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Genetic variation within the factor H-related (FHR) genes is asso-
ciated with the complement-mediated kidney disease, C3 glomer-
ulopathy (C3G). There is no definitive treatment for C3G, and a
significant proportion of patients develop end-stage renal disease.
The prototypical example is CFHR5 nephropathy, through which
an internal duplication within a single CFHR5 gene generates
a mutant FHR5 protein (FHR5mut) that leads to accumulation of
complement C3 within glomeruli. To elucidate how abnormal FHR
proteins cause C3G, we modeled CFHR5 nephropathy in mice. An-
imals lacking the murine factor H (FH) and FHR proteins, but coex-
pressing human FH and FHR5mut (hFH-FHR5mut), developed
glomerular C3 deposition, whereas mice coexpressing human FH
with the normal FHR5 protein (hFH-FHR5) did not. Like in patients,
the FHR5Smut had a dominant gain-of-function effect, and when
administered in hFH-FHR5 mice, it triggered C3 deposition. Impor-
tantly, adeno-associated virus vector-delivered homodimeric mini-
FH, a molecule with superior surface C3 binding compared to FH,
reduced glomerular C3 deposition in the presence of the FHR5mut.
Our data demonstrate that FHR5mut causes C3G by disrupting the
homeostatic regulation of complement within the kidney and is
directly pathogenic in C3G. These results support the use of FH-
derived molecules with enhanced C3 binding for treating C3G as-
sociated with abnormal FHR proteins. They also suggest that tar-
geting FHR5 represents a way to treat complement-mediated
kidney injury.

complement | kidney | immunology

he complement system is an important component of the

immune response to pathogens, particularly meningococcal
infection. Complement activation is tightly regulated to prevent
its effectors from damaging host tissue. Impaired control of ac-
tivation, termed complement dysregulation, is associated with tissue
injury, including age-related macular degeneration and renal dis-
ease. Complement-mediated kidney damage is exemplified by
thrombotic microangiopathy in atypical hemolytic uraemic syn-
drome and glomerular damage in C3 glomerulopathy (C3G) and
IgA nephropathy (IgAN).

Complement factor H (FH) is a plasma protein that down-
regulates C3 activation through the complement alternative path-
way. The essential role of FH is illustrated by homozygous FH-
deficient patients who have acquired severe C3 deficiency due to
uncontrolled C3 consumption (1). The FH protein family includes
five factor H-related proteins (FHR1 through 5), and all are
composed of subunits called short consensus repeat (SCR) do-
mains. While FH contains both regulatory and binding SCR do-
mains for the activated C3 fragment C3b, the FHR proteins
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contain only binding domains, suggesting different functions. The
importance of FHR proteins in renal pathology is derived from
the associations between susceptibility to C3G and abnormal FHR
proteins (2-8). C3G is characterized by dominant glomerular C3
deposition and glomerular damage (9). The prototypic example of
FHR-associated C3G is CFHRS nephropathy (3, 10). Affected
individuals have a heterozygous internal duplication within the
CFHR5 gene. The normal FHRS protein consists of 9 SCR do-
mains, whereas the abnormal FHRS5 protein (FHRS5mut), due to
duplicated exons encoding the first two SCR domains, consists of
11 SCR domains. There are now several examples of abnormal
FHR proteins and C3G (2, 4-8).

Significance

The complement system is integral to innate immunity and
host defense. However, inappropriate activation causes host
tissue damage and disease. In health, this is prevented by
a complex protein network that includes the factor H pro-
teins. Understanding control of complement is critical to treat
complement-mediated disease. We demonstrate that a gain-
of-function mutant factor H-related 5 protein (FHR5) results
in glomerular damage. The mutant interfered with comple-
ment regulation within the kidney, resulting in complement
accumulation within glomeruli and kidney damage. Administra-
tion of a complement regulator with enhanced surface regula-
tory activity reduced mutant-associated glomerular complement.
FHR5 can disrupt the homeostatic regulation of complement within
the kidney, and targeting FHR5 represents a way to treat some
types of complement-mediated kidney injury.

Author contributions: T.H.M., D.P.G., LLE.A,, G.J.L, A.B., and M.C.P. designed research;
T.H.M,, D.P.G, D.P.L, HJ.L-B, E.CH,, LB.M, K.B.,, AC.G, MM., AA,, and G.J.L. per-
formed research; I.E.A.,, G.J.L.,, KJ.M., and A.B. contributed new reagents/analytic tools;
T.H.M,, D.P.G, D.P.L, HJ.L-B., E.CH,, LB.M,, K.B., HT.C, A.C.G., M.M,, AA, G.J.L, and
M.C.P. analyzed data; and T.H.M., D.P.G., G.J.L. and M.C.P. wrote the paper.

Competing interest statement: M.C.P. has received consultancy fees for providing scien-
tific advice for work for Alexion, ChemoCentryx, Achillion, Apellis, Gemini, Gyroscope, Ra,
Silence Therapeutics, and Sobi Pharma. M.C.P. is a scientific advisory board member for
Gemini and Gyroscope Pharma.

This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution License 4.0
(CC BY).

'T.H.M., D.P.G., and D.P.L. contributed equally to this work.
2To whom correspondence may be addressed. Email: matthew.pickering@imperial.ac.uk.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2022722118/-/DCSupplemental.

