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Abstract

Introduction: The alternative pathway of complement activation is consistently active, keeping the
complement system primed for immediate response. This constant&tiek" mechanismis

regulated by the factor H (FH) protein family, which encompasses seven hightdretateins: FH,
FHLEL, and five FHelated (FHRL to -5) proteins. The current model is thidite FHR compete with

FH and FHL to finetune their activities. Genetic studies of this complex |ldeage revealed distinct
haplotypes associatingvith a widearrayof humandiseasesunderscoringts significant role in
complement regulationNevertheless, a comprehensive analysis of systemic concentrations of all FH
protein family members, accounting for known genetic variabilithin the populaton, is still

lacking

Methods: Systemic levels of each member of the FH protein famigye quantifiedwith the use of
recently developedarget specifiELISANext,a genetic analysis focused on the chromosome

1931.3 regiorwas performedusingnext generation sequencing and multiplex ligasebe

dependent amplification

Resuls: We report systemigrotein levelsof each member of the FH protein family fouimdvivoand
demonstrate common haplotypes within t&-Hocusgive rise to classifiable protein expression
patterns, establishing distinct ratios between FH, EHind the FHRs

Conclusios: The established reference intervals and identified genetic effects provigmehmark

for further research and emphasizes the importance of including all family members when studying
their role in both health and disease.

Introduction

The complement systn is a pivotal part of our innate immunity and requires optimal regulation to
prevent unwarranted attackmhost cells and tissues. The factor H (FH) protein family is a group of
soluble plasma proteins that regulate the alternative pathway (AP) of complement actiyalidrhe
family is comprised of seven members that share a high degree of amino acicheecgimilarity.
Apart from FH, this family includes FHLa splice variant of FH, and five FH paralogs known as the
FHrelated proteins (FHR to -5) [2,3]. Each FHR is encoded by its own gene in tandenirand
proximity across theCFHocuson chromosome 1q.31.Alternative splicingf CFHR#asbeen
described, resulting in FHEA and FHRB, but the latter has not been detected circulation[4,5].
Furthermore FHRL, -2 and-5 form dimers, with FHR and-2 forming both homo-and

heterodimers whereasFHR5 only forms homodimersin circulation[6,7]. Although extrahepatic
expression has been describfd several family membersvith its potentialimpacton local
complement regulationf-H, FHI1 and the FHR proteins are primarily produced in the liver, with
blood being the main matripBg13].

FH consists of twentgomplement control protein@QCPdomains, while FHL only contains the first
seven Nterminal CCPs of FH, witihe addition of thefour unique amino acid sequence SFTL at-ts C
terminus[14,15] Complement regulation by FH and FHis mediated through the first four-N
terminal CCP domain$o enable complement regulation on cell surfadéid and FHIL bind to

specific ligands on host cellia CCP&, while for FH alone, additional binding ocstirough CCP3:
20[16]. The FHR proteins have varying numbers of CCP domains, ranging from fogj (lHRe
(FHR4A and FHE). Furthermore, theFHRs seem to lack CCP dorsespableof directly regulaing
compkment, but all have CCP domains corresponding with GCGirgl/or CCP120 of FHThis has

led to the currentimodelthat FHRs act as antagonists of FH and possibhl BHllcell surfacefl7].

This competitiorcouldhinder complement inhibition bi#Hor FHEL, thereby potentially

contributing to furthercomplement activation rather than limitgit [18].

Genetic variation whin the CFHocus has been associated with a wide range of diseases, including
atypical lmemolytic uremic syndromé@HUS)agerelated macular degeneratiofAMD)

meningococcal diseas@viD)and C3ylomerulopathy(C3Gamorg others[19¢22]. Extensivagenetic
studies investigating common single nucleotide polymorphisms (SNPs) or complete gene deletions
(CFHR3/CFHRhd CFHR1/CFHRithin the CFHocus have shown that many of these SNPs are in
strong linkage disequilibriumesulting in the identification of four major haplotypes ¢H4,
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Supplemental Table B [23¢26]. These haplotypesapture more than 99% of contra@ndcase
associated chromosomemd account for more than 90% of the genetic variability a& @FHocus
within the Western populatioi23,27] Haplotype H1 is marked by the SNP rs1061170 (Tyr402His) in
CCP7 of FEnd FHL1, leading to alteredigand bindingandis associated with a significant increase

in AMD riskbut providesprotection foraHUS24]. H2is characterized bys800292(Val62lle)n

