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A B S T R A C T   

Factor D (also known as adipsin) is a serine protease and part of the complement system, involved in innate 
immune responses and effector functions of antibodies. Factor D cleaves factor B complexed with C3b, leading to 
the C3 convertase C3bBb. This C3 convertase is central in the alternative activation pathway and the amplifi-
cation loop, which amplifies the two other complement activation pathways: the classical pathway and the lectin 
pathway. Adipocytes synthesize factor D as a pro-form comprising 6 additional residues that must be cleaved off 
to generate a mature form. The MBL-associated serine protease 3 (MASP-3), found in complex with the pattern 
recognition molecules of lectin activation pathway, converts the pro-form to mature factor D, which reportedly is 
the most abundant form found in the circulation at concentrations of 1–2 μg/ml among healthy individuals. 

The mature factor D is rate-limiting for complement activation, but little is known about the distribution of pro 
vs. mature factor D in the circulation, the regulation hereof and the potential activation stimuli of the lectin 
pathway, responsible for activation of MASP-3 and subsequent conversion of pro-form of factor D. 

In this light we established and validated an ELISA specific for measuring the pro-form of complement factor 
D. With a working range of 0.82–25 ng/ml, acceptable intra and inter assay CVs, and a relative recovery rate 
above 90%, we found that the median plasma concentration in Danish blood donors was 134 ng/ml; corre-
sponding to that 8–15% factor D circulates as pro-form. We also found that blood sampling procedures affect 
conversion and hence the levels measured in serum and plasma.   

1. Introduction 

Factor D (fD) is a rate-limiting plasma serine protease of the com-
plement system, capable of activating factor B, when factor B is in 
complex with C3b (Fig. 1) (Lesavre and Muller-Eberhard, 1978). Acti-
vation of factor B generates the C3 convertase, C3bBb, which is central 
in both the alternative activation pathway and downstream amplifica-
tion loop, utilized by both the classical and lectin activation pathway. 
Deficiency of fD in humans is rare and associated with severe infections 
with N. meningitidis, N. gonorrhoeae and various respiratory pathogens 
that may evolve to sepsis (Lesavre and Muller-Eberhard, 1978; Kluin- 
Nelemans et al., 1984; Hiemstra et al., 1989; Weiss et al., 1998; Biesma 
et al., 2001; Sprong et al., 2006). 

In parallel with characterizing the role of fD in the complement 

system, fD was also recognized as an adipokine (a cytokine produced by 
adipocytes), named adipsin (Cook et al., 1985; White et al., 1992), 
related with adipocyte differentiation, lipid accumulation, insulin 
secretion by pancreatic beta cells and preservation of beta-cell integrity. 
These activities appear to be mediated via complement activation and 
generation of C3a (Lo et al., 2014; Song et al., 2016; Gomez-Banoy et al., 
2019). 

