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ABSTRACT

Background C3 glomerulopathy (C3G) is a heterogeneous group of chronic renal diseases characterized
predominantly by glomerular C3 deposition and complement dysregulation. Mutations in factor H-related
(FHR) proteins resulting in duplicated dimerization domains are prototypical of C3G, although the underly-
ing pathogenic mechanism is unclear.

Methods Using in vitro and in vivo assays, we performed extensive characterization of an FHR-1 mutant
with a duplicated dimerization domain. To assess the FHR-1 mutant’s association with disease susceptibil-
ity and renal prognosis, we also analyzed CFHR1 copy number variations and FHR-1 plasma levels in two
Spanish C3G cohorts and in a control population.

Results Duplication of the dimerization domain conferred FHR-1 with an increased capacity to interact
with C3-opsonized surfaces, which resulted in an excessive activation of the alternative pathway. This acti-
vation does not involve C3b binding competition with factor H. These findings support a scenario in which
mutant FHR-1 binds to C3-activated fragments and recruits native C3 and C3b; this leads to formation of
alternative pathway C3 convertases, which increases deposition of C3b molecules, overcoming FH regula-
tion. This suggests that a balanced FHR-1/FH ratio is crucial to control complement amplification on
opsonized surfaces. Consistent with this conceptual framework, we show that the genetic deficiency of
FHR-1 or decreased FHR-1 in plasma confers protection against developing C3G and associates with bet-
ter renal outcome.

Conclusions Our findings explain how FHR-1 mutants with duplicated dimerization domains result in pre-
disposition to C3G. They also provide a pathogenic mechanism that may be shared by other diseases,
such as IgA nephropathy or age-related macular degeneration, and identify FHR-1 as a potential novel
therapeutic target in C3G.
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C3 glomerulopathy (C3G) is a heterogeneous
group of rare and severe kidney diseases char-
acterized by predominant deposition of C3 in
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complement pathogenic mutations and/or autoantibodies
against complement components identified in many
patients.3’5

The factor H (FH) protein family is composed of FH,
its splice variant FHL-1, and five FH-related proteins
(FHR1-5), which are evolutionary and structurally related
to FH.® FH is the main regulator of the AP, both in the
fluid phase and on surfaces. It acts as a cofactor of factor
I for the proteolytic cleavage of C3b, competes with factor
B (FB) for C3b binding, and accelerates the dissociation of
the AP C3 convertase.”> Among the FHRs, FHR-1 is the
best-characterized molecule. It interacts with C3-activated
fragments and carbohydrate molecules, but, in contrast to
FH, no regulatory activities at the level of C3b and the AP
C3 convertase have been found.”'® It was reported that
FHR-1 inhibits the C5 convertase and the formation of
the membrane attack complex, but this activity is still con-
troversial.'' In addition, it was proposed that FHR-1 pro-
motes complement activation by competing with FH
binding to surface-bound C3b, a term called FH deregula-
tion activity,'' and that surface-bound FHR-1 supports the
formation of the AP C3 convertase through the binding of
fluid-phase C3b."

Variations in the genes encoding the FHRs are associ-
ated with common and rare diseases, including C3G.
A common deletion leading to the deficiency of FHR-1 and
FHR-3 (Acryrs-crury) is associated with protection against
age-related macular degeneration (AMD) and IgA
nephropathy (IgAN), whereas it confers increased risk for
SLE.">"'* Genomic rearrangements involving the CFHRs
that lead to either hybrid genes or to internal gene duplica-
tions predispose to atypical hemolytic uremic syndrome
(aHUS) and C3G.'°*® Among these, mutations in the
carboxy-terminal (C-terminal) of FHR-1 are prototypical of
aHUS, whereas mutations leading to the duplication of the
dimerization domains of FHR-1, FHR-2, and FHR-5 are
exclusively found in C3G.

The term FH deregulation activity of the FHRs was
coined when the dimeric nature of the FHRs was initially
described,'" and was later used to explain the association of
the FHR-1 and FHR-5 mutants with C3G and aHUS.®
However, recent functional and structural data on wild-
type FHR-1 and aHUS-associated FHR-1 mutants suggest
this pathogenic mechanism of FH deregulation may be lim-
ited to the aHUS-associated FHR-1 mutants that have
acquired the capacity to bind sialic acids.'® These recent
data also proposed that a physiologic role of FHR-1 is
binding to iC3b and C3dg on C3-opsonized surfaces to
promote further complement activation, likely by attracting
native C3 to the cell surface.'® Because of the implications
of these novel data to the pathogenesis of C3G, we have
reanalyzed the consequences of the C3G-associated FHR-1
mutations.

In this study, we structurally and functionally character-
ized a novel FHR-1 mutant protein with a duplicated
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Significance Statement

Mutations in factor H-related protein 1 (FHR-1) that result in
duplication of its dimerization domain associate with the chronic
renal disease C3 glomerulopathy (C3G), which is characterized
by complement dysregulation. The molecular basis for this asso-
ciation is only partially understood. The authors show that these
FHR-1 mutations enhance FHR-1's binding to C3-activated frag-
ments on opsonized surfaces and promote an excessive comple-
ment activation that overcomes FH regulation. They also show
that elevated levels of FHR-1 associate with poor renal prognosis
for patients with C3G, whereas a genetic deficiency of FHR-1
offers protection against C3G development. These findings
advance our understanding of C3G pathogenesis and suggest
that inhibition of FHR-1 may have therapeutic potential in C3G.

dimerization domain (SCR1 and SCR2). We show that this
mutant displays an enhanced ability to promote comple-
ment activation on C3-opsonized surfaces, and that this
mechanism does not involve the competition with FH for
C3b binding. Moreover, we report that Acpyrs.crar; is @
protective factor against the development of C3G and that
FHR-1 levels determine disease prognosis. Altogether, we
propose a novel C3G pathogenic mechanism that explains
why elevated plasma FHR-1 levels, or mutant proteins with
duplication of the dimerization domains, predispose to
C3G.

METHODS

Generation and Purification of Recombinant

FHR-1 Proteins

To generate recombinant FHR-1 wild-type protein (rFHR-
1), a pEZ-MO02 vector containing the CFHRI c¢cDNA was
obtained from GeneCopoeia (catalog number EX-Z0243-
MO02) and the cDNA was cloned into a modified version of
pCAGGS plasmid®' using an In-Fusion strategy (In-Fusion
HD Cloning; Takara Bio USA). The recombinant mutant
FHR-1 allele with the internal duplication (rFHR-1mut)
and a monomeric version of FHR-1 (rFHR-1mon) were
also generated using an In-Fusion strategy. rFHR-1mon
was generated by mutating three key amino acids within
the dimerization motif (Tyr34Ser, Ser36Tyr, and Tyr39-
Glu), using the same strategy described to generate a
monomeric FHR-5."" The recombinant proteins were tran-
siently expressed in FreeStyle 293-F cells following the
manufacturer’s instructions (Life Technologies). The cul-
ture supernatant was filtered using a 0.22-mm, vacuum-
driven, bottle-top filter and purified using an affinity
column coupled with the in-house anti—-FHR-1, anti-FHR-
2, and anti-FHR-5 (2C6, also named MBC125) mAb
(developed by Dr. Claire Harris, Cardiff University, Cardiff,
United Kingdom). Fractions containing the purified FHRs
were pooled and dialyzed against PBS.

