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Complement plays an essential role in the opsonophagocytic clearance of
apoptotic/necrotic cells. Dysregulation of this process may lead to inflammatory
and autoimmune diseases. Factor H (FH), a major soluble complement inhibitor, binds
to dead cells and inhibits excessive complement activation on their surface, preventing
lysis, and the release of intracellular material, including DNA. The FH-related (FHR)
proteins share common ligands with FH, due to their homology with this complement
regulator, but they lack the domains that mediate the complement inhibitory activity
of FH. Because their roles in complement regulation is controversial and incompletely
understood, we studied the interaction of FHR-1 and FHR-5 with DNA and dead cells
and investigated whether they influence the regulatory role of FH and the complement
activation on DNA and dead cells. FH, FHR-1, and FHR-5 bound to both plasmid DNA
and human genomic DNA, where both FHR proteins inhibited FH-DNA interaction. The
FH cofactor activity was inhibited by FHR-1 and FHR-5 due to the reduced binding of
FH to DNA in the presence of the FHRs. Both FHRs caused increased complement
activation on DNA. FHR-1 and FHR-5 bound to late apoptotic and necrotic cells and
recruited monomeric C-reactive protein and pentraxin 3, and vice versa. Interactions
of the FHRs with pentraxins resulted in enhanced activation of both the classical and
the alternative complement pathways on dead cells when exposed to human serum.
Altogether, our results demonstrate that FHR-1 and FHR-5 are competitive inhibitors of
FH on DNA; moreover, FHR-pentraxin interactions promote opsonization of dead cells.

Keywords: complement, factor H protein family, pentraxin, necrotic cell, DNA, opsonization, CRP, PTX3

INTRODUCTION

The complement system is a key humoral component of innate immunity, and in addition to
its many other functions, it is involved in the clearance of waste material, such as immune
complexes and apoptotic and necrotic cells (1, 2). Whereas, dying cells are efficiently removed
under physiological conditions, defective clearance of dead cells may lead to pathologies and the
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generation of autoantibodies and thus may be the basis for
the development of autoimmune diseases, such as systemic
lupus erythematosus, since dying cells are a potential source
of self-antigens (3-6). The surface of dying cells is modulated,
some molecules that serve as “do not eat me signals” are
downregulated, and other ligands that promote phagocytosis are
exposed (1, 7).

Dying cells also expose ligands that bind initiator molecules
of the various complement pathways, so that complement
activation and opsonin deposition on the dead cell surface
may enhance phagocytotic clearance (1, 8). The role of Clq
and mannose-binding lectin (MBL) in this process is well-
documented; these molecules may also interact directly with
receptors, such as the calreticulin/CD91 complex, on phagocytes
(9). The initiator molecules of the classical (Clq) and lectin
pathways (e.g., MBL) can also be recruited by the pentraxins
C-reactive protein (CRP) and pentraxin 3 (PTX3), which
themselves bind to dying cells via various ligands (8, 10). Notably,
these pentraxins may also recruit soluble complement regulators,
such as factor H (FH) and C4b-binding protein (C4BP), which in
turn limit excessive complement activation on the surface (11—
14). Properdin was described to bind to dead cells, and DNA
exposed on dying cells was identified as one of the properdin
ligands (15, 16). Properdin can bind C3b and activate the
alternative complement pathway and also stabilizes the C3bBb
alternative pathway C3 convertase enzyme, thereby directing the
deposition of C3 fragments to the cell surface and driving the
amplification loop (17-19).

Altogether, the activation of the three complement pathways
on dead cells results in C3- and/or C4-fragment deposition and
enhanced opsonophagocytosis (20). However, even though cell
membrane-anchored complement regulators are downregulated
on dying cells, further complement activation, such as C5
convertase formation and terminal pathway activation, and
the lysis of dying cells are prevented by the serum-derived
complement inhibitors FH and C4BP (21-23). This inhibition is
essential, because the lack of complement regulation may lead to
inflammation and autoimmune processes.

The FH protein family includes FH and FH-like protein 1
(FHL-1), both of which are derived from the CFH gene, and five
FH-related proteins (FHR-1 to FHR-5) that are derived from the
five CFHR genes (24-26). These FH family proteins exclusively
consist of complement control protein (CCP) domains (also
called Sushi domains or short consensus repeats, SCRs). FH
is the major soluble regulator of the alternative complement
pathway. The complement inhibitory functions of FH (and FHL-
1), namely, convertase decay accelerating activity, interference
with assembly of the C3bBb convertase through competition
with factor B for the binding of C3b, and factor I cofactor

Abbreviations: BSA, bovine serum albumin; CCP, complement control protein
domain; CRP, C-reactive protein; DPBS, Dulbecco’s phosphate-buffered saline;
FB, factor B; FD, factor D; FH, factor H; FHR, factor H-related; FHR-1, factor
H-related protein 1; FHR-4, factor H-related protein 4; FHR-5, factor H-related
protein 5; FI, factor I; FP, factor P; gDNA, genomic DNA; HSA, human serum
albumin; mCRP, modified monomeric form of CRP; NET, neutrophil extracellular
trap; NHS, normal human serum; pCRP, native pentameric form of CRP; PTX3,
pentraxin 3.

activity for the inactivation of C3b, are mediated by the N-
terminal CCPs 1-4. All five FHRs lack domains homologous to
FH CCPs 1-4; thus, they lack FH-like complement inhibiting
activities, although roles in complement regulation have been
reported for some of them (27-32). The function of the FHRs
is incompletely understood and partly debated; however, recent
results demonstrated competition between FHRs and FH for
the same ligands causing impaired regulatory activity of FH
(24, 33-39). In addition, FHR-1, FHR-4, and FHR-5 were
shown to have a direct complement activating function, by
binding C3b and allowing formation of the C3bBb alternative
pathway C3 convertase (36, 37, 40) or by binding CRP and thus
activating the classical pathway (37, 41, 42). The association of
CFH and CFHRs with several complement-mediated diseases
strongly supports complement modulating activities of the FHR
proteins (24, 25, 43, 44).

FH was shown to bind to Annexin II, DNA, and histones
on the surface of apoptotic cells; DNA binding occurs through
FH CCPs 6-8, and 19-20 (45). FH can be detected within and
on the surface of dead cells, and apoptotic cells are able to
internalize it (45, 46). FH colocalizes with genomic DNA (gDNA)
intracellularly and with DNA on the surface of apoptotic cells
and displays cofactor activity when bound to DNA (45, 46).
FH was also shown to bind to extracellular DNA traps (47).
Although binding of FHRs to DNA has not yet been analyzed
in detail, it was demonstrated that recombinant FHR-2 and
FHR-5 bind to necrotic HUVECs and CHO cells (48). A few
recent studies indicated that FHR binding to necrotic cells has
functional relevance. In the case of necrotic HUVECs, but not
on CHO cells, FHR-5 but not FHR-2 was able to increase C3
deposition (48). Furthermore, FHR-1 facilitated the formation of
the C3bBb convertase on necrotic cells and enhanced activation
of the alternative pathway when necrotic cells were pretreated
with monomeric CRP (mCRP) (37). Similarly, the murine
FHR protein FHR-B bound to necrotic cells and enhanced C3
deposition (35).

