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Abstract

C3 glomerulopathy (C3G) and immune complex-mediated membranoproliferative glomeru-
lonephritis (IC-MPGN) are severe complement-mediated kidney diseases. In a substantial
proportion of these patients, C3 nephritic factors (C3NeFs) are detected; these autoanti-
bodies stabilize the complement alternative pathway (AP) C3 convertase. Previous studies
have investigated and distinguished properdin-dependent and properdin-independent
C3NeFs. In this study, we investigated a distinct subset of C3NeFs that are exclusively
active in the absence of properdin: properdin-inhibited C3NeFs. A two-step hemolytic AP
convertase activity assay was employed to examine convertase activity in patient serum
in the presence versus absence of properdin using the properdin inhibitor Salp20. In 7/16
patients and 1/23 healthy controls, who showed no convertase stabilization in full serum,
convertase stabilization was observed upon properdin inhibition, indicating properdin-
inhibited C3NeF activity. Consistent findings were obtained when purified patient Igs were
added to properdin-depleted serum. Moreover, in an ELISA-based C3bBb binding assay,
6/7 patients with properdin-inhibited C3NeFs showed increased convertase binding, which
decreased upon addition of properdin. Complement levels in patients with properdin-
inhibited C3NeFs were not significantly different from those in the C3NeF-negative group,
and properdin levels were generally within the refence range. In conclusion, our results
support the existence of properdin-inhibited C3NeFs, thereby further expanding the func-
tional heterogeneity of these autoantibodies. Although their functional relevance under
physiological conditions remains unclear, these findings may have important implications
for complement-targeted therapies, particularly strategies aimed at properdin inhibition,
as the presence of these C3NeFs may predispose to unintended effects.

Keywords: C3 glomerulopathy; C3 nephritic factors; complement system; properdin;
Salp20; alternative pathway

1. Introduction

The complement system is an important part of the innate immune system and plays a
pivotal role in the protection of the human body from pathogens and dangerous host cells.
Activation can occur via three pathways: the classical pathway, the lectin pathway, and the
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alternative pathway (AP). Activation of these pathways depends on the initial trigger, but
all pathways lead to the formation of a C3 convertase, which will cleave complement C3 and
induce further activation of the complement cascade. As a result, anaphylatoxins, opsonins,
and the terminal complement complex (TCC) will be formed, supporting inflammation,
phagocytosis, and cell damage [1,2].

In contrast to the lectin pathway and classical pathway, which are specifically activated
upon pattern recognition, the AP is continuously active at a low level, making the AP an
important surveillance mechanism. In a small percentage of the C3 molecules, the internal
thioester bond is spontaneously hydrolyzed, generating C3(HO). The hydrolyzed C3
can be bound by Factor B (FB). Upon FB cleavage by Factor D (FD), the fluid-phase C3
convertase, C3(H,O)Bb, is formed. This complex cleaves small amounts of C3 into C3a
and C3b. The C3b can bind to (bacterial) cell surfaces, leading to opsonization. Moreover,
membrane-bound C3b can be used to form new C3 convertases with FB and FD, i.e., C3bBb.
These convertases can be stabilized by the glycoprotein properdin, the positive regulator
of the AP [3,4]. By binding to C3 convertases, properdin increases the half-life of these
complexes five- to ten-fold [5]. The formed C3bBbP complexes generate additional C3b,
thereby promoting further convertase formation and amplification of the cascade. Through
this potent amplification mechanism, the C3b density on the cell surface increases, resulting
in C5 convertase activity [6,7]. The C5 convertases cleave C5 into C5a and C5b, initiating
the terminal pathway. C5b will assemble with one unit of complement components C6
to C8 and multiple units of C9 to form the lytic TCC, the end product of complement
activity [1,2].

The activity of the AP is strictly regulated by various negative regulators. Membrane-
bound and circulating inhibitory proteins, such as Factor H, Factor I, complement receptor
1 (CD35), membrane cofactor protein (CD46), and decay-accelerating factor (CD55), break
down the convertases or prevent the formation of new convertases. Thereby, excessive AP
activation and subsequent damage to healthy host cells are prevented [2,8]. However, when
pathogenic autoantibodies or mutations in AP (regulatory) proteins disrupt the balance
between convertase activation and inhibition, the AP may become hyperactive. As a result,
healthy tissues, especially in the kidneys, are injured [9-11], which may lead to severe
complement-mediated kidney diseases such as C3 glomerulopathy (C3G) [11-13].

C3G patients can present with various symptoms, such as hematuria, proteinuria,
hypertension, and low serum C3. The diagnosis is based on a kidney biopsy showing C3
dominance with immune fluorescence, reflecting the complement AP overactivation. C3G
encompasses two subtypes that have different electron microscopy appearances: dense
deposit disease (DDD) and C3 glomerulonephritis (C3GN) [12,14,15]. DDD is character-
ized by very dense band-like intramembranous deposits, whereas the deposits found in
C3GN are less dense and can show a more variable pattern [12,14]. The general progno-
sis for C3G is poor, with about 50% of all patients developing end-stage kidney disease
within ten years after diagnosis and a risk of approximately 65% of recurrence in kidney
transplants [16-24]. Standard treatment includes general immunosuppression and anti-
hypertensive drugs [12,25]: however, these nonspecific approaches have demonstrated
limited efficacy [12,26,27].

