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Editorial on the Research Topic 


Current challenges in complement diagnostics


The complement system is an essential innate immune surveillance network that plays a crucial role in safeguarding the host against various threats, including invading microorganisms, dying or malignant cells, and immune complexes. It is a highly intricate system, comprising about 50 soluble and cell surface-bound proteins that interact with each other to eliminate danger, regulate cell activity, and retain homeostasis. To prevent uncontrolled activation, the complement system needs tight regulation. Dysregulation or inadequate functioning is associated with a myriad of diseases, including autoimmune and acute or chronic inflammatory diseases, infection susceptibility, and cancer. Uncontrolled or exaggerated activation can lead to life-threatening conditions such as systemic inflammation, shock, and, in the worst cases, organ failure and death (1).

In recent years, the complement system has been the subject of significant research interest as a target for therapeutic intervention. Eculizumab, the first approved complement inhibitor, has been highly effective in treating diseases associated with complement dysregulation such as atypical hemolytic uremic syndrome (aHUS) and paroxysmal nocturnal hemoglobinuria (PNH), and many more drug candidates targeting various complement components are currently undergoing evaluation in clinical trials (2). As a result, complement diagnostics has become increasingly important in the clinic. Accurate and comprehensive analysis of complement activity is crucial to diagnose, manage, and treat complement-related disorders. However, accurate determination of complement status has proven to be challenging, particularly within the constraints of routine clinical practice. Some of the challenges currently encountered include:

	Pathway complexity: The complement system consists of multiple components and three activation pathways that also interconnect with other immune pathways. Most diagnostic methods focus on a limited set of complement components, only providing a partial view of the cascade (Hurler et al.).

	Heterogeneity of complement-mediated diseases: The diversity of complement-related disorders makes it difficult to accurately identify and diagnose specific complement deficiencies, excesses, or abnormalities (3, 4).

	Patient heterogeneity: Patients with complement disorders exhibit substantial clinical diversity and variations in complement profiles. In addition, complement activation is highly dynamic and can change rapidly in response to stimuli (4). A snapshot measurement may not capture the full extent of complement activation. These variations not only complicate diagnostic accuracy but also affect treatment decisions, as a one-size-fits-all approach is often inadequate.

	Lack of sensitivity: Complement assays may lack the sensitivity to detect subtle changes in complement activity, especially in cases with partial complement deficiency or subtle dysregulation (4).

	Sample sensitivity: Many of the complement proteins are heat-labile and sensitive to post-sampling in vitro activation, which necessitates strict requirements for pre-analytical sample handling (5, 6).

	Lack of standardization: The absence of standardized methods, assays and reference materials, and uniform protocols for pre-analytical sample handling (collection, processing, and storage) can lead to inconsistent results obtained from different laboratories, hindering reliable comparisons (5–7).



This Research Topic provides a platform to critically discuss recent advancements in complement diagnostics and strategies for overcoming its challenges, offering recommendations for future research. This topic includes studies dedicated to unraveling the mechanisms underlying complement dysregulation and explores novel biomarkers relevant to complement-mediated diseases.

With regard to new biomarkers, Burgelman et al. summarize in their review article the current knowledge and explore future opportunities regarding complement proteins as biomarkers for neurodegenerative disorders such as Alzheimer’s disease (AD) and multiple sclerosis (MS). They suggest that assessing complement protein levels in biofluids could potentially serve as biomarkers for disease progression, severity, or responses to treatment in these diseases. The authors indicate that measuring ‘free’ complement components in blood/biofluids has several drawbacks, e.g. that the cellular origin of these free components is lost. In that light, they suggest measuring extracellular vesicles (EVs) offers an additional platform to enhance the diagnostic utility of complement markers. EVs can contain complement proteins, while the cellular origin can be identified through the presence of EV surface markers. This opens new directions for future research, as EVs are not (yet) thoroughly investigated as biomarkers for complement-mediated diseases.

Other studies on this topic investigated complement components as potential biomarkers for diseases such as COVID-19 (Bruni et al., Tierney et al.), rheumatoid arthritis (RA) (Matola et al.), kidney diseases (Zhang et al., Stea et al., Gastoldi et al.), type 2 diabetes and nonalcoholic fatty liver disease (NAFLD) (Habenicht et al., Dorflinger et al.), and cancer (Wang et al.).

The topic also includes studies presenting new methods or assays to improve the sensitivity and quality of the measurements (Meuleman et al., Hurler et al., Ye et al., Meinshausen et al., Stevens et al., Gastoldi et al.) and discusses the lack of standardization (Brandwijk et al., Michels et al.). Regarding new methods, Meuleman et al. and coworkers argue in their review for assays capable of analyzing complement deposits on cultured endothelial cells incubated with pathologic human serum. They propose this ex vivo test as a promising method for assessing complement activation, as it resembles the physiological context. This assay has been used to study complement activation in various diseases, and in some cases, to adjust treatment with complement inhibitory drugs. However, the authors also mention that there is no international standard for these assays and that the mechanisms for activation are not fully understood. Moreover, primary cell culture is challenging and hampers the development of a standardized commercial assay. The lack of standardized assays and reference materials not only holds true for assays using primary cells but is a challenge for complement diagnostics in general. This concern is also discussed by (Michels et al.). Their review focuses on C3 nephritic factor (NeF), a well-established biomarker for rare complement-mediated kidney disorders, but measuring NeFs for diagnostic purposes remains difficult. The authors discuss the diseases linked to NeFs, the diverse mechanisms of action seen in various NeF types, a number of laboratory techniques, and initiatives to establish standardized approaches.

Advances in complement diagnostics have the potential to improve the diagnosis and treatment of complement-mediated diseases, and it is a battle on two fronts. First, a continuous strive for novel achievements in the scientific forefront using advanced methodology and unraveling novel biomarkers. Second, and equally important, is to make complementary diagnostics accessible for everyday use in clinical and research settings. Addressing these challenges will require increased collaboration between researchers, clinicians, and industry partners.
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Preeclampsia (PE) generally manifests in the second half of pregnancy with hypertension and proteinuria. The understanding of the origin and mechanism behind PE is incomplete, although there is clearly an immune component to this disorder. The placenta constitutes a complicated immune interface between fetal and maternal cells, where regulation and tolerance are key. Stress factors from placental dysfunction in PE are released to the maternal circulation evoking the maternal response. Several complement factors play a role within this intricate landscape, including C1q in vascular remodeling and Factor H (FH) as the key regulator of alternative pathway complement activation. We hypothesize that decreased levels of C1q or FH, or disturbance of their function by autoantibodies, may be associated with PE. Autoantibodies against C1q and FH and the concentrations of C1q and FH were measured by ELISA in maternal sera from women with preeclamptic and normal pregnancies. Samples originated from cohorts collected in the Netherlands (n=63 PE; n=174 control pregnancies, n=51 nonpregnant), Finland (n=181 PE; n=63 control pregnancies) and Norway (n=59 PE; n=27 control pregnancies). Serum C1q and FH concentrations were higher in control pregnancy than in nonpregnant women. No significant differences were observed for serum C1q between preeclamptic and control pregnancy in any of the three cohorts. Serum levels of FH were lower in preeclamptic pregnancies compared to control pregnancies in two of the cohorts, this effect was driven by the early onset PE cases. Neither anti-C1q autoantibodies nor anti-FH autoantibodies levels differed between women with PE and normal pregnancies. In conclusion, levels of anti-C1q and anti-FH autoantibodies are not increased in PE. C1q and FH are increased in pregnancy, but importantly, a decrease in FH concentration is associated with PE.




Keywords: C1q, complement, factor H, autoantibodies, preeclampsia, pregnancy



Introduction

Preeclampsia (PE) is a vascular complication presenting in the second half of pregnancy. PE occurs in about 3% of pregnancies and is an important cause of both fetal and maternal morbidity (1). The disease is characterized by newly developed hypertension and proteinuria, or new-onset PE-associated signs in the absence of proteinuria, and can progress systemically to include organ dysfunction. Onset of PE is unpredictable, with the only cure being delivery of the placenta (2). Although the mechanism behind the development of PE is incompletely understood, its origin may involve improper placentation with incomplete remodeling of the uterine spiral arteries and development of a dysfunctional placenta with vascular malperfusion (3). As the pregnancy progresses and the fetus demands a fully functional placenta, the placenta releases increasing amounts of stress signals to the maternal circulation and the mother may eventually develop endothelial dysfunction and the clinical manifestation of PE.

In the context of healthy pregnancy, a well-functioning and regulated complement system is key. The complement system is an important component of the innate immune system, consisting of more than 30 protein factors that form three converging activation pathways (classical, lectin and alternative pathways) with their accessory regulators (4). Although classically known in the defense against infections, the complement system is also involved in clearance of immune complexes and dying cells, tissue regeneration and angiogenesis (5). Additionally, complement forms a bridge towards cellular immune responses, attracting and activating immune cells locally with activation fragments that act as anaphylatoxins and opsonins.

The initiator of the classical pathway of the complement system, C1q, binds directly to apoptotic cells and debris that results from tissue remodeling, labeling it for clearance (6). The relevance of C1q for a healthy pregnancy was highlighted by the observation of impaired labyrinth development and vessel remodeling in pregnant C1q-deficient mice compared to wildtype mice (7). Additionally, C1q-deficient mice are predisposed to present with PE-like symptoms and higher fetal loss (8). In human pregnancy, C1q is found throughout the maternal side of the placenta and is also locally produced by invading trophoblasts, the fetal cell type directly interacting with maternal cells at the maternal-fetal interface (7). In healthy pregnancy the local presence of C1q in the placenta does not result in overt complement activation (9). Human C1q deficiency is very rare and although it is studied in great detail because of its association with development of Systemic Lupus Erythematosus (SLE) and infections (10), no information is currently available on pregnancy outcomes.

Factor H (FH) is a key regulator of the alternative pathway because of its ability to block C3 convertase formation and its function as a cofactor for Factor I. In this way, FH plays an important role in the steady state protection of host cells throughout the body, especially circulating cells and endothelial cells. In addition, FH provides protection against excessive complement activation on apoptotic cells, which downregulate membrane-bound complement inhibitors (11). FH is abundantly present in the placenta, but the observed irregular distribution of FH in the PE placenta may suggest a disturbed balance between complement activation and regulation in PE (12). FH was even observed intracellularly in syncytiotrophoblast, although this FH may actually be of fetal rather than maternal origin (13).

Autoantibodies may target multiple complement proteins, including C1q and FH (14). Anti-C1q autoantibodies are typically present in diseases like SLE, Hypocomplementemic Urticarial Vasculitis Syndrome and Rheumatoid Vasculitis, but are also present in a fraction of healthy individuals (15). Importantly, anti-C1q autoantibodies do not deplete circulating C1q, but may amplify classical pathway driven complement activation (16) and dysregulate other processes driven by C1q (17). Autoantibodies to FH have been described in atypical Hemolytic Uremic Syndrome and C3-glomerulopathy as well as in antiphospholipid syndrome and other autoimmune diseases (18, 19). Anti-FH autoantibodies may have different functional consequences, as some form immune complexes leading to (partial) FH depletion, while other anti-FH autoantibodies affect the functional properties of FH (19). Consequences of these autoantibodies are often associated with autoimmune diseases, where they may drive or enhance pathogenesis. Several previous studies showed a relationship between anti-C1q autoantibodies and negative pregnancy outcomes in miscarriage, ectopic pregnancy and autoimmune thyroid disorders, but not for PE (20–22). A study focusing on pregnancy in lupus nephritis patients found that anti-C1q was not a predictor of PE (23).

We hypothesize that a balance between complement activation, needed for tissue remodeling and clearance of apoptotic cells in the placenta, and regulation is critical for a healthy pregnancy. This balance may be disturbed in PE, which could contribute to the underlying pathogenesis. Autoantibodies against complement factors may further hamper their proper function or incite unwanted immune activation. In this study, we therefore compared the serum levels of C1q and FH, and autoantibodies against these factors, in women with healthy or preeclamptic pregnancies.



Materials and Methods


Patients and Samples

Serum samples of women with preeclamptic and control pregnancies were derived from three cohorts collected in the Netherlands, Finland and Norway. PE was defined as hypertension (systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg) and proteinuria (≥0.3 g/24h or ≥0.3 g/L), or newly developed PE-associated signs in the absence of proteinuria, with onset beyond 20 weeks of gestation. Women with normal pregnancies and no previous history of PE were included as controls.

The cohort from the Netherlands was collected at the Leiden University Medical Center (LUMC) and comprised 63 women with PE and 174 women with control pregnancies. Serum samples from these women were collected on the day of delivery, although it varied whether this was performed before or after the actual delivery. Additionally, a group of 51 nonpregnant women with a similar age profile as the pregnancy cohorts (median age 31 years, range 20-46), was included.

The cohort from Finland comprises samples of 181 preeclamptic and 63 control pregnancies from the Finnish Genetics of Pre-eclampsia Consortium (FINNPEC) that has been described before (24). In this cohort proteinuria could additionally be diagnosed based on two ≥1 readings on a dipstick in a random urine determination with no evidence of a urinary tract infection. Samples were collected at recruitment, 74% were taken prior to the day of delivery (range 1 to 31 days before delivery), while 25% of samples were taken on the day of delivery, one sample in the control pregnancy group was taken on the second day after delivery.

The Norwegian cohort was collected at St. Olavs and Haukeland University Hospitals and comprises sera from 59 women with PE and 27 women with control pregnancies. All samples in this cohort were collected before delivery on the day of delivery by caesarean section, without signs of being in labor. Caesarean sections for the control group were indicated due to breech position, suspected birth defects, previous obstetric history, or birth anxiety. Serum samples from Finland and Norway were stored frozen and were transported to LUMC for analysis. Ethical approval for the three cohorts was obtained at the individual centers (the Netherlands: P08.229/228, Finland: 149/EO/2007, Norway: REC 2012/1040).