Adipsin (fD) synthesis by adipocytes was early on demonstrated to be 
positively regulated by TNFα, and later shown to activate neutrophils at 
distant locations, once again emphasizing systemic relations between 
inflammation and metabolic regulation (Min and Spiegelman, 1986; Li 
et al., 2019). Although adipocytes represent the major source of fD, 
other cell types comprising macrophages, monocytes, and astrocytes 
also produce fD (White et al., 1992; Volanakis and Narayana, 1996). 
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fD is synthesized as pre-pro-protein, which after removal of a signal 
peptide and secretion includes a pro-peptide composed of six additional 
amino acid residues located N-terminally, and referred to as a pro-form 
(zymogen) or profactor D (pfD) (White et al., 1992). For fD to obtain its 
mature conformation found in circulation, the N-terminal pro-peptide 
needs to be removed (Fig. 1). A final change of conformation, leading 
to fD being an active serine protease, is induced upon its interaction with 
the substrate, the C3bB-complex. It involves a reversible positioning of 
residues located in the N-terminal to the proximity of the internal cat-
alytic triad of serine protease domain, located C-terminally in fD (Jing 
et al., 1999). For decades, it was believed that pfD was absent from the 
circulation, due to removal of the pro-peptide by intracellular unchar-
acterized proteases (White et al., 1992; Yamauchi et al., 1994; Volanakis 
and Narayana, 1996). However, independent groups have now found 
that MBL-associated serine protease 3 (MASP-3) of the lectin activation 
pathway cleaves and thereby convert pfD to mature fD (Iwaki et al., 
2011; Dobo et al., 2016; Pihl et al., 2017; Hayashi et al., 2019). MASP-3 
is synthesized by various tissues and cell types, including liver, kidney, 
and pancreas, and found in circulation at concentrations of 5–9 μg/ml, 
complexed with the pattern recognition molecules of the lectin activa-
tion pathway: mannan-binding lectin (MBL), Ficolin M, L and H (Ficolin 
1, 2 and 3), and homo- or heteromers of Collectin kidney and liver − 1 
(CL-K1 and CL-L1) (Dahl et al., 2001; Troldborg et al., 2017; Hansen 
et al., 2018). When MASP-3 is isolated or characterized using blood as a 

source, the vast majority of MASP-3 is found in the activated form, 
characterized by cleavage of an internal activation sequence next to its 
serine protease domain (Oroszlan et al., 2017). This contrast with re-
combinant MASP-3, which appear mainly in its intact zymogen form, 
unable to convert pfD to mature fD (Dahl et al., 2001; Zundel et al., 
2004; Pihl et al., 2017). MASP-3 was recently shown to be activated by 
the two endoproteases: pro-protein convertase subtilisin/kexin (PCSK) 6 
and PCSK5 that work intracellularly and extracellularly, both at the cell 
surface and in solution, and among other functions also are involved in 
lipid and bile acid metabolism (Choi and Korstanje, 2013; Oroszlan 
et al., 2021). 

Levels of total fD (conc. of mature fD + pfD), are increased in serum 
or plasma from patients with (inflammatory) diseases, including age- 
related macular degeneration (AMD) (Scholl et al., 2008; Stanton 
et al., 2011; Silva et al., 2012), coronary artery disease (Shahini et al., 
2017; Ohtsuki et al., 2019), lung fibrosis (Leivo-Korpela et al., 2012), 
systemic lupus erythematosus (SLE) (Sturfelt et al., 1984), and pre-
eclampsia (David et al., 2021; Liu et al., 2021). The distribution of pfD 
versus mature fD levels in the above diseases remains unknown, as is 
also the case for diseases where no association with fD were found. 

Given the recent discovery of that MASP-3 controls the level of the 
mature functional form of a rate-limiting component, involved in many 
aspects of complement activation, we developed and validated an assay 
for measuring the zymogen form of human factor D, pfD; with the future 
perspectives of further characterizing the MASP-3 mediated conversion 
of pfD to fD, including eventual upstream activation events, and to 
associate levels of pfD and mature fD in various diseases. 

2. Materials and methods 

2.1. Reagents and buffers 

Unless otherwise stated, reagents were obtained from Sigma-Aldrich, 
Merck (Germany). The following buffers were used: coating buffer (15 
mM Na2CO3, 35 mM NaHCO3, pH 9.6), TBS (20 mM Tris and 125 mM 
NaCl, pH 7.4), PBS (1.45 mM NaH2PO4, 6.46 mM Na2HPO4, 2.68 mM 
KCl, 137 mM NaCl, pH 7.4), Washing buffer for ELISA (TBS with 5 mM 
EDTA and 0.05% Emulfogen (polyoxyethylene-10-tridecyl ether)). 
Washing buffer for Western blotting (PBS with 0.05% Tween 20). 