FH/FHEL CCPMwhichresultsin modestly higheaffinity for C3bgenhancing its cofactor activignd
conferring protection for both AMRndaHUSamong otherg24,25,28]Haplotype H3 is

characterized by a cluster of genetic variafig875339, rs3753396 rs106548%in CFKand is
associated with aimcreased risk for aHU@rotection for MDand a neutral effect for AMD
[19,20,29,30]Lastly, haplotypéi4 is hallmarked by the deletion of boBFHR&nd CFHR 1which is
deemed protective to AMPDIgA nephropathyand C®,but a risk factor fothe development for
autoimmuneaHUSand systemidupus erythematosuf25,26,3%34]. These haplotypes seem to
encompass the entir€FHocus, with H1 and H2 including e@#Enetic variants iIiCFHR4hat
significantlyinfluence FHR levelg21]. Likewise, H3 comprises variants witldRHR8esulting in
altered expression levetsf FH and FHBR[29]. However, these studies commonly investigate a single
or a few FH protein family members at a time, often within aeéamtrol cohort. As such, a

complete overview on how the four common haplotypes at the chromosome 1g31.3 locus are
reflected in systemic levels of the entire FH protein family in a healthy populistiacking. This in

part has been greatly hampered by lack of specific reagents and assays to specifically dekéct all
family membersmoreprecisely,assays to measure FF2Rand FHIL.

With the recent development of standardiz&d.ISAits for FHR2, -3, -4 and FHFS, andthe here
describedfirst FHEL specific ELISA, we can now measlir€H protein family members, includiatj

the distinct dimer species observéadvivowithin oneindividual[35,36] This has enabled us to
establish systemic reference levels for each FH family member found within a cohort of healthy
individualsFurthermore, we show distinct protein expression levels for each family member across
the four commonCFHhaplotypes. As th&HR proteins are hypothesizedlézallydownregulateFH

and FHLL function, impacting the balance @omplementactivation and regulation, understanding
how qualitative and quantitative genetic variants influence the FH protein family is essentids This
part of the complotype; the aggregate of all genetic variation within the complement system that
dictates its overall activity and regulati¢di7]. The obtained reference intervals and genetic
determinants supports further investigations into tltigmplexand interlinked protein family and can
be particularly valuable in helping to understand how several of these haplotypes confer either risk
or protection in complemeninediated diseases.

Methods

Blood samples

Plasma@trate: VACUETTE®C COAGULATION SODIUM CITRZAECa1#45322, Greiner bie

one, KremsminsterAustrig); heparin VACUETTE®dium HeparifCat455051, Greiner bione);
andEDTA plasm& ACUETTE®EDTACat#5503, Greiner bieone) and/or serum(clot activator:

Silica particlesy ACUETTE®, C485092 Greiner bieone) samples were obtained between 2010

and 2024 (Sanquin Research, Amsterdam, The Netherlandshfronymous healthy volunteers

with written informed consent, adhering to the Dutch regulations. Serum and plasma samples were
centrifuged at 1600 x g for ten minutes at@ to collect serum or plasma. Before collecting the
serum, blood was allowed to clédr one hour at room temperature (RT). For each donor the
peripheral blood mononuclear cell fraction ai EDTA sample was collected for DNA extraction using
GKS vL! YLt 5b! 0f22R aAyA YAG ovAl3ASys | AfRSy:
Ofeighteen donors, EDTA plasma samples were collected monthly following the same protocol. All
samples were aliquoted and stored-80°C.

9[ L{! Qa

For all ELISASs, incubation steps were perforatd®T whilst shaking. After each incubation step,

plates were washed five times with PBS + 0.02% (v/v) Twer®T) using a BioTek® 405 LSRS plate
washer (BioTek Instruments, Winooski, VT, USA). Absorbance was measured at 450 nm using a
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Synergyt 2 plate reader (BioTek Instruments) and corrected for background absorbance at 540 nm.
For each step, an end volume of 100 uL was used unless stated otherwise. Median levels (ug/mL) are
reported unless stated otherwise.

FH and FHR determination

Levels of FH, FHRAand dimers of FHR and-2 were quantified as previously described using in

house developed protoco[$,35,38] ELISA kits and reagents for the measurement of EkthRt#

HK3004);3 (cat# HK3005)4 (cat# HK3006) and FRcat# HK3007) were provided by Hycult®
.A20S0OK 0! RSy GKS bSGKSNIlyRay FyR adaalea oSNB
Developmat of these kits is described wan Rossuri. Veuskenst al. [36].

FHLE1 determination

For the measurement of FHL, an FHL1 specific polyclonal antibody (aCTM119, University of Utah,
John A. Moran Eye Center, Salt Lake City, USA) was coated (1.92 pg/mL in 0.1 M carbonate
bicarbonate buffer, pH 9.6) on Nunc MaxiSoifg96 well platesGat#437111Thermo Fisher
Scientific) Samples were diluted in high performance ELISA buffer, CHEM 1940, Essange,
Amsterdam, The Netherlands) and incubatedrforety minutes. Next, bound FHL was detected
using the commercial biotinylated mAb @X% (0.125 pg/mL in HPEat#AB_2539125,Aermo Fisher
Scientific) before incubation with 0.01% (v/v) styeply-HRP (in PT0.1%at# M2032Essange) for
thirty minutes. Lastly, plates were developed for five minutes using chemiluminescent detection
(SuperSignad ELISA Pico Chemiluminescent SwtetrCat# 37069, Thermo Fisher Scientific) before
measuring luminescence by a Synerdyplate reader (BioTek® Instruments). All steps were
performed with a volume of 50 pL per well. Protein levels are expressed in pg/mL and were
calculated using a calibbed standard curve of a normal human ser@idHS)ool of more than 400
healthy donorsasshown inFig. 2a (kindly provided by Sanquin Diagnostic Services, Amsterdam, The
Netherlands)