Given that the disease is driven by AP dysregulation and complement overactiva-
tion, targeting the complement system has emerged as a rational therapeutic strategy. In
2025, pegcetacoplan (C3 inhibitor) and iptacopan (FB inhibitor) were approved by the US
Food and Drug Administration for clinical use in C3G patients [28], and several other
complement inhibitors are currently in clinical trials [29]. For optimizing complement-
inhibiting therapy and guiding individualized treatment strategies, accurate assessment
and characterization of complement activation in these patients is essential.
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In up to 20% of the C3G patients, rare variants in complement genes have been
found [13,18,21,30]. In addition, acquired autoantibodies targeting complement factors
have been shown to contribute to disease. The most prominent autoantibodies in C3G
are C3 nephritic factors (C3NeFs), which are detected in ~40-50% of C3GN patients and
in ~60-80% of DDD patients [31]. C3NeFs prolong the activity of the AP C3 convertase
by inhibiting the natural intrinsic decay and accelerated convertase decay mediated by
complement regulators [32-35]. Thereby, these autoantibodies contribute to uncontrolled
AP activation and subsequent injury to healthy kidney tissues. C3NeFs are not only
detected in C3G, but also in immune complex-mediated membranoproliferative glomeru-
lonephritis (IC-MPGN), which is diagnostically distinguished from C3G by the presence of
immunoglobulin (Ig) deposits in the glomerulus [18,36,37].

C3NeFs are heterogeneous in their mode of action. For example, two classes of C3NeFs
are distinguished: properdin-dependent and properdin-independent C3NeFs. To identify
and distinguish between these two C3NeF-subtypes, assays test for C3NeF activity (i.e.,
convertase stabilization) in a condition with and without properdin (Figure 1). Properdin-
dependent C3NeFs are only active in the presence of properdin (stabilizing C3bBbP(C3b)
but not C3bBb), whereas properdin-independent C3NeFs are active both in the presence
and absence of properdin (stabilizing both C3bBbP(C3b) and C3bBb) [17,34,38—41]. The
properdin-containing condition, which most closely reflects physiological circumstances,
identifies the highest number of patients with C3NeFs [34,40]. Notably, these approaches
have also enabled the detection of C3NeFs that were active exclusively in the absence of
properdin and inactive when properdin was present [17,42]. However, the characterization
of these particular C3NeFs is limited.

Properdin-independent Properdin-dependent Properdin-inhibited
C3NefFs C3NefFs C3Nefs
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A
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Figure 1. Schematic overview of the different types of C3 nephritic factors (C3NeFs). In this study,
the alternative pathway (AP)-convertase activity assay (CAA) and anti-C3bBb(P) detection ELISA
were employed to study the interactions between the different C3NeF types and the AP convertase
with or without properdin, by modulating experimental conditions. FB, Factor B; FD, Factor D; Igs,
immunoglobulins; AP-NHS, properdin-depleted NHS.

In the context of emerging complement-targeted therapies, particularly properdin-
inhibiting strategies [4,43-45], precise characterization of patients and their specific C3NeF
profiles is essential. Parallel to our previous approach to distinguish properdin-dependent
from properdin-independent C3NeFs [41], in this study we investigated the subclass of
C3NeFs that are exclusively active in the absence of properdin. We will refer to them as
properdin-inhibited C3NeFs, as it seems that presence of properdin inhibits the convertase-
stabilizing actions of these C3NeFs (Figure 1). We selected C3G/IC-MPGN patients who
were previously classified negative for properdin-dependent and properdin-independent
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C3NeF activity and assessed the presence of properdin-inhibited C3NeF activity using
different assay conditions lacking properdin. Furthermore, we explored the functional
relevance of these properdin-inhibited C3NeFs.

2. Results
2.1. Patient Characteristics

For this study, we selected patients from a retrospective C3G/IC-MPGN cohort who
had previously been found negative for prolonged convertase activity, i.e., C3NeF activity,
in test conditions of whole serum [46-48]. For sixteen patients, material was available for
this study: twelve C3G patients (four C3GN, six DDD, and two with unknown subtype)
and four IC-MPGN patients (Table 1). The mean age of the patients at time of study was
29 years (range: 9-66 years; seven children, nine adults).

Table 1. Patient characteristics. All genetic variants found were heterozygous. C3GN, C3 glomeru-
lonephritis; DDD, dense deposit disease; IC-MPGN, immune complex-mediated membranoprolifera-
tive glomerulonephritis; NA, not available; N, no; Y, yes.

. Sex Age at Time of First Age at Time Genetic Aut.oantibodies
Patient (M/F) Presentation (Years) of Study C3G Subtype Aberrations Against Factor H
(Years) (Y/N)
C3G
P1 F 17 17 DDD - N
P2 F 22 22 DDD - N
P3 M 10 NA - N
P4 F 7 9 DDD NA N
P5 M 7)) ) DDD ((:s.ﬁffg;o(): N
P6 M 62 65 DDD - N
pP7 F 33 33 NA - N
P8 M 66 66 C3GN - N
P9 M 43 44 C3GN - N
P10 M 29 37 C3GN - N
P11 F 42 42 C3GN NA NA
P12 F 5 12 DDD - N
IC-MPGN
P13 F 14 14 - - N
P14 F 17 17 - - N
P15 M 18 19 - - N
P16 F 15 16 - - N

2.2. Determining Normal Convertase Activity in the Absence of Properdin Using Serum and
Immunoglobulins of Healthy Controls

Before screening patients for C3NeF activity in the absence of properdin, serum and Igs
from healthy controls were tested in the AP-convertase activity assay (CAA) to establish cut-
off values for normal convertase activity in conditions without properdin. The convertase
activity profile in the absence of properdin is characterized by maximal convertase activity
around 30 min, followed by convertase breakdown and hemolysis returning to background
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levels at 50 and 60 min. Therefore, our cut-off values were based on differences in hemolysis
of the test sample vs the internal control at time points t50 and t60 (see Methods Section 4.3).