2.2. Anti-pfD Mabs 

The generation of hybridomas producing monoclonal anti-pfD anti-
bodies devoid of reactivity with the mature or activated form of fD 
followed the principles of Köhler and Millstein and is described previ-
ously in detail (Kohler and Milstein, 1975; Palarasah et al., 2022). In 
brief, mice were immunized with a peptide representing the N-terminal 

Fig. 1. Forms and role of factor D. Profactor D (pfD) is synthesized as a 
zymogen containing six additional N-terminal amino acid residues (N6) that are 
cleaved of by MASP-3 of the lectin activation pathway. The mature form of 
factor D (fD) is self-inhibited by a loop interacting with its catalytic triad. 
Interaction with factor B complexed with C3b or C3(H2O) removes the loop 
from the triad, upon which factor D becomes active (fD) and can cleave factor B 
to generate Bb complexed in the C3-convertase of the alternative pathway and 
the amplification loop, C3bBb (dotted box). This C3 convertase is essential in 
the downstream effector functions of the complement system: opsonization, 
inflammation, and lysis. The classical, lectin, or alternative pathways serve 
initially as sources of C3b but during activation by either of the three, the 
amplification loop contributes considerably hereto. 

Fig. 2. Specificity of Mabs anti-pfD by Western Blotting and 
ELISA. A) WB after SDS-PAGE (12% Bis-Tris NuPage). Factor 
D enriched from human plasma by affinity purification (Native 
fD), containing a mixture of the pro and mature form, served 
as the source of antigen. For comparison some wells received 
recombinant profactor D with additional 6 histidine residues 
located C-terminally (Rec. pfD / pfD-HIS). α-fD (Mab 9–15- 
46), directed against a common epitope on pfD and fD; α-pfD 
(Mab 15–599), directed against the N-terminal of pfD; − 1◦, 
without primary antibody - only developed with HRP-anti- 
mouse-Ig and ECL. Gel lanes were loaded as given below the 
blot (native fD or pfD) and after transfer, the membrane was 
cut into double-lane strips and incubated separately with the 
two Mabs or with buffer without primary antibody (− 1◦). B) 
Reactivity of Mabs with pfD and fD in solution tested by 
ELISA. pfD and fD were immobilized in the well by catching 
with coated anti-fD F(ab’)2 and incubated with α-pfD (Mab 

15–599), α-fD (Mab 9–15-49) and isotype control. Bound antibodies were detected with HRP-anti-mouse-Ig-Fc specific antibody as also described previously 
(Palarasah et al., 2022).   
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part of human pfD (NH2-PPRGRIL), conjugated to diphtheria toxoid. 
Supernatants from hybridomas were screened sequentially by ELISA for 
Mab reactivity with peptides representing the N-terminal of pfD and the 
mature form of fD (NH2-ILGGRE, as negative control), conjugated to 
BSA as a carrier, and finally with purified recombinant pfD, immobilized 
in the ELISA well via the F(ab’)2 fragment of an anti-fD Mab (Southern 
Biotech, USA) (Palarasah et al., 2022). The chosen Mab specific for pfD 
and applicable in ELISA for coating was termed Mab 15–599. 

2.3. Blood sampling 

Blood was drawn from healthy blood donors using the BD vacutainer 
system with a butterfly cannula and various types of BD tubes for 
collection. Samples were processed and centrifugated accordingly to the 
manufacturer's recommendations. Within an hour, samples were pro-
cessed and stored at − 20 ◦C or − 80 ◦C until analysis. A vacuum tube 
containing 20 μg lepirudin /ml blood was also included in the setup 
(Refludan, Celgene Europe Ltd., UK). Samples prepared this way were 
used for establishing the ELISA and investigating variations in blood 
sampling procedure (Fig. 2-4, Fig. 6). 