Published March 22, 2021.

https://doi.org/10.1073/pnas.2022722118 | 1of 9

a
=
<=
58
Ss
—

o=
==
23
£z


https://orcid.org/0000-0002-8127-6521
https://orcid.org/0000-0002-3226-8429
https://orcid.org/0000-0002-4994-3881
https://orcid.org/0000-0002-5060-6137
https://orcid.org/0000-0002-8950-1041
https://orcid.org/0000-0002-4165-4276
https://orcid.org/0000-0002-8973-2085
https://orcid.org/0000-0002-6213-5627
https://orcid.org/0000-0001-9365-342X
https://orcid.org/0000-0003-1312-5411
https://orcid.org/0000-0002-1153-0192
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2022722118&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:matthew.pickering@imperial.ac.uk
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022722118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022722118/-/DCSupplemental
https://doi.org/10.1073/pnas.2022722118
https://doi.org/10.1073/pnas.2022722118

Both FHR1 (11-13) and FHRS (14, 15) influence suscepti-
bility to IgAN, a glomerular disorder characterized by galactose-
deficient IgAl immune deposits and C3 deposition. How FHR
proteins influence glomerular C3 deposition in both C3G and
IgAN remains poorly understood. FHR1 and FHRS proteins can
antagonize the ability of FH to down-regulate C3 activation
in vitro (7, 16). However, FHR1, FHR4, and FHRS5 can also
promote C3 activation in vitro independently of FH (17-19).
From these in vitro observations, it can be hypothesized that the
degree of C3 deposition in response to a complement-activating
trigger within the kidney (e.g., IgAl immune deposits) depends
on the relative interactions between local complement activation
and either FH (inhibition of activation) or the FHR proteins
(promotion of activation). The degree of complexity in this sys-
tem is also governed by context-specific interactions between the
FHR proteins and surface glycans (20). However, the lack of
appropriate in vivo models (21) due to interspecies differences in
the FHR proteins has prevented researchers from modeling
FHR-associated renal pathology to identify mechanisms of injury
and therapeutics, an approach that has been very successful for
FH-associated renal pathologies (22-30).

To overcome these limitations, we developed murine strains
consisting of 1) mice lacking the entire 664 kb FH-FHR locus and
therefore deficient in FH and all the FHR proteins (delFH-FHR),
2) mice lacking the 537 kb FHR locus and therefore expressing
normal FH but not the FHR proteins (delFHR), and 3) mice
expressing human FH (hFH) and FHR5/FHRSmut in the absence
of the mouse proteins. Using these unique models, we show that
delFH-FHR animals develop a spontaneous C3G, that the ab-
sence of the FHR proteins in the delFHR strain did not result in
spontaneous renal disease, and that delFH-FHR animals trans-
genically expressing hFH with the FHRSmut associated with
CFHRS nephropathy, spontaneously develop C3G, recapitulating
the key features of the human disease. Finally, we demonstrate
that adeno-associated virus (AAV) vector delivery of a homodi-
meric mini-FH (HDM-FH) molecule, previously shown to be ef-
ficacious in reducing glomerular C3 in FH-deficient mice (30), can
significantly reduce glomerular C3 in our CFHRS nephropathy
mouse model and, thus, could be a future therapeutic approach
for treating C3G associated with abnormal FHR proteins.

Results

delFH-FHR Animals Develop Spontaneous C3G, Whereas delFHR Animals
Do Not. To investigate the role of the FHR proteins in vivo, we
used CRISPR/Cas9 gene editing in zygotes to generate mice that
lacked either the entire 664 kb FH-FHR locus (delFH-FHR) or
the entire 537 kb FHR locus (delFHR) (Fig. 14). For the small
deletion, 200 injected zygotes led to 33 live births, of which three
carried the 537 kb FHR deletion (SI Appendix, Fig. S1). For the
large deletion, 123 injected zygotes led to 30 live births, of which
four carried the 664 kb FH-FHR deletion (SI Appendix, Fig. S2).
One delFHR founder (DGAZ-2.1c) and one delFH-FHR founder
(DGCH-2.1d) were used to generate mice homozygous for the
deletions. Plasma FH was reduced and absent in heterozygous and
homozygous delFH-FHR mice, respectively, but normal in the
delFHR strains (Fig. 1B and SI Appendix, Fig. S44). Plasma FHR-
C was absent in both delFH-FHR (Fig. 1B) and delFHR animals
(SI Appendix, Fig. S4B). Consistent with absent FH levels, and
comparable to what we have described in FH-deficient mice (22),
the homozygous delFH-FHR mice had very low levels of plasma
C3 (Fig. 1C) and absence of the intact C3 a-chain, indicating
uncontrolled spontaneous C3 activation (SI Appendix, Fig. S54).
Plasma C3 levels in homozygous delFHR mice were comparable
to wild-type and heterozygous litter mates (Fig. 1C), and there was
no evidence of increased C3 breakdown (SI Appendix, Fig. S5B).
Plasma C5 was absent on Western blot analysis in the homozygous
delFH-FHR mice but detectable in delFHR animals (SI Appendix,
Fig. S6). FH-deficient mice develop spontaneous C3G triggered
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by abnormal glomerular C3 deposition (22). The delFH-FHR
animals developed spontaneous glomerular C3 deposition in as-
sociation with properdin staining (Fig. 1D). We have observed
mouse FHR proteins bound to glomerular C3 in FH-deficient
mice (31), but as expected, this was not the case in the delFH-
FHR strain (SI Appendix, Fig. S7). Glomerular hypercellularity
and capillary wall thickening was observed in 8-mo-old delFH-
FHR mice (Fig. 1E and SI Appendix, Table S2), changes compa-
rable to aged FH-deficient mice (22). Despite this, renal function
remained normal (SI Appendix, Table S2). The delFHR mice did
not develop abnormal glomerular C3 staining, and renal histology
in 8-mo-old animals was normal (Fig. 1 D and E and SI Appendix,
Table S2). In summary, delFH-FHR mice developed spontaneous
C3G, while the absence of the FHR proteins in delFHR mice did
not result in either plasma C3 dysregulation or C3G.

