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Abstract

Background and Objectives: Cuticular drusen are a rare form of early-onset drusen maculopa-
thy, which falls within the spectrum of age-related macular degeneration. Previous research
suggests that cuticular drusen can result from monogenic inheritance of pathogenic vari-
ants in the complement factor H coding CFH gene. These variants impair regulation of
the alternative complement pathway, leading to increased central retinal inflammation,
progressive tissue damage, and ultimately, vision loss. This study aims to assess the
pathogenic potential of the variant NM_000186.4(CFH):c.1318C>T, previously classified as
a variant of unknown significance. Materials and Methods: Eight individuals from three gen-
erations of a single family underwent ophthalmologic evaluation, including biomicroscopy,
ophthalmoscopy, optical coherence tomography, and optical coherence tomography an-
giography. Subsequently, whole-exome sequencing of the proband‘s DNA sample was
performed. Sanger sequencing was used to validate the whole-exome sequencing results
and to assess segregation of the identified variant in the family. The individuals’ clini-
cal, instrumental, and genetic data were collected and stored in the database iGENLIT.
Results: the heterozygous NM_000186.4(CFH):c.1318C>T variant was detected in six family
members. Of these, five have been clinically diagnosed with cuticular drusen. Three af-
fected individuals are currently in their 40s and maintain good visual acuity. In two family
members, the drusen progressed to choroidal neovascularization, fibrosis, and atrophy,
resulting in profound visual loss at the ages of 54 and 62. One 21-year-old individual
also carries the variant, but currently shows no evidence of drusen, likely due to age.
Conclusion: In this study, we demonstrated a genotype–phenotype relationship in individu-
als with the NM_000186.4(CFH):c.1318C>T variant, which suggests its pathogenic role in
the development of cuticular drusen and associated complications.

Keywords: cuticular drusen; early-onset drusen maculopathy; age-related macular degen-
eration; CFH; complement factor

1. Introduction
Age-related macular degeneration (AMD) is the leading cause of irreversible visual

impairment in older adults, causing a gradual loss of central vision and blindness in
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advanced stages [1–3]. The hallmark of AMD is the presence of drusen—extracellular
material deposits underneath the retinal pigment epithelium (RPE), affecting the RPE cells’
function and altering the characteristics of the Bruch’s membrane [3,4].

Cuticular drusen (CD, MIM#126700) are a rare drusen subtype, causing early on-
set drusen maculopathy (EODM), which first appears in early adulthood and becomes
symptomatic between 35 and 70 years [5–7]. When first described by Donald Gass in
1977, CD were considered a distinct clinical entity, characterized by numerous bilateral,
symmetric, small (25–75 µm), round, yellow subretinal deposits in the macula and middle
periphery [5,8,9]. However, more recent studies classify CD as a subtype of AMD based on
shared pathological features—such as the location between the basal lamina (BL) of RPE
and inner collagenous layer of Bruch’s membrane—as well as overlapping clinical and
genetic findings [5].

AMD is a multifactorial disease. The most important risk factors are advanced age,
cardiovascular disease, smoking, increased body mass index, and diet [10,11]. Genetic
factors also significantly affect its pathogenesis, contributing up to 70% of the disease
variability [12]. To date, more than 100 genetic loci have been associated with AMD.
Most of them are common variants identified through genome-wide association studies
and confer a polygenic mode of inheritance. The genes are involved in many cellular
processes: complement pathway, cell metabolism, apoptosis, proliferation, motion and
junction, angiogenesis, immune pathways, etc. [13]. A strong association between the
complement factor H coding CFH gene variant p.(Tyr402His) and the risk of developing
AMD has been observed—this polymorphism accounts for the majority of AMD risk and is
found in 48–70% of patients with CD [11,14].

Mendelian inheritance is also a proven pathogenic mechanism of AMD, particularly in
EODM patients. Boon et al. demonstrated that CD in young adults can result from mono-
genic inheritance of CFH pathogenic variants [11]. Duvvari et al. found rare CFH variants in
8.8% of CD cases [15]. Several other genes involved in the complement pathway, including
CFI (MIM#217030) and C3 (MIM#120700), have also been implicated in the development of
the disorder. Their pathogenic variants disrupt complement cascade regulation, leading
to excessive inflammatory response, a significant pathological mechanism in AMD [4].
Additionally, EFEMP1 (MIM#126600) and ARMS2/HTRA1 locus on 10q26.13 (MIM#611313
and MIM#602194) are listed as hereditary causes of macular drusen [4,16].