2.4. Heparin plasma samples from a cohort of healthy Danish blood 
donors 

Lithium heparin plasma samples collected from 117 Danish blood 
donors were tested in ELISA in triplicates at a dilution of 25 -fold in 
ELISA washing buffer with aggregated IgG, bovine serum, heparain and 
protease inhibitor cocktail (see above). The normality of the data set was 
evaluated using the Shapiro–Wilk test. Blood samples were collected 
anonymously with departmental approval and informed consent by the 
donors. Samples prepared this way were used in determining the levels 
of pfD among healthy individuals (Fig. 5). 

Fig. 3. Comparative measurement of plasma and calibrator samples. A) Plasma 
and calibrator (recombinant pfD) samples diluted serially and measured by 
ELISA specific for pfD. The concentrations of the dilutions of plasma samples 
from two healthy donors were initially set arbitrarily. B) To analyse parallelism 
linear regression was fitted to logistically transformed Abs 450 nm values (y’ =
ln [(y/3.8) / (1-(y/3.8))], R2 > 0.99 for all three curves) and used for com-
parisons of the slopes. Data points were omitted sequentially from both ends 
until slopes of the curves were not significantly different (p = 0.91, two-tailed t- 
test). Projections of calibrator curve (AU = − 3.3–0.22) estimated an initial 
working range of 0.8–25 ng/ml, spanning dilutions of plasma from 6 to 
256-fold. 

Fig. 4. Validation of ELISA by precision and linearity analyses. Serial dilutions 
of plasma samples obtained from 5 donors were analyzed in triplicate. A) The 
measured (singlet) / mean (triplicate) ratio as function of the pfD concentra-
tion. None of the tested dilutions exceeded 20% deviation from the mean. B) CV 
as a function of pfD concentration. All samples with a concentration of more 
0.82 ng/ml had CVs below 10%. C) The linearity of the ELISA tested by means 
of measured mean of triplicates / the mean obtained from three dilutions of the 
same plasma diluted to approximately 2.5, 5.0, and 10 ng/ml, corresponding to 
concentrations located well in the middle of the expected working range. The 
0.43 to 28 ng/ml corresponded to acceptable deviations of <20%. The working 
range was estimated to 0.82–28 ng/ml. 
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2.5. Western blotting 

Western blotting was performed on mixture of pfD and fD enriched 
from plasma by affinity chromatography using an anti-fD Mab conju-
gated to CNBr-activated Sepharose beads (Mab 9–15-46, in house Y. 
Palarasah), or with purified recombinant pfD tagged with 6 additional C- 
terminal histidine residues and purified by Nickel-chelate chromatog-
raphy (Pihl et al., 2017). Samples of pfD and fD were separated by SDS- 
PAGE (12% Bis-Tris gels, MOPS buffer system, Invitrogen / Thermo-
fisher, USA). Proteins were electro-transferred to PVDF membranes 
using iBlot® Dry Blotting System accordingly to the manufacturer's 
recommendations (ThermoFisher). Membranes were blocked in 
washing buffer with 5% (w/v) nonfat dried milk for 1 h. at RT. Mab 
15–599 (1.0 μg/ml) was used for the detection of pfD. Mab 9–15-46 (0.1 
μg/ml) was used for the detection of pfD and mature fD. Blots were 
incubated Mabs in washing buffer with 1% (w/v) fat-free dry milk 
overnight at 4 ◦C. Blots were thoroughly washed and bound Mab was 
detected using horse radish peroxidase-labeled (HRP) goat anti-mouse 
IgG (Southern Biotech), Pierce ECL western blotting substrate (Ther-
mofisher), and visualized on a ChemiDoc station (Bio-Rad, USA). 