delFH-FHR Mice Coexpressing hFH and FHR5mut Regulate Plasma C3 in
a Dose-Dependent Manner and Develop Spontaneous C3G. To clu-
cidate the role of FHR5Smut in CFHRS nephropathy and to in-
vestigate the role of FHRS in glomerular C3 regulation, we
generated delFH-FHR mouse strains that transgenically coex-
pressed hFH with either wild-type FHRS or FHRSmut. We refer
to these as hFH-FHRS and hFH-FHR5mut strains (Fig. 24).
Plasma hFH and FHRS levels in male mice were approximately
twice those measured in normal human sera (Fig. 2 B and C and
SI Appendix, Table S3). The hFH level was lower in the male
hFH-FHRS5mut mice compared to hFH-FHRS animals, whereas
FHR5/FHRSmut levels were similar (Fig. 2 C and D). Notably,
the levels of both hFH and FHRS5/FHRSmut were significantly
lower in the female mice, approximating 25 and 12%, respectively,
of levels in normal human sera (Fig. 2 B-D and SI Appendix, Fig.
S84 and Table S3). To determine the efficacy of hFH in regulating
mouse complement in vivo, we measured plasma C3 levels in the
strains. Consistent with the sex difference in plasma hFH levels,
plasma C3 levels were higher in the male hFH-FHRS and hFH-
FHR5mut mice compared to the respective female groups (Fig.
2F and SI Appendix, Table S3). Plasma C3 levels in the male hFH-
FHRS were equivalent to levels in normal mice and markedly
elevated compared to delFH-FHR mice. The C3 levels in the
hFH-FHR5mut mice were slightly lower than those in the male
hFH-FHRS and normal mice. Consistent with the differential
levels of hFH, we detected more plasma C5 protein in the male
compared to the female mice (SI Appendix, Fig. S8B). These data
indicated that hFH was regulating mouse C3 and C5 activation
in vivo in a dose-dependent manner.

Next, we analyzed the kidney. Glomerular C3 and IgG staining
was normal in young male and female hFH-FHRS mice, and
there was no deposition of hFH or FHRS (Fig. 2F). In contrast,
in the hFH-FHRS5mut animals, there was abnormal glomerular
C3 staining (C3b/iC3b/C3c and C3d) together with deposition of
FHR5mut, hFH, and properdin but without significant IgG stain-
ing (Fig. 2F). To determine if this abnormal glomerular comple-
ment resulted in renal injury, we assessed renal function and
histology in 12-mo-old animals (SI Appendix, Table S3 and Fig. S9).
There was no impairment of renal function, but there was con-
spicuous glomerular capillary wall thickening in all male hFH-
FHRS5mut animals by light microscopy (Fig. 2G). These changes
were seen in one of the female hFH-FHRSmut mice but were
absent in the hFH-FHRS strain. Electron microscopy in 12-mo-old
male hFH-FHRSmut mice showed large and conspicuous sub-
endothelial electron-dense deposits within the glomerular capil-
lary wall and an increase in mesangial matrix with conspicuous
mesangial electron-dense deposits (Fig. 2H). Notably, there were
no deposits in the glomerular capillary wall and only occasional
small mesangial deposits in age-matched hFH-FHRS males,
expressing FHRS levels equivalent to the FHRSmut levels in the
hFH-FHRS5mut male mice. In the female hFH-FHRS5mut strain,
subendothelial glomerular basement membrane (GBM) deposits
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Fig. 2. delFH-FHR mice coexpressing hFH and FHR5mut recapitulate CFHR5 nephropathy. (A) Schematic showing the generation of the hFH-FHR5 and hFH-
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were present but were smaller than those seen in the male hFH-
FHRSmut animals. There were no deposits in the glomerular
capillary wall and only occasional small mesangial deposits in age-
matched hFH-FHRS females (Fig. 2H). Taken together, these
data indicated that FHRSmut triggered spontaneous glomerular
C3 deposition in the absence of IgG, pathognomonic features
of C3G.