In the absence of properdin, i.e., by adding 6.25 nug/mL of the properdin inhibitor
Salp20 [41], twenty-two healthy controls showed a convertase activity profile that was
similar to NHS with Salp20 (Figure 2A; mean relative deviation to NHS + Salp20 at
t50 + t60 = 0.66, SD = 0.18; cut-off = 1.20)). Surprisingly, one healthy control (C22) displayed
prolonged convertase activity when properdin was blocked. The serum of C22 without
Salp20 inhibition, however, showed normal convertase activity (Figure S1A). C22 was
identified as an outlier (see Methods Section 4.3) in the condition of serum with Salp20 and
was therefore excluded from all analyses involving cut-off determination. The convertase
activity profiles induced by the nine available healthy control Ig fractions in properdin-
depleted NHS (AP-NHS; mean relative deviation to AP-NHS + NHP-Igs = 1.16, SD = 0.26,
cut-off = 1.95) supported the findings of the serum conditions with Salp20 (Figure 2B).
Again, C22 Igs showed increased convertase stability in AP-NHS, whereas this was not
seen when the Igs were added to NHS (Figure S1B).

Healthy controls + Salp20
(n=22)

—— (C22 + Salp20

—— NHS + Salp20
hi-NHS

10 20 30 40 50 60
Time (min)

AP-NHS + healthy control Igs
(n=8)

—— AP-NHS + C22 Igs

- AP-NHS + NHP Igs

-e- AP-NHS
hi-NHS

' N E S S
10 20 30 40 50 60

Time (min)

Figure 2. Convertase activity profiles of healthy controls in the absence of properdin. The AP-CAA
was performed with healthy control serum supplemented with the properdin-inhibitor Salp20 (A)
or with Igs fractions that were added to AP-NHS (B). As an internal control, Igs originating from
normal human plasma (NHP) were used. The healthy controls used for determination of cut-off
values are shown in grey. Healthy control 22 (C22) was excluded for the determination of cut-off
values (shown in red). Data are presented as mean + range of two independent experiments. hi-NHS,
heat-inactivated NHS.
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2.3. Screening Patient Samples for Properdin-Inhibited C3NeF Activity in Serum Using Salp20

Next, patient sera or plasma were screened for prolonged convertase activity in the
AP-CAA in the presence and absence of properdin using properdin inhibitor Salp20. In
the absence of properdin, convertase activity was significantly different in the patients
compared to the controls (Figure S2A), while this was not the case in full serum conditions
with properdin (Figure S2B). Prolonged convertase activity, according to our cut-off values,
was observed in seven of the sixteen patients (P1-4, P12-14; Figure 3A; relative deviation
to NHS + Salp20 > 1.20). In complete serum conditions, none of the patients showed
convertase stabilization, which is in line with our inclusion criteria. This suggests the
presence of properdin-inhibited C3NeFs in these seven patient samples, as the convertase-
stabilizing activity could only be detected upon properdin inhibition. The other nine
patients showed normal convertase activity profiles both with and without properdin
inhibition (P5-P11, P15, P16, Figure 3B), indicating that these patients have no C3NeF
activity at all.
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Figure 3. Cont.
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Figure 3. Screening patient samples for properdin-inhibited C3NeF activity using Salp20. AP-CAA
was performed with patient serum (P1, P3-8, P10, P11, and P13-15) or patient ethylenediamine-
tetraacetic acid (EDTA)-plasma (P2, P9, P12, and P16), supplemented or not with the properdin
inhibitor Salp20. (A) Patients positive for the properdin-inhibited C3NeF. (B) Patients negative for the
properdin-inhibited C3NeF. Blue and red lines indicate convertase activity profiles of patients within
and outside the mean relative deviation to the internal control (NHS or NHS + Salp20) + 3SD of
healthy controls, respectively. Data are presented as mean =+ range from two independent experiments.

2.4. Screening Patient Immunoglobulins for Properdin-Inhibited C3NeFs Using AP-NHS

To confirm the autoantibody nature of the factors that induced the convertase sta-
bilization in the patient samples in the absence of properdin, we added the purified Ig
fractions from these samples to AP-NHS. Sufficient material was available for five of the
seven (71%) patients, i.e., P1, P2, and P12-14. Indeed, the Ig fractions from these patients
with prolonged convertase activity in properdin-blocked serum also induced convertase
stabilization in AP-NHS (Figure 4A; relative deviation to AP-NHS + NHP-Igs > 1.95). This
further supported that a properdin-inhibited C3NeF induced the prolonged convertase
activity in the absence of properdin.
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Figure 4. Screening patient Ig fractions for properdin-inhibited C3NeFs using AP-NHS. AP-CAA
was performed with NHS or AP-NHS supplemented with Igs originating from patients positive for
properdin-inhibited C3NeFs (A) or negative for C3NeFs (B). As an internal control, Igs originating
from pooled NHP or NHS (control Igs) were used, depending on the patient material used for Ig purifi-
cation. Blue and red lines indicate convertase activity profiles with patient Igs within and outside the
mean relative deviation to the internal control (NHS + Control Igs or AP-NHS + Control Igs) + 3SD of
healthy controls, respectively. Data are presented as mean + SD from three independent experiments.

Unexpectedly, the Ig fractions of P1, P2, and P14, did also induce slightly prolonged con-
vertase activity when added to NHS (Figure 4A; relative deviation to NHS + NHP-Igs > 1.36),
whereas all patient sera showed normal convertase activity profiles (Figure 3A). However,
the degree of convertase stabilization induced by P1, P2, and P14 Igs seems to be less
pronounced in the presence of properdin (when added to NHS) compared to the convertase
stabilization in the absence of properdin (when added to AP-NHS).