Genetic background healthy donors

The genetic backgrounddble &) of all donors was previoustieterminedusing multiplex ligation
dependent probe amplification (MLPAhd/or next generation sequencing @ [35]. In short, copy
number variation (CNV) in tHéeFHocus &lsa® MLPA probe ni?236A3 and/or-B1CFH region
MRCholland, Amsterdam, The Netherlands) and the presence of two SNPs (rs1061170 and
rs4085749, irhouse developedyntheticprobes Table S3 were determined by MLPA. Additionally,
the CFHegion of 77 healthy donors was sequenced usiegstom complement gnel (Sanquin
Complement Panel, Thermo Fisher Scienti8). Both the preparation of the DNA library and the
sequencing were performed accordingYol y dz¥ I (pibumels wsigian lon Torrent system (lon
Che#t and lon S System, Thermo Fisher Scientific). Sequence data was analysed using lon
Reporter software workflow 5.16 (Thermo Fisher Scientifig).all donors, haplotypes (H4) were
determined by assessirige CNV oCFHR3/CFHRhd analysing multiple SNPs (rs1061170,
rs1410996, rs4085749) spanning fBEHocus, as described byugheset al. (2006) andBernabéu
Herreroet al. (2015 (Table 3) [25,26] For 147 donorshaplotypeshad previously been determined
using the SALSA® MLPA protie P236A3 ARMD mid from MRC Holland, which detects the
presence of rs1061170, rs1410996, and determinesdReIR3/CFHRZNV. Since the current probe
mix P236B1 lacks SNP detection, used ftwetremaining 54 donors, ihouse synthetic probes were
used to detect rs1061170 and rs4085749 via MLPA and rs1410996 viadPeRs).

Statistics

Data and statistical analysis were conducted using GraphPad Prism version 10.3.1 for Windows
(GraphPad Software, San Diego, California USA). Before testing significance, aVBiflafess was
performed to test for normal distribution. The MagnK A Gy Se& (1Sadx (GKS 2 St OKQa
Wallis the Brown-Forsythe and Welch ANOWAd the oneway ANOVA test were used to assess
significant differences, with-palues below 0.05 indicating statistical significance. Where

appropriate, correction for multiple testing was applied. The nonparametric Spearman correlation
test was used to evaluate corréians.

Results

Cohort characteristics
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To determine the robustness of the systemic levels of the FH protein family, nine males and nine
females with a median age of 61.0 years (CI=5820 years) were followed over the course of one
year(Table 1a)To mitigate any potential impact of age and sex on protein levels, the eighteen
adults were specifically selected based on sex and age similarity. Next, serum and plasma (EDTA,
citrate, heparin CHES panetamples were obtained from 104 blood donors ¥plere the potential
matrix influence on protein level@able 1b).This group consiet of 68% female donors (median

age= 48.5 years; Cl= 43&0.0), and 32% male donors (median age= 52.5 years; CK538)) with a
median age of 50.5 years (Cl= 433)0). Lastly, for the determination of systemic reference intervals
of the FH protein family, serum samples were collected from 201 Dutch healthy individuals as part of
a previous studyTable 1c]35]. Among theséndividuals 64% were female, with a median age of
43.0 years (Cl= 4145.0), while 36% were male, with a slightly higher median age of 50.0 years (Cl=
41.053.0).

Plasma levels of the FH protein family are stable throughout a year

Eighteen donors were followed ovthe course of one year, during which multiple blood samples
were collected to study the longitudinal stability of protein lev@liy.1). Quantification of all FH

family members revealedonsistent systemic levels, indicating the timing of sample daletas no
significant impact on protein levels in healthy volunteer

No influence osamplematrix on measurement d¢évels of Fland FHRs.

To investigate the potential influence of sample matrix on the levels of the FH protein family, paired
serum and plasméitrate, heparin EDTAsamples were collected from 104 don¢fsable 1b)

Results were expressed as a percentage of recovery compared to serum, which was used as
reference(Fig. 2) Absolute levels of the FH protein family in serum and plasma are summarized in
Table2 andpresented insupplementalFig.SL. Results for FH and the FHR proteins showed a
consistent median protein recovery well within the expected range of assay variabilfyl 835)

with 93.6-105.26 and 96.6.09.0% for EDTA and heparin plasma respectiViith an overall

median recovery betwen 83.392.9%, protein in citrate plasma for FH (p <0.0001) andFHp=
0.040) was statistically significant lower, wdimilartrends for the other FHR proteins. This was

likely attributed to the sodium citrate solution present in the collection tutiuting the blood when
drawing the sampléFig. 2) While significant differences were observed with paiegtlysis

between serum and EDTAIg. 3), it is unclear whether these differences for FH and the FHRs are
biologically relevant since approximately 87.0% of the donors were within the range of assay
variability (Fig. 2) Furthermore strong correlations were observed for all proteins among the
different matricegTable 2).