The FHR5mut Protein Triggers Glomerular C3 Deposition in a Dominant
Manner In Vivo. CFHRS nephropathy is an autosomal dominant
condition, and, to date, all reported cases have been heterozygous
for the CFHRS5 mutation. We next examined if FHRSmut could
trigger glomerular C3 deposition in male hFH-FHRS mice. We
expressed FHRSmut in hFH-FHRS male mice using a hepatotropic
AAV vector (Fig. 3). Glomerular complement staining 6 wk after
injection of the AAV-FHRSmut demonstrated abnormal glomeru-
lar C3 staining together with staining for FH and FHRS/FHRSmut
proteins but minimal IgG staining (Fig. 3 4 and B). Compared to
preinjection levels, plasma FHRS (consisting of transgene-derived
FHRS and AAV-derived FHRSmut) increased 6-fold at week one
and 20-fold by week six (Fig. 3C). Plasma hFH levels did not change,
but there was a progressive fall in plasma C3 levels in the AAV-
FHRSmut group (Fig. 3 D and E). Further evidence for a dominant
gain-of-function role of FHR5Smut in C3G pathogenesis derived
from observations in male mice heterozygous for the FH-FHR
locus and expressing one copy of the hFH-FHRS5mut transgene
(delFH-FHRhet.hFH-FHR5mut). Despite the presence of mouse
FH (derived from the single intact mouse FH-FHR allele) and
hFH (derived from the single hFH-FHRSmut transgene), there
was spontaneous abnormal glomerular C3 staining in association
with FHRSmut (Fig. 3F and SI Appendix, Fig. S10). This devel-
oped despite normal plasma C3 levels (SI Appendix, Fig. S10).
Glomerular C3 and FHRS staining was normal in male delFH-
FHRhet.hFH-FHRS5 and hFH-FHRS animals. Taken together,
these data show that FHRSmut exerts a dominant gain-of-function
effect in vivo.

HDM-FH Ameliorates Glomerular C3 Deposition Associated with the
FHR5mut Protein. The presence of FHRSmut is associated with
abnormal renal C3 deposition despite circulating hFH, suggest-
ing that it promotes glomerular C3 activation by impairing the
ability of FH to negatively regulate C3 activation in situ. To test
this, we investigated if HDM-FH, a molecule with enhanced
affinity for surface C3b compared to FH (30), could alter glo-
merular C3. We administered AAV-HDM-FH to male hFH-
FHR5mut mice (Fig. 4). At 6 wk after injection, there was a sig-
nificant reduction in glomerular C3b/iC3b/C3c, C3d, and properdin
staining in the AAV-HDM-FH-treated mice (Fig. 4 A and B).
Notably, we could not detect a change in either glomerular FHRS
or FH staining. Using a hFH enzyme linked immunosorbent assay
(ELISA), which detects both transgene-derived FH and AAV-
derived HDM-FH, levels increased at week one and week six in
the AAV-HDM-FH-treated mice, indicating successful expression
of the HDM-FH molecule (Fig. 4C). Plasma FHRS and C3
levels did not change (Fig. 4 D and E). These data demonstrated
that HDM-FH ameliorated FHRSmut-induced glomerular C3
deposition.

Discussion

We modeled CFHRS nephropathy in vivo by generating mouse
strains that expressed hFH with either the normal FHRS protein
or FHRS5mut, the abnormal FHRS protein associated with CFHRS
nephropathy. Remarkably, the male hFH-FHRSmut phenotype
recapitulated the key features of CHFRS nephropathy: normal FH
function, intact plasma C3 regulation, abnormal glomerular C3
deposition in the absence of IgG, and the development of electron-
dense deposits within the GBM and mesangial matrix.
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Evidence for a dominant gain-of-function effect of the FHRSmut
protein was derived from our observation that abnormal glomerular
C3 deposition in association with FHRSmut was also present in
mice heterozygous for the delFH-FHR allele but expressing one
copy of the hFH-FHR5mut transgene. Both hFH and mouse FH
(derived from the intact mouse FH-FHR locus) were unable to
prevent FHRSmut-mediated glomerular C3 deposition. Moreover,
AAV-mediated expression of the FHRSmut protein in male hFH-
FHRS animals triggered glomerular C3 deposition, demonstrating a
direct role for FHRSmut in this process. In this experiment,
FHR5mut levels were very high in comparison to human levels and
those in our hFH-FHRS5mut animals, and we detected a progressive
fall in plasma C3. We do not know the cause for this. Plasma C3
levels are typically normal in CFHRS nephropathy (3, 10). How-
ever, in patients with C3G due to a CFHR2-CFHRS hybrid gene,
low plasma C3 levels have been reported, and the FHR2-FHRS
mutant protein was shown to stabilize the C3 convertase (2).

The prevailing hypothesis to explain the development of ex-
cessive glomerular C3 deposition in FHRS nephropathy is that
under normal circumstances, there is activation of C3 within
glomeruli. FH is critical for inhibiting this, particularly on noncell
surfaces (i.e., the GBM and mesangial matrix). These structures,
unlike glomerular cells, lack additional complement regulators. If
FH function is impaired, these structures become complement-
activating surfaces and abnormal C3 accumulation occurs. We
have previously shown that FH-deficient mice develop spontane-
ous C3 deposition along the GBM (22). In the hFH-FHR5mut
strain, the FHRSmut protein, through increased avidity for C3
ligands, interacts with surface C3 within glomeruli more efficiently
than hFH and promotes complement activation in situ. Consistent
with this hypothesis, the interaction between FHRS and surface
C3 enabled C3 convertase assembly and further in situ C3 acti-
vation in vitro (17, 32). Furthermore, both FHRS5 and FHR5mut
have increased avidity for C3b compared to FH, and in vitro
FHRS can out-compete FH for surface C3b binding and promote
complement activation (FH deregulation) (2, 16). In this study, we
show in vivo that administration of HDM-FH to the male hFH-
FHRS5mut mice reduced glomerular C3 staining. HDM-FH is a
mini-FH molecule (28) containing the oligomerization domains of
FHRI1. Critically, HDM-FH has been shown to be >10-fold more
effective than hFH in inhibiting surface complement activation
(30). Furthermore, it was more efficient in reducing glomerular C3
in FH-deficient animals than either FH or mini-FH (30). Similarly,
the C3 staining intensity was reduced in the HDM-FH-treated
hFH-FHRS5mut mice because of the higher affinity of HDM-FH
for glomerular C3. Notably, the intensity of glomerular FHRSmut
staining did not change in this experiment. This likely reflects the
FHR5mut-C3d interaction that is stable and uninfluenced by hFH
or HDM-FH. Glomerular FHRS, in association with C3d, is a
frequent finding in C3G and is considered a marker of previous
glomerular complement activation (33).