From three of the nine (33%) patients who were C3NeF-negative in both full serum
and properdin-blocked serum conditions, i.e., P8, P9, and P16, Ig fractions were available.
When added to NHS and AP-NHS, these Igs showed normal convertase activity profiles
(Figure 4B), which is in line with our previous findings of patient serum with and without
properdin inhibition by Salp20.
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2.5. Identifying and Characterizing Properdin-Inhibited C3NeFs by IgG Binding to C3bBb

To confirm the presence of properdin-inhibited C3NeFs with an alternative approach,
an ELISA-based method was used to assess direct IgG binding of properdin-inhibited
C3NeFs to C3bBb. Five samples (C22, P1, P12-14) positive for properdin-inhibited C3NeFs
and two properdin-independent C3NeF samples (P17 and P18, as determined in ref. [41])
were analyzed for IgG binding to the convertase, both in the absence (C3bBb) and pres-
ence (C3bBbP) of properdin. Upon addition of properdin, binding to the convertase
decreased in a concentration-dependent manner across all samples (Figure 5A,B); how-
ever, the magnitude of this effect differed significantly between patients (p < 0.0001),
indicating heterogeneous sensitivity for properdin. Nonlinear regression analysis revealed
a broad range of half maximal inhibitory concentration (ICs) values for properdin on
properdin-inhibited C3NeF activity (0.98-10.17 ug/mL; Table 2). Samples classified as
properdin-inhibited C3NeFs exhibited low ICsy values (0.98-3.69 ug/mL), reflecting high
sensitivity to properdin, whereas properdin-independent C3NeFs showed markedly higher
ICsq values (8.63-10.17 ng/mL), indicating reduced sensitivity. These findings demonstrate
that properdin-inhibited C3NeFs are more strongly modulated at lower properdin concen-
trations, while properdin-independent C3NeFs require higher properdin levels to achieve
comparable effects.

Table 2. Half maximal inhibitory concentration (ICsy) values and 95% confidence intervals obtained
from nonlinear regression of properdin titration in ELISA for convertase binding. For each sample,
data were derived from three independent measurements.

C3NeF Classification ICx ( L 95% Confidence
According to AP-CAA 50 (ng/m Interval (ug/mL)

C22 Properdin-inhibited 0.98 0.69-1.36

P1 Properdin-inhibited 1.31 1.03-1.68

P12 Properdin-inhibited 1.01 0.72-1.40

P13 Properdin-inhibited 1.35 1.07-1.69

P14 Properdin-inhibited 3.69 2.60-5.35

P17 Properdin-independent 10.17 8.84-11.84

P18 Properdin-independent 8.63 6.15-12.91

Next, all patient samples from the study cohort, along with the healthy control sam-
ples, were analyzed using ELISA without and with 2 ug/mL properdin. The seven patients
positive for properdin-inhibited C3NeFs according to the AP-CAA results showed signifi-
cantly higher C3bBb binding compared to both the healthy controls and the patient group
negative for C3NeFs (Figure 5C). Although decreased convertase binding was observed
when properdin was added to properdin-inhibited C3NeFs (Figure 5A,B), these samples
still exhibited significantly higher C3bBbP binding compared to both the healthy controls
and C3NeF-negative group (Figure 5D).

To investigate the diagnostic value of the C3bBb and C3bBbP binding ELISA for the
group of properdin-inhibited C3NeFs, we studied the convertase binding of the patients
individually compared to healthy controls. Six out of the seven patients (86%; P1, P2, P4,
P12, P13, and P14) with properdin-inhibited C3NeFs showed increased C3bBb binding
(Figure 5E; AAyps > 0.11). Although the signal was higher in the C3bBb condition, 5/7
(71%; P1, P2, P12-14) properdin-inhibited samples were also positive for C3bBbP binding
(Figure 5F; AA4gs > 0.15). All samples that were negative in the absence of properdin
(Figure 5E) remained negative when properdin was present (Figure 5F). These results
indicate that properdin-inhibited C3NeF-positive samples are not detected by the standard
AP-CAA in full serum conditions, while the majority were detected with the ELISA-based
method both in the presence and absence of properdin.
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Figure 5. Screening for IgG binding to the C3 convertase in the presence and absence of properdin
(P). Samples were categorized based on their outcome in the AP-CAA. (A) Samples positive for
P-independent C3NeF (red circles) and positive for P-inhibited C3NeF (green triangles) were tested
without and with different P concentrations. (B) Delta absorbance values (AAy4s values) were
transformed to relative binding in percentage compared to the condition without P. (A,B) Data are
presented as mean + SD of three independent experiments. (C-F) C22 was visualized separately
as this is a healthy control positive for the properdin-inhibited C3NeFs according to the AP-CAA.
AA4ps5 values of the test samples without (C3bBb; (C,E)) and with (C3bBbP; (D,F)) P. (C,D) Data
are presented as median =+ interquartile range. Not significant (ns), ** p < 0.01, *** p < 0.001, using
Kruskal-Wallis test with Dunn’s multiple comparisons tests. (E,F) Individual visualization of the
patients and C22 of panel (C,D). (E,F) For the patients and C22, data are presented as mean =+ range
from two replicates in a single experiment. For the healthy controls, each dot represents the mean
from two replicates in a single experiment of one individual healthy control. The dotted line represent
the mean + 3SD of 22 healthy controls.