Anti-C1q Antibody ELISA

Antibodies against C1q were measured by QUANTA Lite Anti-C1q ELISA (Inova Diagnostics) according to the manufacturer’s protocol. Briefly, 100 µl of 1:101 diluted sera in Samples Diluent were incubated in ELISA plate wells for 30 minutes at room temperature. Wells were washed 3 times with wash buffer, incubated with 100 µl horseradish peroxidase (HRP) conjugated anti-IgG and incubated for 30 minutes at room temperature. After washing 3 times, wells were incubated with 100 µl TMB Chromogen for 30 minutes at room temperature, followed by addition of 100 µl acidic HRP Stop Solution. Absorbance values were read at 450 nm and used to calculate anti-C1q units based positive control samples included in the kit. The cut-off for positivity was 20 units, as recommended by the manufacturer.



Anti-FH Antibody ELISA

Measurement of antibodies against FH was performed using an in-house developed ELISA. Nunc MaxiSorp ELISA plates (ThermoScientific) were coated with 50 µl of 10 µg/ml FH (Complement Technology) in 0.1M bicarbonate coating buffer (pH 9.6) and incubated overnight at 4°C. Wells were washed 3 times with PBS/0.05% Tween, blocked with 100 µl PBS/1% BSA for 1 hour at 37°C and washed 3 times. Serum samples were diluted 1:50 in PBS/0.05% Tween/1% BSA (PTB) and 50 µl sample was incubated in wells for 1 hour at 37°C. After washing 3 times, 50 µl 0.11 µg/ml Goat anti-human IgG-biotin (Invitrogen) was added, followed by incubation for 1 hour at 37°C and washing 3 times. Secondary detection consisted of 50 µl 0.5 µg/ml streptavidin-HRP (ThermoScientific), incubated for 1 hour at 37°C. After the final washing sequence, 50 µl 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS)/0.015% H2O2 was added. Absorbance was read at 415 nm. Anti-FH units (U) were determined based on standard curve of anti-FH standard (180kU; Sanquin Diagnostics, Amsterdam, the Netherlands) by an Excel-based logit calculation. Cut-off for positivity was set at 95th percentile of all control pregnancy samples combined.



C1q ELISA

To measure the concentration of C1q in serum samples, an in-house ELISA was performed as described before (25). Nunc MaxiSorp ELISA plates (ThermoScientific) were coated with 50 µl 2.5 µg/ml mouse anti-human C1q monoclonal antibody (mAb) 2204 (kind gift Prof. C. van Kooten, Dept Nephrology, LUMC) in 0.1M bicarbonate coating buffer (pH 9.6) and incubated overnight at room temperature. Wells were washed 3 times with PBS/0.05% Tween and blocked with 100 µl PBS/1% BSA and incubated for 1 hour at 37°C. After washing, 50 µl of serially diluted serum samples in PTB, as well as a standard curve from a pool of normal human serum were added to the wells, followed by incubation for 1 hour at 37°C and washing 3 times. Wells were then incubated with 50 µl 1:2000 diluted rabbit anti-human C1q (DAKO) for 1 hour at 37°C. After washing, 50 µl 1:2000 goat anti-rabbit-HRP (DAKO) was added for detection and wells were incubated for 1 hour at 37°C. Following the final washing sequence, wells were incubated with 50 µl ABTS/0.015% H2O2 and absorbance was read at 415 nm. C1q concentrations were calculated based on the standard curve of a reference serum.



FH ELISA

Concentration of FH in serum was determined by an in-house ELISA on Nunc MaxiSorp ELISA plates (ThermoScientific). Wells were coated with 50 µl 0.5 µg/ml mouse anti-FH (clone FH.16; Sanquin) in bicarbonate coating buffer (pH 9.6) and incubated overnight at room temperature. After washing 3 times with PBS/0.05% Tween, wells were blocked with 100 µl PBS/1% BSA for 1 hour at 37°C. Samples were diluted 1:2000 and 1:4000 in PTB, and 50 µl was added to the wells. For calculation of FH concentration, a standard curve of a reference serum with known FH concentration was added on each plate. Wells were incubated for 1 hour at 37°C and washed, then incubated with 50 µl 0.25 µg/ml biotinylated mouse anti-human FH mAb OX-23 for 1 hour at 37°C. After washing, detection was performed by incubating the wells with 50 µl 0.5 µg/ml streptavidin-HRP (ThermoScientific) for 1 hour at 37°C. Following the final wash, wells were stained with 50 µl ABTS/0.015% H2O2 and absorbance was read at 415 nm. FH concentrations were calculated based on the standard curve of a reference serum.



Statistical Analysis

All statistical analyses were performed using GraphPad Prism 8 for Windows (GraphPad Software, San Diego, CA, USA). Normal distribution of data was examined by D’Agostino & Pearson normality test. Comparisons of numerical data were performed by Mann-Whitney U test, whereas categorical data was analyzed with Fisher’s exact test. Analysis of samples matched for gestational age (in the cohort from Finland) was performed by forming pairs with maximum 2 days difference in gestational age, C1q and Factor H concentrations were then compared between pairs by paired t test. Correlation between data was analyzed by Spearman’s rank correlation.




Results


Patient Characteristics

To study the relationship between the presence of anti-complement autoantibodies and complement protein levels and PE we analyzed serum samples obtained from cohorts from the Netherlands, Finland and Norway, comprising a total of 289 preeclamptic pregnancies and 264 control pregnancies. Three cohorts from different countries were investigated to provide a robust basis for conclusions. Overall, the three cohorts displayed the expected clinical characteristics associated with PE, such as increased diastolic blood pressure, proteinuria and lower gestational age in the PE-complicated pregnancies as compared to the control pregnancies (Table 1). Both gravidity and parity were in general lower in the PE group than in controls although some differences existed between the cohorts. The proportion of deliveries performed through Caesarean section was not significantly different between the groups in any of the cohorts. Maternal body mass index (BMI) was higher in the Finnish PE group as compared to the control group, no difference in BMI was present in Norway, while BMI data from the Netherlands was not available. When comparing the three cohorts of PE cases, the cohort from Finland stands out with a higher median gestational age and fetal birthweight, (Table 2). Moreover, among both PE cases and controls, a lower frequency of Caesarean sections is present in the Finnish cohort.


Table 1 | Clinical characteristics of the included subjects.




Table 2 | Comparison of clinical characteristics between the three independent cohorts in control pregnancies and in PE cases.





Anti-C1q Autoantibodies and C1q

Anti-C1q antibodies were absent in maternal serum of preeclamptic pregnancies in the cohort from the Netherlands, while 10.3% of control pregnancy sera and 17.6% of sera from nonpregnant women were positive for anti-C1q (Figure 1A). However, no significant differences between control and preeclamptic pregnancies were observed for anti-C1q levels in the other cohorts (Figures 1B, C, G).




Figure 1 | Anti-C1q antibodies and C1q in healthy or PE pregnancy. Anti-C1q antibodies measured in maternal serum in cohorts from the Netherlands (A), Finland (B) and Norway (C), with percentages under the graph indicating the proportion samples deemed anti-C1q positive (>20 units, also indicated by dashed line). C1q concentration measured in maternal serum in cohorts from the Netherlands (D), Finland (E) and Norway (F). Data from different cohorts was normalized and pooled for anti-C1q (G) and C1q (H). For the cohort from Finland, a subanalysis with samples matched for gestational age was additionally performed (I). Comparisons tested by Mann-Whitney, or paired t test for panel I; ns, not significant (p > 0.05); **, 0.001 < p < 0.01; ***, 0.0001 < p < 0.001; ****, p < 0.0001.



For serum C1q concentration, no significant differences were observed between the PE and control pregnancies in any of the cohorts (Figures 1D–F). Analysis of pooled data from all cohorts and gestational age-matched samples confirmed the lack of association between C1q concentration and PE (Figures 1H, I). Interestingly, the serum C1q concentration was higher for both control and preeclamptic pregnancies than for nonpregnant women (Figure 1D).



Anti-FH Autoantibodies and FH

We tested whether dysregulation of FH by the presence of autoantibodies is associated with PE, but no significant differences were observed regarding the levels of anti-FH autoantibodies between PE and control pregnancies (Figures 2A–C, G). However, importantly we observed significantly decreased levels of FH comparing the preeclamptic pregnancies to healthy pregnancies. In the cohorts from the Netherlands and Norway, the FH concentration was significantly lower in the PE group compared to controls pregnancies (Figures 2D, F). In samples from Finland, a similar trend of lower FH concentration in the PE group was observed (p=0.067) (Figure 2E). When pooled data from all cohorts were analyzed, the lower FH concentration remained significant (Figure 2H). Additionally, an analysis of samples matched for gestational age in the cohort from Finland shows the same result, excluding the possibility of data skewing by lower gestational ages in PE (Figure 2I). Similar to what was observed for C1q, women with control pregnancies showed higher FH concentration than nonpregnant controls (Figure 2D).




Figure 2 | Anti-Factor H antibodies and Factor H in healthy or PE pregnancy. Anti-Factor H antibodies measured in maternal serum in cohorts from the Netherlands (A), Finland (B) and Norway (C), dotted line indicates the detection limit at 35.2 units. Factor H concentration measured in maternal serum in cohorts from the Netherlands (D), Finland (E) and Norway (F). Data from different cohorts was normalized and pooled for anti-FH (G) and FH (H). For the cohort from Finland, a subanalysis with samples matched for gestational age was additionally performed (I). Comparisons tested by Mann-Whitney, or paired t test for panel I; ns, not significant (p > 0.05); *, 0.05 < p < 0.01; **, 0.001 < p < 0.01; ****, p < 0.0001.





Study of the Association of Complement and Autoantibodies With Clinical Parameters and Subgroups of PE Patients

To further investigate the relationship between PE and C1q, FH or autoantibodies targeting these proteins, Spearman correlations with clinical parameters associated with PE were explored for all PE patients (Table 3). The clinical parameters included proteinuria and diastolic blood pressure, fetal birthweight and gestational age at delivery, (Table 1). Interestingly, a positive correlation was found between the mother’s BMI and serum FH concentration in the cohorts from Finland and Norway (Spearman r=0.288; p=8.6e-5 and r=0.351; p=0.024 respectively). However, no other consistent significant correlations were found relating to PE symptoms or other relevant clinical parameters.


Table 3 | Correlation between clinical parameters and C1q, FH and autoantibodies in preeclamptic pregnancies.



Further analyses were performed on subgroups of PE patients based on time of disease onset or presence of fetal growth restriction (FGR) (Table 4). Early onset of PE (gestational age below 34 weeks) was associated with decreased FH concentration compared to late onset, this difference was significant in cohorts from Finland and Norway, while a similar trend was observed in the cohort from the Netherlands. PE with FGR was associated to higher serum levels of anti-FH antibodies compared to preeclampsia with normal fetal growth, but this difference was only statistically significant in the cohort from the Netherlands.


Table 4 | Analysis of complement factors C1q, FH and autoantibodies in subgroups based on early onset of disease or presence of fetal growth restriction.






Discussion

In the current study, we investigated the relation between the pregnancy complication PE and the circulating levels of complement factors C1q and FH, as well as autoantibodies against these factors. We observed that the presence of autoantibodies against C1q or FH is not associated with PE. Circulating C1q and FH levels were higher in pregnant than in nonpregnant women. Decreased serum concentrations of FH were associated with PE, while this was not the case for serum C1q concentrations. Serum FH levels were lower in the subset of PE cases with earlier onset, compared to late onset cases.

Although the etiology of PE remains unclear, multiple immune mechanisms have been proposed to play a role, as the placenta constitutes a unique immune environment. Differentially expressed levels of fetal Human Leukocyte Antigen (HLA), especially HLA-G (26–28), immune cell influx (29) and cytokine expression (30) have been reported in preeclamptic placentas. Complement has also been implicated in the development of PE. Our data now add to this understanding that the circulating levels of the endogenous complement inhibitor FH are decreased in PE. Several studies linked anti-C1q autoantibodies to various negative pregnancy outcomes, but not to PE (20–23). The current study reinforces that the presence of anti-C1q does not associate with PE. Likewise, no evidence for a link between anti-FH and PE was observed. These results contradict the hypothesis of a contribution by complement dysregulation by autoantibodies to development of PE.

C1q has multiple functions during pregnancy, e.g. in angiogenesis, tissue remodeling and clearance of cellular debris. These functions are supported by the ability of C1q to recognize exposed or altered self-structures, facilitating clearance without overt inflammation (31). Next to observations in human pregnancy, data from experiments in mice indicate a key role for C1q in placentation as the litter size in C1q deficient mice is smaller as compared to wild-type mice (7). The notion that C1q plays an important role in pregnancy fits with our finding of increased C1q levels in pregnant women, both complicated and control, as compared to nonpregnant women. Especially the role C1q plays in the clearance of apoptotic cells and debris is postulated to be important in the case of PE. Fragments of apoptotic syncytiotrophoblast from the placenta may enter the maternal circulation and the complement system assists in clearing these fragments by labelling them for phagocytosis. One previous study showed decreased C1q in severe PE cases (32), however this is contradicted by our finding that there was no difference in C1q levels between PE patients and controls.

In a prospective study increased FH and C1q levels were reported in maternal plasma of later PE patients relative to controls at 6 to 13 weeks of pregnancy (33). However, these differences were not observed in the second and third trimesters. The current study investigated only third trimester samples and will therefore have missed differences in complement protein levels in the first trimester. However, the current study does find a difference in third trimester serum FH level, which was not observed in the previous study by He and colleagues.