In this study, we present a family with five members diagnosed with EODM. These
individuals carry a rare, previously unreported heterozygous variant in the CFH gene,
further elucidating the genotype–phenotype relationship in EODM.

2. Materials and Methods
2.1. Bioethics and Samples

Research was conducted as part of the execution of Project “Mission-driven Implemen-
tation of Science and Innovation Programmes” (No. 02-002-P-0001) “Safer and Smaller gene
Editing tools for CURing genetic diseases of the Eye in vivo (SECURE)”, funded by the
Economic Revitalization and Resilience Enhancement Plan “New Generation Lithuania”.
An approval to conduct biomedical research (No. 2024/5-1588-1043) was issued by the
Vilnius Regional Biomedical Research Ethics Committee (Vilnius, Lithuania).

2.2. Ophthalmic Investigation

Ophthalmological testing was performed at VUHSK from 2016 to 2025. All available
family members underwent the measurement of best corrected visual acuity (BCVA), slit
lamp biomicroscopy, dilated fundus examination (DFE), optical coherence tomography
(Heidelberg Spectralis® OCT (Heidelberg, Germany) or Optovue Avanti® Widefield OCT
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(Fremont, CA, USA)), and OCT angiography (AngioVue® OCT Angiography (Fremont,
CA, USA)).

2.3. DNA Extraction

gDNA was isolated from peripheral blood leukocytes of the proband and her relatives
using the phenol-chloroform-isoamyl alcohol extraction method or QIAamp DNA Blood
Midi Kit (Qiagen, Germantown, MD, USA) according to the manufacturer’s protocol [17].

2.4. Whole-Exome Sequencing

Whole-exome sequencing (WES) was performed by CeGaT (Tübingen, Germany) to
sequence the DNA sample of the proband. Sequencing libraries were created according to
the manufacturer’s guidelines using the Twist Human Core Exome Kit, the RefSeq, and
the Mitochondrial Panel (Twist Bioscience, San Francisco, CA, USA). The high-throughput
next-generation NovaSeq 6000 (Illumina Inc., San Diego, CA, USA) platform was used
for sequencing with 2 × 100 base pairs (bp) read length. WES data were processed with
Illumina bcl2fastq (2.20). Adapters were trimmed with Skewer (version 0.2.2) [18].

Subsequent data processing and analysis were performed at VUHSK. The raw se-
quences were aligned to the human reference genome (GRCh37/hg19) using the Burrows-
Wheeler Aligner (BWA-mem version 0.7.17) [19]. The data annotation was made using
the ANNOVAR (v.2020Jun08) [20]. Guidelines and recommendations provided by the
American College of Human Genetics and Genomics (ACMG) [21], in silico tools and
databases provided by ANNOVAR (e.g., SIFT, Polyphen2, GERP++, CADD, ExAC, Gno-
mAD, 1000 Genome Project data, NCBI dbSNP, NCBI ClinVar), and the scientific literature
were used to assess the pathogenicity of detected variants. Virtual ophthalmic gene panel
(Table S1) filters were applied using a custom-built in-house script at Vilnius University
Hospital Santaros Clinics. The candidate genome variants were checked and validated by
the Integrative Genomics Viewer (IGV) visualization tool [22].

2.5. Sanger Sequencing

Sanger sequencing was performed to validate the WES data and assess the family’s
segregation. Polymerase chain reaction (PCR) of sequences flanking the possibly disease-
causative variant of the CFH gene was performed on gDNA samples of the proband
and her relatives using specific primers (Table S2) designed with the Primer Blast tool
2.6.0 [23]. PCR was performed using Phusion High-Fidelity PCR Master Mix (Thermo
Fisher Scientific, Waltham, MA, USA). PCR products were fractioned by 1.5% agarose
gel (TopVision, Thermo Fisher Scientific, USA) electrophoresis and visualized under
ultraviolet light.

Sequence analysis of the PCR product was carried out with BigDye® Terminator
v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific, USA) on a SeqStudio 8 Flex Genetic
Analyzer (Thermo Fisher Scientific, USA). The resulting sequences were aligned with the
reference sequence of CFH (NCBI: NM_000186.4).