2.6. Assay development 

To ensure the highest sensitivity concentrations of Mabs, HRP- 
Streptavidin, and incubation times were optimized sequentially by 
evaluating the best signal-to-noise ratio in combination with maximum 
signal read-out as described previously (Selman et al., 2012). This 
resulted in the setup described below. Maxisorb plates, 96-wells (NUNC, 
ThermoFisher), were coated o/n at 4 ◦C with anti-pfD Mab 15–599 (2.0 
μg/ml) diluted in coating buffer. Wells were washed thrice, blocked for 
15 min in the last set of washing buffer and incubated with samples 
diluted in washing buffer with heat aggregated IgG (50 μg/ml, prepared 
in house from human serum and protein A affinity chromtaography), 
0.1% bovine serum (heat inactivated, 56 ◦C for 30 min), heparin (4 
units/ml) and complete protease inhibitor (C0mplete, Roche, 
Switzerland). Purified recombinant pfD served as a calibrator and was 
diluted in parallel with the samples. Plates were incubated on an orbital 
shaking platform for 1 h at 4 ◦C. After three washes, wells were incu-
bated with biotinylated Mab 9–15-46 (0.5 μg/ml, reactive with pfD and 
mature fD) diluted in washing buffer with 0.1 mg BSA/ml for 1 h. Wells 
were washed thrice and incubated with HRP-Streptavdin (0.4 μg/ml) 
diluted in washing buffer with 0.1 mg BSA/ml for 30 min. Wells were 
washed thrice and developed with TMB-One (Kem-En-Tec Nordic, 
Denmark) for 15 min before the addition of 0.2 M H2SO4 and 

measurement of absorbance at 450 nm. The biotinylated detector anti-
body (Mab 9–15-46) was selected among various in-house Mabs for its 
intact binding activity after conjugation with NHS-biotin and minimal 
unspecific interactions with other Mabs, as described in detail elsewhere 
(Aagaard et al., 2018; Bjerrum et al., 2020). Plasma samples were 
initially diluted 24-fold. 

2.7. Assay validation 

2.7.1. Calibrator 
The calibrator consisted of purified pfD with a C-terminal HisTag 

used for purification by Nickel chelate chromatography. The concen-
tration was estimated by measuring the absorbance at 280 nm and using 
the extinction coefficient 1.11 1mg/ml

280nm , calculated on the basis of its amino 
acid composition using the principle described by Gill and Hippel (Gill 
and von Hippel, 1989). A two-fold serial dilution in buffer with heat- 
inactivated bovine serum and heat-aggregated IgG as matrix proteins 
(described above) was used to generate a seven-point calibrator curve 
ranging from 0.39 to 25 ng/ml. A five-parameter fit model was applied 
to the curve for the calibrator and applied to estimate the concentration 
of unknown samples. The calibrator was stored as single-use aliquots at 
− 20 ◦C. 

2.7.2. Parallelism 
To study parallelism between the calibrator and dilutions of exper-

imental samples the calibrator curve derived from dilutions of recom-
binant pfD was compared to the serial dilution curves of plasma from 
two blood donors (analyzed in triplicates) (Hansen et al., 2008). ELISA 
absorbances were evaluated using regression analysis on logistically 
transformed values, an algorithm that comprised the following steps: OD 
values were divided by 3.8 to transform the measured absorbances at 
450 nm to values in the range of 0 to 1, as required for the logistic 
transformation, y' = ln[y/(1 − y)]. A background level of OD = 0.04 was 
observed, and values below the corresponding logistically transformed 
values were omitted from further analysis. Data points were omitted 
from both ends of the curves until the slopes of the curves were not 
significantly different, as tested by two-tailed t-test. Finally, a linear 
regression was fitted to the remaining data points and multiple com-
parisons among slopes using Tukey's HSD test were used to test if the 
slopes of the curves were significantly different. The statistical analyses 
were performed using the Prism software (GraphPad) and the Analyse-it 
software (Analyse-it Software). 