Measurement of FHL influenced by coagulation

LikeFH and the FHRhe potential influence of sample matrix on the levef FHEL was

determined In contrast to FH and the FHRs, AHlisplayed significant higher mediapercentage

of protein recoveryin plasna compared to serumwith 120.1% (p< 0.0001), 115.0% (p< 0.0001) and
106.0% (p< 0.0001) for EDTA, heparin, and cipksma respectively(Fig. 2) With most ofthe

donors (EDTA= ™%, heparin= 50%) falling outside the range of assay variab{Bf-115%) results
suggest a biological relevant matrix influermelevels of FHIL, with coagulation being a potential
explanation. To further investigate this, citrate plasma samplé&5alionors were recalcified to allow
activation of the coagulation cascade. After clot formation, levels oflFhé&re again quantifie (Fig
3a). Results showedimilarlevels of FHIL in recalcified citrate plasmand serumIn contrast,levels

of FHEL in recalcified citratavere significantly lower (p= 0007) compared to its original citrate
sample underscoringhe potential involvement of FHL in coagulation. To validate this observation
the same principle was repeated for thirteen EDTA samples, showing similar results. In contrast, this
effect of clot formation in citrate plasmen levels of FHIL was not obsrved for FHFig.3c).

Reference intervals of the FH protein family in serum of healthy Dutch blood donors

In this study we established systenmicvivoreference levels of the entire FH protein faniiiyg.4a,
Talde 3). We report median levels of FH (279.00 pg/mL, Cl= 26391030) and the FHRs (FHR=
12.45 pg/mL, Cl= 11.383.00; FHR/2= 4.34 ng/mL, Cl= 4.4064; FHR/2=1.21 ug/mL, Cl= 1.02

G20z ULl L uo 1sanb Aq Jpd ZrE5¥S000/0169SEY/ZFESSO00/6S L L0 L/10P/APd-Bjoe/UIf/W0d 186X /:dRy Woly papeojumod



1.37;FHR2= 135 pug/mL, Cl= 22-1.49; FHR3= 0.71 pg/mL, Cl= 0.€4878 FHR4= 2.50 ug/mL, Cl=
2.22-2.80; FHRB= 1.36 pug/mL, Cl=1.3143)in serum of 201 Dutch healthy volunteefdthoughto
date FHR4B has not been detected in human circulation, the BHER_ISA used in this study was
designed to measure botariants [36]. When quantifying both FH&Rand FHRA levels in the same
sample, similar absolute levels and a strong correlation was obsesupdortingFHRA4A islikelythe
only form of FHR! present in circulatioifFig.2c, FHR4=2.54 g/mL, Cl2.322.84; FHRIA=2.58
pg/mL, Cl= 2.22.75;r= 0.97, p<0.0001p]. Lastly using a FHL1 specific ELISKi{. a), we

report levels of FHIL with a median serum concentration of 0.96 pg/mL (Cl=-02.92, 23.28 nM,
molecular weight 43 kD& abk 3).

When stratifying on sexx(g. Sa, Table3), only levels of FHL were significantly influenced with
higher levels in females (1.03 pg/mL; Cl= .9 ,) compared to males (0.86 pg/mL; Cl= @&2,
p= 0.0007). Additionally, levels of Fk:(@.34,p= 0.0055) and FHR1 (rs= 0.34, p= 0.0052) in males
and FHL (= 0.30, p= 0.0010) in females showed a weak positive correlation withFage3p,
Table3).

As the FHR proteins are suggested to compete with FH for binding todjghednolar ratio
between FH and the FHRs may hold more biological signifitaaneabsolute levelashen studying
this protein family. Consequently, the molar ratio between FH andIFéflthe FHRs was calculated
(Table3). Results shoed a considerable ariation in mean ratio among the FHR proteins, with FHR
2/2 and-3 exhibiting the largest mean ratio (FH:FRIR= 141.1, Cl= 100:881.1; FHR8=131.7, Cl=
118.4145.00) and FHR/1 the smallest ratio (FH:FHR1=52; Cl=5.15.9). As levels of FHLwere
significantly influenced by coagulation, resulting in lower serum levelantilar ratio betweer-H
and FH family membessas also determined in the different plasma typef( ). As expected, the
molar ratio for FH:FHL wassignificantly higher in serum compared to the different plasma types
(serum vs EDTA and citrate plasma: p<0.0001, serum versus heparin plasma: p= Al6Q1h¢
mean ratio between FH and F3Rvas significantly higher in serum versus EDTA (p= 0.6d4) a
heparin (p= 0.024) plasma.