2.6. In Silico Protein Analysis

The amino acid sequence for the CFH protein was retrieved from the UniProt database
under accession number P08603 (Consortium 2025). The structure model for the wild-
type CFH protein was obtained from the AlphaFold Protein Structure Database [24]. The
corresponding mutant protein structure was predicted using AlphaFold2 as implemented
in ColabFold v1.5.5 [25,26]. The quality of the generated structure models was then assessed
using the VoroMQA server [27]. Interatomic contacts within the quality-assessed structures
were analyzed using the VoroContacts server [28], and potential protein-protein interactions
were evaluated with the PPI3D server [29]. The evolutionary conservation of amino acid
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residues was calculated and visualized on the protein structure using the ConSurf server
and database [30,31]. Finally, the predicted pathogenic impact of the variant was assessed
using the AlphaMissense database [32].

2.7. Enzyme-Linked Immunosorbent Assay (ELISA)

The concentration of CFH protein in venous blood plasma samples was measured
to assess the impact of the CFH variant on the concentrations of CFH protein in venous
blood plasma and membrane attack complex in serum, respectively. Venous blood plasma
samples of the family members were stored at −80 ◦C until analysis. Before assay, frozen
samples were thawed at room temperature and vortexed. Complement regulatory Factor
H levels in plasma samples were measured using a commercial ELISA kit (Elabscience®,
Houston, TX, USA, E-EL-H6057) according to the manufacturer’s instructions. Plasma
samples were diluted 1:10,000. Each well’s optical density (OD) was evaluated at 450 nm
in a Multiskan SkyHigh microplate spectrophotometer (Life Technologies Holdings Pte
Ltd., Singapore). All samples were assessed in duplicate. The concentration of Factor H in
each sample was calculated from the optical density (OD) value using a calibration curve
equation. This equation was derived from the OD values and corresponding concentrations
of standard samples.

The concentration of sC5b-9 in serum samples was analysed using diagnostic ELISA
kits as routine testing at VUHSK. The cutoffs provided by the manufacturer were used to
assess the impact of the CFH variant on the concentration of membrane attack complex in
serum samples of adult family members.

2.8. Statistical Analysis

Descriptive statistics was calculated for parametric variables, including means, stan-
dard deviations, and minimum and maximum values. Effect size (Hedges’ g) was calculated
to assess the difference in sC5b-9 concentration of variant carriers vs. the defined normal
range and plasma CFH concentration of CFH gene variant carriers vs. non-carriers. No
formal statistical test was performed due to the limited sample size. All analyses were
performed using R Statistical Software (version 4.4.1, R Core Team 2024) [33].

2.9. Data Management

The clinical, instrumental, and genetic data of the proband and family members
were collected and stored in the database iGENLIT created during implementation of the
SECURE project.

3. Results
3.1. Clinical Presentation

We present eight individuals from three generations of a single family (Figure 1). The
data illustrate the varying clinical characteristics of affected individuals depending on their
age and the presence of the identified heterozygous CFH variant. Autosomal dominant
inheritance was most likely.

The proband (III-6) is an asymptomatic woman referred to our Center of Eye Diseases
due to macular lesions found during a prophylactic check-up at 39 years of age. Her BCVA
of both eyes was 20/16. During DFE, multiple small (40–88 µm in diameter) bilateral
hard drusen and mild depigmentation were observed in the maculae (Figure 2). On
blue-light fundus autofluorescence, the drusen appeared either hyperautofluorescent or
hypoautofluorescent in the center, with a hyperautofluorescent rim (Figure 3). Macular
OCT showed small RPE elevations arranged in a ‘saw-tooth’ pattern, suggesting CD. There
was no evidence of choroidal neovascularization (CNV), intraretinal (IRF), or subretinal
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fluid (SRF) (Figure S1A,B). The proband has been monitored at our clinic for 9 years,
and while the number of drusen has slightly increased, no complications have occurred.
The participant has recently reported subjective vision worsening, and her current BCVA
is 20/20.

 

Figure 1. Genealogy of the family. An arrow shows a proband. Solid symbols indicate affected
individuals. Tested individuals are indicated with an asterisk. Squares represent males, circles
represent females, and diamonds indicate unspecified gender. Slashed symbols denote deceased
family members. The genotypes are shown below the symbol.

