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Abstract
Red blood cells (RBCs) are constantly exposed to complement and rely on several
complement regulators to protect themselves from unwanted complement-mediated
damage. While some of these regulators are expressed on the cell membrane, one
of the most important complement regulators, complement factor H (FH), circulates
in the bloodstream and binds to the RBCs upon complement activation. Currently,
the binding of FH to the cell surface is mainly attributed to its C-terminal binding
region, consisting of domains 19 and 20. Here, we describe 20 novel anti-FH
monoclonal antibodies which we have characterized and used to study the binding of
FH to human RBCs. By targeting specific domains with our antibodies, we show that
blocking domain 20, but also blocking domain 6, independently, results in decreased
FH function. This indicates that not only the binding region comprising domains 19-20
but also the simultaneous binding via domains 6-8 of FH is crucial for the protection
of human RBCs against complement-mediated clearance. These results shed new
light on the function of FH on human cell surfaces and the consequences of SNPs
affecting either of its two binding regions in protecting RBCs from complement.
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Introduction
The human complement system is a powerful protein cascade in blood plasma
with a pivotal role within innate immunity, contributing to pathogen clearance by
opsonisation with C3b, the induction of an inflammatory response and lysis through
the formation of the membrane attack complex. The system partly relies on pattern
recognition molecules such as C1q for targeted activation. However, the alternative
pathway is driven by the spontaneous, a-specific activation of C3. This requires
tight regulation on host surfaces to prevent unwanted complement activation
and damage. While human RBCs express the membrane bound complement
regulators complement receptor 1 (CR1), decay accelerating factor (DAF), and
CD59. Also circulating complement regulators, such as factor H (FH), are pivotal
in controlling the complement system1-3. This becomes apparent in paroxysmal
nocturnal hemoglobinuria (PNH) in which somatic mutations in PIG-A result in
aberrant glycosylphosphatidylinositol (GPI) anchor formation in a sub-population of
the hematopoietic stem cell lineage4,5. As both DAF and CD59 are GPI-anchored
complement regulators, PNH RBCs become vulnerable for complement-mediated
clearance6,7 and more dependent on FH for protection against complement8.
FH consists of 20 domains, of which domains 1-4 contain the complement regulatory
activity9,10, and domains 6-8 and 19-20 are involved in the binding to surfaces11-18.
FH binds to host surfaces via C3b and poly-anionic residues such as sialic acid
and glycosaminoglycans19. The binding of FH to host cells is mainly attributed to its
C-terminal binding region comprising domains 19 and 20, which are also a hotspot
for disease-associated SNPs20. The importance of binding via domain 6-8 is unclear.
The 6-8 region contains a binding site for poly-anionic residues and was shown to be
involved in surface binding using deletion mutants of FH11,21. However, a recent study
showed that recombinant fragments comprising 6-8 could not inhibit FH binding to
cell surfaces, indicating that surface binding is mainly mediated via domains 192019. To circumvent possible differences in binding affinities of fragments to the
cell surfaces compared to FH, we targeted FH directly with the use of monoclonal
antibodies (mAbs) to further elucidate the function of FH on human RBCs.
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Material and methods
Immunization and antibody characterization
Mouse immunization and generation of mAbs was performed as described
previously22, using plasma purified human FH (CompTech, Tyler, TX, USA) as
immunogen. Epitope mapping of the mAbs on FH was performed with the use of
recombinant FH fragments17,18. Fluid phase co-factor activity23 and binding of C3b24
75
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were determined as described previously.
Sheep RBC hemolytic assay
FH functionality was measured with a hemolytic assay as described previously25.
Normal human serum (NHS, pool of 30 healthy donors, obtained with informed
consent) was pre-incubated with the indicated mAbs and mixed in a 1-to-1 ratio with
sheep RBCs to reach a final concentration of 10% (v/v) NHS with 1.05*108 cells/mL
in Veronal buffer (VB) with 5 mM MgCl2 and 10 mM EGTA (ethyleneglycoltetraacetic
acid), or VB with 10 mM EDTA (ethylenediaminetetraacetic acid) as blank, followed
by incubation at 37°C for 75 minutes while shaking. Lysis was stopped by adding 100
µL ice-cold VB with 20 mM EDTA followed by centrifugation (2.5 minutes, 1800 rpm,
7°C). Hemolysis was measured as absorbance of the supernatants at 412 nm and
expressed as percentage of the 100% lysis control (H2O with 0.6%, w/v, Saponin).
Table 1. Characteristics of the anti-FH mAbs used in this study
residual activity of FH
mAb

Isotype

epitope location

Fluid phase co-factor *

C3b binding †

αFH.02

IgG1

20 ‡

93 %

44 %

αFH.03

IgG1

unknown §

97 %

53 %

αFH.07

IgG1

18

87 %

55 %

αFH.09

IgG1

6

94 %

88 %

αFH.10

IgG1

20 ‡

99 %

72 %

αFH.11

IgG2a

1-4

15 %

38 %

αFH.15

IgG1

5

88 %

59 %

αFH.16

IgG1

16-17

100 %

59 %

αFH.19

IgG1

20 ‡

99 %

55 %

* Fluid phase co-factor activity was determined as described by Pechtl et al.20 C3b alpha-chain degradation
by FH and FI, visualized by SDS-PAGE and quantified using a ChemiDoc and Image Lab software,
version 5.0 (Bio-Rad, Hercules, CA, USA), in the absence of mAb was set to 100%.
† Binding of C3b to FH was determined as described by Hebecker et al.21 C3b binding to coated FH in
the absence of mAb was set to 100%.
‡ Anti-FH.02, anti-FH.10, and anti-FH.19 all bind to different epitopes on domain 20 as the mAbs do not
cross-compete for binding of FH.
§ Anti-FH.03 did not bind to any FH fragment, while it did bind to plasma purified FH.