The balance between complement activation and regulation is key in a healthy pregnancy, which is substantiated by findings that FH levels increase during pregnancy (32, 34). This conclusion is corroborated by our results where women with control pregnancies had higher serum FH concentration than nonpregnant women. Abnormalities in activating and regulating components of the alternative complement pathway have been reported in PE. Multiple investigations found increased levels of activation fragment Bb in PE cases, indicating higher than normal alternative pathway activation (35, 36). Another study found increased Bb as well as decreased FH levels in PE patients, although this study was limited by relatively small samples size and a focus on only severe PE cases (32). Additionally, genetic variants in genes encoding the regulators Factor I and membrane cofactor protein, but not FH, were linked to PE (37). This trend of disbalance of the alternative pathway in PE is supported by our finding that FH concentration is decreased in PE patients. As the main fluid-phase complement regulator FH is conceivably of key importance in preventing or limiting C1q driven complement activation in the placenta. Aberrant FH levels or disturbed FH function would then result in the increased levels of complement activation as reported for PE.

Early onset PE cases showed lower FH concentration than late onset cases, implying that early onset cases were driving the lower FH concentration found in the general PE group compared to control pregnancies. This may also explain why FH concentration was not significantly lower in the cohort from Finland, as there were relatively fewer early onset cases in this cohort than in cohorts from the Netherlands and Norway. The larger variety in sampling timepoints in the Finnish cohort could also be involved. This study also investigated relations between the experimental data and relevant clinical parameters related to PE. No consistent significant correlations were found, indicating that within the PE pregnancies FH is not correlated with more severe disease. The observed correlation between BMI and FH is in line with earlier links found between FH and BMI (38, 39).

The strengths of the current analysis include the side-by-side comparison of three independent well-documented European cohorts, together comprising sizable numbers of cases and controls. In addition, all measurements were performed in the same lab with the same assays. Moreover, the current study also investigated correlations with several clinical parameters that could indicate severity of PE. The weaknesses of the study include the not completely identical sampling time points in the cohorts as samples in the Netherlands and Norway were collected on the day of delivery, while samples in Finland were mainly (74%) collected before the day of delivery, with an interval up to 31 days. Sample collection and processing may possibly have led to some in vitro complement activation. Importantly, such pre-analytical steps may impact on hemolytic activity of complement activity of samples or on complement activation fragments but does typically not impact on complement protein levels as measured by sandwich ELISA. If such effect may be present in a subset of the samples, then this is at least partially mitigated by the fact that samples for PE and controls were handled similarly. Furthermore, the focus on systemic levels in this investigation may not be fully representative of local effects in the placenta, leaving the question of cause and consequence in the etiology of PE open.

In conclusion, circulating levels of anti-FH and anti-C1q are not associated with the occurrence of PE. Circulating levels of C1q and FH are increased in healthy pregnancies as compared to nonpregnant controls. Importantly, circulating levels of FH are decreased in PE as compared to control pregnancy. Exactly how C1q is involved in the processes of placentation and pregnancy as a whole is still under investigation, but a key aspect appears to be that C1q is mediating its effect in the absence of clear complement activation (9). C1q deficiency is strongly associated with autoimmune disease SLE, as a result of insufficient cellular waste clearance (40). The increased C1q levels found during pregnancy could be a way to avoid accumulation of waste from placental remodeling. Upregulation of FH during healthy pregnancy could be a way to counteract excess complement activation, but FH has also been shown to promote a tolerogenic phenotype in dendritic cells, hinting at a noncanonical function for FH (41). Failure to increase FH level during pregnancy may therefore result in insufficient immune regulation contributing to development of PE. Further research will have to disclose what share of PE etiology can be ascribed to a disrupted equilibrium of complement activation and regulation.
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As part of the innate immune system, the complement system plays a key role in defense against pathogens and in host cell homeostasis. This enzymatic cascade is rapidly triggered in the presence of activating surfaces. Physiologically, it is tightly regulated on host cells to avoid uncontrolled activation and self-damage. In cases of abnormal complement dysregulation/overactivation, the endothelium is one of the primary targets. Complement has gained momentum as a research interest in the last decade because its dysregulation has been implicated in the pathophysiology of many human diseases. Thus, it appears to be a promising candidate for therapeutic intervention. However, detecting abnormal complement activation is challenging. In many pathological conditions, complement activation occurs locally in tissues. Standard routine exploration of the plasma concentration of the complement components shows values in the normal range. The available tests to demonstrate such dysregulation with diagnostic, prognostic, and therapeutic implications are limited. There is a real need to develop tools to demonstrate the implications of complement in diseases and to explore the complex interplay between complement activation and regulation on human cells. The analysis of complement deposits on cultured endothelial cells incubated with pathologic human serum holds promise as a reference assay. This ex vivo assay most closely resembles the physiological context. It has been used to explore complement activation from sera of patients with atypical hemolytic uremic syndrome, malignant hypertension, elevated liver enzymes low platelet syndrome, sickle cell disease, pre-eclampsia, and others. In some cases, it is used to adjust the therapeutic regimen with a complement-blocking drug. Nevertheless, an international standard is lacking, and the mechanism by which complement is activated in this assay is not fully understood. Moreover, primary cell culture remains difficult to perform, which probably explains why no standardized or commercialized assay has been proposed. Here, we review the diseases for which endothelial assays have been applied. We also compare this test with others currently available to explore complement overactivation. Finally, we discuss the unanswered questions and challenges to overcome for validating the assays as a tool in routine clinical practice.
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Introduction

As part of the complex innate immune surveillance system, the complement system plays a key role in defense against pathogens and in host homeostasis. This enzymatic cascade is rapidly triggered in the presence of activating surfaces, such as bacteria or apoptotic necrotic cells. However, the cascade is highly physiologically regulated on host cells to avoid self-aggression. The endothelium is one of the primary targets of complement dysregulation. There is increasing evidence of complement implications in the pathophysiology of many human diseases. Many complement-blocking therapeutics are under development, and some are already available in clinical practice. Nevertheless, detection of abnormal functioning complement is challenging, because in many pathological conditions C3 and C4 plasma levels, the two main biomarkers of complement activation, remain within normal ranges. The available tests to demonstrate such overactivation with diagnostic, prognostic, and therapeutic implications are limited. Methods are poorly standardized, and only a few have functional value. Therefore, there is a need to develop a robust and standardized tool for identifying infraclinical complement activation.

The final objective is to allow better pathophysiologically based therapeutic management of patients. The analysis of complement deposits on cultured endothelial cells (EC) incubated with patient serum holds promise as a reference assay. This approach has been used to explore complement activation in the sera of patients with atypical hemolytic uremic syndrome (aHUS), malignant hypertension, hemolysis, elevated liver enzymes, and low platelet (HELLP) syndrome, sickle cell disease (SCD), and pre-eclampsia. In some cases, adjusting the complement-blocking drugs has been considered. Nevertheless, the international standard for this test is lacking, and the mechanism by which complement is activated in this assay is not fully understood.

After a brief summary of the complement cascade, we present the mechanisms of complement activation and how they contribute to cell damage in several human diseases. We then provide an overview of the tests currently available to explore complement overactivation in routine practice. Finally, through a comparative analysis of the available endothelial assays for complement exploration, we discuss the unanswered questions and challenges to overcome to validate the study of complement deposition on cultured EC as a tool in routine clinical practice.



The Complement System in Health and Disease

The complement system plays a key role in cell homeostasis, inflammation, and defense against pathogens. It is the first line of defense. The system comprises more than 30 soluble and membrane-bound proteins. Three different pathways lead to complement activation: the classical (CP), lectin (LP), and alternative (AP) pathways. When activated, these serine protease cascades converge to the formation of two enzymes, C3 convertase and C5 convertase, allowing the generation of the main effectors of this system: anaphylatoxins (C3a and C5a), opsonin (C3b/iC3b), and the membrane attack complex (MAC) (C5b-9). CP and LP are initiated by the recognition of pathogen-associated molecular patterns or damage-associated molecular patterns by pattern-recognition molecules (C1q and mannose-binding lectin). Conversely, AP is constantly activated at a low level in the fluid phase, generating a small quantity of C3b. In the presence of an activating surface (apopto-necrotic or bacterial), C3b covalently binds to the surface, and thus, initiates cell surface C3 convertase formation (C3bBb) and the AP amplification loop. To avoid self-aggression, AP is highly regulated in the fluid phase and on the host cell surface by soluble (factor H (FH), factor I (FI)) and membrane-bound regulators (membrane cofactor protein (MCP) or CD46, complement receptor 1 (CR1) or CD35, decay accelerating factor or CD55, and CD59). In humans, deficiencies in complement regulatory proteins are associated with rare diseases, such as aHUS, C3 glomerulopathy (C3G), and paroxysmal nocturnal hemoglobinuria (PNH). However, complement activation triggered by different pathophysiological processes that overwhelm the capacity of regulation has been increasingly described in a wide spectrum of diseases.



Complement Implication in Diseases

While AP overactivation is the central mechanism of cell and tissue injury in complementopathies (aHUS, C3G, and PNH), complement is crucial to tissue injury in a wide variety of diseases. These include age-related macular degeneration (AMD), antibody-mediated rejection (ABMR), cryoglobulinemic vasculitis (CV), IgA nephropathy (IgAN), systemic lupus erythematosus (SLE), anti-phospholipid syndrome (APS), ANCA-associated vasculitis (AAV), rheumatoid arthritis (RA), HELLP syndrome, pre-eclampsia, myasthenia gravis (MG), neuromyelitis optica spectrum disorder (NMOSD), SCD, and rhabdomyolysis-induced acute kidney injury (RIAKI). To a lesser extent, complement seems to be involved in an increasing spectrum of human pathological conditions, such as inflammatory disorders, ischemia/reperfusion, cancer, degenerative disorders (e.g., Alzheimer’s disease, atherosclerosis), and more recently, viral infections that include COVID-19 (1) (Figure 1).




Figure 1 | Complement implication in human diseases. Complement dysregulation has been implicated in the pathophysiology of several human diseases. Complementopathies in which alternative pathway dysregulation is the central mechanism of cell and tissue injury are represented in red. Conditions in which the complement system has been demonstrated to contribute significantly to tissue injury are represented in pink. Other diseases in which complement plays an accessory role are represented in gray.



Complementopathies are characterized by a specific cell target of AP-mediated damage. In aHUS and PNH, AP dysregulation occurs on the cell membrane, EC surface or platelets (2) and erythrocyte surface (3). In C3G, overactivation of C3 and C5 convertases may occur in the fluid phase or locally within the glomeruli, where the targeted surface remains to be determined (suggestions include glomerular EC and mesangial cells). AP dysregulation is a central pathophysiological mechanism in these diseases. It can be related to innate or acquired abnormalities in complement components, mainly regulators (FH, FI, or MCP) or C3 convertase components (C3 or FB) (4–15).

In diseases with major complement contributions, complement activation can be triggered by one or another pathway. In CV (16) and ABMR (17), activation occurs through CP in the presence of immune complexes (IC). In cryoglobulinemia (type II), IC are composed of IgM with rheumatoid factor activity associated with polyclonal IgG. In ABMR, IC are composed of IgG and donor HLA molecules. Conversely, despite the disease being triggered by the presence of IC, AP appears to be essential for disease development in mouse models of RA (18, 19) and SLE (20–22). This activation can be enhanced by apoptotic and necrotic cells due to prior damage (23) or by proteins of the extracellular matrix (ECM) from damaged cartilage in RA (24). In IgAN, AP (25), and LP (26) activation is mediated by polymeric IgA. In vitro, a correlation was found between C3 cleavage products (iC3b, C3c, C3dg) and IgA-A-IgG IC levels, suggesting that IC-containing IgA may act as a surface for soluble AP activation (27). In AAV, AP may be activated by neutrophil extracellular traps, thus amplifying complement activation and damage of EC (28). Finally, a disease-specific soluble factor has been implicated in complement activation. Free heme renders EC more sensitive to complement activation in SCD (29), aHUS (30), and RIAKI (31). In vitro, thrombin induces C5 cleavage in C5a in APS (32).

Complement activation does not arise from a unique mechanism but can be triggered in several ways according to the disease pathophysiology. Identification of the precise mechanisms of complement activation will help determine different potential therapeutic targets within the cascade.

Complement activation contributes to cell and tissue injuries in different ways. First, it promotes inflammatory cell recruitment mainly in CV (33), ABMR (34), AMD (35), SLE (36)and RA. C5a and its receptor C5aR are involved in neutrophil recruitment (37–39) and endothelial activation (40) in AAV. Complement activation can promote specific disease processes. Thus, MAC can directly affect collagenase production by synovial fibroblasts in RA (41). In IgAN, mesangial cells exposed to complement activation and C3 deposition promote phenotypic conversion to a more synthetic and proliferative state (42). In AMD, C3a and C5a promote choroidal and C5a induces vascular endothelial growth factor secretion by retinal pigment epithelium (35). In pre-eclampsia, it has been suggested that the binding of C5a to C5aR expressed on trophoblasts contributes to the acquisition of their anti-angiogenic phenotype (43).

The complement system can also act as an amplifier for other molecules involved in injury. The C5a/C5aR axis participates in neutrophil recruitment and activation, which in turn can induce complement activation in AAV (38). C5a induces tissue factor expression by neutrophils, leading to factor X activation and thrombin generation, which in turn cleaves C5 into C5a in APS (32).

Ultimately, several triggers of complement activation and effectors may contribute to cell and tissue damage in heterogeneous human diseases. The identification of specific triggers of complement activation and fine pathophysiological mechanisms resulting in cell and tissue complement-mediated injury is needed to determine the best therapeutic target within the cascade. Complement inhibitor anti-C5 monoclonal antibody (eculizumab, and more recently its long-acting form, ravulizumab) is the gold standard in two complementopathies, aHUS and PNH, and has obtained Food and Drug Administration (FDA) approval for MG and NMOSD. Avacopan is a C5aR1 antagonist that has also been approved by the FDA for patients with AAV, another disease with a major complement contribution. Understanding the detailed mechanisms of complement activation and complement-mediated damage is necessary to guide the prescription of new complement inhibitors.