The proband‘s father (II-3) complained of worsening vision at the age of 62. His BCVA
of the right eye (RE) was 20/40, left eye (LE) 20/200. DFE and OCT revealed multiple
small and intermediate confluent macular drusen. Additionally, subfoveal serous RPE
detachments, CNV, SRF, and IRF were observed in OCT scans (Figure S1C,D). The father
was diagnosed with neovascular AMD (nAMD), and treatment with intravitreal vascular
endothelial growth factor inhibitors (anti-VEGF) was initiated. Partial reabsorption of IRF
and complete reabsorption of SRF have been achieved. However, macular atrophy and
fibrotic scars remain the cause of poor BCVA, which is currently 20/50 in the RE and 20/400
in the LE.

The proband’s paternal aunt (II-2) reported worsening vision at the age of 54. At 57,
her BCVA of the RE was 20/40, LE–20/2000. She was also diagnosed with nAMD due to
macular drusen, hemorrhages, CNV, and macular edema. Upon diagnosis, the LE already
exhibited a fibrotic scar in the macula. Therefore, only the RE received intravitreal anti-
VEGF treatment. The treatment was discontinued at 60 due to progression to chorioretinal
atrophy (Figure S1E,F). Currently, the individual’s BCVA is 20/2000 in both eyes.

The proband has two asymptomatic sisters. The younger 38-year-old sister’s (III-7)
BCVA of both eyes was 20/20. She had bilateral macular CD extending to the mid-periphery.
However, the drusen were less numerous than in the proband. The drusen are evident in
OCT scans as slightly raised nodules below the RPE and have not significantly progressed
over the last 9 years (Figure S1G,H).

The proband’s 40-year-old sister’s (III-5) BCVA of both eyes was 20/16. DFE and OCT
scans (Figure S1I,J) revealed only three small drusen in the superotemporal portion of the
RE’s macula. The LE was unaffected. The drusen have not progressed over the last 7 years.
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Figure 2. Fundus photographs of the proband’s right eye (A) and left eye (B) show numerous small,
hard, yellow drusen in the posterior poles.

The proband’s 21-year-old daughter (IV-14) and 10-year-old son (IV-15) report no
visual symptoms. Both children’s BCVA is 20/20 in both eyes, and no signs of CD have
been observed (Figure S1K–N).
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Figure 3. Blue-light fundus autofluorescence images of the proband’s right eye (A) and left eye (B).
Some CDs appear to have hypoautofluorescent lesions with a hyperautofluorescent rim, while others
display only hyperautofluorescence.
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The proband’s paternal cousin (III-4) reported visual decline at the age of 46 years.
Her BCVA was 20/30 in both eyes. DFE revealed multiple small, hard drusen in the
maculae of both eyes. OCT scans confirmed a CD pattern with no associated complications
(Figure S1O,P).

3.2. WES and Sanger Sequencing

WES revealed CFH (MIM#134370) heterozygous variant NM_000186.4(CFH):c.1318C>T,
NP_000177.2:p.(Pro440Ser), rs761518362. The variant was evaluated as a variant of un-
known significance in Varsome platform (3 points) (PM1 supporting (1 point): UniProt
protein CFAH_HUMAN domain ‘Sushi 7’ has 25 missense/in-frame variants (4 pathogenic
variants, 21 uncertain variants and no benign), which qualifies as supporting pathogenic);
PM2 supporting (1 point): variant not found in gnomAD genomes, GnomAD exomes ho-
mozygous allele count = 0 is less than 2 for AD/AR gene CFH; PP3
Supporting (1 point): MetaRNN = 0.824 is between 0.748 and 0.841 ⇒ supporting
pathogenic). Franklin Genoox tool classified the variant as a variant of unknown sig-
nificance/likely benign (PM2 pathogenic moderate: extremely low frequency in gnomAD
population databases (gnomAD maximal nonfounder subpopulations frequency: <0.001%,
gnomAD maximal founder subpopulations frequency: 0.0%)). Furthermore, REVEL
(score 0.35) and SIFT (score 0.007) assess the variant as uncertain, PROVEAN (score −6.3)
classifies it as pathogenic, although PrimateAI (score 0.34) and PolyPhen-2 (score 0.41)
predict it to be benign. CADD score for the variant is 22. The variant has not been described
in scientific literature, and functional analysis has not been performed.

Segregation analysis showed the variant was inherited from the affected father (II-3).
It was also identified in gDNA samples of affected relatives: the proband’s daughter (IV-14),
sister (III-7), paternal aunt (II-2), and cousin (III-4). Based on these data, we classify the
alternative allele of the CFH gene as a likely pathogenic variant.

