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Figure 5. FHR proteins form homodimers and heterodimers; FHR hybrid proteins with two multimerization segments form oligomers.
(A) The three proteins FHR1, FHR2, and FHR5 form dimers via their N-terminal domains (gray domains). The N-terminal multi-
merization segments of each FHR protein interact with a second protein and form dimers and even multimers. FHR1 and FHR2 can
form heterodimers. (B) FHR proteins are contained in lipid complexes. FHR1, FHR2, and FHR4-A are associated with lipids HDL and
LDLD. Lipids include FHR1 and FHR2 together with ApoAl, LPS-binding protein, fibrinogen, and additional so-far-uncharacterized
proteins. FHR4-A is present in triglyceride-rich lipid particles, which also include ApoE, ApoAl, ApoE, ApoAlV, ApoB48, and
ApoB100. (C) The FHR1 mutants with two interaction sites form larger complexes. Upper panel: A single FHR1::FHR1 mutant with two
interaction segments that bind FHR1, FHR2, and FHR5 and allow formation of larger complexes. Oligomerization or branching is
disrupted when FHR1, FHR2, or FHR5 with one interaction segment s integrated. (D) The FHR2::FHRS5 hybrid formslarger complexes.
Upper panel: A single FHR2::FHR5 hybrid has two interaction segments that allow formation of larger complexes. The FHR2::FHR5
hybrid protein can multimerize via the FHR2 (upper constellation) or via the FHR5 multimerization domain with FHR5 (bottom sce-
nario). Oligomerization or branching is disrupted when FHR1 or FHR2 with one interaction segment is attached to the FHR2 domain,
or when FHR5 is bound to the FHR5 domain.

of FHR plasma levels provide important
diagnostic information. FHR plasma lev-
els, the evaluation of complement split
products, TCC levels, complement activ-
ity, and C3 levels allow monitoring of
complement in a direct and timely man-
ner. Such parameters can also be used
evaluate the efficacy of approved comple-
ment therapeutics and new inhibitors that
are developed and tested in clinical tri-
als.120:121 For renal biopsy specimens, a
correlation of FHR protein deposition
with morphologic alterations and immu-
nohistologic staining patterns will pro-
vide important diagnostic information.
In this regard, FHR-specific mABs are
advantageous and should be developed.
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CONCLUSIONS, PERSPECTIVE,
AND FUTURE DIRECTIONS

CFHR-Factor H gene cluster variations
are associated with several kidney disor-
ders, including aHUS, C3 glomerulop-
athy, and also IgAN. These associations
show important roles of the FHR pro-
teins in maintaining glomerular integ-
rity. FHR proteins are complement
modulators and complement activators,
and FHRI1 regulates inflammasome ac-
tivity. The proteins act alone, and also
cooperate with each other and with Factor
H. For example, FHR1 balances the local
action of the complement inhibitor Factor
H, and when attached to the necrotic

surfaces activates the inflammasome.
The unique roles of the individual FHR
proteins in the complete cascade suggest
that patients with CFHR gene defects
may benefit from treatment with one
of the new complement inhibitors that
are currently in development.!22

The major challenges ahead are (1) to
link the genetic changes in the CFHR
cluster with precise morphologic and
immunohistochemical staining of renal
biopsy specimens, with cellular and
morphologic alterations, and with
plasma biomarkers; (2) to understand
the exact physiologic role of each FHR
protein; and (3) to define the interplay
of the FHR proteins as complement
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Figure 6. FHR mutant and hybrid proteins affect complement regulation at target sites. Gene mutations and copy number variations in
the human Factor H-CFHR gene cluster in aHUS and C3 glomerulopathy affect protein structure and protein levels in plasma and influence
the fate of complement control at target surfaces. (A) Normal homeotic scenario. FHR1 and Factor H with their homologous C-terminal
regions bind to surface-deposited C3b at danger sites and to glycosaminoglycans (GAGs). The proteins are shown and the three
C-terminal recognition region is presented, and the FHR1-specific LA and the Factor H-specific SV residues in the most C-terminal do-
mains are shown. The balance of FHR1 and Factor H at modified target sites is influenced by the structure of the proteins; by Factor H,
FHL1, and FHR plasma levels; by the binding intensities of the proteins to the ligands; and by the density of C3b and the type and
composition of GAGs at sites of damage. FHR1 competes with Factor H for surface binding and, in a proper combination, the two reg-
ulators adjust and fine-tune local complement action. Thereby, FHR1 initiates inflammasome activation and Factor H dissociates the
alternative pathway C3 convertase and inhibits complement progression. (B) Scenarios in aHUS and C3 glomerulopathy. aHUS scenario,
left panel: Factor H::FHR3, Factor H::FHR1, and FHR1::Factor H hybrid proteins together with altered plasma levels influence the local
FHR1, Factor H balance at a damage surface (left site). C3 glomerulopathy scenario, right panel: The various FHR hybrid and mutant
proteins, many of which having two interacting segments and form large oligomeric complexes, influence the local FHR1, Factor H
balance at damaged surfaces. Scenarios in aHUS, left panel: Various scenarios in the form of deletions; insertional mutations, including
intragene; as well as chromosomal duplications generate CFHR-Factor H or Factor H-CFHR hybrid genes. In aHUS, Factor H and the
CFHR1and CFHR3 genes are affected, but CFHR4, CFHR2, and CFHR5 genes remain intact. Scenarios in C3 glomerulopathy, right panel:
Various scenarios in the form of deletions; insertional mutations, including intragene; as well as chromosomal duplications generate
CFHR-CFHR hybrid genes. In C3 glomerulopathy all five CFHR genes can be affected, but the Factor H gene remains intact.

modulators or amplifiers with each
other and with Factor H. A strong
interdisciplinary approach includ-
ing geneticists, complementologists,
nephropathologists, and clinicians is
required to establish precise diagnostic
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and prognostic parameters for the
FHR-associated disorders. Advanced
understanding of the disease mecha-
nisms will guide physicians and pa-
tients through this complex disease
spectrum.
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