JASN 33: 1137-1153, 2022
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Analytic Ultracentrifugation Assay

Purified recombinant FHR-1 proteins, with an OD,gy 1 Of
0.2, in PBS were used in the assays (Figure 1A). Velocity sedi-
mentation experiments were performed on a Beckman
Optima XL-A analytic ultracentrifuge at 20°C and 48,000 rpm
for 2 hours. Sedimentation data were processed using SEDFIT
16.1c with a confidence level (F-ratio) of 0.68, and the sedi-
mentation coefficients and apparent molecular masses were
calculated according to the theoretic molecular mass of wild-
type FHR-1 (FHR-1wt; 38 kD) and FHR-1mut (52k Da).

Complement Reagents

Purified complement components, such as FH, factor I, fac-
tor D (FD), C3, C3b, and C3dg, were purchased from
Complement Technologies (Tyler, TX).

C3b, C3dg, and C3 Binding Assays

C3b, C3dg, and C3 (5 pg/ml) were immobilized in a microtiter
plate overnight (O/N) at 4°C. After blocking with 1% BSA in
Tris-Tween 20, serial dilutions (0.63-40 nM) of the different
recombinant FHR-1 preparations were incubated in triplicates
for 1 hour. The bound FHR-1 proteins were detected using
the mAb 2C6 as primary antibody and a horseradish
peroxidase—conjugated goat anti-mouse IgG as secondary anti-
body (catalog number 31430; Dako, Glostrup, Denmark). The
binding of the FHR-1 proteins to different amounts of depos-
ited C3dg (0.31-10 pg/ml) was performed as above, by incu-
bating a single 40 nM concentration of the FHR-1 proteins.

Flow Cytometry C3b-Binding FH Competition Assay

in Sheep Erythrocytes

Sheep erythrocytes (ShEs; Real Laboratory, Durviz) in
EDTA-CFED buffer were sensitized using a 1:1600 dilution
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Figure 1. FHR-1 mutant with duplicated dimerization domains
forms multimers. (A) Coomassie-stained SDS-PAGE gel of purified
rFHR-1, FHR-1Tmon, and FHR-1Tmut. (B) Continuous sedimentation
coefficient distribution analysis c(s) of velocity sedimentation
experiments of rFHR-1, rfFHR-1mut, and rFHR-1mon, performed by
analytic ultracentrifugation, revealed single peaks for rFHR-1 and
rFHR-Tmon with coefficients 3.8S and 2.7S, which are compatible
with a dimer and a monomer, respectively. In contrast, rFHR-Tmut
displayed several peaks at 4.6S, 6.5S, and 8.7S, compatible with
dimers, trimers, and tetramers, respectively.
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of rabbit anti-sheep erythrocyte antiserum (catalog number
ORLC25, Siemens Amboceptor), incubated for 30 minutes
at 37°C, and then washed twice with EDTA-CFD buffer.
Sensitized ShEs, at 0.5 ODyy4 ny, in CFD, were then opson-
ized with a 1:20 dilution of normal human serum (NHS)
depleted of FH, FHR-1, FHR-2, FHR-5 and FB and 20 pg/
ml of OmCI for 30 minutes at 37°C. As a negative control,
opsonization was also performed in the presence of EDTA-
CFD. The reactions were stopped with 2 ml of EDTA-CFD
and cells were washed twice in PBS. Cell opsonization was
analyzed by flow cytometry experiments with an in-house
mouse monoclonal anti-human C3 antibody (12.17)** and
a phycoerythrin-labeled, goat anti-mouse IgG secondary
antibody (catalog number 12-4010-82; eBiosciences). The
binding of FH to either opsonized or nonopsonized ShE
was then titrated. To do so, increasing amounts (3.25-100
nM) of FH labeled with Alexa Fluor 488 (FH**%; Molecu-
lar Probes catalog number A10235; Invitrogen) were incu-
bated with the cells, for 1 hour at 4°C, in PBS containing
0.1% BSA. FH"™® binding was then analyzed by flow
cytometry. For the FH binding competition assays, 50 nM
FHA™3 was incubated for 1 hour at 4°C with increasing
amounts (25, 50, or 100 nM) of the competitors (wild-type
FH [FHwt], FHgoiw, FHR-1wt, FHR-Imut, FHR-
11290s,4206v» FHR-11,00v) before incubating FHAF88 with
the opsonized ShEs. As a negative control for the competi-
tion, 50, 100, or 200 nM of BSA was also incubated with
FH"™%_ A molecule is considered a competitor of the FH
binding to opsonized ShEs when the FH"™% geometric
mean determined by flow cytometry in the presence of that
molecule is significantly reduced, as compared with the
geometric mean obtained for the negative control (i.e.,
FHA™ binding in the presence of BSA).

C3 Convertase Formation and Complement

Activation Assays

AP C3 convertases were formed in microtiter plates coated
with the different FHR-1 proteins and BSA (negative con-
trol). Assays were conducted in Tris-buffered saline (TBS),
pH 7.4, containing 2 mM calcium chloride and 5 mM
magnesium chloride. FHR-1 (1 pM) and BSA were coated
O/N at 4°C. After blocking with 3% BSA (wt/vol) in TBS
for 2 hours at room temperature (RT), 10 ug/ml C3b was
incubated for 30 minutes at 37°C. After washing, FB
(10 pg/ml), FD (0.1 pg/ml), and factor P (2 ug/ml) were
incubated for 1 hour at 37°C. C3 convertase formation
was followed by double detection using an in-house rabbit
anti-hFB polyclonal antibody (provided by P.S.-C.) and an
in-house rabbit anti-hC3 polyclonal antibody (provided by
S.R.d.C.), which were incubated for 1 hour at RT. The
functioning of this convertase was demonstrated by adding
10 pg/ml of purified C3 for 1 hour at 37°C, followed by
the quantification of the generated C3a in the supernatant
using a C3a ELISA kit (Quidel). For the complement
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activation assays with NHS, a variation of the above assay
was performed by incubating the immobilized FHR-1 pro-
teins with 10% NHS in TBS with either 5 mM EGTA or
5 mM EDTA, or with 10% NHS supplemented with FH at
different concentrations (0.32, 0.64, and 1.28 uM) for
30 minutes at 37°C. C3 deposition on the plate was
detected using an in-house anti-hC3 biotinylated mAb
(12.17*?) provided by Mercedes Dominguez (Instituto de
Investigacion Carlos III, Madrid) and a peroxidase-
conjugated streptavidin (catalog number 016-030-084;
Jackson ImmunoResearch Europe Ltd.).

