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Purrose. Complement dysregulation is a key component in the pathogenesis of
age-related macular degeneration (AMD) and related diseases such as early-onset macular
drusen (EOMD). Although genetic variants of complement factor H (CFH) are associated
with AMD risk, the impact of CFH and factor H-like protein 1 (FHL-1) expression on local
complement activity in human retinal pigment epithelium (RPE) remains unclear.

MertHops. We identified a novel CFH variant in a family with EOMD and generated patient
induced pluripotent stem cell (iPSC)-derived RPE cells. We assessed CFH and FHL-1 co-
factor activity through C3b breakdown assays and measured complement activation by
immunostaining for membrane attack complex (MAC) formation. Expression of CFH,
FHL-1, local alternative pathway (AP) components, and regulators of complement acti-
vation (RCA) in EOMD RPE cells was determined by quantitative PCR, western blot, and
immunostaining. Isogenic EOMD (cEOMD) RPE was generated using CRISPR/Cas9 gene
editing.

Resurts. The CFH variant (c.351-2A>G) resulted in loss of CFH and FHL-1 expression and
significantly reduced CFH and FHL-1 protein expression (~50%) in EOMD iPSC RPE cells.
These cells exhibited increased MAC deposition upon exposure to normal human serum.
Under inflammatory or oxidative stress conditions, CFH and FHL-1 expression in EOMD
RPE cells paralleled that of controls, whereas RCA expression, including MAC formation
inhibitors, was elevated. CRISPR/Cas9 correction restored CFH/FHL-1 expression and
mitigated alternative pathway complement activity in cEOMD RPE cells.

Concrusions. Identification of a novel CFH variant in patients with EOMD resulting in
reduced CFH and FHL-1 and increased local complement activity in EOMD iPSC RPE
supports the involvement of CFH haploinsufficiency in EOMD pathogenesis.

Keywords: retinal pigmented epithelium, complement factor H, factor H-like protein 1,
complement, induced pluripotent stem cells, age-related macular degeneration, early-
onset macular drusen

ge-related macular degeneration (AMD) is the leading
cause of vision loss in people 50 years and older, and
it is projected to affect up to 288 million people by 2040.!
Although strongly associated with aging, the pathogenesis
of AMD is multifactorial, and the development of an effec-
tive treatment for the non-neovascular (dry) form remains
a challenge. Elevated complement activity is implicated in
the pathogenesis of AMD,?> and the Y402H genetic variant
of complement factor H (CFH) is associated with a fivefold
increased risk, making it one of the strongest susceptibil-
ity genes for AMD.? Genetic variants in other complement
components such as C2, C3, and complement factor B are
linked to intermediate to late-stage disease progression.
CFH is a major regulator of the alternative pathway
of the complement system.’> Retinal pigmented epithelial
(RPE) cells produce both classical and alternative pathway
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components, including C3, complement factor B (CFB), and
factor D, although additional complement factors C6 to C9
are needed for C5b-9 membrane attack complex formation.®
The primary mechanism through which complement facili-
tates the immune response is through the amplification loop
via C3 activation, and it is the major site of CFH action.
CFH inhibits the alternative pathway by directly binding and
inactivating C3b, aiding C3b cleavage by factor I, and expe-
diting C3 convertase decay.’ In aged eyes, CFH is found in
Bruch’s membrane, choriocapillaris, and intercapillary septa.
However, during late AMD and geographic atrophy, CFH
is reduced in Bruch’s membrane and choroidal regions but
increased in soft drusen.””® Other complement components
including C5, C6, C8, C9, clusterin, and vitronectin are also
found in drusen of AMD globes,'%!! indicating complement
activity in sites of pathology.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. .: BY _NC_ND


mailto:raynelim@uw.edu
mailto:jrchao@uw.edu
https://doi.org/10.1167/iovs.65.4.43
http://creativecommons.org/licenses/by-nc-nd/4.0/

Investigative Ophthalmology & Visual Science

CFH/FHL-1 Haploinsufficiency and EOMD

Factor H-like protein 1 (FHL-1) is a short 49-kD version
of the full-length 155-kD CFH protein, with an identical
sequence up to exon 9, followed by a unique four-amino-
acid tail. FHL-1 exhibits functional overlap with CFH in
Bruch’s membrane, including alternative pathway (AP) regu-
lation and heparan sulfate proteoglycan binding.!? Despite
its relatively minor contribution to systemic AP regula-
tion,'?!3 the small size and lack of glycosylation'* of FHL-
1 enable free diffusion across Bruch’s membrane.'> Gener-
ally reduced diffusion across an aged Bruch’s membrane
suggests that complement regulators secreted from the RPE
may play an outsized role in local AP regulation in AMD."
Further, evidence that CFH and FHL-1 respond differently
to inflammatory mediators'® supports investigation of both
isoforms.