Overview of the Tests Exploring Complement Activation


Quantification of Complement Components

Currently available tests mainly consist in quantification of individual complement components or activation products.

	- For the quantification of individual complement proteins in plasma, various types of immunoassays are used to determine the concentration of individual complement components. The most common is nephelometry. Polyclonal antibodies to component are added in excess of the sample and bind to their target. Quantification is performed by passing a light beam through the sample, which is distorted by the IC that have formed (44).

	- Quantification of complement activation products corresponding to cleavage fragments or complement protein complexes (C3a, C3dg, C4a, C4d, Ba, Bb, C5a, C3bBbP, MASP2, and sC5b-9) is possible. Several assays have been described, mostly based on the recognition of a neoepitope of the complement component in an enzyme-linked immunosorbent assay (ELISA) format. Thus, C4a and C4d reflect CP/LP activation, Ba, Bb, and C3bBbP reflect AP activation, MASP2 is a key enzyme in LP activation (45) and increasing soluble C5b-9 reflects TP activation (46). C3a and C5a are common to the three activation pathways.

	- Detection of auto-Abs (anti-FH, FB, C3b, C3bBb, and C1q) targeting complement proteins can be performed using ELISA (14).





Functional Assays

	• Quantification of complement function is used to explore the activity of a pathway or the entire cascade.

	- In hemolytic assays, CP activation can be assessed by incubating patient sera with sheep erythrocytes coated with rabbit anti-sheep red blood cell antibodies (47). In this assay, termed the CH50 assay, C1q binds to immunoglobulins, initiates the formation of CP C3 convertase, and leads to MAC assembly and erythrocyte lysis. Hemoglobin release is determined to calculate the number of hemolytic sites per cell. Activation through AP can be assessed using rabbit or guinea pig erythrocytes, which are activators of human AP, incubated with patient serum added to ethylene glycol-bis(β-aminoethyl ether) (EGTA), which chelates Ca2+ and inhibits activation via CP and LP (48). This hemolytic assay is termed the AP50 assay.

	- Liposomes coated with an activator can be used in a similar manner to CH50 assays (49). The main difference is the readout, which consists of the unquenching of a fluorescent dye and not the lysis of erythrocytes.

	- Assays based on ELISA method can also be used to explore the function of the three pathways. Microtiter plate wells are coated with recognition structures specific to each pathway (IgM for CP, mannan or acetylated bovine serum albumin for LP, and LPS for AP). Patient serum is added and incubated under conditions in which only one pathway is operative at any given time; the other two pathways are blocked. Finally, activation capacity is detected through the formation of the C5b-9 complex by monoclonal antibodies targeting a neo-epitope in complex-bound C9 (50).

	• Different hemolytic assays have been developed to explore specific steps of the AP.

	- Sanchez-Corral et al. (51) developed a hemolytic assay to study FH functional defects in aHUS. The assay relies on the knowledge that sheep erythrocytes are highly sialylated and favor FH binding, whereas their membrane complement regulators are incompatible with human complement proteins. Therefore, they are protected from complement lysis due to the binding of human FH to their surface. In the assay, sheep erythrocytes are incubated with human plasma in Mg-EGTA buffer, allowing activation of AP only. Normal plasma does not induce lysis, whereas aHUS plasma with FH functional defects (mutations or autoantibodies) induces lysis under these conditions (51).

	- Hemolytic assays can also be used to study the stabilization of cell-bound AP convertases (52). This assay has been used to detect C3Nef in C3G cells. Sheep erythrocytes bearing C3 convertase C3bBb (generated by exposure of sheep erythrocytes bearing C3b to FB and FD) were incubated with patient IgG. C3Nef activity correlates with residual C3bBb hemolytic sites, and lysis is developed by the addition of rat serum.

	• Staining of tissue sections for the deposition of complement activation products can provide information about local complement activation in tissue. This can be performed by immunohistochemistry or immunofluorescence (53). For example, this technique has been used to study C5b-9 deposition in the skin of patients with aHUS (54).



These tests allow only the characterization of a specific molecule or step of the complement cascade. To reproduce human pathological conditions and their complexity, several authors have proposed the use of an ex vivo endothelial assay. The assay detects and quantifies complement component deposition on the EC surface after incubation with human serum. The EC surface is used as the regulating surface. The objective is to detect abnormal complement deposition that could result from either complement overactivation exceeding the capacity of regulation, or from a defect in complement regulation in fluid or on the EC surface. The ex vivo endothelial assay is presented in Figure 2.




Figure 2 | Concept of ex vivo complement deposition on endothelial cells. An ex vivo endothelial assay was developed to reproduce human pathological conditions and their complexity. The assay consists of the detection and quantification of complement component deposition on the cultured endothelial cells (EC) surface after incubation with human serum. The EC surface was used as the regulatory surface. (A) In serum from healthy individuals, the alternative pathway is active at low levels but tightly regulated in the fluid phase by regulators, resulting in a very low level of complement activation product deposition on the EC surface. The detection of an increased complement deposition when incubation is performed with pathological serum (B) could result in either i) complement overactivation that overwhelms EC capacity of regulation (orange) or ii) defect in complement regulation in fluid or solid phase. Both are induced by tested human serum incubated with EC. Orange arrows represent some mechanisms involved in complement overactivation in serum (1): the participation of a coactivation of classical/alternative pathway due to pathological immunoglobins, immune complexes, or lectin pathway activation by polymeric IgA in IgA nephropathy (2), an increase in the formation of fluid phase C3 convertases in the presence of heme or fluid phase activating surface, and the stabilization of C3 (3) or C5 (4) convertases by pathological immunoglobulins, such as C3 and C5 nephritic factors. Red crosses represent potential defects in alternative complement pathway regulation in the fluid phase (1) and on the cell surface (2, 3). These defects in complement regulation could be the consequence of inhibition of the main alternative pathway regulator FH due to anti-factor H antibodies (such as in aHUS), a lack of function, or a quantitative deficiency of FH and FI due to pathological genetic variants. *CR1: weak expression of CR1 on endothelial cells. CR1, complement receptor 1 (CD35); FB, factor B; FD, factor D; FH, factor H; FI, factor I; FP, properdin; MCP, membrane cofactor protein.



We next discuss the advantages and limits of this functional approach.




Study of Complement Deposition on Cultured Endothelial Cells


Heterogeneity of Endothelial Cells Populations and Their Complement Regulation

EC line blood vessels and constitute an active regulatory organ that has been implicated in vascular homeostasis, permeability regulation, vasomotor tone, angiogenesis, and diapedesis of immune cells (55). As first barrier between the blood and interstitium it is in constant equilibrium with the environment. Thus, heterogeneity in the structure and function of EC is a core property of the endothelium, allowing diverse vascular functions and regional specificity (56, 57). This diversity can be partially explained by a distinct transcriptional profile (58) in relation to neighboring cells (59). Hence, EC from different blood vessels have distinct and dynamic expression profiles of complement components and regulators, which may explain the different susceptibility and specific organ tropism observed in some complement-mediated diseases (60).

At a steady state, EC can produce most complement components and express high levels of complement regulators on their membranes (Table S1). Under inflammatory conditions, complement component production and regulatory protein expression are modified (Table 1). In addition to the steady state, the modulation of complement protein expression under inflammatory conditions differs according to the EC type and probably contributes to a specific damage mediated by AP and the different organ tropisms observed in complement-mediated diseases. Sartain et al. demonstrated that resting or tumor necrosis factor (TNF)-stimulated brain microvascular EC expressed higher levels of regulatory molecules (FH, FI, CD46, CD55, and THBD), generated lower levels of C3a and C4a, and enhanced lower degree AP activation (measured by lower Ba generation) than human renal glomerular EC (HRGEC) (61). The authors also demonstrated a slight increase in CD46 expression, decrease in thrombomoduline (TM), and increase in C3 and FB transcription in HRGEC exposed to TNF (62). These results agree with the prior demonstrations of an increase in C3 and FB production by human umbilical vein EC (HUVEC) exposed to TNF (63), increased FH transcription and production by HUVEC exposed to interferon (INF) gamma (64), increased C2, FH, FB, and C1inh transcription, and decreased C3 production by HUVEC exposed to INF gamma (65). May et al. compared the properties of four EC types (HRGEC, glomerular EC (GEnC), human microvascular EC (HMEC), and HUVEC) in the resting state and after overnight exposure to heme (66). While there was no difference in expression of regulatory factors (MCP, CD55, TM) at resting state, after overnight heme exposure, C3 deposits on glomerular EC were greater than on other EC. This was associated with, and possibly explained by, weaker FH binding and TM upregulation and lower upregulation of heme-oxygenase 1 (cytoprotective heme-degrading enzyme) compared to HUVEC. Moreover, HUVEC, but not EC, of glomerular origin were protected from complement deposition after re-challenge with heme (Table S2).


Table 1 | Production of distinct complement components and expression of regulators according to endothelial cell type after stimulation.



EC used for ex vivo experiments comprise two types: conditionally immortalized EC (CI-EC) and primary EC (Table 2). Primary EC can be difficult to isolate and maintain in culture, and have a limited lifespan. Moreover, differences in the genetic background of individual donors can lead to interexperimental variability. In particular, inter-individual heterogeneity in complement regulator expression at the EC surface cannot be excluded. CI-EC has been developed to overcome these difficulties. HMEC-1 and CI-GEnC are HMEC and GEnCs, respectively, that have been transfected with SV40 large T antigen (67, 68). EA.hy926 cells were obtained by fusing HUVEC with A549 cells obtained from human lung carcinoma (69). The EA.hy926 cells were used to generate glycosylphosphatidylinositol-anchored complement regulatory protein-deficient cells when treated with phosphatidylinositol-specific phospholipase C. These cells have been used along with the PIGA-mutant TF-1 to study complement deposits by confocal microscopy and flow cytometry after incubation with serum from patients with thrombotic microangiopathy (TMA), this test was called the modified Ham test (70). After incubation with serum from aHUS patients, cell surface C5b-9 deposits were reportedly higher than after incubation with thrombotic thrombocytopenic purpura (TTP) serum. Therefore, this test has been considered a tool to distinguish aHUS from TTP. It is important to note that sC5b-9, reflecting terminal pathway activation and regulation, is elevated under both aHUS and TTP plasma conditions (71, 72). One possibility is that both conditions are associated with complement activation. However, in aHUS, complement overactivation exceeds alternative and terminal pathway regulation, leading to C5b-9 deposits. In contrast, in TTP, complement activation is counterbalanced by complement regulation, leading to sC5b-9 release, but not C5b-9 deposits in the modified Ham test.


Table 2 | Endothelial cells used for ex vivo experiments.



Micro- or macrovascular origin of the EC tissue lineages also needs to be considered. Complement-mediated EC injury demonstrates specific cell tropism according to pathophysiological processes. In HUS and TTP, microvascular EC of dermal, renal, and cerebral origin are more sensitive to apoptosis, whereas microvascular EC of pulmonary and hepatic origin and macrovascular EC are resistant (73). Distinct sensitivity of EC to complement attack has also been explored in aHUS and heme exposure. The demonstration of a distinct EC response in terms of complement regulator expression after a trigger (here heme) was proposed to partially explain the kidney tropism in this disease (66).

HUVEC are primary macrovascular EC isolated from human umbilical cords. These are the most frequently used cells for ex vivo assays (74). If tissue specificity is required, HRGEC (75) or GEnCs (76), which are both isolated from human glomeruli, can be used. More recently, the use of blood outgrowth EC obtained from the differentiation of circulating marrow-derived endothelial progenitor cells isolated from peripheral blood has been proposed (77).



Comparative Analysis of the Available Endothelial Assays

These tests consist of the quantification of complement activation products (C3 activation fragments and C5b-9) deposits on EC by immunofluorescence (IF) measured by confocal microscopy or flow cytometry (fluorescence-activated cell sorting, FACS) after incubation with a serum sample of interest. Different protocols have been proposed to study complement activation on the EC surface in several pathological conditions, including aHUS (30, 78–88), TMA of other etiologies (89, 90), HELLP syndrome and pre-eclampsia (91), C3G (14, 92), lupus nephritis (LN) (93, 94), APS (95, 96), SCD (29), hemolytic anemia (97) and hyperhemolytic transfusion reaction without hemoglobinopathy (98).

The general procedure of the ex vivo assay and the different protocols are presented in Figure 3.




Figure 3 | Comparative analysis of different protocols used for the ex vivo complement activation test with endothelial cells. (A) The ex vivo test for measuring complement attack on endothelial cells can be performed on different endothelial cells, including human dermal microvascular endothelial cells (HMEC-1), human umbilical vein endothelial cells (HUVEC), blood outgrowth endothelial cells (BOEC), and glomerular endothelial cells (GEnC). (B) Cultured EC are then used at their resting state or after an activation by either ADP, heme, LPS, TNF/INF gamma, or apoptonecrotic cells. (C) EC are incubated with sample of interest. Either serum or activated plasma (consisting of patient citrated plasma mixed 1:1 with control serum pool) or normal human serum with addition of the protein of interest (e.g., IgG). Complement activation can be modulated in by addition of sCR1, anti-C5 antibody, anti-FH antibody, anti-properdin antibody, or EGTA-Mg buffer. (D) Complement activation products are then revealed by fluorescent tagged antibody. Antibody directed again C3c or C5b9 can be used. According to the context, staining for other molecules have been proposed and include IgG, P-selectin, vWF, and CD31. (E) Quantification is then performed using immunofluorescence scanning, flow cytometry, or ELISA. (F) Controls are required and vary according to the protocols.




To Pre-Activate or Not Pre-Activate EC?

Resting EC or EC pre-activated by cytokines, ADP, or heme can be used (Table S3) to provide additional information.