Therefore, the aim of this study was to characterize the
interaction of FHR-1 or FHR-5 with DNA and dead cells and
investigate how they influence the regulatory role of FH and
complement activation.

MATERIALS AND METHODS

Materials

FHR-1, FHR-4A, FHR-4B, and FHR-5 fragments CCPs 3-7, 5-
9, and 8-9 were expressed in Spodoptera frugiperda (Sf9) cells
using the pBSV-8His baculovirus expression vector (49) and
purified by nickel affinity chromatography. Recombinant human
FHR-5, PTX3, anti-human PTX3, and anti-FHR-5 mAbs were
obtained from R&D Systems (Wiesbaden, Germany). Purified
human FH, C3b, FI, recombinant human CRP [pentameric
(pCRP)], goat anti-factor B, goat anti-C4, goat anti-human
FH antisera, anti-Histone H4 pAb, and mouse anti-double-
stranded DNA (dsDNA) mAb (clone BV16-13) were purchased
from Merck Ltd. (Merck Kft., Budapest, Hungary). The anti-
myeloperoxidase (MPO) mAb was purchased from HyTest
(Turku, Finland). The anti-FH monoclonal Abs A254 and
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A255 and the anti-FB mAb were from Quidel (obtained from
Biomedica, Budapest, Hungary), and mAb CIl8 was from
Enzo Life Sciences (Farmingdale, New York; obtained through
Biomarker, G6doll6, Hungary). Bovine serum albumin (BSA)
was from Applichem (Darmstadt, Germany). Human serum
albumin (HSA) and the anti-mCRP mAb were purchased from
Sigma-Aldrich Inc. (St. Louis, MO). Horseradish peroxidase
(HRP)-conjugated goat anti-human C3 antibody was obtained
from MP Biomedicals (Solon, OH). HRP-conjugated rabbit anti-
goat immunoglobulins, goat anti-mouse immunoglobulins, and
FITC-conjugated anti-C3c antibody were from Dako (Hamburg,
Germany). Normal human serum (NHS) was collected from
healthy individuals after informed consent. Serum samples were
pooled, aliquoted, and kept at —70°C. Alexa 488-conjugated
secondary antibodies were from Thermo Fisher Scientific
(Budapest, Hungary). mCRP was generated from pCRP as
described (50).

Gel Shift Assays

Gel shift analyses were carried out to visualize the binding of FHR
proteins to DNA. Two hundred nanograms linearized pUC57
vector or GeneRuler 1 kb DNA ladder (Thermo Fisher Scientific)
was incubated with 10 pg FH or equimolar amounts of FHR
proteins in 10 pl final volume in Tris-EDTA buffer (10 mM
Tris-HCl, 5mM EDTA, pH 7.6) for 30min at 37°C. DNA-
protein complexes were separated on 1% agarose gel, and then the
DNA was stained with ethidium bromide and visualized using a
UV transilluminator.

Microtiter Plate Binding and Complement

Activation Assays

To measure binding of the FHRs to DNA, gDNA was purified
from Jurkat cells with the GeneJET gDNA Purification Kit
according to the manufacturer’s protocol (Thermo Fisher
Scientific). gDNA was immobilized at 15 jug/ml on high binding
microtiter plates (Greiner) overnight at 4°C. The wells were
washed in each step with Dulbeccos PBS (DPBS; Lonza;
Biocenter, Szeged, Hungary) containing 0.05% Tween 20. After
blocking with 4% BSA in 0.05% Tween 20-containing DPBS at
20°C, FHR-1 (250 nM), FHR-5, or FHR-5 fragments (100 nM)
were added in DPBS containing Ca** and Mg?" for 1 h at 20°C.
In some experiments, 250 nM FHR-1 was added together with
20 pg/ml mAb C18 or mAb A255. Binding was detected using
polyclonal anti-FH (1:1,000) or polyclonal anti-FHR-5 (1:500), as
indicated in each figure, and HRP-conjugated rabbit anti-goat Ig
(1:1,000). In a reverse setting, 120 nM FHR-5, FHR-1, and HSA
were immobilized, and the remaining free binding sites blocked
as above and then incubated with increasing concentrations of
gDNA in DPBS containing Ca*" and Mg?" for 1h at 20°C.
The binding of gDNA was detected with serial incubations of
anti-dsDNA (1:1,000) and HRP-conjugated goat anti-mouse Ig
(1:1,000). TMB Plus substrate (BioLegend) was used to visualize
binding, and the absorbance was measured at 450 nm.

In competition assays, FHRs were preincubated with dNTP
in the indicated concentrations for 15 min before adding to the
wells. FHR-1 and FHR-5 binding was measured as above. To
determine the competition between FH and FHRs for DNA,

100nM FH alone and with FHR-1 or FHR-5 was added to
the gDNA-coated wells, and FH binding was measured using
the monoclonal anti-FH antibody A254 (5ug/ml) followed by
HRP-conjugated goat anti-mouse Ig (1:750).

To measure complement activation on gDNA, Nunc
microtiter plate wells (Thermo Fisher Scientific) were coated
with 15pg/ml gDNA in DPBS overnight at 4°C and, after
blocking with 4% BSA in 0.05% Tween 20-containing DPBS
at 20°C, 5 or 10% NHS was added with or without 150 nM
recombinant FHR-5 or 150-1,200 nM FHR-1 for 30 min at 37°C
in DPBS containing Ca?t and Mg?" (Lonza) or, to measure
alternative pathway activation only, in DPBS containing 5 mM
Mg?*-EGTA. After washing with 0.05% Tween 20-containing
DPBS, formation of the C3bBb convertase was detected using
goat anti-FB (1:2,000) followed by HRP-conjugated rabbit
anti-goat Ig (1:1,000), and the deposition of C3 fragments was
measured with HRP-conjugated anti-C3 (1:1,500).

Cofactor Assays and Western Blot Analysis
To analyze the effect of FHRs on FH cofactor activity, microtiter
plates were coated with 15 pg/ml gDNA overnight at 4°C; wells
were washed, blocked, and incubated with FH and FHR proteins
as in the microtiter plate binding assays. After washing, 120 nM
C3b and 250 nM FI were added for 1h at 37°C. Supernatants
were subjected to 10% SDS-PAGE under reducing conditions
and western blotting. The membrane was blocked with DPBS
containing 1% BSA, 4% skimmed milk powder and 0.05% Tween
20. C3b fragments were detected with HRP-conjugated anti-C3
antibody (1:8,000) and by an ECL detection kit (Merck).