2.7.3. Working range and detection limit 
Two-fold serial dilutions of plasma samples from five blood donors 

were analyzed in triplicates. A “Measured / mean” ratio was expressed 
for each point using the triplicate measurements of the given sample and 
calculating the mean of the triplicates for this sample. Coefficients of 
variation (CV) were calculated for the triplicate measurements of each 
dilution. To study linearity, the CL-11 concentration calculated for each 
dilution and multiplied by the dilution factor was compared to a mean of 
the pfD concentration that was back-calculated from four dilutions 
located well in the middle of the expected working range. The working 
range was determined as the pfD concentrations for which: a) the 
“measured / triplicate mean” ratios deviated below 20%, b) the CV was 
below 10%, and c) the “measured / mean” ratio deviated below 20%. 
The lower detection limit was calculated as the concentration of pfD 
resulting in two times the background signal in the absence of pfD. 

2.7.4. Recovery 
A pool of plasma samples obtained from five healthy donors was 

diluted to contain different levels of endogenous pfD and spiked with 
two different concentrations of recombinant pfD (3.0 and 10 ng/ml). 
Recovery was calculated as the ratio of measured pfD over the expected 
total pfD concentration. 

Fig. 5. Assessment of pfD plasma concentration among healthy individuals. 
The levels of profactor D were assessed in lithium heparin plasma obtained 
from 117 healthy blood donors (see methods). The median concentration was 
estimated to 134 ng/ml with no significant gender or age associations 
(not shown). 
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2.7.5. Intra- and inter assay variation 
Intra assay variation was calculated by measuring replicates (n = 22) 

of a plasma pool obtained from five donors diluted to concentrations of 
2.0, 7.0 and, 18.0 ng/ml. The inter assay variation was. 

determined by running the same samples in triplicates on ten plates 
on five separate occasions. Intra- and inter assay CVs < 10% were 
defined as acceptable. 

2.8. Effect of repeated freezing and thawing 

Aliquots of a plasma pool were subjected to five freeze-thaw cycles 
(− 20 ◦C and room temperature, respectively) and pfD levels were 
measured after each cycle. 

3. Results 

3.1. Characterization of Mabs and optimization of ELISA 

To obtain antibodies recognizing native pfD and but mature fD 
monoclonal antibodies generated against peptides representing the N- 
terminal of pfD were in advance screened by ELISA using peptides and 
proteins, representing both pfD and mature fD. To further verify the 
specificity for pfD versus mature fD Western blotting was performed on 
samples separated by SDS-PAGE and blotted onto PVDF membranes 
(Fig. 2). On Western blots, the anti-pfD Mab 15–599 reacted only with 
pfD and not with mature fD. From a panel of 20 anti-pfD Mabs, Mab 
15–599 was selected as the best catching antibody in combination with 
minimal background signal when applying biotinylated Mab 9–15-46 
anti-fD as detector antibody. Reversing the setup by catching a mixture 
of pro and mature fD and detecting with an antibody specific for pfD, 
was unsuccessful in terms of low sensitivity (not shown). In the final 
setup Mab 15–599 anti-pfD (2.0 μg/ml) was applied for coating. Plasma 
samples were diluted 25-fold, incubated for 1 h. at 4 ◦C, and detected 
with biotinylated Mab 9–15-46 anti-fD (0.50 μg/ml). 

Initially serum served in parallel with plasma as a source pfD for 
establishing the ELISA but serum samples failed to give to consistent 
results (not shown). Thus, to improve the stability of pfD, the blood was 
following drawn in lithium heparin tubes, processed quickly / cold, and 
diluted in buffer containing heparin and a cocktail of protease inhibitors 
(discussed later). The detailed final ELISA protocol is given under ma-
terials and methods. 

3.2. Validation of ELISA 

To design experiments an initiatory estimation of the working range 
of the analyte (pfD) was based on parallelism between the calibrator, in 
the form of recombinant pfD, and heparin plasma obtained from healthy 
persons (Fig. 3). To fit a linear regression absorbances were logistically 
transformed (R2 > 0.99). Within a range of 0.8–25 ng/ml, the slopes 
were found not to be different (p > 90, two-tailed t-test). Additional post 
hoc testing of the opposite hypothesis by Tukey's HSD, within the found 
interval, found that the slopes were identical (p < 0.05). 