When resting HUVEC were incubated with aHUS FB mutants added to FB-depleted normal human serum (NHS), enhanced C3b/iC3b-fragment deposition as measured by an anti-C3c-reacting antibody was observed (78). The same result was obtained for some cases when aHUS patient serum was incubated with resting HUVEC (30, 79). Nevertheless, incubation with NHS depleted in FB and reconstituted with other aHUS FB variants (80) or incubation with aHUS serum from patients carrying some C3 or FH variants (30, 79) may be insufficient to induce C3 or C5b-9 deposits. When quiescent HMEC-1 were incubated with aHUS serum from patients carrying mutations in FH, FI, C3, or FH/CFHR1 hybrid, enhanced C3c or C5b-9 deposition was reported only if serum was collected during the acute phases of the disease and not after reaching remission (82, 89). Furthermore, deposits on quiescent HMEC-1 are better correlated with relapse risk during the tapering or discontinuation of eculizumab (85).

To increase test sensitivity, the authors proposed pre-activating EC. Modifications in surface-bound protein expression enable complement activation. This was achieved in the case of P-selectin expression on HMEC-1 pre-activated with ADP, LPS, or thrombin (82) or P-selectin expression on HUVEC or GEnC pre-activated with heme (30, 80, 99), which could allow C3b binding and C3 convertase formation. Enhanced formation of C3 fragments by TNF/IFN pre-activation and C5b-9 deposition by ADP pre-activation on HUVEC or HMEC-1 cells was described after incubation of these cells with serum from asymptomatic carriers of mutations in AP regulatory proteins or C3 (79, 82). The normal range was established when pre-activated EC were incubated with sera from healthy donors. In addition, serum from healthy family members without the mutation was within the normal range in this assay (79).



What Kind of Blood Samples Might Be Incubated With EC?

Serum has been used as the source of complement proteins in the vast majority of the tests described above. One limitation of these tests, particularly when deposits are detected by IF, is the variation in the results, reportedly from 30% to 52% when activated HMEC-1 were incubated with serum collected at the acute phase of aHUS (91). To reduce this variation, Palomo et al. proposed the use of activated plasma, which refers to citrated plasma mixed 1:1 with a control serum pool. Using this approach, the authors derived a coefficient of variation of 9% to 18% (91). C3 consumption by the patient or loss of C3 activity during the pre-analytical phase are also potential factors responsible for this variation (4). Finally, for all complement assays and to avoid in vitro complement activation, proper blood collection and processing must be achieved (100). Processing of plasma or serum sample must be performed within a few hours of collection, with storage at –80°C and defrosting immediately before use to avoid repeated freezing and thawing.

To explore the functional consequences of autoantibodies against C3 and properdin in SLE, Vasilev et al. and Radanova et al. incubated HUVEC with NHS supplemented with purified IgG from patients positive for such autoantibodies (93, 94). Using this strategy, complement deposition on EC can be directly ascribed to the addition of autoantibodies to NHS. The same approach was applied for anti-C3b/FB autoantibodies in patients with C3G (14). To understand the mechanism behind complement deposits on EC from patients with SCD, microvesicles from normal or patient-derived erythrocytes were added to normal serum to model the disease condition. Enhanced binding of the C3 activation products was demonstrated (29, 101).



Which Controls Are Relevant?

Most often, NHS is used as a negative control (14, 29, 30, 78–83) (Table S4). An important aspect to consider is the inter-individual variability in deposits induced by normal sera. FACS analysis has revealed that this variability was relatively low when sera from 50 healthy donors were tested (79). However, this is a concern, particularly when deposits are detected by IF. This has not been directly reported, but has been suggested by the use of pooled sera in more recent papers (85, 91) and our own experience. Aiello et al. reported that C3 and C5b-9 deposits obtained after a single healthy subject serum (N=12) incubation range from 0.5 to 1.5 fold increase of stained surface area compared to pooled serum (from 10 healthy donors) run in parallel (87).

Several authors did not use any positive controls for their experiments (82, 83, 85, 90, 91). The comparison was only made with the deposits obtained with negative controls. It might be interesting to position the results on a scale. Positive controls with published data are FH or FI depleted NHS (14, 79, 81) or normal serum supplemented with blocking anti-FH antibodies targeting the N-terminus or C-terminus (30, 80) or with FH19-20, corresponding to the two last domains of FH, able to compete with the full FH protein for cell surface binding (97).

The main issues with this type of assay are the lack of validated international standards as well as standardized positive and negative controls. The variability of the results in samples from healthy donors needs to be studied extensively to determine the appropriate cutoff. In addition, the impact of C3 or other complement protein consumption in the patient and the influence of the pre-analytical phase must be determined to avoid false positive and false negative results.



Which Deposits Should Be Measured?

The objective of these tests is to demonstrate and explore complement overactivation or dysregulation on the EC surface after incubation with blood samples of interest. This is enabled by quantification of the deposition of complement component products resulting from activation or regulation. C3c (a common epitope to C3, C3(H2O), C3b, and iC3b) (which reflects C3 convertase activity and the early phase of the complement cascade) can be detected by polyclonal anti-C3c antibody. Antibody targeting C5b-9 reveals the final step of the cascade. When a signal is detected on the cell membrane, it can be assumed that the detected fragment is C3b or iC3b covalently attached to the surface. Nevertheless, heme-activated EC and likely ADP-activated EC (102, 103) express P-selectin, which recruits C3b, C3(H2O), and a C3(H2O)-like form of C3 generated after contact with heme (30, 99). Properdin also binds to heme-exposed or stressed EC, promoting complement activation in a similar manner without covalent C3b binding (97). This is an additional mechanism for amplification of complement activation on the EC surface. C5b-9 deposits may be more relevant in identifying dysregulation at any step. Nevertheless, early dysregulation can induce C3 activation fragment deposits without C5b-9 formation because of TP regulation. C5b-9 is readily detectable by IF but is much more difficult to detect by FACS because of the weak shifts of the peaks. To test for CP participation, the presence of C4d-positive deposits was also investigated (82, 89). Staining can also be performed under the same conditions for von Willebrand Factor, C5aR1, P-selectin, and others (87).



Evaluation of Activated Pathways

The test can be modified to assess which complement pathway is activated in given pathological settings. The test can be performed under different conditions to avoid CP and LP contributions, which include C2 (30) or C1q (104) depleted NHS, addition of SCR1 (87) or Mg-EGTA buffer (30, 78, 93, 94). EGTA chelates Ca2+, which is crucial for CP and LP activation, whereas AP depends on Mg2+. If AP has to be inhibited, FB-depleted NHS can be used. These reagents are applicable for test conditions, where the activating factor is added externally to the serum (i.e., IgG, heme, microvesicles, etc.). When patient samples are used directly, the same effect can be achieved by inhibiting C1q, C4, FB, or properdin with blocking antibodies, protein constructs, or small molecules, if available (97). Quantification of complement activation products (split fragments generated by cleavage of complement components or protein complexes when activated components bind their target (i.e., C3a, C4a, Ba, Bb, C5a, and sC5b-9) in the supernatant might be an additional element to study complement cascade activation.



Which Techniques Are Used for Detection and Quantification?

The two main detection techniques commonly used are FACS and IF. HUVEC pre-activated with heme and then incubated with NHS or aHUS serum showed results similar by FACS or IF detection (30). IF directly analyzes deposits on EC grown on slides. FACS requires a cell detachment step before staining, with the potential risk of losing a part of the deposit signal. In contrast, as mentioned by Gavriilaki et al., obtaining quantitative data by IF requires confocal microscopy and further analysis using specialized software (70). When IF is used, the area occupied by fluorescent staining in fields systematically digitized along the surface is quantified. The quantified results expressed as the mean of the square number of pixels per field are compared with the negative control (82, 83, 85, 89, 91). Considering the number of EC on which fluorescence has been measured and the staining intensity might appear relevant. In contrast, FACS allows the rapid and objective quantification of deposits.



What Are the Functional Consequences of Such Deposits?

If enhancement of complement fragment deposits on EC is interpreted as pathogenic, the functional consequences of such deposits must be questioned. Lactate dehydrogenase release from EC reflects cell damage. This release can be measured in the cell culture supernatant (104). Analysis of complement deposits can also be associated with a cell viability assay, corresponding to a colorimetric assay based on cleavage of the WST-1 tetrazolium salt by mitochondrial dehydrogenases in viable cells (70). Cellular integrity can be verified by May-Grunwald Giemsa staining (88). Direct cell death rarely occurs under these experimental conditions. Experiments testing cell activation status by complement overactivation have not been reported in the literature and are needed to further understand the impact of complement on endothelial injury. Analysis of transcriptomic modifications in EC exposed to complement deposits under several conditions could also be of interest.




Clinical and Therapeutic Relevance of the Obtained Results

The ex vivo EC assay, consisting in the quantification of complement activation products (C3 activation fragments or C5b-9) deposits on EC (by IF measured on confocal microscopy or FACS), after incubation with a serum sample of interest, was first used for specific characterization of complement component abnormalities (78–81, 83) or exploration of mechanisms implicated in EC injury (30) in the main complementopathy, aHUS. The assay was then used to demonstrate and explore complement activation and participation in the pathophysiology of several diseases, including C3G (14, 92), HELLP syndrome and pre-eclampsia (91, 105), TMA associated with severe hypertension (89, 106), drug-induced TMA (90), SCD (29), hemolytic anemia (97, 98), SLE (93, 94), and APS (96). Demonstration of increasing complement deposits on EC incubated with pathological sera is not sufficient to determine what is responsible for complement activation at the EC surface. Modulation of the test conditions can help in detailing complement activation. This was the case when complement activation was inhibited by the addition of hemopexin to the sera of patients with SCD (29).

Noris et al. and Galbusera et al. also proposed the use of this ex vivo EC test to monitor eculizumab therapy in patients with aHUS (82, 85). During eculizumab tapering or discontinuation, disease relapse preceded or was associated with an increase in C5b-9 deposits on resting HMEC-1 in all patients. In contrast, only one patient without relapse showed increased deposits (85). In clinical practice, CH50 is the only routine test used to monitor eculizumab therapy. CH50 is reportedly strongly suppressed in patients receiving eculizumab according to the standard protocol. However, CH50 does not allow monitoring of eculizumab dosage tapering or discontinuation, as it is not well correlated with relapse risk (82, 85). Eculizumab therapy monitoring using the Wieslab® complement system screen (107) or the modified Ham test (108) has also been proposed. Thus, the ex vivo EC assay could represent a test of interest to a better personalized complement-blocking therapy, but first needs to be more standardized.

This test can also be used to better classify and assess the prognosis of specific diseases. This is the case for hypertensive TMA, as Timmermans et al. demonstrated in a cohort of hypertension emergencies associated with TMA (106). The authors demonstrated a statistical association between increased C5b-9 deposition in the EC ex vivo test and kidney survival. Moreover, they reported an improvement in renal function for those with increased deposits treated with eculizumab. The authors proposed a classification of TMA-hypertensive emergency based on the EC ex vivo test (106).

Finally, many new anti-complement drugs targeting specific steps of the cascade have been under development in recent years (109). A standardized and validated assay to study complement activation could be a useful tool in their development.




Discussion and Conclusion

The increasing demonstration of complement involvement in the pathophysiology of many human diseases has mandated the development of tools to finely explore complement activation. Complement is a complex enzymatic cascade that is highly regulated in constant interplay with its environment. The current arsenal for complement exploration does not provide functional characterization and does not report on the complex interplay between complement and its environment, particularly the cell surface.

The development of tests with these capabilities could allow for a deeper exploration of the mechanisms of complement activation in several diseases. This information could inform the development of a complement blocking therapeutic strategy based on pathophysiological mechanisms.

Ex vivo complement activation on EC represents a promising tool for demonstrating and exploring complement activation (Figure 4). It not only recapitulates complex complement cascade regulation in vivo, but also allows modification of several steps of the experimental procedure to characterize complement activation mechanisms.




Figure 4 | Current and future application fields of the ex vivo complement activation test on endothelial cells. There is a wide range of potential applications of ex vivo complement activation tests in endothelial cells. Currently used to decipher in vitro complement pathophysiology in research, a standardized test would represent a promising tool in clinical and therapeutic fields, paving the way for tailored medicine in complementopathies.



However, there are still unanswered questions hindering broad used. The first is the variability in the results and the inter-individual variability in deposits induced by normal sera. Comprehension of the precise mechanism responsible for complement deposition in this assay would improve its better use. The second issue is to standardize the main steps of the procedure to improve the interexperimental comparison.

The use of such a test could be multiple, including molecular functional characterization, disease pathophysiology exploration, prognosis classification, complement targeting drug development, and complement therapeutic monitoring. The use of standardized conditions will expand the field of this promising tool.
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C3 glomerulopathy (C3G) and atypical hemolytic uremic syndrome (aHUS) are two rare diseases caused by dysregulated activity of the alternative pathway of complement secondary to the presence of genetic and/or acquired factors. Complement factor I (FI) is a serine protease that downregulates complement activity in the fluid phase and/or on cell surfaces in conjunction with one of its cofactors, factor H (FH), complement receptor 1 (CR1/CD35), C4 binding protein (C4BP) or membrane cofactor protein (MCP/CD46). Because altered FI activity is causally related to the pathogenesis of C3G and aHUS, we sought to test functional activity of select CFI missense variants in these two patient cohorts. We identified 65 patients (16, C3G; 48, aHUS; 1 with both) with at least one rare variant in CFI (defined as a MAF < 0.1%). Eight C3G and eleven aHUS patients also carried rare variants in either another complement gene, ADAMTS13 or THBD. We performed comprehensive complement analyses including biomarker profiling, pathway activity and autoantibody testing, and developed a novel FI functional assay, which we completed on 40 patients. Seventy-eight percent of rare CFI variants (31/40) were associated with FI protein levels below the 25th percentile; in 22 cases, FI levels were below the lower limit of normal (type 1 variants). Of the remaining nine variants, which associated with normal FI levels, two variants reduced FI activity (type 2 variants). No patients carried currently known autoantibodies (including FH autoantibodies and nephritic factors). We noted that while rare variants in CFI predispose to complement-mediated diseases, phenotypes are strongly contingent on the associated genetic background. As a general rule, in isolation, a rare CFI variant most frequently leads to aHUS, with the co-inheritance of a CD46 loss-of-function variant driving the onset of aHUS to the younger age group. In comparison, co-inheritance of a gain-of-function variant in C3 alters the phenotype to C3G. Defects in CFH (variants or fusion genes) are seen with both C3G and aHUS. This variability underscores the complexity and multifactorial nature of these two complement-mediated renal diseases.