Cells

Jurkat E6.1T cells (European Collection of Cell Cultures;
Salisbury, UK) were cultured in RPMI 1640 (Invitrogen)
supplemented with 10% FCS (EuroClone) and 50 pg/ml
gentamycin (Lonza); human umbilical vein endothelial
cells (HUVECs; Lonza) were cultured in Endothelial Cell
Basal Medium-2 (EBM-2) supplemented with 10% FCS,
hydrocortisone, growth factors (hFGE, VEGEF, R3-IGF-1,
and hEGF), ascorbic acid, and heparin (Lonza) and retinal
pigment epithelial cells (ARPE-19; ATCC) were cultured in
Dulbecco’s modified Eagle medium: F12 (DMEM: F12; Lonza)
supplemented with 10% FCS and penicillin-streptomycin—
amphotericin B mix (Lonza). Apoptosis was induced by treating
Jurkat cells with 1M staurosporine for 24h. Necrosis was
induced by incubating the cells at 65°C for 30 min.

Human neutrophil granulocytes were isolated from peripheral
blood of healthy individuals. The studies were approved by the
respective national authority (TUKEB ETT, permission number
838/P1/12). Peripheral mononuclear cells were isolated by
Ficoll-Hypaque (Sigma Aldrich) density gradient centrifugation.
Red blood cells were removed in two steps: first, dextran
sedimentation was performed with Dextran T-500 (Pharmacia
Fine Chemicals, Uppsala, Sweden), and then the red blood cells
were lysed with hypotonic sodium chloride buffer. Purity of the
isolated neutrophils was checked by flow cytometry using anti-
CD16 and anti-CD14 antibodies (BD Biosciences, Heidelberg,
Germany). Neutrophil purity was >95%.

Frontiers in Immunology | www.frontiersin.org

July 2020 | Volume 11 | Article 1297


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Karpati et al.

FHR-1 and FHR-5 Modulate Opsonization

Flow Cytometry

Binding of FHR-5 and FHR-1 to live, apoptotic and necrotic
cells was measured by incubating 5 x 10° cells/sample with
the recombinant proteins in DPBS containing Ca’" and
Mg** (Lonza) for 20min at 20°C. Binding was detected
using monoclonal anti-FHR-5 Ab (5g/ml) and goat anti-FH
pAb (1:500), respectively, followed by Alexa 488-conjugated
secondary antibody (1:500). Early and late apoptotic cells were
identified by staining with Annexin V-PE and 7-AAD (Life
Technologies) according to the manufacturer’s protocol. Necrotic
cells were labeled with propidium iodide (1pg/ml). After
each incubation step, cells were washed with DPBS containing
1% FCS.

To measure the effect of ANTP on FHR binding to necrotic
cells, 75nM FHR-5 or 300 nM FHR-1 were incubated in DPBS
containing Ca** and Mg?* with or without 12.5mM dNTP for
30 min at 20°C. The mixture was added to 5 x 10° necrotic
Jurkat cells and incubated for 30 min at 20°C. Cells were then
washed and the binding of FHR-5 and FHR-1 was detected as
described above.

To measure the interaction of FHRs and pentraxins, necrotic
cells were preincubated in DPBS containing Ca?t and Mg?"

with either PTX3 or mCRP for 20 min at 20°C, then washed
and incubated with FHRs and, after washing, FHR-binding was
detected as above. In reverse experiments, necrotic cells were
incubated with FHR-5 or FHR-1, then washed followed by
incubation with PTX3 or mCRP and, after washing, pentraxin
binding was detected using biotinylated anti-PTX3 (5 pg/ml)
followed by Alexa 488-conjugated streptavidin (1:500) or anti-
mCRP (10 pg/ml) followed by Alexa 488-conjugated goat anti-
mouse Ig (1:500).

Complement activation on necrotic Jurkat cells was measured
after preincubation with FHRs or pentraxins in RPMI-1640 as
indicated for each experiment in the figure legends. Cells were
then washed to remove non-bound proteins. To measure classical
pathway activation, cells were exposed to 1% NHS in RPMI-1640
for 30 min at 37°C. To measure alternative pathway activation,
cells were exposed to 5 or 10% NHS in DPBS containing 5 mM
MgCl, and 5mM EGTA for 30 min at 37°C. Classical pathway
activation was detected using anti-human C4 (1:200) followed
by Alexa 488-conjugated rabbit anti-goat Ig (1:200) and FITC-
conjugated anti-C3c (1:200), and AP activation was measured
using FITC-conjugated anti-C3c (1:200) and anti-FB (1:200)
followed by Alexa 488-conjugated rabbit anti-goat Ig (1:200).
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FIGURE 1 | FHR-1 and FHR-5 bind to DNA. (A) The schematic drawing shows FH, which is composed of 20 CCP domains, of which CCPs 1-4 mediate the
complement regulatory activity of the protein and CCPs 6-7 and 19-20 mediate ligand and surface binding. The CCP domains of FHR-1 and FHR-5 are shown

aligned with the homologous FH domains; the numbers above the domains indicate the amino acid sequence identity (in %) with the corresponding FH domain. (B)
Gel shift assays were performed to analyze the interaction of FH family proteins with DNA in the fluid phase. DNA ladder or linearized plasmid DNA were incubated
with 10 ng FH and equimolar amounts of the recombinant FHR proteins, FH being a positive control, as indicated, separated on agarose gel, and visualized by
ethidium bromide staining. FHR-4A, which is also composed of nine CCPs and is similar in size to FHR-5, and FHR-4B, which is composed of five CCPs and is similar
in size to FHR-1, were used as additional controls. DNA retention was observed in the case of FH, FHR-1, and FHR-5. Images are representative of three
experiments. ELISA was carried out to confirm DNA binding of FHR-5 and FHR-1. To this end, 120 nM FHR-5 (C), FHR-1 (D), and HSA as a negative control were
immobilized, and after blocking, gDNA isolated from Jurkat cells was added in increasing concentrations. gDNA binding was detected using an anti-dsDNA mAb.
Data are means + SD derived from three independent experiments.
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In each experiment, antibodies were added for 15 min on ice
and samples were kept in dark. In each sample, 10,000 cells were
measured using a FACSCalibur flow cytometer (BD Biosciences,
San Jose, CA, USA). Data were analyzed using FCS Express
Version 3 software (De Novo Software, Los Angeles, CA, USA).