Immunofluorescence Studies on Mouse

Kidney Sections

Binding of the rFHR-1 proteins to glomeruli in vivo was
performed by injecting 20 g of the proteins intravenously
into wild-type (C57BL/6N), FH-deficient (Cfh™’"), or
C3-deficient (C3™/7) mice. Two hours later, mice were
euthanized and kidneys were removed for analysis. Snap-
frozen kidney sections were cryostat cut at 5 wm, acetone
fixed for 10 minutes, and stored at —80°C until use. For
FHR-1 binding experiments ex vivo, Cfh~’~ kidney sections
were incubated with different concentrations of the FHR-1
proteins in PBS for 1 hour at RT. After blocking with Bio-
tin Blocking System (catalog number X0590; Dako), we
incubated the 2C6 biotinylated antibody at 1:50 for 1 hour
at RT, and the secondary antibody streptavidin—Alexa 488
(1:2000) was incubated for 1 hour at RT. Sections were
mounted using Vectashield. Alternatively, tissue sections
were pretreated with Clostridium perfringens neuroamini-
dase (1:10 in PBS 1X) for 90 minutes at 37°C before incu-
bation with the FHR-1 proteins.

Binding of FHR-1 Proteins and C3 Deposition on
Human Renal Epithelial Cells

Human renal epithelial cells (HREpiCs; P10665; Inno-
prot) were cultured in Epithelial Cell Medium (catalog
number 4101; Sciencell) supplemented with 10% FBS, 5%
epithelial cell growth supplement (catalog number 4152;
Sciencell) and penicillin/streptomycin antibiotics. Cells
were incubated in a humidified incubator set at 5% car-
bon dioxide and 37°C. HREpiCs were seeded (5000 cells
per well) on a precoated poly-L-lysine cover glass (catalog
number 177372; Thermofisher) in Epithelial Cell Medium
for 48 hours. The cells were then incubated with 20%
NHS that was previously supplemented with 0.44 pM of
either the rFHR-1mut or rFHR-1wt for 1 hour at 37°C.
After two washes with PBS, cells were fixed with 4%
paraformaldehyde in PBS for 10 minutes at RT. After
blocking with 2% BSA in PBS for 1 hour at RT, cells
were incubated for 1 hour at RT with a mixture of pri-
mary antibodies containing the 2C6 mAB and the
in-house anti-hC3 12.17 biotinylated mAb for the detec-
tion of bound FHR-1 proteins and C3 deposition,

1140 JASN

respectively. Subsequently, a mixture of the correspond-
ing secondary anti-mouse IgG Alexa Fluor 647 antibody
(Thermo Fisher) and streptavidin 488 (Thermo Fisher)
was also incubated for 1 hour at RT. After washing,
cover glasses were mounted using ProLong Diamond
Antifade Mountant with 4',6-diamidino-2-phenylindole
(Thermo Fisher). Images were taken with a confocal laser
scanning microscope (Olympus FV 1200), using a 60X
immersion objective with Z stacking of 1 pm each, and
analyzed with Image]. Colocalization analysis and Pear-
son coefficients were obtained using the Image] JACoP
plugin. C3 quantification was measured in each Z stack
by multiplying the area and the mean gray value.

FH-Dependent Hemolytic Assays

The capacity of the different FHR-1 proteins to promote
complement activation on cellular surfaces was assessed
in two different hemolytic assays using either guinea pig
erythrocytes (GpEs) or ShEs. In brief, GpEs (0.5%
packed cell volume; TCS Biosciences) in AP buffer, con-
sisting of veronal buffer saline (2.5 mM barbital, 1.5 mM
sodium barbital, 144 mM sodium chloride, pH 7.4) with
5 mM magnesium chloride, 8 mM EGTA, and 0.1% gela-
tin, were incubated with 15% NHS in AP buffer and
increasing amounts of FH (0-1.28 pM) for 30 min at
37°C. Reactions were stopped using AP buffer containing
20 mM EDTA. After centrifugation, supernatants were
read at 414 nm. Erythrocytes diluted in AP buffer were
used as blanks for spontaneous lysis, and serum without
added FH was considered the reference for 100% lysis.
To set the experimental conditions in which increasing
amounts of FHR-1 proteins were analyzed, we chose the
minimal concentration of FH resulting in 20% lysis. For
the sheep hemolytic assay, ShEs in AP buffer were incu-
bated with different amounts of NHS previously depleted
of 75% of FH (NHSArm7s9). Erythrocytes in water were
considered 100% lysis, and erythrocytes diluted in AP
buffer were used as blanks for spontaneous lysis. The
amount of NHSApy7se giving a 20% lysis was chosen to
set the baseline experimental conditions in which the
addition of different amounts of FHR-1 proteins was
analyzed.

Patient and Healthy Control Cohorts

Spanish patients with C3G, diagnosed according to the
2013 consensus guidelines criteria,”> were included in
this study. Patients with C3G from cohort 1 (n=89)
were obtained from a well-defined and previously
reported cohort of patients belonging to the Spanish
Group for the Study of Glomerular Diseases.** Only
White patients were included in this study. The demo-
graphic data and the baseline clinical characteristics of
C3G cohort 1 are detailed in Table 1. Spanish patients
with C3G (n=217) from cohort 2 and the healthy

JASN 33: 1137-1153, 2022
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Table 1. Baseline clinical characteristics of C3G patients
from cohort 1

Variable Value (n=89)
Age at diagnosis (yr), mean+SD 26+21
Male sex, n (%) 48 (54)

C3GN/DDD, n (%)
Autoantibodies, n (%)

74/15 (83/17)

C3 nephritic factor 20 (22)

Anti-FH 8 (9)
Antecedent infection, n (%) 22 (25)
Hypertension at diagnosis, n (%) 55 (62)
Serum creatinine (mg/dl), median (IQR) 1.4 (0.7-3.1)
eGFR at diagnosis (ml/min per 1.73 m?), 55 (20-120)

median (IQOR)

Albumin (g/dl), mean=SD 3+0.8
Proteinuria (g/24 hr), median (IQR) 3 (1.5-6.4)
Serum C3 (mg/dl), mean=SD 63+39
Serum C4 (mg/dl), mean=SD 24+9

Continuous variables are presented as mean=SD, or median (IQR). DDD,
dense deposit disease; IQR, interquartile range.

control population (n=188) were recruited from the
Spanish registry of patients with aHUS and C3G
(https://www.ahusc3g.es/).