3.3. Computational Analysis

The identified missense variant at position 440 of the CFH protein replaces proline,
a non-polar, aliphatic, and structurally restricted amino acid, with serine, which is po-
lar, neutral, and offers greater structural flexibility within the Sushi 7 domain (residues
387–444). Analysis of evolutionary conservation across species indicates that the residue at
this position is conserved, as determined by ConSurf analysis (Figure 4). To investigate
potential new chemical contacts resulting from the serine substitution, we compared the
predicted structures of both the wild-type and mutated CFH proteins. The wild-type
structure was sourced from the AlphaFold Database (VoroMQA global score: 0.452), while
the mutated protein’s structure was predicted using AlphaFold2 via ColabFold (VoroMQA
global score: 0.436)—both predictions exhibited high reliability. Applying the VoroCon-
tacts tool for the structural analyses resulted in no specific new chemical contacts when
comparing proline and serine at position 440. While this residue is highly conserved evolu-
tionarily, the AlphaMissense prediction states this substitution to be ambiguous (score of
0.405), a classification that aligns with the absence of any newly formed contacts. Notably,
substitutions at the same 440 position to, for example, tryptophan, methionine, or tyrosine,
are predicted by AlphaMissense to be likely pathogenic.
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Figure 4. The mutated residue Pro440 is located at the C-terminus of the Sushi domain 7 of the CFH
protein and is predicted to be conserved within the domains 6–8 (PDB structure 2UWN was used for
visualization, the structure is coloured according to ConSurf scores, and the sugar ligand is grey).

3.4. CFH Concentration in Plasma

Mean plasma CFH concentration in the study population was 1459 ± 212 mg/mL
(min 1155 mg/mL, max 1796 mg/mL). There was no difference in CFH concentration in the
variant carriers vs. non-carriers (1427 ± 185 mg/mL vs. 1553 ± 343 mg/mL, respectively).

3.5. sC5b-9 Concentration in Serum

The mean serum sC5b-9 concentration in the individuals with familial variant
(proband III-6 and her relatives II-2, II-3, III-7, III-4, IV-14) was 690.7 ± 302 ng/mL
(min 392 ng/mL ± 20%, max 1184 ng/mL ± 20%). These results suggest that individuals
carrying the variant exhibit elevated serum sC5b-9 levels compared to the normal reference
range of 200–325 ng/mL (Hedges’ g = 1.23, large). The only non-carrier adult family
member’s analysis showed normal sC5b-9 concentration30—1 ng/mL ± 20%.

4. Discussion
Similarly to conventional hard and soft drusen, which are more commonly found

in older patients with AMD, CD are located between the BL of the RPE and the inner
collagenous layer of Bruch‘s membrane [34]. As documented in this case series, CD appear
as multiple small elevations of the RPE in OCT scans, resulting in a typical “saw-tooth”
pattern [8,9,34]. At the stage of isolated CD without complications, the disease is often
asymptomatic [34], as illustrated by the proband (III-6), her younger sister (III-7), and
cousin (III-4), who are currently in their 40s and maintain good BCVA.

As the disease progresses, CD become more numerous, coalesce into larger soft drusen,
and later regress spontaneously, leaving areas of RPE atrophy, which may progress to geo-
graphic atrophy (GA) [5]. Other sight-threatening complications include the development
of vitelliform macular detachment and CNV, typically observed in patients over 60 [5,9]. In
this study, atrophy and CNV are evident in the older family members (II-3 and II-2), who
are currently in their 60s and exhibit a significant decrease in BCVA.
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These five family members carry the unpublished NM_000186.4(CFH):c.1318C>T
variant. In addition, the proband’s 21-year-old daughter also carries the same variant but
exhibits no signs of CD. Her young age could explain this, as the CD typically appears
in individuals between the ages of 30 and 50 [11,35]. On the other hand, this genetic
change was not detected in the gDNA sample of the proband’s sister III-5, who presented
with a few small extrafoveal drusen in only one eye. Given these findings’ unilateral
and nonprogressive nature over 7 years, there is a lack of characteristic signs of the CD
disease entity. Therefore, in this case, the presence of drusen might be attributed to other
environmental or endogenous risk factors [10].