Binding of Serum-Derived FHR-5 and

FHR-1 to Necrotic Cells

2 x 10° necrotic ARPE-19, HUVEC and Jurkat cells were
incubated in DPBS containing Ca?>" and Mg?* with 50% NHS
for 30 min at 37°C. Cells were thoroughly washed, then lysed
with buffer containing cOmplete™ Protease Inhibitor Cocktail
(Roche) supplemented with 1% Triton X-100 (Sigma-Aldrich).
Cell lysates were centrifuged at 10,000 g for 10 min, separated
by 10% SDS-PAGE, transferred to nitrocellulose membrane and
developed with anti-FHR-5 (1:500) and anti-FH (1:5,000) pAbs,
respectively, using HRP-conjugated rabbit anti-goat Ig (1:5,000)
and an ECL detection kit (Merck).

Confocal Laser Scanning Microscopy

To measure colocalization between FHR-5 or FHR-1 and DNA,
5 x 10° necrotic HUVEC were treated with 300nM FHR-5
or FHR-1 in DPBS containing Ca?t and Mg2+ for 30 min at
20°C and, after washing, labeled with monoclonal anti-FHR-5

(5pg/ml) or goat anti-FH (1:500) for 15min at 4°C, followed
by washing and incubation with the corresponding Alexa 488-
conjugated secondary antibodies (1:500). After washing, gDNA
was labeled with 1 pg/ml propidium iodide.

To visualize FHR-5 and FHR-1 binding to neutrophil
extracellular traps (NETs), 5 x 10° neutrophils were allowed
to adhere to Nunc Lab-Tek borosilicate chambered cover glass
microplates (Thermo Fisher Scientific), then NETs were induced
with PMA and stained with Sytox Orange (Molecular Probes-
Invitrogen) as previously described (51). To confirm NET
formation, in addition to DNA parallel samples were stained
with anti-Histone H4 or anti-MPO (both 1:500) and Alexa 488-
conjugated goat anti-rabbit Ig (1:1,000). To analyze FHR-5 and
FHR-1 binding, NETs were prepared and incubated with 300 nM
FHR-5 or FHR-1 in DPBS at 20°C for 20 min. After careful
washing with DPBS, goat anti-FHR-5 antibody (1:500) or goat
anti-FH antiserum (1:500) was added, followed by incubation
with Alexa 488-labeled anti-goat Ig (1:500) at 20°C in the dark
for 30 min.

Fluorescence microscopy was carried out with a FluoView
500 confocal laser-scanning microscope (Olympus Europe,
Hamburg, Germany), equipped with argon-ion laser (488 nm)
and two He-Ne lasers (with 543 and 632nm excitation
wavelengths). Fluorescence images (1,024 x 1,024 pixels) were
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A ™ HSA FIGURE 3 | at 300nM FHR-5 and FHR-1. Data are means + SD derived from
125 1 -# FHR-5 four independent experiments. *p < 0.01, **p < 0.001, ns, not significant,
-~ FHR-1 one-way ANOVA. (C) Analysis of the cofactor activity of DNA-bound FH in the
—~ 100 presencg of FHR-1 or FHR-5. gDNA was immobilized, 100 nM FH was added
°\° alone or in the presence of 300nM FHR-5, FHR-1, or HSA as negative control.
:/D After washing, C3b and FI were added, and the plate was incubated at 37°C
=) 15 = for 60 min. Supernatants were analyzed by SDS-PAGE and western blot for
‘g C3b cleavage products under reducing conditions. Inhibition of FH binding to
‘3 50 1 gDNA by FHR-1 and FHR-5 resulted in loss of C3b cleavage. A representative
T blot from three independent experiments is shown.
=~
25 7
0= ' ' ' ' ' ' ' acquired using a 60x oil-immersion objective. Images were
0 100 200 300 400 500 600 700 processed by Image] software (http://rsbweb.nih.gov/ij, National
Protein concentration (nM) Institutes of Health, Bethesda, MD, USA).
Statistical Analysis
ns Statistical analysis was performed using GraphPad Prism version
B _— 5.00 for Windows (GraphPad Software, San Diego, California). A
= 0.8 5 -~ P < 0.05 was considered statistically significant.
L
< 061 RESULTS
on
£ 044 FHR-5 and FHR-1 Bind to DNA and
£ Neutrophil Extracellular Traps (NETSs)
= 0.2 4 FHR-1 and FHR-5 were previously shown to bind to FH ligands,
F such as pentraxins (13, 31, 36, 37, 43), due to their structural
0.0 4 homology (Figure 1A). Because FH interacts with DNA through
& . “ ~ - CCP domains 6-8 and 19-20 (45), we investigated whether these
3 & § § Q@ FHR proteins can also bind to DNA. To this end, recombinant
5 <, <, % . . .
Q;( Q:( (37 human FHR-1 and FHR-5 were incubated in equimolar amounts
% < with linearized plasmid DNA or DNA ladder in a gel-shift assay.
FH was used as a positive control, and recombinant FHR-4B
i and FHR-4A, which are similar in size to FHR-1 and FHR-5,
[KDa] 140mm respectively, but differ from them in domain composition, were
also analyzed. Binding to DNA was observed in the case of FH,
FHR-1 and FHR-5 at pH 7.4 and 37°C, whereas no DNA binding
100 == was detected in the case of FHR-4A and FHR-4B under these
70) conditions (Figure 1B).
To further analyze DNA binding and confirm the interaction
of FHR-1 and FHR-5 also with human gDNA, ELISA was
_ - 3 performed. When equimolar amounts of FHR-5 and FHR-1 were
40 — ] immobilized on microplate wells and gDNA isolated from Jurkat
C3b + + | + + i T cells was added in increasing concentrations, we detected a
FI + | + |+ |+ | + dose-dependent binding of the DNA to both FHRs using an anti-
FH - + | + + -+ dsDNA Ab (Figures 1C,D). Binding of gDNA to FHR-5 reached
FHR-5 | = - | + — — saturation at 5 ng/pLl DNA concentration, whereas in the case of
AR | = — 1= + — FHR-1 an ~8-fold higher DNA concentration was required to
reach similar binding, and the maximal DNA binding required
HSA | = | =|=]=]%* even higher concentrations under the experimental conditions

FIGURE 3 | FHR-5 and FHR-1 compete with FH on gDNA and reduce FH
cofactor activity. (A) FHR-5 and FHR-1 dose-dependently inhibit FH binding to
gDNA. FH (100 nM) was added to immobilized gDNA in the presence of
increasing concentrations of FHR-5, FHR-1, or HSA. FH binding was detected
with the FH-specific mAb A254 that does not recognize FHR-5 or FHR-1. A
representative experiment is shown. (B) Inhibition experiments were repeated

(Continued)

(Figures 1C,D).