Early-onset macular drusen (EOMD) is a monogenic
autosomal dominant disease that is phenotypically simi-
lar to AMD, albeit occasionally distinguishable by its
increased severity and earlier onset.!” Rare, highly pene-
trant pathogenic variants in the CFH gene associated with
EOMD lead to nonsense, splice-altering, or frameshift muta-
tions that are predicted to result in loss of CFH and/or
FHL-1 expression.!” Understanding how genetic alterations
in CFH/FHL-1 expression affect complement regulation in
EOMD RPE cells may lead to insights into AMD patho-
genesis. In this study, we describe a novel CFH variant in
EOMD-affected family members and utilize patient-specific
induced pluripotent stem cell (iPSC)-derived RPE for a
detailed examination of alterations in local complement
activity.

METHODS
Generation of EOMD Patient-Derived iPSCs

Peripheral blood mononuclear cells (PBMCs) were obtained
from EOMD and control participants in a University of
Washington Institutional Review Board-approved protocol.
Whole blood was collected from the patients, EOMD1
and EOMD?2, in Vacutainer CPT tubes (Becton Dickinson,
Franklin Lakes, NJ, USA) for isolation of PBMCs, which
were reprogrammed into iPSCs as described previously.'® All
iPSC lines selected for study were of normal karyotype and
displayed appropriate pluripotency markers (Supplementary
Fig. S1). Sanger sequencing of AMD-associated variants was
performed for all subjects (Supplementary Fig. S2A, Supple-
mentary Table S1; see also Supplementary Methods).

RPE Cell Differentiation and Culture

iPSCs were cultured in either mTeSR (STEMCELL Technolo-
gies, Vancouver, BC, Canada) or Essential 8 medium (Thermo
Fisher Scientific, Waltham, WA, USA). To differentiate RPE,
iPSCs were split into 35-mm Matrigel-coated dishes, and
differentiation was performed as previously described.'®:1°
RPE cells were identified by their characteristic cobble-
stone morphology and pigmentation. iPSCs and RPE cells
were tested negative for mycoplasm before use. RPE cells
were seeded on Matrigel-coated dishes and cultured in
media consisting of MEMv, 5% fetal bovine serum (FBS), N1
supplement, non-essential amino acid (NEAA), hydrocorti-
sone, triiodothyronine, taurine, penicillin-streptomycin, and
ROCK inhibitor (ROCKi, 10 pM; Selleck Chemicals, Houston,
TX, USA) for the first 7 days. They were later maintained in
1% FBS without ROCKi for the remainder of the culture.

I0VS | April 2024 | Vol. 65 | No.4 | Article 43 | 2

For expansion and experimentation, RPE cells were seeded
at 1.5 x 10°cells/cm?. Two iPSC clones were derived from
each patient (EOMD1 and EOMD?2) for a total of four iPSC
clones. Each iPSC clone was then differentiated on two sepa-
rate occasions, for a total of eight iPSC-RPE lines (four iPSC-
RPE lines each from EOMD 1 and EOMD?2). For age-matched
controls, one iPSC clone was generated from Controll and
differentiated into RPE on two separate occasions. Two iPSC
clones were generated from Control2 and differentiated into
RPE on two separate occasions. There were six total control
iPSC-RPE lines. CRISPR-corrected EOMD (cEOMD) were
generated from EOMD2, and one iPSC clone was differenti-
ated into RPE on three separate occasions for a total of three
cEOMD iPSC-RPE cell lines. RPE cells from 4 to 8 weeks in
culture, between passages 2 to 6, were used for experiments.
Specific RPE lines used for each experiment are shown in
Supplementary Table S2. Control, cEOMD, and EOMD RPE
cells used in comparison experiments were either of the
same passage or within one passage, with most experiments
conducted between passages 2 and 4.

CRISPR/Cas9 CFH Correction

iPSCs from patient EOMD2 were electroporated with Cas9,
ssDNA donor, and guide RNA (GTTTTCGGGTATCAATTGCT)
using Amaxa Nucleofector (Human Stem Cell Kit 2; Amaxa
Biosystems, Cologne, Germany) as described elsewhere.!®
Sanger sequencing was performed to identify edited clones,
and long read sequencing between CFH exons 3 and 5 were
done to determine off-target effects. CRISPR-EOMD iPSCs
with no off-target genetic alterations were differentiated into
RPE as above.