The role of the murine FHR proteins in complement-mediated
renal disease models has not been studied to date. Mouse FHR
proteins have been shown to both deregulate FH (21) and pro-
mote complement activation (34) and therefore functionally re-
capitulate the actions reported for the human FHR proteins.
Importantly, our data showed that the delFHR animals have
normal glomerular and plasma C3 regulation. A reduction in FHR
activity is functionally analogous to the situation present in indi-
viduals with the ACFHR3-1 allele and, in this respect, the delFHR
strain will be an informative model to investigate if mouse FHR
proteins modulate glomerular complement in renal disease mod-
els. The delFH-FHR strain recapitulated the phenotype we
reported in FH-deficient mice. By comparing the two strains, we
demonstrated the presence of FHR proteins in association with
glomerular complement in the FH-deficient strain. However, the
relative proportions of the different mouse FHR proteins present
in the FH-deficient mice remain unknown. It is likely that the
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FHR5mut triggers glomerular C3 deposition in hFH-FHR5 mice. (A) Representative glomerular images and (B) staining scores for C3b/iC3b/C3c, C3d,

FHR5/FHR5mut, FH, IgG, and properdin in male hFH-FHR5 mice treated with either AAV-GFP (n = 5, black dots) or AAV-FHR5mut (n = 6, red dots). Bars denote
the median, and whiskers denote the interquartile range. *P = 0.0022; values are derived from Mann-Whitney U test. Plasma FHR5/FHR5mut (C), C3 (D), and
FH (E) levels after administration of either AAV-FHR5mut or AAV-GFP to hFH-FHR5 male mice. Bars denote the mean, and whiskers denote the SD. P values
are derived from two-way ANOVA with Bonferroni multiple comparisons test. (F) Representative glomerular images of C3b/iC3b/C3c, C3d, and FHR5mut in
male hFH-FHR5mut mice expressing one copy of the transgene on the background of either heterozygous (delFH-FHRhet.hFH-FHR5mut) or homozygous
(hFH-FHR5mut) deficiency of the mouse FH-FHR locus. Controls are male delFH-FHRhet.hFH-FHR5 and hFH-FHR5 animals.

contribution of FHR-B and FHR-C will differ in vivo since recent
in vitro data has shown that, while FHR-B mediated FH dereg-
ulation, FHR-C did not (21). There was no obvious difference in
the phenotypes between the de]lFH-FHR and FH-deficient mice,
indicating that in the setting of extreme complement dysregulation
(i.e., complete FH deficiency), the actions of the FHR proteins
become irrelevant.

A potential limitation to our hFH-FHRSmut model was that
we did not express the other human FHR proteins in the mice.
FHR1, FHR2, and FHRS exist as obligate homodimers through
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shared dimerization domains (7, 16), and FHR1-FHR?2 hetero-
dimers have been detected in human plasma (35). Mutations in
FHR1 and a hybrid FHR3-1 gene are also associated with C3G
(4, 7) but, to date, have not been modeled in vivo. FHRSmut and
mutations in FHR1 (7) may result in the formation of large
multimers. We do not know the relevance of this or the influence
of surface glycan binding (20) in our model. A technical limitation
in the glomerular complement phenotyping of the hFH-FHRS
and hFH-FHRSmut strains was that we were unable to distin-
guish the FHRS and FHRSmut proteins using immunostaining.

Malik et al.

Gain-of-function factor H-related 5 protein impairs glomerular complement regulation

resulting in kidney damage


https://doi.org/10.1073/pnas.2022722118

A Homodimeric mini-FH (HDM-FH) @@ Factor H-related protein 1 SCR1-2 B * * *
@000 FactorHSCR1-5 T 3 _’_‘ _’_‘ e cw .’_‘
ooe Factor HSCR18-20 e
g
C3b/ )
iC3b/C3c FHR5mut Properdin g’
5
5 1 - -
AAV-HDM-FH 2
5
/ g 0
= -
[hFH-hFHR5mu{] o}
_m|“. L
males C3b/iC3b C3d FHRS5mut FH  IgG Properdin
AAV GFP : /C3c
e AAV-GFP e AAV-HDM-FH
p=0.0001
2500 250
p=0.002 R 5 20
) .
= . S
T 2000 °, 200 — ?; ® = 154 .
o oo ° . A ° P 9 5 . o
= : 2 L E % 'j{:
T 15004 o 150 - = oo o o .
= . 9 5 )
@ -
L £ 'é) 10 .
§ 1000 % 8 100 z
£ *° e o i o L(Lu
2 £
@ ® @ 54
& 500 50 o
©
o
0= I I I I I I 0- I I I I I I 0= I I I I I I
week: | 0 +1 +6 | 0 +1 +6 | week: | 0 +1 +6‘ | 0 +1 +6 | week: | 0 +1 +6 | ‘0 +1 +6 |
AAV-GFP AAV-HDM-FH AAV-GFP AAV-HDM-FH AAV-GFP AAV-HDM-FH