CD should be distinguished from other clinical entities resulting in bilateral EODM,
which appear before the age of 50 years. These diseases include large colloid drusen (LCD),
familial dominant drusen (FDD), and Sorsby macular dystrophy (SMD). LCD can be distin-
guished clinically from CD by their large size, multiple dome-shaped RPE detachments,
and distribution in the temporal portion of the macula [36]. FDD are characterized by large
radial drusen, located not only in the macula, but nasally to the optic disc as well [37].
Similarly to CD, both LCD and FDD are usually asymptomatic until the development of
complications, such as extensive pigmentary changes, atrophy or CNV [36,37]. In contrast,
SMD, which also exhibits drusen-like deposits in the macula and along the vascular arcades,
typically becomes symptomatic at a younger age, as patients can experience nyctalopia
even in early stages of the disease. As the dystrophy advances, it causes severe progressive
central and peripheral vision loss from around the 4th–6th decade of life [38].

In the late stages of these macular dystrophies, clinical differentiation between them
and the CD subtype of AMD can become complicated, as the fibrotic and atrophic lesions
resulting from different etiologies may appear similar. For this reason, genetic testing plays
an important role in the differential diagnostics process. FDD results from the p.Arg345Trp
mutation in the EFEMP1 gene, which is inherited in an autosomal dominant pattern [37,39].
SMD can be caused by multiple different mutations in the TIMP3 gene and shows autosomal
dominant inheritance, as well [38]. Regarding LCD, no clear genetic associations have
been identified [40]. Therefore, exclusion of mutations in the aforementioned genes may
facilitate establishing an accurate diagnosis.

The CFH gene is localized in the 1q31.3 locus and produces two products: full-length
complement factor H (FH) protein and alternative splice variant factor H-like protein
(FHL-1) [41]. The transcripts encoding these two isoforms have an identical sequence of
1–9 exons and share the same N-terminal sequence of the protein (Sushi 1–7 domains).

CFH products play an important role in regulating the alternative pathway of the
complement cascade, which is essential for clearing pathogens and immune complexes and
modulating adaptive immunity [15]. The primary function of the complement system is to
identify and facilitate the elimination of pathogens, waste, and dead cells by triggering the
proteolytic cascade [42]. The complement system’s alternative pathway must be carefully
managed to avoid excessive activation and prevent inflammation-induced damage to the
body’s tissues [3,41]. FH and FHL-1 inhibit the complement system’s alternative pathway
via regulating C3 levels, which is the key component in complement amplification, even-
tually activating the membrane attack complex (SC5b-9) [41]. By silencing the CFH gene
in human RPE cells, Armento et al. showed that reduced levels and activity of FH lead
to elevated levels of inflammatory cytokines, chemokines, and growth factors [3]. CFH,
a key fluid-phase and surface-bound regulator of the alternative complement pathway,
partially exerts its inhibitory function through interactions with glycosaminoglycans via its
C-terminal domains, including Sushi 6, 7, and 8 [43–45].Pathogenic variants in the CFH gene
are associated with two autosomal dominant ophthalmic phenotypes (CD (MIM#126700)
and AMD, 4 (MIM#610698)) and two renal phenotypes (hemolytic uremic syndrome, atypi-
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cal, susceptibility to, 1 (MIM#235400) and complement factor H deficiency (MIM#609814))
inherited in both autosomal dominant and autosomal recessive patterns [46]. Most CFH
gene variants are disease-specific (AMD/EODM or aHUS/complement factor H defi-
ciency), but some have a dual impact. They may be responsible for any of these phenotypes
(ophthalmic and renal) in different individuals. Still, usually they are restricted to only
one disorder, raising questions about the mechanism of disease pathogenesis. Although
the variants causing or associated with AMD are distributed along the coding CFH gene
sequence or splicing sites, several clustering regions were observed [47]. AMD-associated
variants tend to be located in the N terminus of both protein isoforms (FH and FHL-1),
mainly in Sushi1-4 and Sushi7 domains. Recently performed functional analysis proved
that CFH insufficiency and other types of loss of protein function result in an activated
complement system, leading to AMD [48]. Variants in the N-terminal region result in
decreased cofactor H activity of C3b cleavage mediated by FI [49]. Earlier research by
Clark et al. showed that FHL-1 can passively diffuse through the Bruch membrane, unlike
the full-length FH, suggesting that FHL-1 is the primary regulator responsible for protect-
ing the Bruch membrane from the harmful effects of complement activation [50]. There
is growing evidence that complement system regulation defects result in central retinal
inflammation, one of the key pathological features of AMD, leading to drusen formation,
tissue injury, and vision loss [51].