2.6. Examining the Effect of the Properdin-Inhibited C3NeFs on the Complement Profile

To investigate potential functional effects of the properdin-inhibited C3NeFs, we exam-
ined the complement profiles of patients with properdin-inhibited C3NeFs, by measuring
the complement components C3, FB, properdin, and C5, and complement activation prod-
ucts C3a, Bb, C3bc, C3bBbP, C5a, and TCC in the blood of patients. For this analysis, we
used the classification into properdin-inhibited C3NeF and no C3NeF according to the re-
sults of the AP-CAA. No significant difference was observed between the C3NeF-negative
and properdin-inhibited C3NeF group for all complement components and activation
products (Figure 6). The properdin levels were largely within the normal range in all
patients, including in the patients with properdin-inhibited C3NeFs. The healthy control
with the properdin-inhibited C3NeF (C22) did not show aberrant complement activation or
complement protein levels.
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Figure 6. Concentrations of circulating complement proteins and activation products. Levels of the
complement proteins C3, Factor B (FB), properdin, and C5 and activation products C3a, Bb, C3bc,
C3bBbP, C5a, and terminal complement complex (TCC) were measured in samples of patients with
C3G or IC-MPGN. The data points with the same symbol and color originate from the same patient.
The median is given per group. For properdin and C3, data points measured in serum have open
symbols and in EDTA-plasma have closed symbols. The reference values of the healthy controls
are indicated by the grey areas. For properdin and C3, the dotted and continuous lines specify the
reference values in serum and EDTA-plasma, respectively. Patients were categorized based on their
outcome in the AP-CAA. C22 was positive for properdin-inhibited C3NeFs according to the AP-CAA
but not included in the P-inhibited group for this analysis. Of note, the set of markers is not complete
for all patients due to a lack of suitable material. Not significant (ns), using two-tailed Mann-Whitney
U-tests. CAU, complement arbitrary.

3. Discussion

C3NeFs are detected in more than half of patients with C3G and in a substantial pro-
portion of IC-MPGN patients and are therefore considered drivers of complement dysregu-
lation and disease pathogenesis. Improved characterization of C3G patients, including the
C3NeFs they harbor, is essential for optimizing treatment strategies, particularly in the con-
text of emerging complement-targeted therapies. Two classes of C3NeFs have already been
well described: properdin-dependent and properdin-independent C3NeFs [17,34,38-41].
However, C3NeFs that stabilize the AP C3 convertase exclusively in the absence of prop-
erdin, referred to as properdin-inhibited C3NeFs, have remained largely unexplored. In
this study, we examined whether properdin-inhibited C3NeFs are present in our C3G/IC-
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MPGN cohort, tried to further characterize them, and investigated their relation with
complement markers in blood.

Using our rabbit erythrocyte-based AP-CAA, properdin-inhibited C3NeFs were de-
tected in the sera of 7/16 patients (44%) from our C3G/IC-MPGN cohort consisting of
patients who had previously tested negative for C3NeFs under physiological, properdin-
containing serum conditions. These C3NeFs only became active in serum after properdin
was blocked with Salp20. Thus, in our C3G/IC-MPGN cohort, around half of the patients
who had previously been classified as negative for C3NeF activity in physiological serum
conditions with properdin (described in ref. [46-48]) were now found to carry properdin-
inhibited C3NeFs. This finding is consistent with the findings of Marinozzi et al. [17], who
identified this type of C3NeF in 17/30 (57%) C3G patients who tested negative for NeFs in
the presence of properdin. Even though a similar type of hemolytic sheep erythrocyte assay
was used, Hauer et al. [42] detected properdin-inhibited C3NeFs in only 3/82 (4%) C3G
patients who were negative in the C3bBbP(C3b) condition. Of note, properdin-inhibited
C3NeFs are classified as single C3NeF positive samples in those studies, indicating no
C5NeFs (term for NeFs recognizing the convertase with properdin, i.e., C3bBbP(C3b)) were
found in those samples. Other studies that evaluated C3NeF activity under conditions both
with and without properdin could not identify this specific properdin-inhibited C3NeF
type [34,40,49]. In those studies, all samples positive for C3NeFs in the absence of properdin
were also positive in the presence of properdin (properdin-independent C3NeFs). The high
variation in prevalence across studies might be explained by differences in patient selection
(e.g., C3G only versus C3G/IC-MPGN) and assay methodology (e.g., sheep erythrocyte-
versus rabbit erythrocyte-based hemolytic assays or versus ELISA-based NeF assays). It is
well-known in the field that C3NeF detection is highly assay-dependent, and that the same
sample may yield different results depending on the assay used [34,40]. Therefore, compar-
ing the prevalence of properdin-inhibited C3NeFs between cohort remains challenging.

The C3NeF activity in absence of properdin was confirmed with the purified Ig
fractions in all five patients of whom material was available. However, the Ig fractions of
three of the five patients also showed slightly prolonged convertase activity in the presence
of properdin, i.e., when added to NHS. This is interesting because these patients were
clearly negative for C3NeF activity when convertase activity was directly measured in
the patient sera/plasmas. Nonetheless, these Igs showed relatively stronger convertase
stabilization in the absence of properdin compared to the condition with properdin, so we
still consider them as properdin-inhibited C3NeFs. For the three C3NeF-negative patients
with Igs available, we confirmed that no convertase-stabilizing Igs were present, which is
in line with the results found using the serum or plasma samples of these patients.