Fig. 4. HDM-FH ameliorates glomerular C3 in hFH-FHR5mut mice. (A) Representative glomerular images and (B) staining scores for C3b/iC3b/C3c, C3d,
FHR5mut, FH, 1gG, and properdin in male hFH-FHR5mut mice treated with either AAV-GFP (n =5, black dots) or AAV-HDM-FH (n = 7). Bars denote the median,
and whiskers denote the interquartile range. *P = 0.0013, derived from Mann-Whitney U test. Plasma hFH/HDM-FH (C), C3 (D), and FHR5mut (E) levels after
administration of either AAV-GFP or AAV-HDM-FH to hFH-FHR5mut male mice. Bars denote the mean, and whiskers denote the SD. P values are derived from

two-way ANOVA with Bonferroni multiple comparisons test.

Therefore, in the experiment in which we expressed AAV-
FHRSmut in hFH-FHRS animals, it was not possible to deter-
mine the relative amounts of FHR5/FHRSmut in glomeruli.

There was a marked sex difference in the expression of the trans-
genes. Female mice in both the hFH-FHRS and hFH-FHRS5mut
strains expressed the proteins at significantly lower levels than the
respective male mice (for example, an eightfold difference in
plasma FH levels between male and female hFH-FHRS mice). For
the purposes of modeling CFHRS nephropathy in vivo, this was not
problematic, as male mice had adequate levels of the proteins in
plasma. Furthermore, the range of protein differences between the
sexes was, serendipitously, highly informative in demonstrating the
dominant gain-of-function role of the FHRSmut protein in glo-
merular C3 deposition. While there is a striking sex difference in the
incidence of renal failure in CFHRS nephropathy (much higher in
males), the reasons are not related to large intersex differences in
circulating FH and FHRS levels. Although progression to renal
impairment is associated with episodes of synpharyngitic macro-
scopic hematuria, suggesting a role for infection (10), the causes
for the male predominance in chronic renal failure in CFHRS
nephropathy is not known.

We have not investigated the cause of the sexually dimorphic
expression of the transgenes in our strains, but this phenomenon
is well reported in general, and causes include position-effect
variegation and epigenetic modification (36).
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In summary, these data demonstrate that in the presence of
FHRS5mut, the extracellular surfaces within the glomeruli (i.e.,
the mesangial matrix and GBM) can become activating surfaces
for C3 deposition, despite the presence of FH, and that the
abnormal C3 accumulation in this setting could be ameliorated
by a FH-derived regulator engineered to have enhanced surface
complement regulatory activity. These findings provide a ratio-
nale to investigate this approach in the treatment of C3G and
further illustrate the important role of the balance between FHR
and FH activity in surface C3 activation.

Materials and Methods

Generation of delFH-FHR and delFHR Strains. CRISPR/Cas9 target sites were
identified using crispr.mit.edu/as (37), and the guide RNAs (gRNAs) were
selected following the guidelines from ref. 38, avoiding C and T upstream of
the protospacer adjacent motif (PAM), G downstream of the PAM, and T
within the PAM whenever possible. Pairs of gRNAs were designed for the 5’
and 3’ end of the locus to be deleted (S/ Appendix, Table S1). These were
typically located within 50 to 200 bp of each other and positioned on op-
posite strands. Single-strand oligonucleotides (ssODNs), designed to bridge
the deletions, were 120 bp in length and positioned directly adjacent to the
most external gRNA site (S/ Appendix, Table S1). These bridging oligonu-
cleotides were intended to act as a repair template for homology-directed
repair of the deletion, coordinating the deletion to a specific genomic lo-
cation at the single nucleotide level. The gRNA oligonucleotides were syn-
thesized and the two strands annealed and cloned into a vector containing
the gRNA backbone and a T7 promoter for RNA production using Bsal. For
Cas9 mRNA production, the vector from ref. 39 was modified to contain the
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T7 promoter. The integrity of all plasmids was confirmed by DNA sequenc-
ing. For Cas9 RNA production, the T7/Cas9 plasmid was linearized with EcoRlI
and for gRNA production with Dral. The plasmids were cleaned with a PCR
purification kit (Qiagen) and in vitro transcribed using mMessage mMachine
T7 Ultra kit and MEGAshortscript T7 kits (Life Technologies), respectively.
Both Cas9 mRNA and gRNA were purified using the MEGAclear kit (Life
Technologies) and eluted in ribonuclease (RNase)-free water. The quality of
the RNA was analyzed using Agilent RNA 6000 Nano kit (Agilent Technol-
ogies, 2100 Bioanalyzer) and Qubit RNA high sensitivity assay kit (Life
Technologies). The ssODNs were synthesized by Integrated DNA Technolo-
gies and dissolved in RNase-free water to a concentration of 1,000 ng/uL.
Zygote injections were performed using standard procedures described in S/
Appendix, Supplemental Methods. Genotyping was performed on lysates of
genomic DNA isolated from ear clips using the KAPA Mouse Genotyping kit
containing KAPA 2G HotStart DNA polymerase. Genotyping primers are
described in S/ Appendix, Table S1. Probes used for fluorescent in situ hy-
bridization (FISH) are listed in SI Appendix, Fig. S3, and the Fiber-FISH pro-
cedure is described in S/ Appendix, Supplemental Methods.