Determination of the precise working range was based on evaluation 
of three parameters: 1) measured/mean ratio of triplicates, 2) the co-
efficient of variation, and 3) linearity of dilution curves of plasma ob-
tained from 5 blood donors (Fig. 4). All tested measured / mean ratios 

deviated <20% from the mean, and all tested concentrations above 0.82 
ng/ml had CVs <10%. In the range of 0.43–28 ng/ml the measured 
concentration deviated <20% from the “true” concentration estimated 
from four triplicate dilutions located in the middle of the range. Thus, 
the final working range of the ELISA was 0.82–28 ng/ml. The lower 
detection limit, defined as the lowest concentration resulting in absor-
bance of twice the background signal in absence of antigen, was 0.2 ng/ 
ml. The intra assay CVs were determined for plasma at three different 
concentrations and varied between 1.95 and 5.1 (Table 1). The inter 
assay CVs for the same sample varied between 6.6 and 9.8%, with the 
greatest variations observed at the lowest tested concentration of 2.0 
ng/ml. The recovery was assessed by the ability of the ELISA to measure 
known amounts of recombinant pfD (3.0–10 ng/ml) added to plasma 
diluted 32–264-fold (Table 2). Between 90% and 119% of the added 
recombinant pfD was recovered in the current setup. 

3.3. pfD plasma levels 

The pfD concentration in plasma was determined in 117 Danish 
anonymous blood donors (Fig. 4). We found that the median plasma 
concentration was 134 ng/ml, with a 95% confidence interval of 
123–144 ng/ml and a range of 22–304 ng/ml. We neither observed 
significant variation between gender nor correlation between pfD levels 
and age (not shown). 

3.4. Effect of storage and freezing and thawing 

The stability of pfD in heparin plasma upon storage for up to 2 weeks 
at − 20 ◦C was studied, and we found no significant changes in the 
measured concentration of pfD (not shown). Up to five repeated rounds 
of freezing and thawing did not lead to significant changes in the 
measured concentrations (Fig. 6). Decreased levels were occasionally 
observed when plasma was stored at room temperature and 4 ◦C (not 
shown). 

3.5. Blood sampling 

All the above ELISA measurements were performed on plasma drawn 
in lithium heparin tubes. This choice was based on the observation of 
great variability of measured concentrations depending on the type of 
tubes used for collection and stabilization of blood (Fig. 5). As the 
variance was interpreted as an ongoing conversion of pfD to fD (also 
discussed later), unfractionated blood was stored at 0◦-4 ◦C and plasma 
separated from cells within 4 h following collection, before immediate 
measurement of plasma samples or storage at − 20 ◦C. 

4. Discussion 

We developed a quantitative sandwich pfD ELISA using a Mab spe-
cific for pfD as catching antibody (Mab 15–599) and a Mab recognizing 
both pfD and mature fD as biotinylated detector antibody (Mab 9–15- 
46). To our best knowledge, this ELISA is the first of its kind, assessing 

Table 1 
Validation.   

Plasma QC  

18.0 (ng/ml) 7.0 (ng/m) 2.0 (ng/ml) 

Intraassay var. CV 5.1% 3.0% 1.9% 
Interassay var. CV 6.6% 8.9% 9.8% 
Working range (ng/ml) 0.82–28   
Detection limit (ng/ml) 0.2    

Table 2 
Recovery.   

Plasma diluted [fold]  

32 64 128 256 

Start conc. (ng/ml) 4.9 (±0.1) 2.6 (±0.0) 1.4 (±0.0) <w.r.* 
Spiked 3.0 ng/ml     
Conc.(ng/ml) 8.0 (±0.3) 5.6 (±0.0) 3.1 (±0.2) 3.6 (±0.1) 
Recovery 103% 99% 103% 119% 
Spiked 10.0 ng/ml     
Conc.(ng/ml) 13.8 (±0.3) 11.6 (±0.2) 10.4 (±0.0) 10.8 (±0.3) 
Recovery 90% 91% 91% 108%  

* <w.r.: below working range. 
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the levels of pfD by a relatively simple approach. To discriminate be-
tween the two forms in a non-quantitative manner previous work 
applied isolelectric focusing or labeled recombinant pfD to follow the 
conversion to mature fD (Pihl et al., 2017; Oroszlan et al., 2021). 