Findings obtained using the ELISA-based method demonstrate pronounced het-
erogeneity in properdin sensitivity among C3NeF-positive samples. The properdin-
independent C3NeF-positive patients (P17, P18) showed high ICs values indicating low
sensitivity to properdin, suggesting that higher properdin concentrations are required
to modulate convertase binding. In contrast, low IC5y samples were observed for the
properdin-inhibited positive samples (P1, P12-14, and C22), indicating they are more re-
sponsive to properdin and lose their ability to bind to the C3 convertase upon the addition
of properdin. These findings further support the presence of properdin-inhibited C3NeFs
and likely reflect mechanistic differences in C3NeF-C3 convertase interactions and may
have implications for stratification of patients. A possible explanation for decreased C3NeF
binding might be that properdin-inhibited C3NeFs bind the AP C3 convertase at or near
the region where properdin also binds [50-52], potentially creating competition between
properdin and the C3NeF for binding the convertase. However, to date, this remains
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speculative and requires further experimental validation through crystal structures or more
in-depth competition studies using, for example, ELISA or surface plasmon resonance.

The AP-CAA with full serum containing properdin is used in our laboratory for
routine patient testing. This assay did not detect the properdin-inhibited C3NeFs in the
standard assay conditions. In contrast, the ELISA-based method did identify the presence
of properdin-inhibited C3NeFs in the majority of the samples, both in the presence and
absence of properdin. Despite the fact that decreased binding was observed when properdin
was added to the properdin-inhibited C3NeF samples, five of the seven samples were still
positive. Previous studies have demonstrated that the inclusion of properdin during
convertase assessment enhances the number of positive samples [34,40,49], as it allows
the detection of properdin-dependent C3NeF as well. In practice, however, the yield of
positive C3NeFs may differ per assay. This further underlines that testing multiple test
conditions provides most information on C3NeF presence and C3NeF type in study cohorts.
Gaining insight into the different outcomes between methods, i.e., which assays can detect
specific C3NeF types, and the underlying cause might improve our understanding of the
low success rates of C3NeF detection assays [53] and improve patient characterization.

Surprisingly, we found that properdin-inhibited C3NeFs were also present in 1/23
healthy controls (C22; 4%), as determined by the AP-CAA. A previous study has reported
the presence of C3NeFs in a healthy individual [54]. In this study [54], however, the C3NeFs
were found in conditions with properdin, enabling the detection of properdin-dependent
and properdin-independent C3NeFs but not properdin-inhibited C3NeFs. Generally, de-
tecting C3NeFs in healthy persons raises questions about the clinical relevance of these
C3NeFs. For the properdin-inhibited C3NeFs, this clinical and functional relevance may be
questioned even more since in the presence of properdin—which reflect the physiological
situation, at least in the circulation—these C3NeFs likely remain inactive and are unable to
trigger complement-mediated disease, both in controls and in patients.

To gain further insight into the functional and physiological implications of properdin-
inhibited C3NeFs, the complement activity profiles of patients carrying these autoanti-
bodies were analyzed. We compared the complement profiles of the C3NeF-negative
and properdin-inhibited C3NeF-positive patients and observed no significant differences
between both groups. In addition, compared to our previous studies with properdin-
(in)dependent C3NeFs [41,48], the complement profiles seemed to be less aberrant and
less active in the properdin-inhibited C3NeF-positive patients. This generally normal
complement profile may raise questions about whether properdin-inhibited C3NeFs are
active in vivo, since the patients all had (near-)normal systemic properdin levels. This also
applies to the healthy control with the properdin-inhibited C3NeFs (C22), who also showed
a normal systemic properdin level and normal complement levels. However, it is also
known that the correlations between C3NeF presence and complement activation profiles
in blood are not perfect [21,48], so drawing conclusions about functional relevance from
systemic complement levels alone may be misleading.

Furthermore, while our study assessed circulating properdin levels, it is important to
emphasize that local properdin concentrations within the renal microenvironment might
differ substantially from circulating levels, particularly during inflammation. For example,
properdin can be locally produced by infiltrating leukocytes [55], which may prevent the
stabilization of C3 convertases by properdin-inhibited C3NeFs. On the other hand, there
are also conditions known in which properdin concentrations are decreased. For example,
vaccination, infection, and cancer therapies are known the be related to decreased levels of
leukocytes [56-58] and therefore lowered properdin levels. In these individuals, properdin-
inhibited C3NeFs may become active, potentially contributing to the complement-mediated
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kidney damage in these patients, or they may even elicit such damage in healthy individuals
carrying properdin-inhibited C3NeFs.

The characterization of the properdin-inhibited C3NeFs in C3G/IC-MPGN patients
may become even more important in light of the upcoming complement-targeted therapeu-
tics to treat complement-mediated kidney diseases. We previously showed that properdin-
inhibiting therapy could be beneficial for those patients with properdin-dependent
C3NeFs [41]. However, the same therapy could have dramatic pathogenic effects in
patients with properdin-inhibited C3NeFs, in whom the C3NeF activity would be elicited.
At the moment, no properdin inhibitors are in clinical trials for C3G/IC-MPGN, but
properdin inhibition has been considered for other diseases in which the complement
system plays a role [4,43—45]. If properdin-targeted therapies are considered for C3G/IC-
MPGN in the future, particular caution will be warranted in patients harboring properdin-
inhibited C3NeFs.

One of the primary limitations of this study was the relatively small sample size
of both patients and controls. In total, 16 patients could be included, of whom 7 were
classified as properdin-inhibited C3NeF positive, and experiments using purified Igs
were available for only 5 of these 7 patients. Given these limited numbers, individual
variability and potential outliers may have had a disproportionate influence on the observed
results. In addition, detailed clinical data were unfortunately not available for all patients
included in this retrospective study. Accordingly, the findings and clinical implications
should be interpreted with caution. Further studies in larger, clinically well-described
cohorts are needed to validate the prevalence and functional significance of properdin-
inhibited C3NeFs. Another methodological limitation was the suboptimal curve fitting
of the properdin titration in the anti-C3bBb(P) ELISA due to the limited number of data
points. While the overall fits were acceptable, variability in goodness-of-fit and the limited
number of concentration points indicate that curve fitting was not optimal for all samples.
This may have affected the accuracy of the calculated ICsy and 95% confidence intervals.
However, visual inspection of the data indicates a clear distinction between properdin-
inhibited C3NeFs and properdin-independent C3NeFs, which supports the observed trend.
Increasing the number and range of properdin concentrations would improve the accuracy
and robustness of IC5( estimation in future experiments. A key strength of this study was
the application of two distinct methodologies to investigate properdin-inhibited C3NeFs,
enhancing the reliability of our findings.