To determine the DNA binding site within FHR-5, FHR-5
fragments (CCP3-7, CCP5-9, and CCP8-9) were generated and
expressed in insect cells, purified, and used in ELISA. Microtiter
plates were coated with gDNA, then incubated with equimolar
amounts of the FHR-5 fragments. A prominent binding to gDNA
was detected only in the case of the CCP3-7 fragment, suggesting
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that the DNA binding site of FHR-5 is localized in these domains
(Figure 2A). In the case of FHR-1, we investigated whether the
DNA binding site is located in the C-terminal FHR-1 domains
that are homologous to the DNA-binding FH CCPs 19 and 20. To
this end, we used the mAb C18, which binds to CCP20 of FH and
also to CCP5 of FHR-1, which has a high (97%) sequence identity
with FH CCP20 (52, 53). The mAb C18 completely blocked the
binding of FHR-1 to gDNA, whereas the control A255 mAb had
no effect (Figure 2B).

To confirm the specificity of DNA binding, FHR-5 and
FHR-1 were preincubated with soluble dNTP in increasing
concentrations and then the mixtures were added to gDNA,
which was immobilized in microplate wells. In both cases, the
preincubation with dNTP decreased FHR binding to gDNA in
a dose-dependent manner (Figures 2C,D).

In addition, to study interaction with DNA released through
a more natural cellular process, we investigated whether these
two FHR proteins are also able to associate with NETs. We
used a PMA-induced NET model (51, 54) and, after DNA
staining, FHR-1 or FHR-5 were added and then detected with
the corresponding antibodies. On confocal images we observed
binding of both proteins that showed colocalization with DNA in
NETs (Supplementary Figure 1).

FHR-5 and FHR-1 Compete With FH for
Binding to gDNA and Inhibit FH Cofactor
Activity

Recent reports demonstrated that some of the FHR proteins
can act as competitive inhibitors of FH for binding to ligands

such as C3b, components of the extracellular matrix, PTX3 and
mCRP (33, 36-38). Therefore, we investigated whether FHR-1
and FHR-5 compete with FH for binding to gDNA and also its
functional consequence. To this end, FH binding to immobilized
gDNA was measured, using a FH-specific monoclonal Ab, in
the absence or presence of equimolar amounts of FHR-1, FHR-
5 and the negative control protein HSA. Both FHR-1 and FHR-5
significantly inhibited FH binding to DNA in a dose-dependent
manner, whereas HSA had no effect (Figures 3A,B).

To analyze the cofactor activity of gDNA-bound FH, first FH
was added to immobilized gDNA in the absence or presence
of FHR-5, FHR-1 or the negative control protein HSA. After
washing, C3b and FI were added for 1h, then the supernatants
were analyzed for C3b fragments by Western blot. FH acted
as a cofactor for the FI-mediated cleavage and inactivation of
C3b when bound to gDNA, and the inhibition of FH binding to
DNA by FHR-5 and FHR-1 resulted in the lack of C3b cleavage
(Figure 3C).

FHR-5 and FHR-1 Enhance Complement

Activation on gDNA

Both FHR-5 and FHR-1 were shown to support the formation
of the alternative pathway C3bBb convertase by binding C3b
(36, 37). Therefore, we analyzed whether the FHR-5/FHR-1—
DNA interaction can influence C3 fragment deposition and
the formation of the C3bBb convertase. To this end, gDNA
was immobilized in microplate wells and exposed to 5 or
10% NHS that was supplemented or not with 150nM FHR-
5 in buffer containing 5mM Mg*"-EGTA, which allows for
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FIGURE 4 | FHR-5 and FHR-1 enhance complement activation on gDNA. gDNA was immobilized in microplate wells and incubated with NHS without or with the
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addition of 150 nM FHR-5, FHR-1, and HSA as a negative control, at 37°C for 30 min. C3 deposition was detected with anti-C3 Ab, and C3bBb convertase formation
was detected with anti-FB Ab. In Mg?*-EGTA-containing buffer, which allows alternative pathway activation only, addition of 150 nM FHR-5 to NHS led to increased
C3 deposition (A) and formation of the C3bBb convertase (B). In contrast to this, 150 nM FHR-1 had no effect on either C3 deposition or C3bBb formation (data not
shown), but FHR-1 dose-dependently enhanced C3 deposition (C) and, at higher concentrations, C3bBb formation (D) in 5% NHS. Data are means + SD derived
from four independent experiments. “p < 0.05, “*p < 0.01, **p < 0.001, ns, not significant, one-way ANOVA. Note the different scales in the y-axes.
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alternative pathway activation only. FHR-5 enhanced both C3
fragment deposition and the formation of the C3bBb convertase,
the latter detected by measuring the bound Bb fragment with
an anti-FB antibody, especially at higher serum concentration
(Figures 4A,B). By contrast, FHR-1 in 150 nM (data not shown)
and 300 nM concentrations had no effect on C3bBb formation on
gDNA exposed to 5% serum in Mg>"-EGTA containing buffer,

but significantly enhanced deposition of both C3 fragments and
Bb at higher FHR-1 concentrations (Figures 4C,D).

FHR-5 and FHR-1 Bind to Apoptotic and

Necrotic Cells
Because of the high degree of sequence identity (36-100%)
between the two C-terminal CCP domains in FHRs and the
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FIGURE 5 | FHR-5 binds to live, apoptotic, and necrotic cells. (A) Binding of 75nM (thin lines) and 300 nM (thick lines) recombinant FHR-5 to live and necrotic retinal
pigment epithelial cells (ARPE-19), human umbilical vein endothelial cells (HUVECS), and Jurkat T cells in DPBS with Ca®*/Mg®* was measured by flow cytometry
using monoclonal anti-FHR-5 and a corresponding secondary Ab. Representative data of three experiments are shown. Gray histograms indicate antibody binding
controls without FHR-5. (B) Binding of native FHR-5 from NHS to necrotic cells. Necrotic cells were incubated with NHS, washed, and then lysed. Cell lysates were
analyzed by SDS-PAGE and western blot using polyclonal anti-FHR-5 Ab. Representative blots of three experiments are shown. (C) FHR-5 binding to apoptotic cells
was measured on staurosporine-treated Jurkat T cells. The dot plot (left panel) shows the ratio of early and late apoptotic Jurkat cells after 1-day staurosporine
treatment and labeling with Annexin V-PE and 7-AAD. After gating, histograms show binding of 75 nM FHR-5 (thin lines) and 300 nM FHR-5 (thick lines) to early
(middle panel) and late (right panel) apoptotic Jurkat cells. Representative data of three experiments are shown.
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homologous CCPs 19-20 of FH, which harbors a major cell
surface recognition site, we analyzed whether FHR-5 and FHR-
1 were able to bind to diverse cell lines (ARPE-19, HUVEC,
Jurkat) in different states (live, necrotic, apoptotic). Binding of
the FHRs to the cells was measured by flow cytometry using