Quantification of FHR-1 in Plasma Samples of C3G
Patients and Controls

FHR-1 plasma levels were measured by sandwich ELISA, as
previously described.”® This assay uses two in-house anti-
bodies: the polyclonal anti-human FH 34 + 35 rabbit anti-
body, which recognizes FHR-1 but not FHR-2 and FHR-5
(developed by P.S.-C. and S.R.d.C; Centro de Investiga-
ciones Bioldgicas, Madrid, Spain), and the monoclonal 2C6
(also named MBCI125) mouse antibody, which recognizes
an epitope in SCR1/2 of human FHR-1 (developed by
Dr. Claire Harris). In brief, 96-well microtiter plates were
coated with the 34 + 35 antibody in 1X PBS, pH 7.3, O/N
at 4°C. After washing, plates were blocked at RT with PBS,
pH 7.3, 0.2% Tween 20, and 1% BSA (blocking buffer), and
then incubated for 1 hour at RT with plasma samples
diluted in blocking buffer. A plasma sample, whose FHR-1
levels were previously determined in an ELISA assay using
purified FHR-1 as a reference, was used as a standard
curve. FHR-1 was detected with the 2C6 mAb followed by
a horseradish peroxidase-conjugated goat anti-mouse IgG
antibody in blocking buffer (P0447; Dako). Bound antibody
was detected using an o-phenylenediamine dihydrochloride
substrate, and the reaction was stopped with 0.1 M sulfuric
acid. Absorbance was measured at 492 nm. This FHR-1
ELISA is robust and specific for measuring FHR-1 plasma
levels because FHR-1-deficient samples were completely
negative (Supplemental Figure 1).

Statistical Analysis
The difference in the binding of FHR-1 proteins to immo-
bilized C3b, C3dg, and native C3 was analyzed by one-way
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ANOVA. t Tests were used to compare the formation of
the AP C3 convertases or complement deposition on the
immobilized FHR-1 and BSA proteins, and in the
analysis of ShE competition assays. The allele frequency of
Acrurs.crar; in C3G and healthy control cohorts was
compared, and P values, odds ratios, and 95% Cls were
calculated using the two-sided Fisher exact test. In all cases,
P values <0.05 were considered significant. GraphPad
Prism software was used for the analyses.

Study Approval
The studies herein described received institutional review
board approval (CEIC Hospital Clinico San Carlos and
Comisién de Bioética, Consejo Superior de Investigaciones
Cientificas); written informed consent was obtained for all
participants.

Supplemental Methods are available in Supplemental
Appendix 1.

RESULTS

Identification of a Novel Rearrangement in a Patient
with Recurrent C3G

Copy number variation analysis of the CFH-CFHRI loci in
a patient (GN185) from our Spanish C3G cohort identified
a novel genomic rearrangement in CFHRI. A description
of the main findings and a clinical synopsis of the patient
are provided in Supplemental Appendices 1 and 2, respec-
tively. The novel CFHRI allele encodes a FHR-1 mutant
protein, in which the dimerization domains SCRI1 and
SCR2 are duplicated (Supplemental Figure 3F). Notably, we
previously reported a similar FHR-1 mutant protein with
an internal duplication of SCR1-4 associated with familial
C3G, emphasizing the relevance of the duplication of the
dimerization domains in FHR-1 in the pathogenesis of
C3G.%® To characterize the novel mutant protein, rFHR-1,
rFHR-1mut, and rFHR-1mon were generated in HEK293
cells and purified from the culture supernatants by affinity
chromatography (Figure 1A).

Duplication of Dimerization Domains Allows

Multimerization of the Mutant FHR-1 Protein

We previously postulated that the duplication of the
dimerization domains in FHR-1 and FHR-5 leads to the
multimerization of the proteins.'"*® To provide a detailed
characterization of this multimerization, we analyzed the
solution structure of the proteins by analytic ultracentrifu-
gation sedimentation velocity experiments. Sedimentation
coefficients of rFHR-1 (3.8S) and rFHR-Imon (2.7S) ill-
ustrate that these proteins fit best with a model of a mod-
erately elongated dimer and a monomer, respectively
(Figure 1B). Interestingly, the sedimentation profile of
rFHR-Imut showed a complex mixture of different

FHR-1 in C3 Glomerulopathy 1141
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species. Up to 60.3% of the protein had a sedimentation
coefficient of 4.6S, 30% presented a coefficient of 6.5S, and
the remaining 9.4% had a coefficient of 8.7S, which—
according to the theoretic mass of the protein—are com-
patible with a slightly elongated dimer, a trimer, and a
tetramer, respectively (Figure 1B). These data demonstrate
that the mutant FHR-1 forms significant numbers of
higher order complexes under these experimental
conditions.

Increased Binding of FHR-1 Mutant Protein to
Surface-Bound C3 Activated Fragments and Native C3
We next explored if the duplication of the dimerization
domains in FHR-1 influences the interaction with surface-
bound C3b and C3dg in microtiter plate assays. In paral-
lel, we also investigated the binding of FHR-1 to native
C3, because we recently reported this interaction and
discussed its potential physiologic relevance.'’ In all cases,
rFHR-1Imut bound more efficiently than rFHR-1 to C3,
C3b, and C3dg, whereas rFHR-1Imon binding was not
observed in these conditions (Figure 2, A-C). The lack of
FH binding to immobilized C3 allowed us to exclude the
presence of any traces of C3b or C3(H,0) in the C3 prep-
aration (Figure 2D). In addition, the binding of FHR-1 to
C3 was also confirmed in a reverse setting (i.e., binding of
fluid-phase C3 to immobilized FHR-1) to exclude any pos-
sible C3 conformational changes due to the immobiliza-
tion (Supplemental Figure 6).

To test whether the enhanced binding ability of the
mutant protein provides an advantage in the context of sur-
faces with low density of C3-activated products, we coated
C3dg at different concentrations on microtiter plates and
assayed the binding of rFHR-1 and rFHR-Imut proteins.
Notably, the binding of rFHR-1mut was significantly higher
than that of rFHR-1 at lower C3dg concentrations and, as
expected, this difference disappeared under saturated C3dg
conditions (Figure 2E).

FHR-1 Binding to Glomeruli In Vivo is C3 Dependent
and Enhanced by Multimerization

To study the binding of FHR-1 to C3 molecules in vivo, the
different rFHR-1 preparations were injected into wild-type,
C3-deficient (C3~/7), and FH-deficient (thf/ ~) mice.
Immunofluorescence experiments in kidney sections of the
injected mice showed that rFHR-1 and rFHR-1mut, but not
rFHR-1mon, bound only to the glomeruli of Cfh™’~ mice,
and that the binding of the mutant protein was stronger
(Figure 3A). To quantify these differences, we performed ex
vivo experiments, incubating kidney sections of Cfh™’'~ mice
with different amounts of the proteins, and found that rFHR-
Imut binds about ten times more efficiently than rFHR-1
(Figure 3B). As expected, the binding of these proteins to the
glomeruli was dependent on the presence of C3-activated
fragments, and it was not observed in wild-type or C37/~

1142 JASN

animals (Figure 3A). Importantly, removing sialic acid from
the kidney section using neuraminidase did not affect the
binding of rFHR-1 or rFHR-1mut (Figure 3C).