In conclusion, we detected properdin-inhibited, Ig-based convertase-stabilizing factors,
i.e., properdin-inhibited C3NeFs, in approximately 40% of the C3G/IC-MPGN patients
who were negative for C3NeF activity in the presence of properdin. The vast majority of
these properdin-inhibited C3NeF were also detected by an ELISA-based method detecting
direct IgG binding to the C3 convertase. Upon addition of properdin, binding of properdin-
inhibited C3NeFs decreased, suggesting that these C3NeFs indeed compete with or are
affected by properdin. Despite the presence of these properdin-inhibited C3NeFs, we
showed that the complement levels of these properdin-inhibited C3NeF-positive patients
were not significantly different from C3NeF-negative patients. Especially since the systemic
properdin levels in these individuals were generally normal, it could be questioned if
the properdin-inhibited C3NeFs were active in these patients. However, in the light of
complement inhibition, in particular properdin inhibition, the presence of these properdin-
inhibited C3NeFs may lead to adverse effects. Further research on the functionality and
clinical relevance of the properdin-inhibited C3NeFs is still required.
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4. Materials and Methods
4.1. Sample Collection and Genetic Analysis

Serum and ethylenediamine-tetraacetic acid (EDTA)-plasma samples were collected
from C3G and IC-MPGN patients referred to the Radboudumc and from healthy volunteers.
Diagnosis was obtained from pathology reports following the guidelines described in the
consensus report of the first C3G Meeting [14]. Subdivision of C3G into C3GN and DDD
was based on electron microscopy appearance. Healthy controls were excluded in the case
of fever, bacterial and/or viral infections in the preceding 2 weeks, chronic illness, inherited
or acquired immune disorders, and immunosuppressive medication. The samples were
processed as previously described [46]. The samples of the 23 healthy volunteers were
used individually and were also pooled to obtain NHS and NHP. Heat-inactivated NHS
(hi-NHS) was prepared by incubating NHS for 30 min at 56 °C.

Coding regions (including intron—-exon boundaries) of complement (regulatory) genes
were screened for rare genetic variants according to previously described protocol [48].
Genomic DNA, isolated from peripheral blood leukocytes, was amplified for CFH, CFHR1,
CFHR?2, CFHR3, CFHR4, CFHRS5, CFI, CD46, C3, and CFB by means of PCR, followed by
sequence analysis and screening for rare genetic variants (minor allele frequency < 1%).
Only genetic variants of unknown significance, likely pathogenic, or pathogenic (according
to guidelines of the American College of Medical and Genomics [59]) are mentioned.
Multiplex ligation-dependent probe amplification (MLPA; 42 probes) was used to screen for
rearrangements in the CFH/CFHR region. MLPA was not analyzed for P1, P2, P5, and P6.
CFHRI1-5 genes were not analyzed for P2, P5-7, and P9. No genetic analysis was performed
for P4 and P11.

4.2. Immunoglobulin Purification

The Ig fractions from seven patients, nine healthy controls, and two control pools
were purified following previously described protocol [46], using Nab™ protein A/G spin
columns (Thermo Fisher Scientific, Waltham, MA, USA). Igs were isolated from EDTA-
plasma (P1, P2, P8, P9, P13, P14, P16, C1, C4, C5, C12, C15, C18, C20, C22, C23, and NHP)
or serum (P12 and NHS) samples, based on availability. After purification and dialysis, Ig
fractions were concentrated in phosphate-buffered saline to the initial sample volume.

4.3. Alternative Pathway Convertase Activity Assay

The AP-CAA, which has been described previously [46], is a functional hemolytic
assay for measuring C3NeF activity. The hemolytic assay is separated into two steps by
the C5-blocking agent eculizumab. In the first step, AP convertases are assembled. In the
second step, the activity of these convertases is quantified using C5b-9-mediated hemolysis.
The AP convertase activity is monitored at different time points, making visualization of
convertase stability possible.

For this study, we used two previously described approaches for the detection of
convertase-stabilizing factors in conditions with and without properdin [41]. In the first
method, we tested convertase stability in patient serum or EDTA-plasma treated with
or without the properdin inhibitor Salp20. Patient samples were always mixed with an
equal volume of NHS to compensate for possible low C3 levels [41]. P3 and P13 required
extra addition of 500 pg/mL C3 (A113; Complement Technology, Tyler, TX, USA) to obtain
interpretable convertase activity profiles [41]. Where indicated, Salp20 was added to the
test sample in a final concentration of 6.25 ug/mL per volume of undiluted serum. Salp20
was obtained according to a previously described protocol [41]. In the second method,
we examined the convertase-stabilizing ability of Igs purified from patient samples when
added to NHS or AP-NHS. AP-NHS was obtained from Complement Technology (A339).
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Complete serum :

Complete serum with Salp20 :

NHS with Ig fractions :

AP-NHS with Ig fractions :

NHS and AP-NHS were supplemented with Ig fractions from controls or patients in a 1:3
volume ratio.