recombinant proteins. FHR-5 bound to the three tested live,
necrotic, early apoptotic and late apoptotic cells in a dose-
dependent manner, although the intensity of binding differed
(Figures 5A,C). FHR-5 bound to the surface of all necrotic
cell lines with higher intensity than to live cells (Figure 5A).
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FIGURE 6 | FHR-1 binds to apoptotic and necrotic cells. (A) Binding of 300 nM (black lines) recombinant FHR-1 to live and necrotic retinal pigment epithelial cells
(ARPE-19), human umbilical vein endothelial cells (HUVECS), and Jurkat T cells in DPBS with Ca®+/Mg?+ was measured by flow cytometry using polyclonal anti-FH
Ab and a corresponding secondary Ab. Gray histograms indicate antibody binding controls without FHR-1. (B) Binding of native FHR-1 from NHS to necrotic cells.
Necrotic cells were incubated with NHS, washed, and then lysed. Cell lysates were analyzed by SDS-PAGE and western blot using polyclonal anti-FH Ab.
Representative blots of three experiments are shown. (C) FHR-1 binding to apoptotic cells was measured on staurosporine-treated Jurkat T cells. The dot plot (left
panel) shows the ratio of early and late apoptotic Jurkat cells after 1-day staurosporine treatment and labeling with Annexin V-PE and 7-AAD. After gating, histograms
show 300 nM FHR-1 binding to early (middle panel) and late (right panel) apoptotic Jurkat T cells. Representative data of three experiments are shown.
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To confirm these results with the native protein, necrotic
cells were incubated in buffer containing 50% NHS and, after
thorough washing, the cells were lysed and FHR-5 binding
was analyzed by Western blot. With this approach, binding of
serum-derived FHR-5 to necrotic cells could also be detected
(Figure 5B).

In contrast to FHR-5, recombinant FHR-1 did not bind
to live ARPE-19, HUVEC or Jurkat cells even at 300 nM
concentration; however, when the cells were rendered necrotic,
FHR-1 binding was detected (Figure 6A). Similar to FHR-5,
binding of native, NHS-derived FHR-1 to all three necrotic cells
could be detected by Western blot (Figure 6B). After 1M
staurosporine treatment of Jurkat cells, only the Annexin V and
7-AAD positive late apoptotic cell population showed FHR-1
binding (Figure 6C).

To measure the possible contribution of DNA in
binding of these FHRs to necrotic cells, FHR-5 and
FHR-1 were preincubated with dNTP before adding
them to necrotic Jurkat cells; this resulted in reduced
binding (Supplementary Figures 2A,B). In addition, partial
colocalization of FHR-5 and FHR-1 with DNA was found when
analyzing necrotic cells with confocal laser scanning microscopy
(Supplementary Figure 2C).

FHR-5 and FHR-1 Enhance Pentraxin
Binding, and Inversely, mCRP and PTX3
Enhance FHR-5, and FHR-1 Binding to
Necrotic HUVEC

FHR-1 and FHR-5 were previously shown to interact with
pentraxins (13, 31, 36, 37); the mCRP and PTX3 binding sites
are in the C-terminal domains of FHR-1 (36, 37). For FHR-5, the
CRP-binding was shown to be mediated by CCP3-7 (31), which
we could confirm and determined similar binding site for PTX3
(Supplementary Figure 3). We investigated whether FHR-1 and
FHR-5 can recruit the pentraxins mCRP or PTX3 to the necrotic
cell surface. To this end, necrotic HUVEC cells were pretreated
or not with 500nM FHR-1 or 300nM FHR-5, then the cells
were incubated with pentraxins. Binding of mCRP and PTX3 was
detected with the corresponding Abs. The extent of pentraxin
binding increased when the necrotic cells were preincubated
with FHR-1 or FHR-5, suggesting a cooperation between these
molecules (Figures 7A,B). In addition, in a reverse setting when
necrotic cells were incubated first with the pentraxins followed
by the FHRs, the binding of both FHR-1 and FHR-5 increased,
thus mCRP and PTX3 were able to recruit FHR-1 and FHR-5 to
necrotic cells (Figures 7C,D).
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FIGURE 7 | FHR-1 and FHR-5 enhance pentraxin binding and vice versa on necrotic cells. Necrotic HUVECs were incubated with 500 nM FHR-1 or 300 nM FHR-5;
then 1 pg/ml mCRP or 2.5 ng/ml PTX3 was added. Pentraxin binding was measured by flow cytometry using anti-mCRP (A) and anti-PTX3 (B) Abs, and the
corresponding secondary Abs. In a reverse setting, cells were incubated with 2.5 pug/ml mCRP or PTX3, then 300 nM FHR-1 or 75nM FHR-5 was added, and their
binding was measured using anti-FH (C) or anti-FHR-5 (D) Abs and the corresponding Alexa 488-labeled secondary Ab. Representative data from three independent
experiments are shown.
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Interaction of FHR-5 and FHR-1 With
Pentraxins Enhances Complement
Activation on Necrotic HUVEC

Recently, we showed that interaction between FHR-1 and
mCRP causes increased alternative pathway activation, measured
as formation of C3bBb, on necrotic cells (37). Based on
the observed reciprocal recruitment of FHRs and pentraxins
(Figure 7), we investigated how these interactions can influence
complement activation on necrotic cells. First, necrotic HUVEC
were preincubated with FHR-5 or FHR-1, followed by incubation
with mCRP or PTX3. Then the cells were exposed to 1% NHS.
FHR-pretreatment resulted in increased deposition of C4- and

C3 fragments, measured with anti-C4 (Figure 8) and anti-C3c
(Figure 9), respectively, indicating increased classical pathway
activation due to cooperation of these FHRs with pentraxins. In
the reverse setting, necrotic HUVEC pretreated with pentraxins
were incubated with FHR-5 or FHR-1, then exposed to 5
or 10% NHS, respectively, in Mg>™-EGTA containing buffer,
to allow only for alternative pathway activation. Different
serum concentrations were used because FHR-5 activates the
alternative pathway more efficiently compared with FHR-1
(36, 37). Formation of the alternative pathway C3bBb convertase
on the necrotic cells was detected with flow cytometry using
anti-FB  Ab. Recruitment of both FHR-1 and FHR-5 by
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FIGURE 8 | Interaction of FHR-5 and FHR-1 with pentraxins enhances C4 deposition. Necrotic HUVECs were preincubated with increasing amounts of FHR-5 (A) or
FHR-1 (B) and then incubated with 2.5 ug/ml PTX3 or mCRP and exposed to 1% NHS for 30 min at 37°C. C4 deposition was detected by flow cytometry using
polyclonal anti-C4 and the corresponding Alexa 488-labeled secondary Ab. Representative data from three independent experiments are shown.
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pentraxins increased the amount of detectable C3bBb on necrotic
cells (Figure 10).