The missense variant NM_000186.4(CFH):c.1318C>T, NP_000177.2:p.(Pro440Ser),
rs761518362, identified in our family, is localized in the Sushi 7 domain, which was earlier
shown to be enriched in AMD-associated variants. This protein domain acts in binding
with heparan sulfates and CRP [52]. Therefore, the identified CFH variant might alter
interactions of factor H with molecules of the intercellular space and inflammation proteins,
eventually leading to activation of the alternative complement pathway. The variant has not
been described in scientific literature before. It is presumed to change nonpolar amino acid
proline to polar serine in position 440 of the protein. Although data in the ClinVar database
and previous research demonstrate that protein-truncating variants prevail in the structure
of the pathogenic/likely pathogenic variants of the CFH gene, many missense changes have
been shown to cause AMD [47]. The replacement of proline, a rigid, structure-breaking
amino acid, with serine, a more flexible polar residue, within the structurally crucial Sushi
7 domain, suggests a subtle yet significant conformational alteration. The change in amino
acid properties could influence the overall tertiary structure or alter dynamics, impacting
the affinity and specificity of CFH’s interaction with crucial GAG ligands, essential for its
complement regulatory function on cell surfaces [53].

Our observations are highly relevant to macular degeneration pathogenesis, where
aberrant activation of the alternative complement pathway is a well-established driver
of inflammation and retinal damage [54]. Our findings align with the existing literature,
emphasizing the importance of the Sushi 7 domain and the adjacent linker region in
mediating CFH binding to GAGs [43,44]. Impaired GAG binding due to variants in the
Sushi 7 region can lead to uncontrolled complement activation on retinal pigment epithelial
cells and Bruch’s membrane, directly contributing to age-related macular degeneration
pathology [43,44,54].

To further elucidate the impact of the identified variant, we tested CFH concentration
in the plasma of the proband and her family members. Additionally, we quantified sC5b-9
in serum to assess the functional consequences of the variant on the activity of the mem-
brane attack complex (MAC). Since no difference in plasma CFH concentration between
variant carriers and non-carriers was observed in our study, we propose that the variant is
associated with normal plasma levels. The results of SC5b-9 testing in the serum of adult
family members revealed an elevation of MAC concentration in all carriers of the variant
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and a normal concentration in the non-carrier III-5 sister of the proband, which might
indicate the decreased CFH functional activity due to the c.1318C>T variant. However,
direct functional testing of CFH, including binding, cofactor activity, and hemolysis assays,
is required to support the hypothesis.

Missense variants in plasma proteins eventually end up in two types of phenotypes.
Type I variants alter protein concentration, and Type II variants impair the protein function
at normal protein levels [55,56]. Therefore, genetic alterations may cause functional defects
affecting protein activity, consistent with the Type II phenotype. Another possibility is that
the complement system is abnormally activated locally within the eye, without detectable
changes in systemic plasma levels of CFH [57]. While in silico analyses, particularly the
AlphaMissense prediction, categorized the p.(Pro440Ser) variant as ambiguous and struc-
ture modeling did not reveal any novel specific inter-residue contacts, the evolutionary
conservation and our experimental data demonstrating elevated serum C5b-9 levels indi-
cates a functional impact on complement regulation suggesting that systemic complement
activation Type II phenotype is most probably the case in this family. Earlier independent
studies have also shown elevated complement sC5b-9 concentration in the blood of AMD
(specifically neovascular AMD) individuals compared to controls, reflecting systemic proin-
flammatory complement activation [58,59]. To investigate our hypothesis further, studies
involving larger cohorts and direct functional analyses of systemic and local CFH protein
are necessary for validation.

This study has several limitations. While studying members of one family allows
precise segregation analysis, providing strong evidence for causality in affected individuals,
the small sample size may limit the generalizability of the findings. To confirm the results,
genotype—phenotype and natural history studies in larger cohorts are needed. In addition,
no in vitro functional assays were conducted to directly assess the biological impact of
the NM_000186.4(CFH): c.1318C>T variant. While the elevated serum C5b-9 levels ob-
served in affected family members support a functional effect on complement regulation,
experimental validation is required to confirm the pathogenicity of this mutation.

5. Conclusions
In this study, we demonstrated the genotype–phenotype association and the natu-

ral clinical course of the disease in individuals affected with CD carrying the identified
NM_000186.4(CFH):c.1318C>T variant. The presence of characteristic clinical signs in our
study participants suggests a pathogenic role of this alteration in the development of this
rare subtype of AMD.
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