Statistical Analysis

Data were analyzed using Prism 8 (GraphPad, Boston, MA,
USA). Outlier tests were performed, and a #-test or Mann—
Whitney test was used to compare between control and
EOMD RPE cells. One-way ANOVA was used to compare
treatment conditions among control, EOMD, and cEOMD
RPE cells. Each experiment was performed with a minimum
of three cell lines in each RPE group, and at least three
technical replicates were performed. In the figure legends,
“n” represents technical replicates. P < 0.05 was considered
statistically significant. All data are presented as mean +
SEM.

RESULTS

Drusen and Geographic Atrophy in Patients With
EOMD

Family members spanning four generations with a history
of drusen and early-onset vision loss were studied (Fig. 1A).
EOMD1, a 69-year-old female, had a best-corrected visual
acuity (BCVA) of counting fingers 3 in the right eye and
20/60 in the left. Dilated funduscopic examination revealed
geographic atrophy, nummular areas of peripheral atrophy,
RPE pigmentary changes, subretinal fibrosis, and crystalline
drusen (Fig. 1B, Supplementary Fig. S2B). Optical coher-
ence tomography (OCT) imaging showed RPE loss, outer
retinal degeneration, pigment epithelial detachments, and
subretinal deposits (Fig. 1B”). EOMD2, a 37-year-old male,
had a BCVA of 20/20 in both eyes. Fundus exam and OCT
imaging were notable for large soft drusen, especially dense
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Ficure 1. Patients with EOMD have distinct severity of retinal
pathology. (A) Abridged pedigree of the EOMD family revealed
familiar drusen (filled gray boxes) spanning four generations. Patient
1 (69 years old, female, proband), patient 2 (37 years old, male), and
patient 3 (91 years old, male) were determined to have EOMD by
clinical examination and Sanger sequencing. Blood was collected
from EOMD1, EOMD2, and EOMD3, and iPSCs were generated from
EOMD1 and EOMD?2 for differentiation into RPE cells. (B) Fundus
imaging of EOMDI1 shows extensive macular geographic atrophy,
nummular areas of peripheral atrophy, RPE pigmentary changes,
subretinal fibrosis, and crystalline drusen. (B”) OCT across central
macula showed RPE loss, outer retinal degeneration, and subreti-
nal deposits. (C, C) EOMD2 retained 20/20 visual acuity despite
numerous large soft drusen in the temporal macula of both eyes.

in the temporal macula (Fig. 1C), and smaller drusen scat-
tered throughout the peripheral retina (Supplementary Fig.
§2C). Whole blood was collected from three individuals
(EOMD1-3) and iPSCs were generated from EOMD1 and
EOMD2.
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Novel ¢.351-2A>G CFH Genetic Variant Results in
Exon 4 Skipping and Loss of Protein Expression

Sanger sequencing of three affected individuals (EOMD1-
3) revealed an A to G substitution in the 3’ splice site of
exon 4 of the CFH gene (Fig. 2A). Although the canonical 3’
and 5’ splice site sequences are relatively short and poorly
conserved, the AG and GT dinucleotides directly flanking the
exon are absolutely conserved. FHL-1 is a splice variant and
identical to CFH in exons 1 to 9, terminating in a unique
four-amino-acid sequence (SFTL) encoded by exon 10. A
missense mutation at the conserved 3’ splice site of exon 4 is
predicted to affect both CFH and FHL-1 transcripts. Common
risk alleles associated with AMD and other inherited macu-
lar drusen diseases were assessed. Although EOMD1 and
EOMD 2 were homozygous for CFH Y402H, no other high
risk alleles in ARMS2, HTRA1, TIMP3, EFEMP1, C3, or CFB
were detected (Supplementary Fig. S2A).

To determine whether the c.351-2A>G variant results
in the predicted splicing error, a minigene splicing assay
was performed. Introns 2 to 5 from a control or corre-
sponding genomic region from our EOMD patients were
included in the FHL-1 cDNA (NM_001014975) of the mini-
gene (Fig. 2A). After transfection of the control or EOMD
minigenes into HEK293T cells, mRNA was harvested and
reverse transcribed, and cDNA was amplified with primers
to exons 3 and 5. The expected size of the correctly spliced
minigene is 316 bp (control) (Fig. 2B). The ¢.351-2A>G
substitution was predicted to result in exon 4 skipping,
ending in a premature stop codon in exon 5. This expected
mutant product size was 239 bp (exon 4 is 77 bp), which
was confirmed in the minigene assay (Fig. 2B). The minor
mutant product is an incorrectly spliced variant with a cryp-
tic exon in intron 3 that does not induce a frameshift, result-
ing in a product size similar to the normal FHL-1 transcript
(Fig. 2B). These results were confirmed by sequencing of the
¢.351-2A>G variant minigene transcripts (Fig. 2C). The CFH
¢.351-2A>G variant results in incorrect splicing of both CFH
and FHL-1.