DISCUSSION

Opsonization, i.e., marking of non-self and certain self
materials for removal, is an important mechanism to maintain
homeostasis. Opsonization is a major function of complement
through which elimination of microbes but also potentially

dangerous host material, such as disintegrating dying cells and
extracellular DNA, is facilitated. In this study we identify the
FHR proteins FHR-1 and FHR-5 as modulators of opsonization
by their interactions with DNA, dead cells and pentraxins.

The role of FH in complement regulation on the surface
of apoptotic and necrotic cells, and in promoting an
immunologically silent removal of dead cells was studied
by several groups. FH binding to dead cells increases during the
apoptotic process and reaches its maximum at the necrotic state
(22, 45). Possible ligands for FH on the surface of dead cells were
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FIGURE 9 | Interaction of FHR-5 and FHR-1 with pentraxins enhances C3 deposition. Necrotic HUVECs were preincubated with increasing amounts of FHR-5 (A) or
FHR-1 (B) and then incubated with 5 ug/mI mCRP or 2.5 ug/ml PTX3 and exposed to 1% NHS for 30 min at 37°C. C3 deposition was detected by flow cytometry
using FITC-labeled polyclonal anti-C3c. Representative data from three independent experiments are shown.

Frontiers in Immunology | www.frontiersin.org

12

July 2020 | Volume 11 | Article 1297


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Karpati et al.

FHR-1 and FHR-5 Modulate Opsonization

identified as Annexin II, histones and DNA (45). FH binds to
necrotic cells through CCP6-8 and CCP19-20, which mediate
also the DNA binding of the molecule; besides these domains,
CCP8-15 are involved in FH binding to apoptotic cells (45, 55).
We found that the two FHR proteins FHR-1 and FHR-5 bound
to linearized plasmid and also to isolated human gDNA in a
dose-dependent manner (Figure 1). The DNA binding site of
FHR-1 was in the C terminus, which can be explained by the 100
and 97% amino acid sequence identity of CCP4 and CCP5 of
FHR-1 to the CCP19 and CCP20 of FH, respectively. Because the
anti-FH mAb C18, which binds to FH CCP20 and FHR-1 CCP5,
completely blocked FHR-1 binding to gDNA, CCP5 appears to
be the DNA binding domain in FHR-1 (Figure 2B). Interestingly,
the homologous CCP8-9 of FHR-5 did not bind to DNA, but
the DNA binding site was localized in CCP3-4 (Figure 2A).
This is likely explained by the relatively low sequence similarity
of FHR-5 CCP8 and CCP9 to the homologous FH CCP19 and
CCP20 (66 and 43% amino acid sequence identity, respectively).
The DNA-binding specificity of the two FHRs was confirmed by
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FIGURE 10 | Interaction of FHR-5 and FHR-1 with pentraxins enhances
C3bBb formation. Necrotic HUVECs were preincubated with 2.5 wg/ml mCRP
or PTX3 and then incubated with 75 nM FHR-5 (A) or 125nM FHR-1 (B) and
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dNTP preincubation (Figure 2). In addition, we demonstrated
that they did not only bind to extracted gDNA but both FHR-1
and FHR-5 associated with NETs and colocalized with DNA
(Supplementary Figure 1).

Evidence accumulated in recent years attest to a role of
FHR proteins in the modulation of complement activation
and its regulation by FH, by enhancing the activity of the
alternative pathway (56). Common host ligands of FHR-1 and
FHR-5 shared also by FH are, besides the complement fragment
C3Db, heparin (29, 31), the pentraxins mCRP and PTX3 (31,
36, 37) and, in the case of FHR-5 also malondialdehyde-
acetaldehyde epitopes (57). FHR-5 competes with FH for
binding to mCRP, PTX3 and malondialdehyde-acetaldehyde
epitopes, and enhances complement activation (36, 57). For
FHR-1, partial inhibition of FH binding to mCRP was found
but complement activation was not significantly enhanced in
serum through competition; on the other hand, FHR-1—mCRP
interaction directly enhanced both alternative and classical
pathway activation in vitro by the recruitment of C3b and Clq,
respectively (37). Here, we identified DNA as a new ligand
for FHR-1 and FHR-5, and showed that both FHRs dose-
dependently inhibited FH binding to gDNA and, consequently,
inhibited FH cofactor activity on DNA (Figure 3). Both FHR-5
and FHR-1 enhanced complement alternative pathway activation
on DNA when added to serum, as measured by the increase in
the amount of deposited C3 and FB fragments, but FHR-1 was
less efficient in this assay (Figure 4). FHR-5 appears as a more
potent competitor of FH and activator of the alternative pathway
than FHR-1, because it can use separate binding sites for C3b (the
C-terminal domains CCPs 8-9) and other ligands (CCPs 3-4 or
5-7), such as malondialdehyde-acetaldehyde adducts (57), DNA
(Figure 2), mCRP (31) and PTX3 (Supplementary Figure 3),
whereas FHR-1 ligand binding sites e.g., for both C3b and DNA
(but also for pentraxins) are in the C-terminal domains (37).
FHR-1 requires a higher density of ligands for similarly high
avidity binding as FHR-5; however, gain-of-function mutants
resulting in duplication of the dimerization CCPs 1-2 domains
strongly increase avidity and FH-competing capacity (39, 43).

It was shown previously, that FHR-5 does not bind or
only weakly binds to live cells, such as HUVEC, from NHS,
but binds strongly to necrotic HUVEC, also as a recombinant
protein (48); FHR-5 binding was mediated by CCPs 5-7 (57).
We found variable binding of recombinant FHR-5 to live cells,
the weakest binding in the case of ARPE-19 cells and the
strongest binding in the case of HUVEC. FHR-5 binding strongly
increased in the necrotic state of the cells, and pronounced
binding was detected also on early and late apoptotic cells
(Figure 5). Although FHR-1 binding from NHS to live HUVEC
was observed previously by Western blot analysis (48, 58), we
could not detect recombinant FHR-1 binding to live HUVEC,
ARPE-19 and Jurkat cells by flow cytometry (Figure 6A). This
might be explained by the binding through C3 fragments or other
proteins in the case of serum. Similar to FHR-5, the extent of
FHR-1 binding was increased when the cells became apoptotic
or necrotic (Figure 6). A recent study also found FHR-1 binding
to necrotic HUVEC but not to live HUVEC (59). Binding of
FHR-1 and FHR-5 to cells depends on available receptors and

Frontiers in Immunology | www.frontiersin.org

13

July 2020 | Volume 11 | Article 1297


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Karpati et al.