To correct for the experimental variation from the used rabbit erythrocyte batches in
this study, we compared the hemolysis levels of the test samples to the hemolysis obtained
by the internal control taken along in each experiment, i.e., NHS or NHS + Salp20, or NHS
or AP-NHS supplemented with NHP or NHS Igs. The deviation of the hemolysis of the

test sample to the hemolysis of the internal control is referred to as the relative deviation.

To define cut-off values, the hemolysis levels were assessed at the time points at which
controls showed background hemolysis, i.e., t30 and t40 for conditions with properdin and
t50 and t60 for conditions without properdin. A sample was considered positive for pro-
longed convertase activity when it met the cut-off criteria for each test condition below, i.e.,
when the relative deviation of the test sample exceeded the mean relative deviation + 35D
of the hemolysis obtained by the healthy controls (Figures 2A,B and S1A,B). Control sam-
ples outside Q1 — 1.5 IQR or Q3 + 1.5 IQR for the condition with serum and Salp20 were
considered as outliers and excluded for the calculation of all cut-off values.

Average hemolysis t304-40 of patient . ops
Average hemolysis ;30140 of NHS > 1:68 (mean relative deviation + 35D of healthy controls)

Mean 1.07, SD 0.20

Average hemolysis t50+-60 of patient+Salp20 <~ 1.20
Average hemolysis t50+60 of NHS+Salp20 -

Mean 0.66, SD 0.18

Average hemolysis t304-40 of NHS+patient Igs . .
Average hemolysis F30+40 of NHS+NHS/NHP Igs > 1-30 (mean relative deviation + 3SD of healthy controls)

Mean 1.00, SD 0.12

Average hemolysis t504-60 of AP-NHS+patient 1gs . .
Average hemolysis 5060 of AP-NHS+NHS/NAD Igs > 1.95 (mean relative deviation + 3SD of healthy controls)

Mean 1.16, SD 0.26

(mean relative deviation + 3SD of healthy controls)

4.4. Anti-C3bBb(P) Detection

IgG binding to the C3 convertase was detected using a newly developed ELISA (cat.
#HK3051; Hycult Biotech, Uden, The Netherlands). The assay was performed according to
the manufacturer’s instructions. In short, C3b-precoated microtiter wells were incubated
with hi-serum or hi-EDTA plasma (0.5% per well) diluted in assay-specific dilution buffer,
together with FB and FD to allow C3 convertase formation (C3bBb) and binding by C3NeFs.
Where indicated, 0.5-4 ng/mL properdin (A139, Complement Technology) was added
together with FB and FD to assess C3bBbP binding. Samples were incubated for 30 min at
37 °C. After washing, HRP-conjugated goat anti-human IgG antibody in dilution buffer
was added and plates were incubated for 30 min at RT. Plates were washed (4 x) and TMB
substrate was added. The peroxidase reaction was stopped after 15 min, using 2% (w/v)
oxalic acid. Absorbance was measured at 450 nm using SPARK® multimode microplate
reader (Tecan, Giessen, The Netherlands). To identify convertase-specific binding, delta
absorbance values (AA405) were calculated by subtracting the absorbance of the assay blank
of the test sample (A495C3b) from the absorbance of the test well of this sample (A495C3bBb
and A495C3bBbP). The cut-off for positive convertase binding was determined by the
mean + 3 SD of the AAyps5 from 22 healthy individuals.

4.5. Quantification of Complement Proteins and Activation Products

Levels of the activation markers C3bBbP, C3bc, and TCC [41,60,61] and complement
proteins C5 [41] and properdin [47] were measured in the appropriate EDTA-plasma or
serum samples with ELISAs as previously described. FB levels were measured in human
serum or EDTA-plasma using a polyclonal goat anti-human FB antibody (ABIN594942;
antibodies-online, Aachen, Germany), combined with a horseradish peroxidase-conjugated
monoclonal mouse anti-human FB antibody (ABIN933687; antibodies-online). The plate
was developed with TMB (T2885; Sigma-Aldrich, St. Louis, MO, USA) and results were
calculated based on a calibration line produced by the commercially obtained purified
human FB standard (A135; Complement Technology). C3 levels were measured in hu-
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man serum or EDTA-plasma using polyclonal antiserum against C3 (A213, Complement
Technology), combined with a horseradish peroxidase-conjugated goat anti-C3 antibody
(55237; MP Biomedicals, Santa Ana, CA, USA). The plate was developed with OPD and
results were calculated based on a calibration line produced by the commercially obtained
purified human C3b standard (204860; Merck Millipore, Darmstadt, Germany). Bb, C3a,
and Cba levels were measured in EDTA-plasma using commercial kits: MicroVue Bb Plus
EIA (Quidel, San Diego, CA, USA), MicroVue Complement C3a Plus EIA (Quidel, San
Diego, CA, USA), and Human Complement Component C5a DuoSet ELISA (R&D systems,
Minneapolis, MN, USA), respectively.

4.6. Statistics and Data Analysis

For statistical analysis and data visualization, GraphPad Prism 10.6.1 for Windows was
used (GraphPad Software, San Diego, CA, USA). For the analysis of the ELISA-based dose—
response assay with increasing concentrations of properdin, normalized data compared
to 0 ug/mL properdin was used. Data were log-transformed and fitted using nonlinear
regression (three-parameter logistic model). IC5q values and corresponding 95% confidence
intervals were derived from the fitted curves. Differences in properdin sensitivity between
samples were evaluated using an extra sum-of-squares F test comparing models with shared
versus individual LogICs values. For the other analyses, data were analyzed using Kruskal-
Wallis test (Dunn’s multiple comparisons test) or two-tailed Mann—Whitney U-tests, where
indicated. Differences achieving p < 0.05 were considered statistically significant.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ijms27156790/s1.
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