Wild-Type and Mutant FHR-1 Proteins Do Not
Compete with FH for Binding to C3b Deposited in a
Physiologic Surface

Because FHR-1 shares the C-terminal C3b-binding domain
with FH, it has been assumed that wild-type FHR-1 can
outcompete FH binding to surface-bound C3b. This
assumption has traditionally been supported by competi-
tion assays in C3b-coated ELISA plates.'’ However, the
physiologic relevance of this competition assay is question-
able because we now know that FHR-1 does not bind
sialic acids, which should hamper a putative competition
with FH for binding to C3b deposited in physiologic sur-
faces, where FH binding is dramatically enhanced by the
presence of sialic acids.'” To provide a formal demonstra-
tion that FHR-1 proteins do not compete with FH for
C3b binding at sialic acid-containing surfaces, we devel-
oped a competition assay using ShEs, in which ShEs were
opsonized with C3b and incubated with increasing
amounts of FH***, The detection of either C3 or FH on
the ShE was then analyzed by flow cytometry, which
showed that the binding of FH*™¥ to C3b-opsonized
ShEs is dose dependent (Figure 4, A-C). To prove the
presence of sialic acid in the ShE is also critical for the
binding of FH to the surface, we competed with the bind-
ing of FHA"™*® by adding either FHwt or an FH mutant
protein (FHg;19;w) unable to bind sialic acids.'®*” As
expected, FHA"*® binding of was markedly reduced in the
presence of FHwt, but was not affected by FHg,91v (Fig-
ure 4, D and E, and Supplemental Figure 7). In this set-
ting, addition of FHR-1wt or FHR-1mut did not affect the
FH"™® binding either, illustrating that none of these
FHR-1 proteins compete with the binding of FH to C3b
in the context of sialic acid-containing physiologic surface
(Figure 4, D and E, Supplemental Figure 7). In contrast,
the addition of the aHUS-associated FHR-1 mutant
proteins FHR-115905.a206v and FHR-1y,99y, which bind
sialic acids,'®**? significantly reduced binding of FH"F*%
(Figure 4, D and E, Supplemental Figure 7).

Surface-Bound FHR-1 Allows the Formation of the

C3 Convertase and Increases Local Complement
Deposition through the AP

It was previously shown that the binding of C3b to
surface-bound FHR-1, FHR-4, and FHR-5 does not int-
erfere with the assembly of a fully active C3bBb
convertase.'>**?! To confirm that this is also true for
FHR-1mut, we immobilized the different rFHR-1 prepara-
tions (wild-type, mutant, and monomer) on microtiter
plates and, after incubation with C3b, FB, and FD,
measured the formation of the convertase by detection of

JASN 33: 1137-1153, 2022
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Figure 2. The duplication of the dimerization domain in FHR-1 increases the binding of the protein to surface-bound C3 acti-
vated fragments and native C3. (A-C) The binding of increasing amounts of rFHR- 1, rFHR-1mut, and rFHR-1mon to C3b-, C3dg-,
and C3-coated microtiter plates illustrate an enhanced binding capacity of the mutant compared with the wild type, whereas binding
of rFHR-Tmon cannot be observed in this setting. In all panels, a representative experiment of a minimum of two independent
experiments is shown. Data are shown as means*SD of triplicates. P values resulted from a one-way ANOVA analysis. (D) Binding of
rFHR-1 and FH at two different concentrations (150 and 300 nM) to immobilized C3b and C3 (5 pg/ml). The lack of FH binding to C3
rules out any contamination of C3(water) in the C3 preparation. (E) Binding of rFHR-1 and rFHR-1mut to microtiter plates coated with
different densities of C3dg molecules. The values of the interpolated C3dg density required for 50% protein binding (LogBC50) illus-
trated that rFHR-Tmut requires less than half the density of C3dg on the surface than rFHR-1. A representative experiment of three
independent experiments is shown. Data are shown as means*SD of triplicates.

C3b and FB on the surface. As can be seen in Figure 5,
the three FHR-1 proteins bound C3b and FB and formed
a functional C3 convertase (Figure 5, A-C).

To further investigate the ability of surface-bound
FHR-1 to activate the complement through the AP, micro-
titer plates coated with rFHR-1 and rFHR-Imut were
incubated with NHS in the presence of EGTA or EDTA,
and C3 deposition was measured. For both FHR-1 pro-
teins, deposition of C3-activated fragments was observed
in the presence of EGTA, and this deposition was abol-
ished in the presence of EDTA, indicating FHR-1-coated
surfaces promote complement activation through the AP
(Figure 5D). Importantly, the addition of increasing
amounts of FH prevented the deposition of C3-activated
fragments.

JASN 33: 1137-1153, 2022

FHR-1 Mutant Enhances Complement Activation and
C3 Deposition on Cell Surfaces

Taking advantage of the fact that FHR-1 binds to primary
HREpiCs (Supplemental Figure 8), we also investigated if
the presence of the mutant protein in NHS enhances com-
plement deposition on these cell surfaces. To test this,
HREpiCs were incubated with 20% NHS supplemented
with rFHR-1 or rFHR-1mut, and were subsequently stained
for C3 and FHR-1. Although both FHR-1 proteins bind to
the HREpiCs, the mutant displayed stronger binding and
enhanced C3 deposition (Figure 6A). Importantly, rFHR-
Imut colocalized with C3 on the HREpiCs (Pearson corre-
lation coefficient r=0.76), indicating the binding of the
mutant to the cell surface promotes local complement
activation.

FHR-1 in C3 Glomerulopathy 1143
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Figure 3. Binding of FHR-1 to the glomeruli is dependent on C3 deposition and independent of the presence of sialic acid on
the surface. (A) Immunofluorescence analysis of renal C3 and FHR-1 proteins in kidney sections of Cfh™~, wild-type, and C3™/~
mice injected with identical amounts of either rFHR-Twt or rFHR-Tmut. A significantly higher binding of rFHR-Tmut compared with
rFHR-1wt was observed in the Cfh™"~ mice. This binding was dependent on C3 deposition because it was not observed in wild-type
or C3™/~ mice, which are negative for C3 staining. (B) Ex vivo, dose-dependent binding of FHR-1 proteins to kidney sections of
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Figure 3. (Continued) Cfh™’" animals. Increasing amounts of rFHR-1mon (1-8 pg), rFHR-1 (1-8 ng), and rFHR-Tmut (0.25-2 pg) were
incubated with kidney sections of Cfh™""mice, and the binding of these proteins to the surface was detected with the anti-FHR-1
2C6 mAB. (C) Ex vivo binding experiments of FHR-1 proteins to cryostat kidney sections of Cfh™"~ mice untreated or treated with
neuraminidase. The binding of the rFHR-1wt and rFHR-1mut to the glomeruli is not affected by treatment with neuraminidase. In
contrast, binding of the aHUS-associated FHR-1| 2905 a296v mutant protein is greatly affected, as previously described.™ This protein
was used as a positive control to confirm the removal of sialic acids from the surface. Original magnification, xX40.