FHR-1 and FHR-5 Modulate Opsonization

surface ligands; for example, previously we did demonstrate
FHR-1 binding to viable neutrophils via the complement receptor
CR3 (60). On necrotic cells, malondialdehyde epitopes represent
one of the ligands of FHR-1 and FHR-5, and both FHRs
were shown to enhance complement activation when bound
to malondialdehyde epitopes in vitro (57, 61). The inhibition
of FHR-1 and FHR-5 binding to necrotic cells by dNTP and
their partial co-localization with DNA suggest that DNA could
serve as an additional ligand for both FHRs on necrotic cells
(Supplementary Figure 2). FHR-1 and FHR-5 have been linked
to glomerular diseases, where pathogenic, gain-of-function
variants cause enhanced complement activation (34, 38, 39, 48)
[for more details on disease associations see (43)], and the
presence of these proteins at sites of tissue damage has been
detected (62, 63). Thus, among other serum proteins like FH and
C4BP (22), FHR-1 and FHR-5 binding is increased during cell
death and may regulate the deposition of complement-derived
opsonins on the cell surface. In addition, FHR-1 has recently
been shown to associate with necrotic sites in glomeruli and in
atherosclerotic plaques and, when bound to necrotic cells, FHR-
1 could induce IL-1P release from monocytes, thus having a
pro-inflammatory effect (59).

Pentraxins are implicated in inflammatory diseases and the
clearance of dead cells, regulate opsonization, and have manifold
interactions with the complement system (8, 10-12, 14, 64—
67). Both CRP and PTX3 are expressed and upregulated under
inflammatory conditions and may deposit locally at the site
of tissue damage, also in complement-related diseases such as
age-related macular degeneration and atypical hemolytic uremic
syndrome (68-72). Purified CRP or CRP from NHS does not
bind to live cells but binds weakly to apoptotic cells and more
strongly to necrotic cells (21, 22, 73). Recruitment of FH by CRP
to dead cells was a seemingly contradictory issue because some
studies used pCRP, while others used the modified mCRP form
that is generated under inflammatory conditions (21, 22, 50). The
three FH family proteins FH, FHR-5, and FHR-1 were indeed
shown to interact primarily with mCRP (36, 37, 42, 50, 66, 74, 75),
and they also bind to PTX3 (12, 13, 36). Recruitment of FH by

CRP limited complement activation at the C3 level and inhibited
terminal complement pathway activation and facilitated removal
of late apoptotic cells in an anti-inflammatory manner (21,
50). Similar recruitment of FH by PTX3 was described on
late apoptotic Jurkat cells and resulted in increased amounts
of inactive C3b (iC3b) (12). Recruitment of FHR-1 by mCRP,
however, supported alternative pathway activation at the C3 level
on the surface of necrotic HUVECs (37). In the present study,
we investigated the role of FHR-1 and FHR-5 in the modulation
of opsonization of necrotic cells through their interactions
with pentraxins. FHR-1 and FHR-5 were able to recruit both
mCRP and PTX3 to the necrotic cell surface and vice versa
(Figure 7); thus, the two pentraxins can collaborate with FHR-
1 and FHR-5 on necrotic cells. This was clearly demonstrated
by the functional consequence of these interactions, namely, the
increase in the deposition of C3 and C4 fragments, and the
formation of the alternative pathway C3 convertase on necrotic
HUVECs (Figures 8-10). Thus, the cooperation between both
FHR-1 and FHR-5 with mCRP and PTX3 considerably influences
both classical and alternative complement pathway activation
on dead cells and, therefore, the opsonization pattern on the
dead cell surface. Whether such a process also occurs on NETs
and whether interactions of these FHRs and pentraxins similarly
enhance complement activation need to be studied.

Normal serum FH levels vary significantly, ranging 124.4-
402 pg/ml (~0.8-2.59 wM) but can be even lower in diseases
with FH deficiency (76, 77). FHR-1 serum levels are strongly
affected by a common gene deletion; thus, reported average
FHR-1 concentrations range from 0 to 122 ug/ml (0-3 M)
(78). However, FHR-1 quantification is controversial, and
another recent study reported lower concentrations, 14.64 j.g/ml
(~185nM) for FHR-1 homodimers and 5.84 pg/ml (~87nM)
for FHR-1/FHR-2 heterodimers in those having two copies of
CFHRI (79). For FHR-5, serum levels ranging from 1.66 to
10.1 pg/ml (~155nM) were reported (31, 79, 80). In tissues,
local concentrations may differ and are also influenced by the
availability of ligands; increasing ligand density and/or certain
FHR-1 and FHR-5 variants with enhanced avidity can result
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necrotic cell surface, resulting in enhanced complement activation.

Enhanced complement activation

Recruitment of FHR-1/FHR-5 & pentraxins to necrotic cells

FIGURE 11 | Schematic overview of the main findings. FHR-1 and FHR-5 (shown as homodimers) can bind to DNA and compete with FH for DNA binding, causing
enhanced complement activation. While FHR-1 and FHR-5, as well as the pentraxins mCRP and PTX3, can bind to necrotic cells, they also recruit each other to the
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in increased local complement activation, as reviewed in detail
elsewhere (43, 56). In our experiments, we applied the studied
proteins in concentrations considering the above data, and
therefore, we believe that the results are relevant and suggest
that, particularly under disease conditions, FHR-1 and FHR-5 can
promote complement activation.

FHR proteins were shown to enhance complement activation
and C3 deposition on surfaces, including altered host surfaces
such as those of necrotic cells (35-37, 40, 48, 57) and tumor cells
(81), but also on microbes (33, 82, 83). Here, we showed that
FHR-1 and FHR-5 enhance complement activation on necrotic
cells via their interactions with mCRP and PTX3. The role of the
FHRSs is apparently complex: The proximal complement activity,
thus opsonization at the C4 and C3 levels, is enhanced, but
inflammation and lysis are likely prevented by FH, C4BP, and
other regulators (21, 22, 50), as well as through the reported C5
convertase-inhibiting ability of the FHRs (27, 29, 32, 56).

In summary, FHR-1 and FHR-5 are identified and
characterized as regulators of complement activation on DNA
and dead cells and are shown to activate not only the alternative
pathway but also the classical pathway through their interactions
with pentraxins (Figure 11). These results lend further evidence
for the role of FHR proteins as positive modulators of
complement activation and enhancers of opsonization.
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