Complement Phenotyping. Mouse plasma was collected from mice in the
presence of EDTA by cardiac puncture. For Western blotting, samples were
separated using sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) under reducing conditions for C3 and nonreducing conditions
for mouse C5, hFH, mouse FH, FHR-C (Gm4788), and FHR5. For detection
antibodies, goat anti-mouse C3 (MP Biomedicals, 55444), rat anti-mouse FH
(R&D Systems, MAB4999 Clone #511419), sheep anti-mouse FH (to detect
FHR-C [Gm4788]; R&D Systems AF4999), goat anti-hFH (Quidel A312), rabbit
anti-human FHR5 (Abnova H00081494-D01P), goat anti-human C5 (Quidel,
A306), and 402H/Y-specific anti-hFH (provided by Prof Paul Morgan, University
of Cardiff) were used. For secondary antibodies, goat anti-rat horseradish
peroxidase (HRP) (Biolegend, 405405), mouse anti-goat/sheep IgG-HRP (Sigma,
A9452), and swine anti-rabbit IgG-HRP (Dako, P0217) were used. Blots were
visualized using enhanced chemiluminescence (ECL) Western Blotting Sub-
strate (Pierce, Thermo). For the measurement of mouse C3, mouse FH, hFH,
and FHR5 levels by ELISA, mouse C3 was detected using goat anti-mouse C3
antibody (MP Biomedicals, 55463) in combination with an HRP-conjugated
goat anti-mouse C3 polyclonal antibody (MP Biomedicals, 55557). The results
were quantified using a standard curve generated from pooled mouse sera
containing a known quantity of C3. Mouse FH levels were detected using a
polyclonal sheep anti-hFH antibody (ABIN 113017) and a biotinylated goat
anti-hFH antibody (Quidel, A312). FH levels in the samples were plotted as
optical density. For hFH levels, ELISA plates were coated with 2 pg/mL anti-FH
monoclonal 0X24 antibody (Thermo Scientific MA1-70057) in 0.2 M carbonate
buffer. After washing and blocking with PBS-1% bovine serum albumin (BSA),
mouse plasma (1: 20,000) was added in PBS-0.1% Tween 20-1% BSA. After
incubation and washing, plates were incubated with a polyclonal sheep anti-
hFH antibody (Abcam, ab8842) for 1 h (1:20,000). After washing, plates were
incubated with a Donkey anti-sheep, HRP-conjugated antibody (Jackson
ImmunoResearch, 713-035-003) for 1 h (1:20,000). After washing, enzymatic
activity was developed using 3,3’,5,5'-tetramethylbenzinidine (TMB) substrate.
The results were quantified using a standard curve generated using purified
hFH (Complement Technologies). FHR5 levels were measured by ELISA using
rabbit monoclonal anti-FHR5 antibody (Abnova, H00081494-D01P) as the cap-
ture antibody. A mouse monoclonal anti-FHR5 antibody (Abnova, H00081494-
BO1P) was used as the detecting antibody. The results were quantified using a
standard curve generated using purified human FHR5 (R&D).

Renal Phenotyping. Hematuria and proteinuria were assessed using Hema-Combistix
(Siemens); plasma urea was measured using an enzymatic ultraviolet method
according to the manufacturer’s instructions (R-Biopharm). Mouse albumin
levels were measured using a Mouse Albumin ELISA kit according to the
manufacturer’s instructions (Cambridge Bioscience). For glomerular histologi-
cal analysis, kidneys were fixed in Bouin’s solution (Sigma) as previously
described (25), and Periodic acid-Schiff stained sections were examined by
light microscopy. Sections were scored semiquantitatively for glomerular
cellularity (0 to 4), segmental sclerosis (0 to 1), and mesangial expansion (0
to 1). Capillary wall thickening was assessed as the number of glomeruli
showing conspicuous capillary wall thickening in 10 consecutive glomeruli
examined. Immunofluorescence (IF) staining was performed on 5 pm cry-
osections mounted using Vectashield medium with DAPI (Vector Laboratories). IF
antibodies were as follows: C3b/iC3b/C3¢, fluorescein isothiocyanate (FITC)-
conjugated goat anti-mouse C3 (MP Biomedicals, 855500); C3d, biotinylated goat
anti-mouse C3d (R&D system, BAF2655); mouse FH and mouse FHR proteins,
polyclonal goat anti-hFH (Quidel), A312; hFH, polyclonal goat anti-hFH (Quidel,
A312); FHR5/FHR5mut, rabbit monoclonal anti-human CFHR5 antibody (Abnova,
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H00081494-D01P); mouse properdin, FITC-conjugated goat anti-human proper-
din (Caltag Madsystems, GAHu/PPD/FITC); and mouse IgG, FITC-conjugated
polyclonal goat anti-mouse 1gG Fc y-chain—specific antibody (Sigma-Aldrich,
F5387). Glomerular macrophages were identified using FITC-conjugated rat anti-
mouse CD68 (GeneTex; FA-11 clone; GTX43518). IF analysis was performed using
a Leica DM4B optical microscope coupled with Leica DFC700T digital camera
(Leica Microsystems). A total of 10 glomeruli were examined per section. Cate-
gorical IF scoring was performed using a staining intensity scale (0: normal/
absent, 1: mild, 2: moderate, and 3: strong). Electron microscopy was per-
formed on mouse tissue fixed using glutaraldehyde buffer as previously
described (22).