To examine whether the c.351-2A>G CFH variant leads to
aberrant protein expression, we performed western blotting
of secreted proteins in transfected HEK293T cells with an
antibody directed toward the N-terminus of CFH and FHL-
1. FHL-1 was detected in conditioned media from HEK293T
cells transfected with the control minigene (49kD); however,
no protein products were observed with the c.351-2A>G
FHL-1 minigene (Fig. 2D). To directly determine whether
mutant protein products could be produced from the incor-
rectly spliced transcripts, cDNA of the minor or major ¢.351-
2A>G CFH products was cloned into vectors and trans-
fected into HEK293T cells, and no secreted proteins were
detected (Fig. 2E). These findings indicate that c.351-2A>G
CFH results in loss of CFH and FHL-1 expression, and incor-
rectly spliced transcripts do not result in protein products.

EOMD Patient-Derived iPSC-RPE Cells Exhibited
Baseline RPE Characteristics

iPSCs generated from EOMD1, EOMD2, and controls
(Supplementary Fig. S1) were differentiated into RPE,
as previously described.’”® iPSC-RPE cells exhibited typi-
cal orthogonal, cobblestone-like morphology, pigmentation
(Figs. 3A-30C), and tight junction formation as seen with
zonula occludens 1 (ZO-1) staining and transepithelial resis-
tance (TER) measurements reaching 200 Q-cm? by 3 weeks
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Ficure 2. CFH c.351-2A>G genetic variant in EOMD patients resulted in loss of protein expression. (A) Sanger sequencing on patients’
genomic DNA revealed an A to G substitution in conserved 3’ splice site before exon 4 of the CFH gene, which is predicted to result in
splicing error affecting both CFH and FHL-1 transcripts. To validate this, HEK293T cells were transfected in a minigene splicing assay with
FHL-1 c¢DNA plasmid containing introns between exons 2 and 5 of normal control or an EOMD patient. (B) After 48 hours, mRNA was
isolated and reverse transcribed. PCR amplification of cDNA between exons 3 and 5 showed the expected size of the correctly spliced
minigene at 316 bp. However, two transcript products at 316 bp and 239 bp were found in the c.351-2A>G-containing minigene, denoted
as minor and major product according to the level of expression. (C) Sequencing of minor and major transcript product revealed a cryp-
tic exon 4 from intron 3 in the minor product, whereas the major product had exon 4 skipping resulting in a premature stop codon.
(D) Conditioned media from transfected HEK293T cells that were evaluated by western blot confirmed the absence of protein expression
from the ¢.351-2A>G variant. (E) Similarly, HEK293T cells transfected with the cDNA of the minor and major transcript products did not

result in detectable FHL-1 expression.

in culture (Figs. 3D-3G), as described in prior studies.?~22
Although the expression of RPEG5, MITF, LRAT2, VEGF-
A, and ApoE transcripts was increased in EOMD RPE
cells compared to controls (Fig. 3H), only MITF and LRAT

protein expression was mildly increased (Fig. 3I). Analysis
of EOMD1 and EOMD2 separately showed similar levels
of protein expression (Supplementary Fig. S3A). VEGF-A
secretion was polarized with higher relative basal secre-
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Ficure 3. EOMD patient-derived iPSC-RPE cells exhibited baseline RPE characteristics. PBMC isolated from (A) control or (B, C) EOMD1
and EOMD2 were reprogrammed into iPSCs using episomal vectors, and subsequently differentiated into RPE cells. EOMD iPSC-RPE cells
were cobblestone-like and pigmented but appeared smaller than control RPE cells despite similar seeding densities. (D-F) ZO-1 staining was
consistent across all RPE cell lines. (G) Polarized cells on filter inserts reached TER of 200 Q-cm? by week 3. Cells from EOMD1 and EOMD2
were cultured separately but analyzed together. (H) Transcript expression for RPE markers showed significant upregulation of RPE65, MITF,
LRAT2, VEGF-A, and ApoE. (I) However, their protein expression, with the exception of MITF and LRAT, was not significantly different.
(J) VEGF-A secretion was polarized to the basal chamber in control and EOMD RPE cells with no differences between the groups. *P < 0.05;
P < 0.01; **P < 0.001 (n = 3).
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tion (Fig. 3)), although there was some variability noted
among inserts (Supplementary Fig. S4A). No differences
were observed between the control and EOMD RPE cells
after normalization to cell count.