Next, we investigated whether levels of the individfahily members correlated with each other
(Fig.4b). A weak correlation was observed between levels of FH anebHER0.37, p <0.0001).
Since FHR and FHR form dimers, correlations were observed between levels of all dimer
configurations (FHR/1 vs.-1/2: r<= 0.51, p <0.0001; FHER? vs.-2/2: rs= 0.67, p <0.0001; FHR2
vs.-2: 1= 0.80, p <0.0001; FHIR vs.-2:rs= 0.89, p <0.0001). Interestingly, levels of BHiRd-5
both showed a moderate correlation with FERRFHR2 vs.-4: r= 0.45, p <0.0001, FHR/S.-5: 1=
0.40, p <0.0001) and both its derived dimers RHR(FHRL/2 vs.-4: == 0.43, p <0.0001, FHR vs.
-5: 1= 0.39, p <0.0001) an@d/2 (FHR2/2 vs.-4: 1= 0.40, p <0.0001, FF#R vs.-5: r= 0.36, p
<0.0001). Additionally, levels of FHR and-1/2 correlated with FHR (FHR1/1 vs-3: = 0.59, p
<0.0001FHR1/2 vs-3: rs= 0.38, p <0.0001explained by theombinedCFHRand CFHR Heletion.
Lastly,although FHL1 is asplice variant of FHevels of FHil showed no correlation with Fff=-
0.02). Interestingly, évels of FHIL dd show a moderate correlation with FF8Rr= 0.60, p <0.0001)
irrespective ofCFHR8opy number statu§CFHRENV= 1rs= 0.53, p< 0.000CFHRENV= 2r=
0.62, p< 0.0001Kig. 2d).

Genetic determinantmodulatingsystemic levels of the FH protein family

To explorenow genetic variants may affect protein levelge stratified B7 donors onCFH
haplotypes using a combination of MLPA, NGS and P (&). Among them 58 donors (3%)
were homozygous for one of the four majoFHaplotypes. Five donors were identified as carriers
of the less common H5 haplotype; however, none were homozydoweidition five individuals
could not be stratified in one of thiwur major haplotypes and four donors haither celetions
and/or duplicationeventsof CFHRyenes Therefore, these individuals were excluded in further
analyses.

We first investigated tanfluence of homozygoudiplotypes on levels of the FH protein fayr(iFig.

5). Aminor positive effect in H1 on levels of FHR, -1/2, -2, -4, and FHF was observedin
contrast, H2 is associated with lower levels of HiRd its dimergFHR2: H2 vs H1 and44
p<0.0001; FHR/2: H2 vs H1: p<0.0001; F2R: H2 vs H1 and44 p<0.0001) and with lower levels
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of FHR4 (H2 vs H1: p= 0.0001, H2 vs H3: p37.and FHB (H2 vs H1: p= (1O) as is shown ifig.
5aandb5b. Interestingly, in H3, levels of FEBRH3 vs H1: p= MQ; H3 vs H2: p= 00Q1) and FHil1

(H3 vs H1: p= 0.@2H3 vs H2: p= 0.03H3 vs H4: p= 0.047) were elevated, but showed decreased
levels of FH (H3 vs H4: p=@B6). As expected, haplotype H4, which involves the deletion of
CFHR3/CFHREsulted in complete lack of FHRL, -1/2, and FHE3. Furthermore, this haplotype

also showed elevated levels of FRIR (H4 vs H1: p= 033; H4 vs H3: p= 00@3), caused byhe

absence of FHR, resulting in no formation of FHR2 heterodimers and all FHRbeing present as
FHR2/2 homodimers. Surprisingly, baseline levels of RHIRd FH were both elevated in individuals
carrying the H4 haplotypéH: H4 vs H2: p8.017). A summary of mediaprotein concentration per
diplotype for all FH protein family members is provided @ble 4

The influence of different haplotypes on protein levels remains notable when analysing heterozygous
diplotypes Fig.5a and Fig. § Table 4. Due to the deletion o€EFHR3/CFHR1haplotype H4, mixed
diplotypes containing H4 exhibit reduced levels of AHR Similarly, FHR levels in H1/H4 and

H2/H4 were affected by H4, though the negative effect of H4 was neutralized by elevate3l FHR
levels in H3 within the H3/H4 diplotype. Interestingly, this negative trend of H4 iFlR#R less
pronounced for FHR/2. Furthermore, the positive effect of H4 and negative effect of H2 orn FHR

and FHR2 levels, respectively, only significantly inofed FHRL/2 levels when these haplotypes

were combined. Diplotypes containing H2 showed a decrease ii2FEHRHR2, and FHR levels,
SYLKIFaATAy3a 1 HQad LINRyYy2dzy OSR yS3l GABS STFFSOOH 2
FHR2/2andFHRW & @A aAo0fS Ay I wmkln FYR lokln RALX 20e&3JS
negative influence in H2/H4. Similar, the impact of H2 on-5HRels was moderate and often
neutralized by other haplotypes. Lastly, the higher levels of Fatid FHF in H3 wee consistent
across diplotypes. In contrast, whenemozygoudd3 and H4 showed either decreased or increased
FH levels respectively. heterozygoudgliplotypes, these effects were less distinct, and FH levets
only decreased (H3) or increased (H4) wisembined with H1.