We evaluated the ability of the various FHR-1 proteins
(Figure 6B) to promote complement activation on different
cell surfaces with two different FH-dependent hemolytic
assays that used either ShEs or GpEs. With ShEs, none of
the wild-type, mutant, or monomeric FHR-1 proteins had
any effect on cell lysis (Figure 6C). However, the addition
of an aHUS-associated FHR-1 mutant protein that has an
identical C-terminal domain to FH (FHR-11,905206v)
increased hemolysis in this setting. In contrast, in GpE
hemolytic assays, all proteins except rFHR-1mon were able
to promote complement activation, with FHR-1mut having
a stronger effect (Figure 6D), further demonstrating the
effect of multimerization in promoting complement activa-
tion in this setting.

The FHR-1 Deficiency Protects from C3G

Development and a Bad Prognosis

Knowing that enhanced FHR-1 activity is pathogenic in
C3G, we then postulated that FHR-1 deficiency should be
a protective factor for the development of the disease. To
test this, we investigated whether the genomic deletion of
CFHR3 and CFHRI (Acrurs.crar:) i negatively associ-
ated with C3G in a well-characterized Spanish C3G cohort
(n=89, cohort 1).** Patients’ baseline characteristics for
this C3G cohort are shown in Table 1. The Acryrs-crar:
allele frequency in C3G was significantly reduced com-
pared with that of a Spanish control population (1=188),
suggesting a decreased level of FHR-1 is a protective fac-
tor for the development of C3G (0.146 versus 0.229;
P=0.03; odds ratio, 0.578; 95% CI, 0.36 to 0.93; Table 2).
This finding was further confirmed in an independent and
larger C3G cohort (n=217, cohort 2) obtained from the
Spanish registry of patients with aHUS and C3G (Table 2).
Interestingly, the deficiency of CFHRI also had a positive
effect on renal survival because patients either ho-
mozygous or heterozygous for the deletion of CFHRI
(considering the Acpyrs.cryr; and the deletion of
CFHRI-CFHR4) presented with a lower rate of ESKD
compared with patients without the deletion (Figure 7A).
This effect was also observed when patients with patho-
genic complement gene variants were excluded
(Supplemental Figure 9). Consistently, patients with lower
plasma FHR-1 levels at diagnosis were also associated
with a better renal outcome (Figure 7B).

JASN 33: 1137-1153, 2022

DISCUSSION

The identification and characterization of a novel C3G-
associated FHR-1 mutant protein with duplicated dimer-
ization domains (FHR-1mut) provided us with novel
insights into C3G pathogenesis. We demonstrate that
FHR-1mut is a gain-of-function mutant with an enhanced
capacity to bind to C3-opsonized surfaces and to promote
complement activation through the AP. This advantage of
the mutant FHR-1 over the wild-type protein stems from
the mutant’s ability to form multimeric complexes. Impor-
tantly, the promotion of AP activation by FHR-1 does not
involve competition with FH for binding to C3b. Instead,
it is the attraction of fluid-phase C3 and C3b by excessive
surface-bound FHR-1, leading to formation of the AP C3
convertase, that sustains complement activation and gen-
eration of additional surface-bound C3-activated frag-
ments, overcoming FH regulation and resulting in
complement dysregulation. The FH/FHR-1 ratio is, there-
fore, crucial to control complement amplification on
opsonized surfaces. In agreement with these ideas, we
found that the common polymorphism involving the
genomic deletion Acpyrs.crur; IS a protective factor
against the development of C3G, and that it is also associ-
ated with better renal outcomes in patients. Conversely,
high plasma FHR-1 levels at diagnosis associate with a
worse renal outcome.

In this study, we performed analytic ultracentrifugation
sedimentation velocity experiments to characterize the struc-
tural organization in solution of different FHR-1 proteins,
and showed that FHR-1mut presents significant numbers of
trimers and tetramers in addition to the dimers that charac-
terize the wild-type protein. As a result, FHR-1mut presents
an increased capacity to bind surface-bound C3, C3b, and
C3dg compared with the wild-type protein. Importantly,
similar findings were corroborated in vivo by injecting the
different FHR-1 preparations into Cfh™’~ mice, a well-
known model of C3G with prominent glomerular C3 deposi-
tion.”* Of note, the presence of C3 deposits (i.e., iC3b, C3dg,
and C3d) is an absolute requirement for the binding of
FHR-1 proteins to glomeruli. Two nonmutually exclusive
mechanisms explain the advantage of FHR-Imut in binding
the different C3 molecules. First, the multimeric FHR-1 spe-
cies have an enhanced avidity for the molecules because of

FHR-1 in C3 Glomerulopathy 1145
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Figure 4. FH binding to C3b deposited in a physiological surface is not competed by wild-type FHR-1 nor the mutant protein with
duplicated dimerization domains. (A) First, antibody-sensitized ShEs were C3b opsonized by incubating cells with NHS depleted of
FH and FB (NHSxrn/rg) in the presence of OmCl to prevent C5 activation. As a negative control, ShEs incubated with NHSzp/g in
the presence of EDTA (EDTA-ShE) were used. Opsonization of the cells (C3-ShE, red curve) was confirmed with an in-house mono-
clonal mouse anti-human C3 antibody (12.17) and a goat anti-mouse 1gG phycoerythrin-conjugated antibody (PE) and, as expected,
EDTA-ShE (gray curve) were not stained. (B and C) Second, the binding of increasing amounts (3.125-100 nM) of FHAF488 1o the ShE
was analyzed and showed a FHA™8 dose—dependent binding to the opsonized C3-ShE, whereas the binding to nonopsonized
EDTA-ShE was absent at the maximum protein concentration. Competitive binding of 50 nM FHA7*88 to C3-ShE was then performed
using equimolar amounts of FHwt, FHs1191w (a mutant that does not have the capacity to bind sialic acids), FHR-1wt, FHR-1Tmut, and
the aHUS-associated mutant proteins FHR-1| 2905 a296v and FHR-1|290y. Equimolar amounts of BSA were used as a negative control
and, hence, represent the binding of FHA™28 to C3-ShE when there is no competition. As can be seen by (D) the flow cytometry
curves or (E) by the geometric mean (GeoMean) representations, neither FHR-1wt, FHR-Tmut, nor FHsq191w compete with the bind-
ing of FHA™88 1o cells. Only the aHUS-associated FHR-1 mutant proteins or FHwt significantly displace the FH~™38 from the C3-ShE.
Representative experiments of a minimum of two independent experiments are shown in all cases. Data in (E) correspond to the
mean=SD of triplicates. **P<0.01, t test.

an increased number of ligand interaction sites. On the other
hand, duplication of the dimerization domain itself results in
a larger FHR-1 molecule, which may provide an advantage
in reaching C3 ligands in a surface when their density is low
(Figure 8A). In fact, our data clearly show that FHR-1mut
requires less C3 deposition to bind to a surface compared
with the wild-type protein.

