upon addition of anti-C1q to any of the complement sources, E. coli CFUs were
efficiently formed, indicating that the bacterial killing occurred via the CP. In addition,
incubation with HI-NHS or when end stage complement activation was inhibited by
using inhibitory anti-C5 no bacteria were killed (Fig. 3). These data reveal again that
CP initiated complement activation bypasses the amplification loop.
Previously, it was shown that in vitro C3 opsonization of Streptococcus pneumoniae
was lower when serum of FD deficient mice was used compared to serum of
FD sufficient mice25. In line with these results, C3 opsonization of Streptococcus
pneumoniae in FB deficient mice was reduced compared to wild type mice, in
addition to lower phagocytic capacity26. However, it was not mentioned whether
these mice had specific antibodies (and thus classical pathway activation) or that
the observed differences could be ascribed to the lack of spontaneous AP activation.
Next to FB- or FD-deficient animal models, FD deficiency has been described to be
associated with Neisseria infections in humans27-29. One patient with FB deficiency
was reported that suffered from Pneumococcal infections and meningitis caused by
Neisseria30. This might result from lacking spontaneous AP activation in the absence
of antibodies, rather than an effect of missing the amplification loop. Altogether,
lacking a functional AP, by missing FD or FB, seems to result in higher susceptibility
for certain bacteria in both mice and human. Based on our results, we conclude that
the AP is important for the clearance of pathogens by C3b opsonization and MAC
formation upon first encounter with the pathogen when there is no efficient antibody
response yet. When antibodies already have been formed, so when a person is
rechallenged with a pathogen, the CP may directly be activated via these antibodies
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and as our data indicate then the amplification loop is not required.
Based on our data, we conclude that, intervention in the amplification loop may not
be an effective therapy for human CP-mediated diseases such as AIHA. Treatment
of CP initiated autoimmune diseases may be most effective when using complement
inhibitory drugs targeting the very beginning of the CP, for example by C1-esterase
inhibitor or TNT009 both inhibiting the CP protease C1s7,8,31,32.
Figure 3: The amplification loop is bypassed
during CP-mediated killing of E. Coli bacteria.
E. coli CFUs were determined after incubation
with different serum sources 50% (v/v) in the in
presence of absence of complement inhibitor
αC1q or αC5. Data is presented as mean with SD,
n=3 or 4 independent experiments.
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Supplemental Figure 1: FB-depleted and FD-depleted NHS do not contain complement activity.
(A+B) C5b-9 deposition on a titration of aggregated human IgG induced by 25% (v/v) (A) FB-depleted (dpl)
NHS and (B) FD-dpl NHS either or not supplemented with purified proteins FB or FD. n=3 independent
experiments. Data is presented as mean with SD. (C) AP-mediated C3 deposition on LPS incubated with
a titration of the serum source (v/v) either or not supplemented with purified proteins FB or FD. Pooled
data from 2 independent experiments. EDTA inhibits complement activation.
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Supplementary Figure 2: The amount of antibodies on a physiological surface does not determine
the requirement of the amplification loop for complement activation. TNP-ylated RBCs were
incubated with a titration of antibodies and 25% (v/v) (A+C+E) FB-depleted (dpl) NHS and (B+D+F) FDdpl NHS either or not supplemented with purified FB or FD respectively. (A+B) C3 deposition and (C+D)
C4 deposition assessed by flow cytometry. Inset: EC¬50 of C3 deposition and C4 deposition respectively,
induced by antibodies. (E+F) Hemolysis of TNP-ylated RBCs induced by different concentration of
antibodies, which is relative to 100%. Hemolysis induced by incubation with milliQ was set to 100%.
Inset: EC50 of lysis induced by antibodies. All data is presented as mean with SD, n=3 independent
experiments.
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supplemental Materials and methods
C3 deposition ELISA
LPS was coated on a Nunc polysorb 96-well microtiter plate (Invitrogen, Paisley,
United Kingdom) overnight at room temperature at 5 µg/ml in PBS. After washing,
25% serum source (NHS, FB- or FD-depleted NHS (v/v)) was added and diluted 1.5fold in veronal buffer supplemented with 0.05% gelatin (w/v), 0.1% Tween-20 (w/v;
VBGT), 5mM MgCl2 and 10mM EGTA for 1h at 37°C. As negative control, 20mM
EDTA was added to VBGT to block all complement activation. After washing, 0.55µg/
ml biotinylated anti-C3-19 was incubated for 1h at room temperature. Detection
was done using 0.01% (v/v) streptavidin conjugated-polyHRP (Sanquin) and 100
µg/mL 3,5,3’,5’-tetramethylbenzidine in 0.1M sodium acetate containing 0.003%
H2O2 (v/v) (TMB solution). Absorbance was measured at 450 nm and corrected
for the absorbance at 540 nm with a Synergy 2 Multi-Mode plate reader (BioTek
Instruments, Winooski, VT, USA).
C5b-9 deposition ELISA
The assay was performed as previously published1, with slight modifications.
Aggregated human IgG (40µg/ml in PBS and 4-fold diluted) was coated on a
Nunc polysorb 96-well microtiter plate (Invitrogen) overnight at room temperature.
Subsequently, PBS containing 0.1% Tween-20 (w/v) and 1.0% BSA (w/v) was
incubated for 1h at 37°C. After washing, 25% serum source (v/v) diluted in VBGT
supplemented with 10mM CaCl2 and 2mM MgCl2 was incubated for 1h at 37°C.
After washing, 0.1µg/ml biotinylated anti-C5b-9 (clone E11; Quidel, San Diego,
CA) was incubated for 1h at room temperature. Detection was done using 0.025%
(v/v) streptavidin conjugated-HRP (Sanquin) and TMB solution. Absorbance was
measured at 450nm and corrected for the absorbance at 540nm with a Synergy 2
Multi-Mode plate reader (BioTek Instruments).
TNP-ylation of RBCs and complement activation
In-house generated human mAb anti-TNP-IgG1-wild type2 was used to opsonize
TNP-ylated RBCs and this was performed as described previously3. For detection of
C3 and C4 deposition, 0.08% TNPylated (10mM TNBS diluted in 0.15M Na2HPO4)
O-typed RBCs were incubated with increasing concentrations of anti-TNP antibody,
25% serum as complement source (NHS, FB- or FD-depleted NHS) (v/v) and in the
presence of at least equimolar inhibitory mAb anti-C5 in VBG++ for 1.5h at 37°C. To
prevent any complement activation by potential RBC reactive antibodies in the used
FB- and FD-depleted NHS, we depleted such antibodies by incubating the sera with
bromelain-treated or TNPylated O-typed RBCs for 30 minutes on ice before use.
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In addition, for end stage complement activation 0.4% TNPylated O-typed RBCs
opsonized with increasing concentrations of anti-TNP antibody were incubated with
25% serum as complement source (NHS, FB- or FD-depleted NHS) (v/v) either or
not supplemented with purified FB or FD.
Statistics
Analysis and statistical tests were performed using GraphPad Prism (version 6;
GraphPad Software, San Diego, CA). Moreover, GraphPad Prism was used to
calculate the half maximal effective concentration (EC50) for C3 deposition and lysis
of RBCs induced by anti-TNP antibodies using non-linear fit response with a variable
slope.
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