Discussion

The current concept is that the FHR proteins compete with FH and féfbinding to surface

ligands on host celldine-tuning their function, though the exact role of the FHRs remains unclear
[17,18] Thisknowledge gap is partly due to the limited insights into the physiological levels of these
proteins and how they are influenced. Genetic analysis and measurement of several individual
members have identified distinct haplotypes and associations with a raitge of diseasd40].
However, a full assessment of systemic levels of the entire family in a healthy population, while
consideringhe known genetic heterogeneity is lacking. In this study, we report reference intervals
for each membebf the FH progin family in healthy blood donors. Additionally, we showed that
commonCFHhaplotypes give rise to distinct protein expression levels across the whole f&imsly.

to establish accurate baseline levels of the FH protein family in healthy donors, we investigated
whether the timing of sample collection could impact their levé® collected samples from

eighteen donorsver the course of one year afiound consistentlystable protein levels with

minimal variationdemonstratingthat the timing ofsample collectionvithin a relative short period

does not significantly impadevels of theFH protein familyn a healthy population

When studying the complement system, serum is typically the preferred matrix for assessing
complement activity, whereas EDTA plasma is favoured when quantifying complement activation
products[41¢43]. To better understand the impact of sample matrix on the measurement of the FH
family, we collected paired serum, along with three commonly used plasma types: EDTA, heparin,
and citrate. Although statistically significant differences were observed for skl family

members when performing paired analysis, it is unclear if these differences are biologically relevant
as the majority of donors fell within the range of assay variabilitygeneral, using citrate plasma is
not recommended as the sample isutiéd upon collection and incorrect sample collection can result
in further unwanted variation. Lastly, the use of heparin plasma was previously discouraged due to
its interaction with several FH family proteing,. FH, FHR and FH [6,7,44] In ourstudy, we did

not observe any significant differences in heparin plasma for FH and the IRté¢iRsstingly, we did
observe lower serum levels of Filcompared to dlthree plasma typednducing clot formation in

\ﬁf/:duu wouj papeojumoq
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both citrate and EDTA plasmesulted in a decline of FHLIevels, suggesting Fllmay be

consumed or degraded during coagulati@]. The possibility of FHL becoming encapsulated

within the clot structure is unlikely, as smaller (FBRnd larger (e.g. FHR members of the IF

protein family did not exhibit a similar trend. It is well established complement and coagulation are
closely interconnected with previous studies demonstrating FH's involvement in coagulation through
interactions with factors such as FXla, FXllla, donishfamong otherg46¢49]. Although theexact

binding sites for these interactions are not yet fully understood andFbtking highly similar with

FH, FH levels itself were not affected by coagulatitowever a small deease in FHIL may be

more easilydetectedasit is less abundant in plasma compared ta Ndverthelessthisdatamay
suggest a yet unknown, but specific role of AHh clot formationand future research using

inhibitors (e.g.Hirudinand Trideginamong other$ specifically targeting proteins obagulations
needed.In summary, our data shows that when assessing the FH protein family in case/control
studies, only samples with the same matrix, preferably EDTA plasma, should be diregiiyedm

To date, the utilization of unvalidated reagents, along with the use of diverse molecular techniques
such as ELASandtargeted mass spectrometgmong othershas resulted in a wide spectrum of
reported levels and a lack of consensus regarding the physiological concentrations of the FH protein
family, as reviewed by Poppelaatsal. (2021) [50]. Furthermore, specific quantification of each
member of the FH protein family has proven challenging due to their high degree of amino acid
similarity. This is particularly true for Fai[14,15] Previously, reported concentrations of FHL

have variedwith values ranging from 0.04 to 1 uM, basedsamiquantitative Western blot

analysis or indirect ELISA methd8%,52] In this study, using a specifandwich FH{L ELISA, we
determined systemic serum levels of FHto be 0.023 uM (IQR0.018 0.028 uM).Additionally,
considering that FHR, -2, and FHFS circulate in blood as horand heterodimers, it is difficult to
accurately interpretate thén vivosituation when studies report totalr inferredprotein leves[53¢