Secreted CFH and FHL-1 Are Significantly
Reduced (~50%) in EOMD iPSC-RPE Cells and
Demonstrate Diminished Co-Factor Activity

CFH and FHL-1 are proteins highly secreted by the RPE,
with much higher levels detected in culture media compared
to cell lysate or in the extracellular matrix (ECM) (Fig. 4A,
left). We found that polarized RPE cultured on filter
membranes preferentially secreted CFH toward the apical
chamber, and both apical and basal secretion of CFH/FHL by
EOMD RPE cells was reduced (~50%) compared to controls
(Figs. 4A, 4B; Supplementary Fig. S3B). Apical CFH expres-
sion was consistently higher in the polarized RPE cells on
filter inserts (Supplementary Figs. S4B, S4C). The effect of
decreased CFH and FHL-1 on complement activity was eval-
uated by measuring the breakdown of C3b. C3b is integral
to common terminal pathway activation through C3 conver-
tase formation and C5 cleavage, leading to the formation
of the membrane attack complex (MAC). CFH and FHL-1
attenuate complement activity by serving as co-factors for
complement factor I (CFI), which breaks down C3b.?? In the
C3b breakdown assay, CFH and FHL-1 co-factor activity is
determined by the ability of exogenous CFI to cleave C3b
(Fig. 4C). Successful cleavage of C3b results in iC3b products
that can be visualized by electrophoresis (Fig 4D, asterisks).
The iC3b breakdown products from EOMD RPE media were
significantly decreased compared to controls (Figs. 4E, 4F),
suggesting that baseline local complement activity in
EOMD RPE cells may be elevated compared to normal
controls.

EOMD RPE Cells Are More Susceptible to
Oxidative Stress

RPE cells are subject to inflammatory and oxidative stres-
sors in AMD that result in cell damage.?* We investigated the
effects of two such stressors known to have opposite effects
on CFH expression in the RPE cells. Interferon-gamma (IFN-
y) is a well-characterized proinflammatory cytokine known
to increase CFH in RPE cells.”® Conversely, H,O, treat-
ment induces oxidative stress and results in decreased CFH
expression via FOXO3 binding to the CFH promoter.?® We
found that IFN-y treatment of EOMD RPE cells resulted in
upregulated secretion of CFH and FHL-1, although FHL-
1 expression was still significantly below that of treated
controls (Fig. 5A). In contrast, H,O, exposure decreased CFH
and FHL-1 expression in both EOMD and control RPE cells
(Fig. 5B). When calculated as a percent change in induc-
tion or suppression from naive conditions, both stressors
evoked proportionally similar, although not compensatory,
responses in CFH and FHL-1 expression (Figs. 5C, 5D),
suggesting haploinsufficiency in EOMD RPE cells.

A recent study showed that ~90% knockdown of CFH
in human telomerase reverse transcriptase (hTERT)-RPE1
cells increased susceptibility to oxidative stress,?”’ and we
assessed whether an ~50% decreased expression of CFH
and FHL-1 in EOMD patient-derived RPE cells would have a
similar effect. After H,O, exposure, cell viability was signifi-
cantly reduced in EOMD RPE cells compared to controls, as
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determined by nuclei viability staining and release of lactate
dehydrogenase (Figs. 5E, 5F). Intracellular reactive oxygen
species (ROS) in EOMD RPE cells were also significantly
elevated both at baseline and after H,O, exposure compared
to controls (Fig. 5G). Our findings suggest that decreased
CFH/FHL expression may confer increased susceptibility to
oxidative damage in EOMD RPE cells.

EOMD RPE Cells Have Increased Local
Complement Activity and Inhibitory Regulators of
Complement Activation

To determine the effects of lower levels of CFH and FHL-1
on local complement activity, EOMD and control RPE cells
were treated with 10% normal human serum (NHS) to
induce complement activation. In response to NHS expo-
sure, increased MAC deposits/cell were observed compared
to naive or inactivated (HI) NHS in control RPE cells
(Fig. 6A). In EOMD RPE cells, MAC deposits/cell were
significantly higher both at baseline and after NHS expo-
sure (Fig. 6B). The elevated MAC deposition, in addition to
the lower C3b breakdown activity shown earlier, supports
the idea that EOMD RPE cells have elevated baseline and
induced local complement activity.