The final setup for the sandwich ELISA was robust and reliable, with 
minimal intra- and inter assay variation in the established working 
range. In pilot experiments, we experienced challenges with achieving 
reproducible measurements, and we became aware of optimization of 
blood sampling and applying ELISA buffers with protease inhibitors. 
Collection of blood in lithium heparin tubes allowed for the measure-
ment of pfD in plasma, whereas collection in other tubes resulted in 
reduced levels of pfD compared with lithium heparin plasma. Likewise, 
the use of serum samples resulted in reduced levels compared to lithium 
heparin plasma. Thus, the final ELISA buffer included heparin and a 
cocktail of protease inhibitors. These precautions allowed for repro-
ducible measurements working with the samples at room temperature. 
We interpret the need for heparin and inhibitors as an otherwise ongoing 
conversion of pfD to mature fD in serum and uninhibited plasma. 

By increasing the affinity of the serpin antithrombin III for activated 
thrombin and factor Xa, heparin reduces their activities in cleaving 
fibrinogen and activating factor V, respectively (Olson and Chuang, 
2002). Although antithrombin III does not directly inhibit MASP-3, in-
hibition of MASP-1 and MASP-2 by antithrombin III may indirectly lead 
to MASP-3 inhibition (Oroszlan et al., 2017). During the analysis for 
parallelism between measurements of the calibrator, made of recombi-
nant pfD, versus natural pfD in plasma (Fig. 3), it was evident that 
parallelism required sufficient dilution of plasma samples. Parallelism 
was not obtained until plasma was diluted 6-fold. In less diluted samples 
the concentration was underestimated, which we interpreted as an 
ongoing conversion of pfD to mature fD, potentially because of insuffi-
cient inhibitory capacity of the ELISA buffer. 

In the plasma from healthy adult blood donors, we measured levels 
between 22 and 304 ng pfD/ml, with a median plasma concentration of 
134 ng/ml and the 2.5th and 97.5th quantiles of 55 and 278 ng/ml (non- 
parametric). 

As this is the first measurement of its kind, it is not comparable to 
previous work estimating levels of fD. Median serum and plasma levels 
of fD (pfD + mature fD) among healthy blood donors spanned between 1 
and 2 μg/ml (Scholl et al., 2008; Stanton et al., 2011; Silva et al., 2012; 
Shahini et al., 2017; Liu et al., 2021). A 24-fold dilution of plasma 
ensured that all samples (n = 117) were measurable without the need of 
re-measurements at additional dilutions. 

An unvalidated in-house ELISA for total D factor showed that the 
levels within the tested blood donors (median 1.8 μg/ml, range 
0.73–2.89 μg/ml) corresponded well with previously published median 
concentrations, without correlation between levels of pfD and total fD 
(not shown). Thus, in this light, up to 15–30% (max. pfD / median total 

fD) of the fD levels measured previously may be contributed by the 
presence of pfD. 

However, we cannot rule out that the measured levels of pfD are 
affected by rapid conversion of pfD to mature fD just after blood is 
drawn or during subsequent preparation of plasma, and that the actual 
levels of pfD in the circulation may be even higher than measured. With 
the current pfD ELISA, we can address studies aiming at describing 
eventual molecular upstream events that lead to the conversion of pfD to 
the complement rate-limiting form, mature fD, and assess the levels, 
regulation, and conversion of pfD in diseases associated with inflam-
mation and lipid metabolism disorders. 
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