57]. This igparticularlythe case for studies employing targeted mass spectromatrysed in Zhang

et al. (2017), Ciprianiet al. (2021) and Tierneyet al. (2022 [57¢59]. While mass spectrometry can
providetarget specificitypased on mass and fragmentatiahe inherent dynamic nature of FHR
dimerization restrictsnass spectrometryo quantifythem. Previous studies, including our group,

have demonstrated the impact of protein dimerization on ligand affiféity]. Furthernore, we

recently showed that FHR levels dictate the distribution of FHRand FHR dimers, highlighting

the importance of quantifying individual dimer species rather than reporting only total protein levels
[35]. In this report, we have provided systatic reference intervals for all proteins belonging to the
FH protein family, encompassing all the distinct dimer species obserweda These findings can be
used to support the interpretation of circulatory levels in prospective @tbspective studies or

used as baseline for designing more informative functional assessments of this protein family
Additionally,the reportedlow plasma concentration of FHLand the FHRs compared to FH
underscore the current concephat FHRs aanhore localized rather thasystemicallycontrolling the

AP of complement.

Genetic variation within th€FHocus have been linked to a wide array of dise446% However,

most studies have focused on individual FH family proteins within the context of a specific disease.
this study, wedemonstratedhow the four predominanCFHhaplotypes correspond to distinct
systemic levels of each FH protein family membex aohort of healthyCaucasiamdividuals. Our
analysis highlights the significant reduction in EH&hd-4 within the H2 haplotype. The decreased
FHR2 levels in H2 were hypothesized earlier, with rs4085749 suggested as the causal SNP, a finding
that has recently been confirmed at the protein level by our group and corroborated by others
[21,35,59,60]Additionally, rs4085749 is in complete LD (D' = 1.0, r2 = 1.0) with rs7531555, an
established independent pQTL associated with lo@EHR4evels, explaining the reduction of F4R

we observed irhaplotypeH2. Beyond rs7531555, two additional independ€fHR4QTLs with
opposing effects were identified withid1: rs61818956 (increased), and rs10494745 (decreased)
These findings underscore FARevels imaplotypeH1 are substantially influenced by additional
genetic markers, contributing to a widariation in FHR levels we observed within this common
haplotype[21,61]
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Previous workby our group showed individuatkat carryan FHR3 polymorphismfrequently found

in haplotypeH3, associated with elevated levels of FBBRnd a riskactor foraHUJ29]. Although

our NGS panelid not coverthe geneticregions tagginghis CFHR polymorphism its presencean
haplotypeH3may explain the elevated FF&Revels within our cohort-urthermore the decreased

FH levelsve observedn H3could potentiallybe attributed to the minor allde of the previously
identified CFHR®ariant rs7570301.7This is &NHocated in a livesspecific regulatory regioand
capable ofmodulating CFHexpression at the genomic le\JéR]. Moreover,like the major allele of
rs757030%, the commonCFHR3/CFHRIEletion, distinctive forhaplotypeH4, wasfound to

associate with increased legalf FH,an associatia consistent withour findingg[30].

Lastly and surprisinglinowingCFHexpression is modulated by variantsGRHR3we haveobserved
that levels of FHIL correlated with levels of FHRacross the commo@FHhaplotypes, whereas no
correlation was observed between levels of FH and levels oLFHIEHR3 [30]. Interestingly, this

lack of correlation highlights the cedpecific regulation of alternative splicing of FH which appears to
associate with the expression of F363,64] Although these common haplotypes result in distinct
systemic concentrations esss the entire FH protein family, further research is required to
investigatehow, in addition to known qualitative genetic mutationsGiH quantitative genetic
variations inCFHRO 2 Y i NRA 6 dzi S G2 |y A yeenledeitieddskiopiotedidh LI 2 ( &
complementassociated diseas¢37]. These findings further underscore the intricate and
interconnected nature of the FH protein family at both the genomic and protein level, emphasizing
the complexity of their regulation ahpotential functional interactions in health and disease.

This study has several limitations. Fithe size of the cohort was tosmall to capture the full range

of CFHhaplotypes, excludingare CFHsub-haplotypes (H8H47) orlow frequencySNPs at th€FH
locus[26,60] While we adopted thenost acceptednethod for haplotyping theCFHocus, this
approach may overlook alternative haplotyping metho@ldditionally, our study was limited to exon
sequencing of th&€FHocus, restricting our ability to accurately pinpoprevious identifieccausal
guantitativeintronic SNPsMoreover, this study was conducted within a population of Western
ancestry, thereby excluding genetic variations known to exist in other ethnic grbap#stance,

the frequency of homozygous CFHR3/CFHRL1 deficiency varies globally, with a high pravalence
populations of African ancestry (2.33.3%), while the deletion is extremely rare in Asian populations
[33,65,66] Furthermore, the studyncludedhealthy aduls aged 22 to 64 yearexcludingchildren
andelderly peopleFinally, the currenstudy focuses on the circulatory levels of the FH protein
family, emphasizing the need for measurements in matrices beyond serum or ptasimas e.g.

urine, bronchiat spinat or synovial fluid, among otherslaving reference intervals such matricess
particularly relevant in the context of complemeassociated diseases, where specific ordieshe
kidney, joint or the eyemay beaffected[67].