Keywords: complement, factor I, C3 glomerulopathy, atypical hemolytic uremic syndrome, C3 glomerulonephritis, dense deposit disease



Introduction

The complement cascade is the cornerstone of the innate defense system. It is the first line of defense against foreign and altered host cells, it activates and potentiates adaptive immunity, and it provides integrated crosstalk with other pathways including the coagulation pathway (1). Activation of complement is triggered via one of three pathways–the classical (CP), lectin (LP) and alternative (AP)–all of which converge on C3bBb, a C3 convertase that cleaves C3 to C3b, to amplify the complement response and initiate the terminal pathway with ultimate formation of the membrane-bound lytic unit membrane attack complex (C5b-9). The entire cascade is tightly regulated by several mechanisms involving soluble and membrane-bound regulators such as factor H (FH), factor I (FI) and membrane cofactor protein (MCP/CD46) (2).

The primary function of FI is to downregulate complement activity by proteolytic inactivation of C3b to iC3b and C4b to iC4b in the presence of one of its four co-factors, FH, CR1, C4BP and MCP. FI-mediated regulation is especially important in controlling activity of the AP as this pathway is constitutively active. FI is synthesized by the liver as a 66 kDa single chain peptide that undergoes posttranslational glycosylation (adding 22 kDa of glycans) and protein cleavage to remove the signal sequence and four internal amino acids (RRKR, residues 336 to 339) to generate a mature protein with a heavy chain (50 kDa, Lys19–Ile335) and a light chain (38 kDa, Ile340–Val583) linked by a single disulfide bond (Cys255-Cys471) (3, 4). The five recognizable domains include a membrane-attack complex (FIMAC) domain, scavenger receptor cysteine-rich (SRCR) domain, two low-density lipoprotein receptor domains (LDLR1 and LDLR2) and, after a C-terminal linker on the heavy chain, the catalytic or serine protease (SP) domain with its catalytic triad His380-Asp429-Ser525 on the light chain (Figure 1) (5).




Figure 1 | CFI variants identified in patients with C3G and aHUS. (A) Schematic view of factor I and the 45 rare variants (MAF < 0.1%) identified in 65 patients (red, aHUS; blue, C3G; brown, both C3G and aHUS). All variants were identified in heterozygosis except one homozygote (p.Ala210Thr) and two compound heterozygotes (brackets above variants indicate compound heterozygosity). Novel variants are marker with #. (L, leading sequence; FIMAC, Factor I Membrane Attack Complex; SRCR, Scavenger Receptor Cysteine-Rich; LDLR, Low-Density Lipoprotein Receptor). (B) FI levels in 40 patients (open circles, aHUS; filled blue circles, C3GN; filled red circles, DDD; open square, C3G/aHUS; dashed lines, reference values: red, upper and lower limits of normal; blue, percentile lines).



Deficiency of FI leads to unchecked AP amplification and consumptive deficiency of complement components, such as C3, with various phenotypic consequences (6). Complete absence of FI, which is rare, results in severe and recurrent infections, glomerulonephritis and/or autoimmune disease (7–11). Partial FI deficiencies, which are much more common, lead to dysregulated C3 convertase activity and predispose to several complement-mediated diseases such as atypical hemolytic uremic syndrome (aHUS) (12–15), age-related macular degeneration (AMD) (16–18), and occasionally, C3 glomerulopathy (C3G) (19–22).

C3G and aHUS are rare renal diseases caused by dysregulated complement activity of the AP typically driven by genetic and/or acquired factors. In C3G, uncontrolled complement activity in the fluid phase and glomerular microenvironment leads to a characteristic pattern of glomerular injury defined by the predominant deposition of C3 fragments for which the disease is named (23–25). Based on electron microscopy, two major subclasses of C3G are recognized–C3 glomerulonephritis (C3GN) and dense deposit disease (DDD). Classic clinical findings of both subtypes are hematuria and proteinuria (26). aHUS is a form of complement-mediated thrombotic microangiopathy (TMA) characterized by microangiopathic hemolytic anemia, consumptive thrombocytopenia, and multisystem end organ involvement primarily affecting the kidney (27). In aHUS, dysregulated complement activity primarily occurs on cell surfaces, leading to local prothrombotic states, especially in the kidney.

Here, we reported 45 variants in CFI (MAF < 0.1%) identified in 65 patients with either C3G or aHUS. We completed detailed studies in 40 patients that included a novel FI functional assay and identified both type 1 and type 2 CFI variants.



Methods


Patients

Our C3G and TMA registry (C3G, n = 1048; TMA, n = 1468) was searched for patients who were evaluated between 2009-’21 and carried a CFI variant with a minor allele frequency (MAF) < 0.1%. Biomaterials included DNA (all patients) isolated from peripheral blood using established methods (28), and serum and plasma (most patients) collected at the time of disease onset (acute flare) in patients with aHUS or during ongoing disease (chronic period) in patients with C3G using a standard protocol (29) and stored as one-time-use aliquots at -80°C. The study was approved by the Institutional Review Board of Carver College of Medicine at the University of Iowa.



Genetic and Biomarker Analyses

Genetic analysis was performed using a targeted sequencing panel, which captures relevant complement genes as well as THBD, ADAMTS13 and DGKE as we have described (30). In addition, the CFH-CFHR and CFI genomic regions were screened for copy number variation by multiplex ligation-dependent probe amplification (MLPA) using the MRC Holland SALSA kit and in-house designed probes.

Biomarker/functional testing was performed using a customized panel that includes ELISAs, radial immunodiffusion (RID), immunofixation electrophoresis (IFE), and hemolytic-based assays (29). Specifically, CP and AP activities were assessed using Quidel (San Diego, CA) and Wieslab kits (SVAR, Malmö, Sweden). Fluid-phase activity was also tested using IFE on a SPIFE machine (Helena Laboratories, Beaumont, TX). Serum levels of C3, C5, properdin, FH, FI and complement activation products C3c, Ba, Bb, sC5b-9 were measured using ELISA kits (Hycult Biotech, Wayne, PA or Quidel, San Diego, CA). C4, FB and FI were run by RID (The Binding Site, San Diego, CA). FH and FB autoantibody assays were done by ELISA against purified proteins FH and FB, respectively (Complement Tech, Tyler, TX). C3-, C4-, and C5-nephritic factors were detected by cell-based hemolytic methods (31).



Factor I Co-Factor Activity

To assess FI co-factor activity, we developed a novel FI functional assay using C3b-decorated sheep erythrocytes (C3b-ShE) prepared as previously described (32). To minimize the effect of endogenous FH, patient serum or plasma was diluted 1:32 in GVB-Mg2+ buffer (16). To assess FI function, 50 µL of diluted serum/plasma, 50 µL of C3b-ShE (1x109/mL) and 100 µL of co-factors were added to 200 µL of GVB-EDTA buffer. The co-factors [FH (Complement Tech, Tyler, TX), sCR1 (Celldex Therapeutics, New Haven, CT) or sMCP (Alexion Pharmaceuticals, Boston, MA)] were assayed at final concentrations of 50nM, 25nM and 50nM, respectively. The resulting mixture was incubated at 37°C for 15 minutes. After 3 washes, cells were resuspended in 50 µL of GVB-Mg2+ buffer and remaining C3b on ShE was titrated out by excess FB (5x of the amount at Z = 1) and FD (0.3 μg) in GVB-Mg2+ buffer to form C3 convertase at 30°C over a 5-minute period; the reaction was stopped by adding 300 µL of GVB-EDTA buffer. 50 μL of the mixture was transferred to an empty 96-well plate and hemolysis was induced by adding 50 μL of rat EDTA serum diluted (1:10) in GVB-EDTA buffer (as a source of C5-C9). After centrifugation at 1000 x g, cell-free supernatant was transferred to a flat bottom 96-well plate and absorbance was read at OD415. The percentage of hemolysis in each well was calculated using hypotonic lysis induced by water as 100%.



Western Blot

Serum or plasma (1:80 diluted) in Laemmli buffer with or without reducing reagent was separated on 4-15% polyacrylamide gels (Bio-Rad, Hercules, CA). After transferring, FI was visualized using rabbit monoclonal antibody to FI (ab278524, Abcam, Waltham, MA) followed by a secondary incubation and chemiluminescence.



Statistics

Statistical analysis was performed using the Student’s t-test for two group comparisons, Fisher’s exact test for contingency tables, and Pearson correlation to measure linear relationships between variables using GraphPad Prism 8.2 (GraphPad Software, San Diego, CA). Error bars represent means ± SD. The number of samples and number of experimental repetitions are indicated in the figure legends. P < 0.05 was considered significant.




Results


Patient Cohorts and Rare Variants in CFI

Sixty-five unrelated patients (sixteen C3G [ten, C3GN; six, DDD]; 48 aHUS; one C3G/aHUS) with rare variants in CFI were identified in our registry (Figure 1), which represents significant enrichment in our aHUS cohort as compared to the prevalence of rare variants with MAF < 0.1% reported in gnomAD (1.77% of 141433 individuals in gnomAD vs 1.62% of 1048 C3G patients (P > 0.05) and vs 3.34% of 1468 TMA patients (P < 0.0001)) (33). In addition, the prevalence of rare variants is significantly higher in aHUS as compared to C3G (P = 0.0078). Disease occurred at any age in both cohorts (median age, 27.5 vs 37, respectively), although more aHUS patients were diagnosed in early childhood (age < 5, six aHUS vs one C3G). In the aHUS cohort, there were also more females (female/male, 35/13), while in the C3G cohort, both genders were equally affected (male/female, 9/8) (Figure 2A). Demographic data and basic clinical information are shown in Table 1.




Figure 2 | Complement biomarker profiling in aHUS and C3G patients. (A) Age distribution. (B) Factor I levels. (C) Factor H levels. (D–H) Biomarkers for alternative pathway (AP) activity including C3 and factor B, and associated activation products C3c and Bb. (I) AP fluid-phase activity by immunofixation eletrophoresis. (J–L) Biomarkers for terminal pathway activity including C5, properdin and soluble terminal complement complex (sC5b-9). (left column, aHUS; right column-red dots, DDD patients; black dots, C3GN patients; open circle, C3GN/aHUS patient; dashed line, lower limit of normal value for each assay; patients on eculizumab excluded from (J, L); *P < 0.05).




Table 1 | Patient demographics.



Null alleles were found in nine of 48 (19%) patients with aHUS and two of 15 (13%) patients with C3G (Tables 2, 3). Three aHUS patients (#27, #28, #29) carried the same splice-region variant (c.772G>A, p.Ala258Thr; the last nucleotide of exon 5), which results in exon 5 skipping (34). Three patients (#35, #46, #48) carried nonsense mutations (p.Arg336Ter, p.Trp472Ter and p.Trp541Ter) and three patients (#31, #32, #47) had micro-deletions that result in frame shifts (two with c.786delA and one with c.1450_1454del). In the C3G cohort, two null alleles were identified–a microdeletion (c.1646delA; #58, C3GN) and a splice site variant (c.1429+1G>C; #64, DDD). Western blot confirmed the absence of detectable circulating truncated proteins in all patients with null alleles, suggesting that the transcribed mutant message undergoes nonsense-mediated decay. We also confirmed non-expression of the c.1429+1G>C allele on a western blot in a homozygote patient we are following for recurrent infections.


Table 2 | Demographic and genetic data in patients with aHUS.




Table 3 | Demographic and genetic data in patients with C3G.



Most variants (64/65) were found in heterozygosis, although we identified one aHUS patient homozygous for p.Ala210Thr (#21) and two who were compound heterozygotes (p.Pro64Leu/p.Lys69Glu, #6; p.Gly119Arg/p.Gly287Arg, #10). One aHUS patient carried two variants on the same allele (p.Cys48Arg/p.Gln49Leu, #1) (Table 2). No C3G patients carried a second rare variant in CFI and no large genomic deletions in the CFI region were identified (Tables 3).



Additional Genetic and Acquired Drivers

Genetic variants (pathogenic or likely pathogenic, MAF < 0.1%) in other complement or TMA genes were identified in ten patients with aHUS and eight with C3G. One aHUS patient (#46) carried a CFH-CFHR1 fusion gene identified by MLPA (Table 2). In addition, two DDD patients carried a null allele in a terminal pathway gene (#63, #64) (Table 3).

Homozygous deletions of CFHR3-CHR1 were found in 3/60 (5%) patients, however none was positive for factor H autoantibodies (FHAAs). All patients were also negative for FBAAs and all C3G patients were negative for C3-, C4- and C5-nephritic factors.



Factor I Levels and Complement Dysregulation

FI levels were measured in 40 patients (12 C3G; 27 aHUS and 1 C3G/aHUS) (Figure 2B and Supplementary Tables 1, 2). In 31 of 40 (78%) patients, these levels were in the lowest quartile of the normal reference range (24.5 mg/L, normal reference mean = 31, standard deviation = 6.5). The lowest FI levels were found in two aHUS patients with biallelic variants. Excluding these two patients, FI levels were higher in C3G patients as compared to aHUS patients, however the difference was not statistically significant (median C3G vs aHUS, 24 vs 19.4, P = 0.09). FH levels showed the reverse trend and tended to be lower in C3G patients, although this comparison also did not reach statistical significance (Figure 2C, P = 0.08).