Regulators of complement activation (RCA) work
together with CFH/FHL-1 to attenuate complement activ-
ity. CD46 (or membrane cofactor protein [MCP]) acts as a
membrane-bound co-factor to CFL.2¥ CD55 (or decay accel-
erating factor [DAF]) inactivates C3 and C5 convertases by
dissociation and prevents their formation.? Vitronectin and
clusterin are found in drusen and basal laminar deposits
in human AMD globes!*'® and, in addition to CD59, inde-
pendently inhibit MAC formation.3*3!' Of the five RCA
components examined, we found that transcription of CD59
was increased but vitronectin transcript expression was
decreased in EOMD RPE cells (Fig. 6C). CD59 and vitronectin
protein expression levels corresponded, respectively, with
transcript expression (Figs. 6D, 6E). Clusterin was noted to
be significantly increased in the ECM of EOMD RPE cells
compared to controls and, to a lesser extent, increased intra-
cellularly (Fig. 6E).

The expression of alternative pathway components,
including C3, C5, CFB, CFI, and CFD, was also examined,
and, although there were transcriptional level changes in
CFD and CFB in EOMD RPE cells, these changes were not
reflected in protein expression (Supplementary Fig. S5). An
increase in intracellular CFB (L) protein expression in EOMD
RPE cells was noted, although expression of CFD, CFI, and
C58 was unchanged (Supplementary Fig. S5).

CRISPR/Cas9 Correction of the c.351-2A>G CFH
Variant in EOMD RPE Cells Restores CFH/FHL-1
Expression and AP Complement Activity

To determine whether restoring CFH/FHL-1 expression to
baseline levels can ameliorate the increased local comple-
ment activity seen in EOMD RPE cells, we generated
CRISPR/Cas9-corrected EOMD (cEOMD) RPE cells and
quantified the expression of key complement components
in the amplification loop of the alternative pathway from
the media of normal control, EOMD, and cEOMD RPE cells
(Supplementary Fig. S6). Expression of CFH and FHL-1 by
cEOMD RPE cells was significantly increased compared to
uncorrected EOMD, to levels similar to control iPSC RPE
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FiGure 4. EOMD RPE cells had reduced CFH and FHL-1 secretion and co-factor activity. (A) CFH and FHL-1 proteins were largely secreted,
with slight retention in the ECM. EOMD RPE cells had significantly reduced (~50%) CFH and FHL-1 compared to normal controls. (B) CFH
ELISA performed on RPE cells cultured in filter inserts showed preferential basal secretion for CFH and confirmed >50% reduced secretion
in both apical and basal directions in the EOMD RPE cells. (C) To assess CFH and FHL-1 co-factor activity, the in situ C3b breakdown assay
was performed where CFH or FHL-1 was incubated with exogenous C3b and CFI for 15 minutes at 37°C. The reaction was terminated by
the addition of SDS loading buffer and heated at 70°C for 10 minutes, then separated on an SDS-PAGE gel. (D) Successful C3ba cleavage
results in the appearance of inactivated C3b (iC3b) at 68 kD and 43 kD (*). The C3b band is unchanged and used for normalization. (E) To
perform this assay in RPE cultures, conditioned media from control and EOMD RPE cells cultures were collected, and 1 pg media protein was
incubated with C3b and CFI. (F) iC3b was found to be significantly decreased in EOMD RPE cells compared to control RPE cells, indicating
diminished co-factor activity in the EOMD RPE cells. *P < 0.05; **P < 0.001 (n = 3).
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Ficure 5. EOMD RPE cells had increased susceptibility to oxidative stress, but CFH and FHL-1 regulation with stressors remain unchanged.
(A) Control and EOMD RPE cells treated with IFN-y (25 ng/mL) resulted in upregulation of CFH and FHL-1 expression. (B) Conversely,
treatment with H,O, (1 mM) for 48 hours resulted in decreased CFH and FHL-1 expression in both RPE groups. (C, D) The percent changes
in CFH and FHL-1 expression were similar between control and EOMD RPE cells, indicating the absence of compensatory upregulation in
the EOMD RPE cells. (E) When evaluated for cell death as a result of oxidative stress, H,O2 (1 mM)-treated EOMD showed significantly
increased ethidium bromide staining. (F) This was also reflected by heightened LDH activity in the culture media. (G) Likewise, the H,DCFDA
assay found elevated levels of ROS in EOMD RPE cells at baseline, with significant increases as compared to control RPE cells following

H,O; treatment. *P < 0.05; *P < 0.01; ***P < 0.001 (n = 3).

cells (Fig. 7A, B). Higher levels of C3a, C3b (C3ba and
C3bp), and C3b breakdown products in culture media indi-
cate increased local complement activation. EOMD RPE cells
had significantly higher levels of C3a and C3ba fragments
(C3ba—f) compared to controls, but cEOMD had lower C3bc,
C3bg, and C3b-f compared to uncorrected EOMD RPE cells
(Fig. 70). These findings suggest that increased activity in the
amplification loop in EOMD RPE cells can be ameliorated by
correction of the c.351-2A>G CFH variant and restoration of
CFH/FHL-1 expression.