In summarypy using ELISAwe reported systemiceferencelevels of each member of the FH

protein familyfoundin viva Furthermore, wedemonstrated how common haplotyped the CFH
locusledto distinct expression patterns across the entire famihe established reference intervals
and identified genetieffectsprovide a foundation for further resear@ndemphasiesthe

importance of including all family membesen studying thér role in both health and disease.
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Fgurelegends

Fig. 1 Oneyearlongitudinal stability of FH protein family. Monthly changes in the levels of the FH protein family
in eighteen healthy donorare shown. Changes are expressed as deviations from the average protein level for
each donor. They grey areapresents a £15%hange from the mean protein level.

Fig. 2. Matrix analysis for members of the FH protein family. Protein levels in differeplestypes were

guantified in 104 healthy donors. Serum was selected as reference sample and used to determine the recovery
EDTA, citrater heparin plasma. The grey area represents an increase or decrease HsEsfblingassay

variability (85-115%) A recoery within thisrangeis seen as adequat@&o test for significancehe Kruskal Wallis

(FH, FH, FHRL/1, -2/2, -3, -4, -5) and BrowrForsythe and Welch ANOVA (FHR and-2) test were used for
population comparisomising absolute protein level®onors lackingeFHR3/CFHRL who are deficient in FHR

were excluded from determining statistical significance. Symbols represeprobein recoverycompared to

serum and is based on theean of twoprotein measurementserror bars indicat the median with interquartile
range. (* p< 0.05; ** p <0.01; *** p <0.001; **** p <0.0001)

Fig. 3. Effect of coagulation on levels of FH andIFHevels of FHL were quantified in paired serum and in both
non and recalcified citratenE 25) or EDTAnE 13) plasma samples. Coagulation in plasma was initiated by 3
addition of 20 mM Cagand incubation at 37°C in glass for 10 to 30utes. After centrifugation, samples werei
collected. Results are expressed as percentage of recovery comparedewnns sample. To test for S|gn|f|cance

I LI ANBR Fylfteara gt LISNF2NXYSR dzaAy3a (KS CNJ\SR”YI
represent the mean of two independent measurements with error bars indicating the median with intélgua
range Reported citrate levels were not corrected for the presence of anticoagulant (10% (g 0.05; ** p
<0.01; *** p <0.001; **** p <0.0001)

—ep!ue/ug[/wooueﬁmx

Fig.4. Reference intervals arfgpbearman correlation matrix of the FH protein family in serum of 201 healthy &
volunteers. (a) References intervals of the FH protein family determined by ELISA. Donors homozygous deﬂme
for CFHR3/CFHRdonfirmed by MLPA) or lacking FRIRcompound heterb @ 32 dza { bt Qa I & @2 )
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limit of quantification, levels were set to the lower limit of detection. (b) Correlation mhgtweenlevels of
individual members of th&H protein familyp-values were corrected for multiple testing using Bonferroni
correction. (* p< 0.05; ** p <0.01; *** p <0.001; **** p <0.0001)
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Fig.5. Impact ofthe four majorCFHhaplotypes on levels of the FH protein family. (a) Heatmap shows FH fa
members and the impact{acore) of the four majo€EFHaplotypes (HAH4) and combinations thereof
(heterozygoudliplotypes) on systemic protein levels in healthy don¢lg) Efect ofhomozygoudliplotypes (H1
H4) onsystemidevels of the Fhiprotein family. The ShapirVilk test was used to test for normal distribution o
the population. The Kruskal I f £t A a (Sad & b dokectfok rBultigledmstifgias used doiest for
significance for FH, FFIR, -2,-3, -4 and FHF®. In the case for FHL, FHRL/1 and FHRL/2, an ordinary ANOVA
test with the Tukey test to correct for multiple testing was used to test for significalfiegeshces. Symbols
represent the mean of two measurements with error bars indicating the median with interquartile range. (*
0.05; ** p <0.01; *** p <0.001; **** p <0.0001)
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Tablel: Donor dharacteristic

a.Longitudinal panel

Sex n=(%) Median age at starCl)
Female 9 (50) 62.0 (59.863.0)
Male 9 (50) 59.0 (58.062.0)
Total 18 61.0 (59.662.0)
b. CHES panel
Sex n=(%) Median aggCl)
Female 71 (68) 48.5(43.052.0)
Male 33 (32) 52.5 (35.659.0)
Total 104 50.5 (43.653.0)
c. Serum reference interval panel
Sex n=(%) Median aggCl)
Female 128 (64) 43.0 (41.646.0)
Male 73 (36) 50.0 (41.653.0)
Total 201 45.00(42.0047.0)
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