Several serum complement biomarkers were abnormal, including C3, which was low in four of twelve (33%) C3G and nine of 27 (33%) aHUS patients (Figure 2D), consistent with increased C3 convertase activity. In both cohorts, elevation in C3c occurred in a few patients while C4 was normal in most patients (Figures 2E, F). FB was low in three of twelve (25%) patients with C3G and five of 26 (19%) aHUS patients (Figure 2G), while Bb was high in four of eleven (36%) C3G and twelve of 21 (57%) aHUS patients (Figure 2H). Overall, the levels of FI showed moderate correlation with plasma C3 and factor B levels (Pearson’s r correlation = 0.39 and 0.36; P = 0.014 and 0.026, respectively). These findings also reflect increased convertase activity associated with a decrease in FI. Ba was elevated in most patients (Supplementary Tables 1, 2) however this biomarker does not accurately reflect complement dysregulation but rather the degree of renal injury (35, 36). The positive IFE in three of eleven (27%) C3G and nine of 24 (38%) aHUS patients recapitulated dysregulated upstream complement activity (Figure 2I). Of terminal pathway biomarkers (Figures 2J–L), sC5b-9 was elevated in six of seventeen (35%) aHUS and four of ten (40%) C3G patients not on Eculizumab (Figure 2L).



Cell-Based FI Functional Assay

In nine patients [four aHUS patients (p.Arg187Gln, p.Asp208Asn, p.Ser221Tyr, p.Arg474Gln); five C3G patients (p.Ala76Gly, p.Lys136Thr, p.Ile244Ser, p.Arg336Gly, p.Asp477His)], FI levels were above the lowest quartile and in these patients, we evaluated FI co-factor activity. Two type 2 variants were identified–p.Arg474Gln and p.Arg336Gly–both of which reduced C3b cleavage activity with all three cofactors (FH, sCR1 and MCP) (Figures 3A–C). Western blotting showed that p.Arg336Gly circulates as unprocessed single chain (Figure 3D). No functional impairment of FI activity was detectable with the other variants.




Figure 3 | Assessing FI function. In the presence of a cofactor (A) FH 50 nM; (B) sCR1 25nM; (C) MCP 50nM, C3b cleavage activity by FI in patient serum (diluted 1:32) is measured using C3b-decorated sheep erythrocytes. Non-cleaved C3b is developed by the addition of both FB/FD to form C3 convertase and rat-EDTA serum as a source of C5-C9. Percent hemolysis is calculated and plotted as a function of FI concentration determined by ELISA. The grey line in each figure serves as a normal reference line calculated from a normal sample (FI concentration, 40 mg/L) with serial dilutions. Serum from a CFI c.1429+1G>C homozygote (FI is undetectable) serves as a positive control (black dot). (D) Circulating FI by a Western blot. Patient sample (1:80 diluted in PBS) with reducing reagent separated on a 4-15% polyacrylamide gel and transferred. FI was visualized by an antibody specific to the heavy chain (50k Da). CFI p.Arg336Gly results in an unprocessed single chain (88k Da).






Discussion

Sixty-five unrelated patients [sixteen C3G (ten, C3GN; six, DDD); 48 aHUS; one C3G/aHUS] with rare variants in CFI were identified in our registry, which represents significant enrichment in our aHUS cohort as compared to the prevalence of rare CFI variants reported in gnomAD (1.77% of 141433 individuals in gnomAD vs 1.62% of 1048 C3G patients (P > 0.05) and vs 3.34% of 1468 TMA patients (P < 0.0001)) (33). Eighteen of these variants are novel and three (p.Val184Met, p.Arg448Cys, p.Trp541Ter) are reported for the first time in an aHUS cohort [previously associated only with AMD (18, 37–39)]. In 40 patients, we completed serological and functional studies to facilitate the classification of these variants based on ACMG guidelines.

Low FI levels have a variety of phenotypic consequences with the most extreme, complete CFI deficiency, leading to uncontrolled AP activity and C3 consumption (7). As a consequence of C3 consumption, severe and recurrent pyogenic infections with encapsulated organisms such as Streptococcus pneumoniae, Haemophilus influenzae and Neisseria meningitidis develop, driven by defective opsonization, immune adherence and phagocytosis (40). Whilst we have not seen complete FI deficiency in our C3G and aHUS cohorts, we have identified several patients with low or borderline low FI levels (16-24.5 mg/L, normal range 18 – 44) with the presenting phenotype typically driven by other acquired or genetic factors. For example, in isolation a rare CFI variant most frequently leads to aHUS, however the co-inheritance of a CD46 loss-of-function pathogenic variant drives the onset of aHUS to the younger age group (#4, #7, #9, #30, #45) while a gain-of-function pathogenic variant in C3 alters the phenotype to C3G (4 of 15 vs 1 of 48, C3G vs aHUS, P = 0.0097). Defects in CFH (variants or fusion genes) are seen with both C3G and aHUS (3 of 15 vs 2 of 48, C3G vs aHUS, P = 0.0828).

Autoantibodies to complement components (such as FHAAs, FBAAs, C3-, C4-, C5-nephritic factors) also play an important role in the pathogenesis of C3G and aHUS (23, 41), and while none of the patients in this study was co-positive for autoantibodies, we did not consider this finding surprising. With respect to aHUS, the prevalence of FHAAs is generally low, and when identified, they are typically seen in the pre-teenage years in children who are homozygous for the deletion of CFHR3-CFHR1. This genotype was identified only three times in our aHUS cohort, all in adults. With respect to C3G, about 60% of patients are positive for genetic mutations and/or autoantibodies as drivers of disease (19, 29). Of this 60%, ~10% are co-positive for both genetic drivers and autoantibodies, ~70% have only autoantibodies, and ~20% have only genetic variants. In our C3G cohort, half had additional genetic variants contributing to the complement dysregulation.

In 27 patients in our aHUS cohort, we measured FI levels and identified 18 type 1 variants (low expression) and five variants with limited expression (within 1st quartile, Figure 1B). The remaining 4 variants–p.Arg187Gln, p.Asp208Asn, p.Ser221Tyr and p.Arg474Gln–were associated with normal FI levels (above the lowest quartile). Of these, p.Asp208Asn is a novel variant, while p.Arg187Gln, p.Ser221Tyr and p.Arg474Gln have been reported. Although no data are provided for p.Arg187Gln, p.Ser221Tyr was associated with normal FI levels in two AMD studies (16, 18). p.Arg474Gln has also been reported in AMD cohorts with normal FI levels (18, 42, 43) and in an aHUS cohort with low FI levels, although the aHUS patient also carried another type 1 variant p.Ala258Thr (44). Our functional data show that p.Arg474Gln affects FI cofactor activity with all three cofactors (FH, MCP, sCR1) (Figure 3), making p.Arg474Gln a type 2 pathogenic variant. No functional defects were observed with p.Arg187Gln, p.Asp208Asn and p.Ser221Tyr, and based on these data, these three variants should be classified as likely benign.

Low FI levels (< 25%) were found in six C3GN patients and one DDD patient (#60). Of the six C3GN patients, two CFI variants were identified in each of two patients (p.Gly119Arg, #50 and #62; p.Ala240Gly, #52 and #53), with the remaining two patients carrying truncating variants (p.Asn549Thrfs*25, #58; c.1429+1G>C, #64). Interestingly, p.Gly119Arg and p.Ala240Gly were also identified in aHUS patients (p.Gly119Arg, #9, #10, #11, #12, #13; p.Ala240Gly, #24, #25, #26) and are well-documented type 1 variants (18, 21, 45–48). p.Gly119Arg and p.Ala240Gly are also present in the general population with the highest minor allele frequencies in Europeans (MAF = 0.000852 and 0.000093, respectively). These data suggest that carrying p.Gly119Arg or p.Ala240Gly is a risk factor for complement-mediated disease depending, in part, on the expressivity of the other CFI allele and/or the presence of mutations in other genes. For example, one aHUS patient (#10) had extremely low FI levels as a result of compound heterozygosis (p.Gly119Arg and p.Gly287Arg on opposite alleles), while all C3G patients carrying either the p.Gly119Arg allele or the p.Ala240Gly allele had a second pathogenic or likely pathogenic variant in CFH or C3 (#50, #52, #53, #62; Table 3).

Similarly, p.Pro64Leu, a variant that has been documented in AMD patients with low FI expression (16, 18), was identified in three aHUS patients (one CFI compound het) and one DDD patient (#4, #5, #6 and #61). The DDD patient also carried a gain-of-functions variant in C3, p.Arg161Trp, which has been shown to increase C3b affinity for factor B and reduce binding to MCP, although FH-mediated regulation is unchanged (14, 49, 50).

With two other variants [p.Ala76Gly (novel), p.Asp477His] identified in both C3GN and aHUS patients (#49 vs #7 and #57 vs #43 and #44, C3G vs aHUS), we noticed much higher FI levels in C3G as compared to aHUS patients. In these five patients, all FI results were confirmed by another technique (RID) and Western blotting, and large genomic deletions were ruled out by MLPA. In addition, FI functional assays showed normal C3b cleavage in all patients. Further research is required to understand this variability. We classified both variants as VUSs (variant of unknown significance).

We completed functional studies on all C3G patients with normal FI levels (p.Lys136Thr, p.Ile244Ser, p.Arg336Gly, p.Asn428Ser) and observed significantly impaired FI function (C3b cleavage) with all cofactors (FH, MCP, sCR1) for only p.Arg336Gly (Figures 3A–C). Because maturation of FI requires a proteolytic process that removes four amino acids (Arg-Arg-Lys-Arg) at residues 336-339, FI p.Gly336 circulates as an unprocessed pro-peptide without functional activity (Figure 3D). This finding has also been reported for p.Arg339Lys and p.Arg339Glu in aHUS patients (21, 44) and p.Arg339Gln in AMD patients (18, 38, 43). Common to all these mutations is the removal of a positive charged residue from the consensus sequence R-x-K/R-R. Therefore, we would expect individuals carrying these variants to have an identifiable circulating unprocessed single peptide and these variants should be classified as likely pathogenic.

Finally, when measuring FI levels, it should be remembered that as an acute-phase protein its serum concentration increases non-specifically in response to many cytokines (17). In our experience, in the acute phase, FI levels can be elevated ~25% above baseline, however this increase does not occur in isolation but rather in conjunction with an increase in other complement biomarkers, especially FB, C4 and FH (Figure 4). To ensure that the impact of a rare hypomorphic allele variant is not masked by the normal allele, serial testing of complement biomarkers is advisable. Anti-C5 therapy with eculizumab does not impact FI levels although it does elevate plasma C5, suppress sC5b-9, and abolish activity of the classical and alternative pathways. And finally, we found that the prevalence of rare CFI variants is significantly higher in aHUS as compared to C3G (P = 0.0078). While this finding suggests that partial FI deficiency might have less impact on C3G, precisely how a relative deficiency in FI contributes to the underlying pathophysiology of these two diseases requires further study.




Figure 4 | Increases in FI, FB, C4 and FH in the acute phase. These complement proteins are positive acute-phase reactants, and their levels were significantly increased in the acute phase in fourteen patients in our C3G and aHUS registries. The increase in FI does not occur in isolation but rather in conjunction with increases in other complement biomarkers, especially FB, C4 and FH. This pattern of increase was not observed in the patients described in this study (left, complement levels in remission; right, complement levels in the acute phase).



In summary, rare variants in CFI play a causal role in C3G and aHUS although the clinically observed phenotype is strongly contingent on the associated genetic background. Functional testing should be considered to assess FI activity if a rare CFI variant is identified. Our results suggest that the majority of CFI missense variants with a MAF < 0.1% will be type 1 variants (~80%), although a small of type 2 variants (~5%) will also be identified.
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Background

Thromboinflammation may influence disease outcome in COVID-19. We aimed to evaluate complement and endothelial cell activation in patients with confirmed COVID-19 compared to controls with clinically suspected but excluded SARS-CoV-2 infection.



Methods

In a prospective, observational, single-center study, patients presenting with clinically suspected COVID-19 were recruited in the emergency department. Blood samples on presentation were obtained for analysis of C5a, sC5b-9, E-selectin, Galectin-3, ICAM-1 and VCAM-1.



Results

153 cases and 166 controls (suffering mainly from non-SARS-CoV-2 respiratory viral infections, non-infectious inflammatory conditions and bacterial pneumonia) were included. Hospital admission occurred in 62% and 45% of cases and controls, respectively. C5a and VCAM-1 concentrations were significantly elevated and E-selectin concentrations decreased in COVID-19 out- and inpatients compared to the respective controls. However, relative differences in outpatients vs. inpatients in most biomarkers were comparable between cases and controls. Elevated concentrations of C5a, Galectin-3, ICAM-1 and VCAM-1 on presentation were associated with the composite outcome of ICU- admission or 30-day mortality in COVID-19 and controls, yet more pronounced in COVID-19. C5a and sC5b-9 concentrations were significantly higher in COVID-19 males vs. females, which was not observed in the control group.



Conclusions

Our data indicate an activation of the complement cascade and endothelium in COVID-19 beyond a nonspecific inflammatory trigger as observed in controls (i.e., “over”-activation).
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Introduction

Coronavirus disease 2019 (COVID-19) includes a variety of clinical pictures ranging from oligosymptomatic upper airway disease to severe disease presenting with a hyperinflammatory state and leading to acute respiratory distress syndrome in up to 31% of the patients (1). Thromboinflammation is a hallmark of COVID-19 and has a major impact on COVID-19 morbidity and mortality (2). Both, activation of the complement system and endothelial cell dysfunction after SARS-CoV-2 infection have been identified as important contributors (3).