1146 JASN

The biologic role of FHR-1 is controversial because both
complement regulatory and activating functions have been
described.!122%3 The evidence reported here, showing
that, in the presence of FHR-1 proteins, there is increased
C3 deposition on cell surfaces and increased lysis in hemo-
Iytic assays, indicates that FHR-1 proteins promote comple-
ment activation on surfaces rather than prevent it. This

JASN 33: 1137-1153, 2022
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Figure 5. Surface-bound FHR-1 proteins promote complement activation through the AP by supporting the formation of the
C3 convertase. The sequential addition of purified C3b, FB, and FD on a microtiter plate coated with rFHR-1 proteins (wild type,
mutant, and monomer) or BSA led to the formation of a C3 convertase only on rFHR-1 proteins, as illustrated by the detection of
both (A) C3b and (B) FB. (C) The generation of a functional C3 convertase on FHR-1-coated surfaces is illustrated by the detection
of C3a in supernatants after incubating C3 with the C3b-FB complexes previously formed, like in (A and B). (D) Deposition of C3 on
microtiter plates coated with either rFHR-1 proteins or BSA and incubated with 10% NHS in the presence of buffer containing either
EGTA or EDTA, or supplemented with increasing amounts of FH. Deposition of C3 was detected with the anti-C3 12.17 antibody. In
all panels, a representative experiment of a minimum of two independent experiments is shown. Means=SD of triplicates are
depicted. Statistical differences between the FHR-1 proteins and the BSA control were calculated. **P<0.01, *** P<0.001,

****P<0.0001, t test.

promotion of complement activation was first interpreted
as a consequence of the ligand competition between FH
and FHR-1 for C3b binding, thus avoiding complement
regulation by FH and allowing further activation (FH
deregulation activity).>'"*® In this context, FHR mutant
proteins with duplicated dimerization domains were
thought to be better complement deregulators because their
increased avidity for C3b molecules would outcompete FH
more efficiently. An important conclusion of this report is
that C3b ligand competition between FHR-1 and FH is
restricted to the FHR-1 mutants associated with aHUS that
have acquired the capacity to bind sialic acids, and that
wild-type FHR-1 and the mutants with duplicated dimer-
ization domains do not compete with FH binding to C3b
on physiologic surfaces. This is important because it pro-
vides a mechanistic explanation for the strict correlation

JASN 33: 1137-1153, 2022

that is observed between C-terminal FHR-1 mutants and
aHUS, and between FHR-1 mutants with duplicated dimer-
ization domains and C3G.°

Sialic acids, present in all mammalian cell surfaces,
enhance the interaction of FH with surface-bound C3b and
are the basis for the protection of host surfaces by FH from
nonspecific AP complement activation.”* Wild-type FHR-1
lacks the capacity to bind sialic acids, which eliminates the
potential competition with FH for surface-bound C3b and
preserves regulation by FH in host surfaces.'” aHUS-
associated FHR-1 mutant proteins are pathogenic because
they acquire the capacity to bind sialic acids. This qualita-
tive change in the molecule allows an efficient competition
with FH for surface-bound C3Db, a situation that compro-
mises the regulation by FH of complement activation in the
endothelium.!® We show here that, in contrast to aHUS,

FHR-1 in C3 Glomerulopathy 1147


https://www.jasn.org

8L+AWAOANDMNBRAAUAYO/YOAEIDVIASALLIAIPOOAEIEAHDII/AOAU

MV TXOMADUOIAXYOHISABZIYT0+eyNIOITWNOIZTARY HAOSHAAUE AQ USel/wod mm| sjeunol;/:dny woiy pspeojumoq

¥20¢/22/10 uo

BASIC RESEARCH | www.jasn.org

A anti-FHR anti-C3 merge B
Tl 1 2 3 45
KDa
\n 250
& 150 - -
Fra 1. rFHR-1
i 100 .
75 = 2. rFHR-1mut
. 3. rFHR-1mon
. s 50 g rFHR-1, 5905 A206v
$ 7 - - —_— - .
o ” - — —
T :
i
C Sheep erythrocytes
80 -
S 60 1 ~0- rFHR-1 605 a206v
@ -o- rFHR-1
2 40 -0~ rFHR-1mut
g -# rFHR-1mon
:'iI:’ 20 -0~ FH
0 T T 1
0 200 400 600
[FH & FHRs] (nM)
D Guinea Pig erythrocytes
100 ~
_. 80+
&2 -8 rFHR-1
2 60 -O- rFHR-1mut
g 40 - & rFHR-1mon
8 | u -0 rFHR-1| 5905 A206v
20 A
0 T T 1
0 200 400 600

[FHRs] (nM)

Figure 6. Complement regulation on surfaces can be overcome by the binding of FHR-1 proteins, and it is dependent on the
surface context. (A) HREpiCs seeded on a cover glass were incubated with 20% NHS supplemented with either rFHR-1 (0.44 pM) or
mutant rFHR-1 (0.44 puM). The deposition of FHR proteins (red staining) or C3 (green staining) was detected with the antibodies 2Cé
and 12.17, respectively. Representative images of n=2 experiments are shown in each case. Original magnification, X60.
(B) Coomassie-stained SDS- PAGE gel of the recombinant FHR-1 proteins used in the FH-dependent hemolytic assays using either
(C) ShEs or (D) GpEs. Before the addition of increasing concentrations of different rFHR-1 proteins, the conditions of the hemolytic
assays were set to a basal lysis of 20%-30% (see Methods). rFHR-1| 2905 a296v Was used as a positive control for lysis. Conversely, FH
was used as a control for the prevention of lysis. Percent hemolysis calculated as the mean=SD of three independent experiments.