DISCUSSION

Local complement dysregulation is closely associated with
AMD, and pathogenic variants in CFH leading to EOMD may
offer valuable mechanistic insights into disease pathogen-

esis. In this report, we identified a novel variant of CFH
in an EOMD patient cohort that results in decreased CFH
and FHL-1 expression. We observed reduced CFH and FHL-1
co-factor activity, elevated MAC deposition, and increased
alternative pathway activation products, collectively indicat-
ing heightened complement activity in EOMD RPE cells.
A detailed analysis of additional complement components
revealed increased RCA expression, including CD59, CD55,
and clusterin (Fig. 8). In response to inflammatory and
oxidative stressors, CFH and FHL-1 expression was appro-
priate, although not compensatory, and EOMD RPE cells
were more susceptible to oxidative stress. CRISPR/Cas9 gene
correction restored CFH and FHL-1 expression, resulting in a
corresponding decrease in complement activity. These find-
ings indicate that the novel CFH genetic variant directly
contributes to increased local complement activity, and CFH
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Ficure 6. Local complement activity and RCA were increased in EOMD RPE cells. (A) RPE cells on chamber slides treated with 10% NHS
or heat-inactivated (HI)-NHS for 24 hours were stained with C5b-9 (red) to identify MAC (") and CD46 (green) to delineate the RCA on
cell borders. To quantify true MAC deposits, the count of red puncta from images with secondary antibody only (Neg) was subtracted from
all images. (B) The 10% NHS exposure resulted in MAC deposition in both control and EOMD RPE cells, although EOMD RPE cells had
significantly increased deposits compared to control RPE cells, suggesting heightened local complement activity in the EOMD RPE cells.
(C) Examination of five RCA member transcripts found increased CD59 and reduced vitronectin (VIN), with no changes in CD46, CD55,
or clusterin (CLU). (D) Consistently, lysate CD59 was elevated in EOMD RPE cells, whereas CD46 showed no change in the lysate. (E) CLU
expression was found to be mostly secreted, with significant increases in the ECM and lysate of EOMD RPE cells. VIN protein was also
secreted with significant reductions in the EOMD RPE cells. *P < 0.05; **P < 0.01; **P < 0.001 (z = 4).

gene supplementation in EOMD patients may be of potential
therapeutic value.

Previous studies have shown that modulation of CFH
levels can impact the health of RPE cells. Introducing recom-
binant human CFH into the culture media of ARPE-19 and
iPSC-derived RPE cells protected against cell death and
maintained tight junctions after exposure to oxidized lipids
derived from photoreceptors, independent of MAC forma-
tion.? Conversely, CFH knockdown in hTERT-RPE1 cells
induces inflammation®® and reduces mitochondrial respira-
tion and glycolysis.?” These findings align with our obser-
vations of increased susceptibility to oxidative stress in
EOMD RPE cells. Although CFH may confer protection to
RPE cells, its expression can also be altered by extrin-
sic signals. IFN-y?* and IL-6,>* mediators of the inflamma-
tory pathway, and A2E,* a major fluorophore in lipofus-

cin, increase CFH secretion by RPE cells, whereas oxida-
tive stressors such as H202,26 cigarette smoke extract,36
and blue light photooxidation®” downregulate CFH expres-
sion. Although the pathogenesis of AMD likely results
from a combination of stressors including deposit forma-
tion,’® cellular impairment in mitochondrial function,* and
autophagic flux,? the subnormal induction and suppression
of CFH and FHL-1 expression in response to stressors may
limit its ability to attenuate complement activity and protect
against cell death, leading to an earlier onset of disease
progression.

Compared to CFH, there is generally less information
on RCA expression in AMD RPE pathology. CD59, a major
cell surface inhibitor of MAC, is detectable in low levels
in healthy human RPE cells,*' elevated in iPSC-RPE cells
generated from high-risk AMD donors,*® elevated in macu-
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media found full-length C3 and C3b subunits C3ba and C3bp to be unchanged in EOMD RPE cells. However, C3a and C3ba breakdown
products, seen as 60-kD and 40-kD fragments on western blot were elevated, indicative of increased C3b turnover synonymous with
complement activity in the EOMD RPE cells. These changes were ameliorated in cEOMD RPE cells to that of control RPE, suggesting that
these effects are a result of CFH and FHL-1 insufficiency in the RPE cells (n = 3).