AAV Experiments. We utilized the hepatotropic serotype eight capsid to
enable robust transgene expression in the adult mouse liver following a
single intraperitoneal injection of AAV vector (40). The complementary DNA
(cDNA) for FHR5, FHR5mut, and HDM-FH each containing a Kozak consensus
sequence was inserted into an AAV vector construct (41) with a modified
promoter sequentially containing one copy of the ApoE enhancer, a human
1-a-antitrypsin promoter, and SV40 intron (42). AAV vector constructs were
packaged by the Vector and Genome Engineering Facility (Children’s Med-
ical Research Institute) as previously described (43), except that transfections
were performed using PEI. AAV vectors were purified (44) and titred by qPCR
(40). Animals were intraperitoneally injected with 1 x 102 vector genomes
of the relevant AAV vector. The following vectors used were: AAV-FHR5mut,
AAV-GFP, and AAV-HDM-FH. The generation of HDM-FH has been described
previously (30). It contains the oligodimerization domains of FHR1 (SCR1-2)
linked to mini-FH. Mini-FH consists of the complement regulatory domains
of hFH (SCR1-5) linked to the surface recognition domains (SCR18-20).

Generation of hFH-FHR5 or hFH-FHR5Smut Mice. The humanized strains were
generated by genOway using the Rosa26 Quick Knockin targeting vector
(www.genoway.com). The cDNA cassettes containing hFH with either FHR5
(hFH-IRES-hFHR5 ¢DNA) or FHR5mut (hFH-IRES-hFHR5mut ¢cDNA) down-
stream of a CAG promoter were inserted into the Rosa26 locus in C57BL/6
embryonic stem (ES) cells. The genOway Knockin vector contained a lox
P-flanked STOP cassette inserted between the CAG promoter and the coding
sequence of the transgene to ensure expression only in the presence of Cre
recombinase. The vector is isogenic with C57BL/6 ES cells. To generate het-
erozygous inducible hFH-hFHR5/hFH-FHR5mut mice, chimeras were crossed
with C57BL/6N wild-type mice. The hFH-FHR5 and hFH-FHR5mut strains were
generated by intercrossing with Alb-Cre (to generate hepatocyte-specific
expression of the proteins) and with the delFH-FHR mice to remove the
mouse FH and FHR proteins. Alb-Cre mice were purchased from the Jackson
Laboratories (B6.Cg-Tg[Alb-cre]21Mgn/J; strain #003574). Genotyping was
performed by PCR on digested tissue. Genomic PCR was performed using
Longamp Taq DNA Polymerase with 10 ng genomic DNA according to the
manufacturer’s protocol. The Cre allele PCR was performed using Megamix
blue DNA polymerase (Clent Life Sciences) with 10 ng genomic DNA
according to the manufacturer’s protocol. Primers to detect the Alb-Cre al-
lele were 5-CGTACTGACGGTGGGAGAAT-3' and 5-CCCGGCAAAACAGGT-
AGTTA-3’, which generated a 178 bp amplicon. Primers to detect the hFH-
FHR5/hFH-FHR5mut allele were 5-GTTTTGGAGGCAGGAAGCACTTGC-3',
5-CAATGCTCTGTCTAGGGGTTGGATAAGC-3/, and 5-GCAGTGAGAAGAGTA-
CCACCATGAGTCC-3', generating either a 700 bp amplicon (wild-type allele)
or 270 bp amplicon (transgene allele). Primers to detect the delFH-FHR allele
were 5-GTAAAGGTCCTCCTCCAAGAG-3’ and 5-GGTATAAACAACCTTTGC-
ACC-3’, generating a 600 bp amplicon (wild-type allele), or 5-TCCTGAAGG-
CTGGAACAAGT-3' and 5-TAAACAAGGCAGGAGGGATG-3/, generating a
324 bp amplicon (delFH-FHR allele).

Mice. All mice were housed in specific, pathogen-free conditions, and pro-
cedures were performed according to institutional guidelines and approved
by the UK Home Office.

Statistical Analysis. Statistical analysis was performed using GraphPad Prism
(version 8.0; GraphPad). ANOVA with Bonferroni multiple comparisons test
was used when comparing parametric data from multiple groups. Repeated-
measures two-way ANOVA with Bonferroni multiple comparisons test (fac-
tors were time and treatment) was used for time course analyses. Kruskal-
Wallis with Dunn’s multiple comparisons test was used when comparing
nonparametric data from multiple groups and Mann-Whitney U test for
two groups.

Data Availability. All study data are included in the article and/or S/ Appendlix.
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