We also demonstrated that surface-bound FHR-1mut,
like FHR-1 and the FHR-1 mutant associated with aHUS,

the C3G-associated FHR-1 mutants do not compete with
FH for binding surface-bound C3b, despite their increased

avidity for surface-bound C3 activated fragments. As a con-
sequence, aHUS and C3G dysregulate the complement at
different locations—aHUS-associated mutants at endothe-
lial surfaces and C3G-associated mutants at C3-opsonized
surfaces. Interestingly, this implies that, in C3G, the pres-
ence of FHR-1 exacerbates a previous condition that has
resulted in the formation of an opsonized surface.

1148 JASN

supports the formation of the C3 convertase upon its
interaction with fluid-phase C3b, promoting complement
activation and further C3b deposition through the AP.
Notably, this effect was counterbalanced by the regulatory
activity of FH, illustrating that the balance between
FHR-1/FH levels would determine the outcome of comple-
ment activation/regulation. FHR-1 also binds native C3.
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Table 2. Genetic association of Acgprs.crrrr With C3G in the Spanish population
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Control (n=188)

C3G Cohort 1 (n=89)

C3G Cohort 2 (n=217)

AcrHr3.cFHR1 Status

n (%) n (%) OR (95% CI) P Value n (%) OR (95% CI) P Value
Genotype Acrrrs-crHr1
No deletion (%) 113 (60) 67 (75) 2.02 (1.15 to 3.55) 0.01 158 (73) 1.78 (1.17 to 2.70) 0.008
Heterozygous (%) 64 (34) 18 (20) 0.49 (0.27 to 0.89) 0.02 52 (24) 0.61 (0.40 to 0.94) 0.03
Homozygous (%) 11 (6) 4 (5) 0.76 (0.23 to 2.45) 0.64 7 (3) 0.54 (0.20 to 1.41) 0.23
AF Acrir3.crHR1 0.229 0.146 0.58 (0.36 to 0.93) 0.03 0.152 0.61 (0.42 to 0.86) 0.007
AF, allele frequency; OR, odds ratio.
A
©
> Log Rank: 4.595
: P=0.032
(]
©
: L
1
0,2 +
..t 0—1 copy of CFHR1
00+ _.n 2 cop/esl of CFHR1. . . .
0 60 120 180 240 300
Months
Patients at risk
0 or 1 copy of CFHR1 17 15 15 15 15 15
2 copies of CFHR1 61 45 39 39 38 -
B 1,0 +
0,8 +
E Log Rank: 11.031
S 06T P=0.004
5
)
g 04t
[
o
0,2 + -1 FHR-1<109 ug/ml
-+* FHR-1=109-153 ug/ml
0,0+ =7 FHR-1>153 ug/ml
0 60 120 180 240 300
Months
Patients at risk
FHR-1 <109 pg/ml 27 26 25 25 25 25
FHR-1 109-153 pg/ml 23 16 14 14 13* -
FHR-1 >153 pg/ml 28 18 15 15 15 -

Figure 7. Kaplan-Meier curves illustrate that lower number of CFHR1 copies or lower levels of plasma FHR-1 at diagnosis are
associated with better renal survival. ESKD was considered as the event and a follow-up of 300 months is depicted. (A) The num-
ber of CFHR1 copies was established considering the presence of Acprs.crrrr and the deletion of CFHR1-CFHRA4. (B) Plasma FHR-
1 levels were determined in patient samples at diagnosis. Patients with a significant deterioration of renal function at diagnosis and
who developed ESKD within the first month were excluded from the analysis. *A patient reached ESKD by month 216 and the maxi-
mum follow-up time for this group of patients was 223 months.
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Figure 8. Proposed mechanistic model for the promotion of complement activation by the C3G-associated FHR-1 mutations
with duplicated dimerization domains. A two-step model is proposed on the basis of the main functional differences found
between FHR-1wt and FHR-Tmut. (A) First, FHR-1Tmut displays an enhanced avidity to bind C3-activated fragments, which translates
into an advantage compared with the wild-type protein to bind to a surface when the density of C3 fragments is lower, as illustrated
by the different scenarios with different degrees of C3 deposition. These different scenarios may be due to different time points but
may also be related to different surface contexts. (B) Second, FHR-1 proteins bound to a C3-opsonized surface recruit C3 (predomi-
nantly) or C3b molecules from the fluid phase, increasing the concentration of potential components to form the AP C3 convertase,
promoting an excessive complement activation and deposition of additional C3-activated fragments that overcome FH regulation. In
this context, the multimeric forms of the mutant protein may also have an advantage compared with the wild-type protein to simulta-
neously bind to the C3-opsonized surface and recruit the C3 molecules from the fluid phase.

Because the concentration of C3 in plasma (approximately  or through proteases, increasing the local concentration of
1.2-1.5 mg/ml) largely exceeds that of circulating C3b, we  the components of the C3 convertase. Hence, we propose
expect the preferential ligand of FHR-1 would initially be  that the pathogenic mechanism of C3G-associated FHR-1
C3. This C3 might then be activated, either spontaneously = mutations is based on an increased avidity for
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C3-opsonized surfaces, which increases promotion of com-
plement activation at these sites and overcomes FH regula-
tion (Figure 8).

This mechanistic understanding of the C3G-associated
mutants implies that increased FHR-1 levels could also
contribute to the development of C3G. This is supported
by the identification of heterozygous duplications of CFHR-
I and high plasma FHR-1 levels in patients with C3G from
our and other registries.”>>° Following this reasoning, we
postulated that the deficiency of FHR-1 should be a protec-
tive factor against the development of the disease, a
hypothesis that is consistent with the observation, reported
here, that the allele frequency of Acryrs.crrr; is signifi-
cantly reduced in our Spanish C3G population. This find-
ing corroborates a previous report that variation in
CFHR3-CFHRI1 copy number is associated with the C3G
phenotype. We also report here that patients carrying one
copy or no copies of CFHRI or having lower plasma
FHR-1 levels are associated with better renal outcomes, as
compared with those carrying two copies of CFHRI or hav-
ing higher plasma FHR-1 levels. This illustrates that levels
of FHR-1 also have an effect on renal survival in patients
with C3G. Although FHR-1 levels are known to increase
with renal function decline,®*” our genetic data indicate
that FHR-1 level is an independent prognostic factor of
renal survival in patients with C3G. This is interesting
because Acrpprs.cryr: has previously been associated with
protection against the development of AMD and
IgAN,">!*?* and elevated plasma levels of FHR-1 are asso-
ciated with advanced AMD and disease progression in
IgAN,**7% giving further support for the idea that the
underlying pathogenic mechanisms leading to AMD and
IgAN share common features with C3G.

In summary, our findings explain how the FHR-1
mutant proteins with duplicated dimerization domains
predispose individuals to C3G and provide a pathogenic
mechanism for C3G that may be extrapolated to other dis-
eases, such as IgAN or AMD. Our findings also highlight
the relevance of the FH/FHR-1 ratio and FHR-1 levels in
C3G, further supporting the potential therapeutic benefit of
inhibiting FHR-1.
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