C3a

avertase Legend
< iC3b Red — Increased
CFI _ (brelakdown Blue — Decreased
amplification CFH/FHL-1 products) Green - Unchanged
loop j CD46 (MCP)
/ \ b C6,7,8,9
C3(H,0)Bb C3(H,0)BbC3b \
C3(H;0) or C3bBb ;’ Cé cf)n?/ertase %’ CSb C5b 2
C3 convertase
cnss (DAF) CD59
CFHIFHL-1 VTN CLU
CD55 (DAF)

Ficure 8.

Increased local complement activity supported a role for CFH haploinsufficiency in EOMD disease pathogenesis. Loss of CFH

and FHL-1 in EOMD RPE cells resulted in increased C3b turnover at the EOMD cell surface, amplifying complement activity and elevating
compensatory expression of most RCA inhibitors, eventually leading to increased deposition of MAC on the EOMD RPE cells. Red indicates

increased, blue indicates decreased, and green indicates unchanged.

lar tissue of early AMD globes, and entirely lost in atrophic
areas overlying drusen.?! In EOMD RPE cells, the increased
CD59 transcript and protein expression was similar to what
was found in AMD iPSC donor RPE cells and may reflect
a compensatory response to increased local AP activity.
Other RCA that diminish complement activation include
vitronectin and clusterin, which bind to MAC and prevent

cytolysis.*? Although vitronectin was decreased in EOMD
RPE media, future immunocytochemistry studies may be
more revealing. Clusterin was significantly increased in the
EOMD ECM. It is found in the drusen of AMD globes!!
and in basal laminar deposits!® of iPSC-RPE models of
AMD.'8:2143 Tnitiating complement activation by exposure
to NHS in control iPSC-RPE cells*® and primary human RPE
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cells®? results in basal deposition, suggesting that increased
complement activity may be a driver for clusterin deposition.
Interestingly, despite an increase in RCA inhibitory compo-
nents, MAC deposition in EOMD RPE cells was neverthe-
less higher than controls, perhaps highlighting the outsized
influence of CFH and FHL-1 on local complement regula-
tion.

The ¢.351-2A>G variant in this study, like many
pathogenic CFH variants in EOMD, affects the highly
conserved 3’ splice site, impacting the expression of both
CFH and FHL-1. Although the size of full-length CFH (4
kb) precludes adeno-associated virus (AAV)-mediated gene
supplementation, the smaller and mostly unglycosylated
FHL-1 (1.8 kb) is considered the main complement regu-
lator in Bruch’s membrane and a potential therapeutic for
reducing complement activity.** However, recent findings
suggest that a truncated version of CFH containing the
C-terminus, absent in FHL-1, may be sufficient for ocular
complement regulation.®> Although EOMD RPE cells showed
~50% reductions in both CFH and FHL-1 expression, their
individual contributions to increased AP activity were not
investigated. EOMD RPE cells (and their isogenic controls)
may serve as a disease-relevant model for exploration of
CFH gene augmentation strategies. Other future opportu-
nities include studying the effects of decreased CFH expres-
sion on its non-canonical roles in chemostasis,?®> cellular
attachment,*®47 modulation of lipoprotein binding,*® upreg-
ulation of the pro-inflammatory pathway,?> and cellular
metabolism.” Finally, Miiller glia, microglia, and retinal
vascular cells are major contributors of complement acti-
vators in the neural retina, and apically secreted CFH may
play a role in regulating subretinal complement activity.>
Overcoming the technical challenges of including the neural
retina and choroidal endothelium, which contributes signif-
icantly to local CFH and FHL-1,>%>! would improve in vitro
disease modeling.”

In conclusion, we showed that a novel CFH variant in
patients with EOMD results in significant reduction in CFH
and FHL-1 expression, increased local complement acti-
vation, appropriate but not compensatory expression in
response to stressors, and increased susceptibility to oxida-
tive stress in patient-derived iPSC RPE cells. Gene editing
restored CFH/FHL-1 expression and mitigated alternative
pathway complement activity in cEOMD RPE cells. These
findings highlight the importance of CFH/FHL-1 expression
in RPE health, providing insight into potential mechanisms
of EOMD and AMD disease pathogenesis.
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