Flow cytometry analysis of C3 deposition on human RBCs
RBCs from three healthy donors were collected, with informed consent, by
centrifugation of citrated blood (10 minutes, 2500 rpm) and washed 3 times with
PBS. RBCs were re-suspended to a 50% cell suspension in saline-adenine-glucosemannitol solution (SAGM, Fresenius Kabi, Zeist, the Netherlands), stored at 4°C and
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washed with PBS before use. RBC suspensions of 0.16% were incubated in a final
volume of 100 µL with 25% (v/v) NHS from one healthy donor, pre-incubated with the
indicated mAbs, in VB supplemented with 0.05% (w/v) gelatine, 10 mM CaCl2 and 2
mM MgCl2, at 37°C for 1 hour followed by washing with PBS containing 0.5% (w/v)
BSA (bovine serum albumin). C3 deposition was measured by flow cytometry using
FITC-conjugated anti-C3.19 mAb (Sanquin)26.

Results and discussion
We successfully generated and characterized 20 novel anti-FH mAbs which were
sub-divided in 9 groups based on competition for FH binding. Of each group, one
mAb was selected to map the binding site and study the effects on FH function as
defined by C3b binding and co-factor activity (Table 1). Three non-competing mAbs
were directed against domain 20, indicating non-overlapping epitopes. Two other
mAbs were directed against an epitope in domains 16/17 and domain 18, while all
other mAbs were directed against epitopes in domains 1-6, except for anti-FH.03,
which did not bind to any FH fragment. The mAbs affected known FH functions,
corresponding with the different roles known for the targeted domains9,10,13-15, e.g.
anti-FH.11 (domains 1-4) inhibited the fluid-phase co-factor activity and anti-FH.02
(domain 20) inhibited C3b binding.
After characterizing each mAb, we investigated whether blocking the different
domains affected the activity of FH on sheep RBCs25. As expected, blocking domain
20 with anti-FH.02, anti-FH.10 or anti-FH.19 resulted in complement-mediated lysis
(Fig. 1A). However, blocking domain 6 (anti-FH.09) also resulted in a strong increase
of complement-mediated lysis, suggesting that the first binding region (domains 6-8)
is also required for complement regulation by FH. Remarkably, anti-FH.11, which
blocks FH co-factor activity, did not result in a dose-dependent increase in hemolysis,
which was explained by a complete consumption of native C3 in the fluid phase as
measured by a C3b/c ELISA (data not shown).
Next, we determined whether the binding region in domains 6-8 is also crucial for
FH function on human RBCs. As normal human RBCs express CR1, DAF and
CD59 to prevent complement-mediated lysis, we measured C3 deposition as a
read-out of disturbed FH function by FACS analysis. In line with the sheep RBCs,
not only blocking domain 20 (with anti-FH.02, anti-FH.10 and anti-FH.19) but also
blocking domain 6 (with anti-FH.09) resulted in increased C3 deposition in a dosedependent manner (Fig. 1B-C), indicating that indeed both surface binding regions
in domains 6-8 and 19-20 are truly involved in the complement regulating function
of FH on human RBCs. As suggested by our findings, binding of FH via only one of
these regions is not sufficient for optimal protection and FH needs both regions to
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Figure 1. Anti-FH mAbs inhibit FH function on RBCs. (A) Sheep RBCs were incubated with 10%
(v/v) NHS with a titration of the indicated anti-FH mAbs. Hemolysis was determined by measuring the
supernatants at 412nm and expressed as percentage of the 100% lysis control. Bars represent the mean
with error bars, indicating the SD of 2 independent experiments. Dashed line indicates hemolysis after
incubation with NHS without addition of a mAb, also indicated by the white bar. (B) C3 deposition on
human RBCs was determined by flow cytometry after incubation with 25% (v/v) NHS, containing ~0.5
µM FH, with the addition of a titration of the indicated mAb. Representative results of RBCs from one
experiment with the addition of a 2-times molar excess of the indicated mAbs are shown. Grey: RBCs
without serum, black lines: RBCs incubated with serum. (C) Results from the flow cytometry analysis of
C3 deposition on human RBCs as performed in B. Bars represent the mean percentage of C3 positive
human RBCs from 3 individual healthy donors with error bars indicating the SD. Dashed line indicates the
level of C3 deposition after incubation with NHS without addition of a mAb, also indicated by the white bar.
Two-way ANOVA with Dunnett’s multiple comparison post-test were performed, comparing to NHS with
no mAb. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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effectively interact with and fully protect the RBC cell surface. Remarkably, only a
sub-population of human RBCs seemed to be sensitive for C3 deposition when FH
was blocked. This was evident in multiple experiments using different donors and
was not correlating with the expression of CR1, DAF or CD59 (data not shown).
In conclusion, our results with epitope-mapped mAbs against human FH demonstrate
a crucial role for the binding region in domains 6-8 of FH, next to the well-established
role for domains 19-20. Simultaneous binding via both binding regions is required for
FH to protect human RBCs against complement activation.
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