The complement system is a central part of the innate immune response. Its activation has been demonstrated upon viral infections and its importance in the immune defense is underscored by strategies of viruses to disable and exploit complemental activation (4). SARS-CoV-2 was shown to directly activate both, the alternative and the lectin pathway of the complement system (5–7), and also the classical pathway via SARS-CoV-2 antibodies (8). Besides its beneficial effects, overactivation of complement may result in host damage. Improved outcome and reduced pulmonary tissue damage was demonstrated in murine models upon coronavirus infection, when complement system activation was blocked (9). Histopathology findings revealed extensive deposits of complement components C5b-9, C4d, and mannose-binding lectin serine protease 2 (MASP-2) in COVID-19 patients who died of respiratory failure (10). A subset of clinical studies reported elevated complement activation products in sera of COVID-19 patients that positively correlated with disease severity and were associated with adverse outcomes (11), but comparative data in disease controls are scarce.

Various pathways are involved in endothelial cell activation in COVID-19. Complement components C5a and C5b-9 were shown to induce downstream thromboinflammatory responses, resulting in endothelial activation and damage (12, 13). SARS-CoV-2 tropism for endothelial cells is suggested to further contribute to endothelial activation and dysfunction (14, 15) causing thromboembolism, tissue ischemia and impaired barrier function (10, 16). Upon infection and activation, endothelial surface adhesion molecules E-selectin, intercellular cell adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) are upregulated. E-selectin mediates rolling of leucocytes while ICAM-1 and VCAM-1 are further involved in firm leucocyte adhesion (17, 18) initiating their transendothelial migration to the site of inflammation. Soluble forms of ICAM-1, VCAM-1 and E-selectin are used as biomarkers for endothelial cell activation, and several studies demonstrate increased concentrations of these proteins in COVID-19 patients related to the disease severity (19–21).

A prothrombotic state is the result of an inflammatory feedback loop secondary to complement activation, endothelial cell injury and hypercoagulability (4). Therefore, the interaction between complement and endothelial cell activation is of interest, considering possible therapeutic options in COVID-19 (16, 22, 23). Male sex is a relevant risk factor for mortality in COVID-19 (24) and higher levels of chemokines and cytokines that firmly interact with the complement system (25, 26) were found in male COVID-19 patients vs females (27). Thus, therapeutic options may differ between males and females, respectively.

Another regulator of the inflammatory-associated immune response is Galectin-3, a member of the beta-galactoside binding-protein family with pleiotropic effects, including cell-proliferation, apoptotic regulation and fibrosis (28). Preliminary evidence implies a role for galectin-3 as biomarker and target in COVID-19 due to its upregulation in severe COVID-19 (29, 30) and potential mediator for viral adhesion (31).

Although elevated markers of complement and endothelial activation as well as elevated Galectin-3 concentrations were demonstrated in COVID-19 patients, most studies compared cases with healthy controls, and therefore may overestimate the specificity of the innate immune response upon SARS-CoV-2 infection.

In this prospective cohort study, we primarily evaluated specificity and possible interactions of complement activation and markers of endothelial cell activation in COVID-19 patients by comparing cases to a control population with symptoms suggestive of COVID-19 but tested negative for SARS-CoV-2 infection. Secondarily we analyzed associations of markers with adverse outcomes and investigated patterns of marker activation as well as sex differences in cases and controls.



Materials and methods


Patient inclusion, sample collection and data extraction

The COVIVA study was a prospective, observational cohort study that recruited unselected patients aged 18 years and older presenting with symptoms consistent with COVID-19 to the emergency department (ED) of the University Hospital Basel, Switzerland, from March 2020 to June 2020. Patients were considered SARS-CoV-2 infected if at least one SARS-CoV-2 PCR from a nasopharyngeal swab performed at ED presentation or within 14 days prior to or after was positive in combination with consistent clinical signs and symptoms. Patients that were tested negative for SARS-CoV-2 infection by PCR were considered as controls. Adjudication of the final (non-COVID-19) diagnosis was performed by five board-certified physicians that reviewed all medical data available including 30 days post-discharge follow-up information.

All patients underwent a clinical assessment by the treating ED physician according to local standard operating procedures. We obtained blood samples within 24 hours after presentation to the ED. Samples were transferred to the laboratory immediately after sampling, centrifuged, aliquoted and stored at −80°C until measurement.

Patients were contacted by telephone or in written form 30 days after discharge for follow-up. Records of hospitals and primary care physicians as well as national death registries were screened, if applicable.

For the present analysis, blood samples with sufficient residual volume to determine the investigational biomarkers were available from 153/191 COVID-19 patients, which served as cases. Subsequently samples from 166/890 SARS-CoV-2 negative patients were randomly selected to serve as controls. Overall, the numbers of available samples for C5a, sC5b-9, E-selectin, Galectin-3, ICAM-1 and VCAM-1 were 302, 302, 290, 289, 290 and 290, respectively.



Laboratory assessment

Concentrations of ICAM-1, VCAM-1, Galectin-3 and E-selectin in serum samples were determined by a multiplexed enzyme-linked immunosorbent assay according to the manufacturer’s instruction (proteinsimple, Bio-techne, Minneapolis, MN, U.S.A.). C5a and sC5b-9 concentrations were quantified using enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer’s instruction (sC5b-9: BD Biosciences Pharmingen, San Diego, CA, U.S.A.; C5a: ThermoFisher Scientific, Waltham, MA, U.S.A.).



Primary and secondary endpoints

Primary endpoint of this study was the comparison of the systemic concentration of complement activation products (C5a, C5b-9), endothelial activation markers (ICAM-1, VCAM-1, E-selectin) and Galectin-3 in COVID-19 patients and in patients with suspected but excluded SARS-CoV-2 infection, in the out- and inpatient setting.

Secondary endpoints included the association of markers with the composite endpoint of admission to the intensive care unit (ICU) or death within a 30-day follow-up period and with thromboembolic events. Correlations with other laboratory inflammatory markers and sex differences were also analyzed.



Statistical analysis

Statistical analyses were performed using SPSS software, version 25 (IBM, USA), and data were visualized with GraphPad Prism 7 software (GraphPadSoftwares Inc., La Jolla, Ca, USA). Data are expressed as medians and interquartile range (IQR) for continuous variables, and as numbers and percentages (%) for categorical variables. Continuous variables showed mostly skewed distributions and were compared by Mann-Whitney U test, and Spearman’s rank test was used to evaluate correlations. For nominal variables Chi-squared test and Fisher’s exact test was used.



Ethics statement

All participating patients or their legally authorized representatives consented by signing a local general consent form. This study was conducted according to the principles of the Declaration of Helsinki and approved by the Ethics Committee of Northwestern and Central Switzerland (EKNZ 2020-00566).




Results


Baseline characteristics in COVID-19 cases and controls

Overall, 1086 patients were recruited presenting with symptoms suspicious for COVID-19 from March 2020 to June 2020, and 153/191 COVID-19 and 166/890 randomly selected controls were included in the present analysis. Hospital admission was required in 95 (62%) and 75 (45%) of COVID-19 patients and controls, respectively. Admission to the ICU or death at day 30 occurred in 41 (43%) inpatient cases and 27 (36%) inpatient controls. COVID-19 inpatients were younger than inpatient controls (median age 64 [52, 75] vs. 71 [59, 80] years, p=0.02) and stayed longer in the hospital (8 [5.0, 15.0] vs. 5 [2.0, 11.0] days, p=0.01). Controls suffered mainly from viral infections other than COVID-19 (n = 67, 40%), non-infectious inflammatory conditions (n=40, 25%) and bacterial pneumonia (n = 24, 14%). The demographic and clinical characteristics of the two groups are shown in Table 1.


Table 1 | Baseline characteristics.





Serum levels of Galectin-3, complement and endothelial cell activation markers in COVID-19 cases and controls

Overall, C5a and VCAM-1 concentrations were elevated and E-selectin concentrations decreased in COVID-19 cases compared to controls (p<0.001 for all markers, Table 2) with a borderline difference in sC5b-9 levels (p=0.037). These differences were also evident when outpatients and inpatients were separately analyzed with the exception of sC5b-9 in the outpatient group (Table 2). Similarly, control patients with a diagnosis of bacterial pneumonia or other respiratory viral infections showed lower C5a and VCAM-1 concentrations compared to COVID-19 cases despite a slightly higher CRP concentration, whereas an increase in E-selectin concentrations was mainly observed in patients with bacterial pneumonia and was less pronounced in patients with other respiratory viral infections (Supplementary Tables 1, 2). No significant differences in ICAM-1 and Galectin-3 levels were observed in any analyses.


Table 2 | Concentrations of markers of complement and endothelial cell activation on admission.



Almost all markers were significantly elevated in inpatients vs. outpatients in both groups, and relative increases in inpatients vs. outpatients were comparable in cases and controls (Table 3).


Table 3 | Relative differences in inpatients vs. outpatients.





Association of Galectin-3, complement and endothelial cell activation markers with outcomes

Overall, elevated concentrations of C5a, Galectin-3, ICAM-1 and VCAM-1 levels on presentation were associated with the composite outcome of ICU admission or 30-day mortality in cases and controls (Table 4), as were concentrations of D-Dimer and the inflammatory markers C-reactive protein (CRP) and ferritin. However, when focusing only on inpatients (the composite outcome did not occur in outpatients), elevated concentrations of these activation markers were only predictive of the composite outcome in cases, but not in controls (Supplementary Table 3).


Table 4 | Concentrations of markers of complement and endothelial cell activation and inflammation on admission according to the composite outcome of admission to the intensive care unit or death at 30 days in cases and controls.



In patients with the composite outcome, concentrations of most markers were significantly higher in COVID-19 cases compared to controls with the exception of D-Dimer levels. In particular, median C5a and ferritin concentrations were markedly elevated (C5a, 4.46 ng/ml in COVID-19 cases vs 1.46 ng/mL in controls, p<0.001; ferritin, 1200 µg/L vs. 256 µg/L, p<0.001).

The analysis of thromboembolic events was limited by the low number of events (n=13). Increased median Galectin-3 and ICAM-1 levels were associated with thromboembolic events in both, cases and controls (Supplementary Table 4), whereas associations of increased median C5a and E-selectin concentrations with thromboembolic events were only observed in controls.



Correlations of Galectin-3, markers of complement and endothelial cell activation and inflammation

C5a levels correlated moderately with markers of endothelial cell activation and Galectin-3 in both, COVID-19 cases and controls, whereas the correlation was weaker for sC5b-9 (Figures 1A, B). C5a, ICAM-1, VCAM-1 and Galectin-3 correlated moderately to strongly with CRP and D-Dimer concentrations in cases and controls, whereas correlation with ferritin and LDH was much weaker in controls. E-selectin correlated strongly with ICAM-1 and VCAM-1 in controls (r = 0.602 and r = 0.468, p<0.01), while a weaker correlation was found in cases (r = 0.477 and r = 0.258, p<0.01).




Figure 1 | (A) Correlation coefficients in COVID-19 patients. *p<0.01 (Spearman correlation coefficient), CRP, C-reactive protein; LDH, lactate dehydrogenase. (B) Correlation coefficients in controls. *p<0.01 (Spearman correlation coefficient), CRP, C-reactive protein; LDH, lactate dehydrogenase.





Higher levels of complement and inflammatory markers in males vs. females (inpatients)

Both, median C5a and sC5b-9 concentrations were higher in COVID-19 males vs. females (C5a, 4.62 vs. 3.46 ng/ml, p=0.019; sCb5-9, 1476 ng/ml vs 859 ng/mL, p=0.008) which was not observed in the control group. Ferritin was significantly higher in males vs. females in both, COVID 19 cases and controls, whereas significantly higher CRP levels in males vs. females were only observed in COVID-19 cases (Table 5). Endothelial cell activation markers were similarly distributed with the exception of higher VCAM-1 levels in COVID-19 males vs. females (data not shown).


Table 5 | Sex differences of complement activation and inflammatory markers in COVID-19 inpatients vs. controls on admission.






Discussion

Thromboinflammation has been shown to contribute substantially to the pathogenesis and disease severity in COVID-19 (2). The present study is the largest study to date to assess complement activation markers C5a, C5b-9 as well as endothelial cell activation markers E-selectin, ICAM-1 and VCAM-1 and Galectin-3, an immunoregulatory protein, in COVID-19 cases and SARS-CoV-2 negative controls with similar symptoms and presentation. With few exceptions (32, 33), most previous studies had chosen healthy individuals as controls, thereby potentially overestimating the specificity of those biomarkers for COVID-19.

Indeed, while concentrations of C5a and VCAM-1 were higher and E-selectin concentrations lower in COVID-19 cases vs. the respective controls, the relative difference when comparing inpatients vs. outpatients was comparable in cases and controls. Moreover, these markers correlated equally well with other inflammatory proteins such as CRP or D-Dimer. This is consistent with an unspecific increase of complement and endothelial cell activation depending on severity. As such the increase in complement and endothelial cell activation may be regarded as nonspecific for SARS-CoV-2 and rather reflect the clinical picture it causes.

However, despite a similar degree of inflammation (as assessed by CRP and D-Dimer levels), C5a and VCAM-1 concentrations were significantly higher and E-selectin concentrations significantly lower in COVID-19 cases compared to control patients with bacterial pneumonia pointing towards a differential response in COVID-19 patients. Hence, increased complement and endothelial cell activation seems to be a distinctive feature of COVID-19 that cannot be solely explained by a higher inflammatory response. Interestingly, their correlation with ferritin, a protein that has been identified as a promising outcome predictor in severe COVID-19 (34), was stronger in COVID-19 patients compared to controls again arguing for a specific response of the analyzed markers in SARS-CoV-2 infection.

Recently, Ma et al. (33) showed elevated sC5b-9 in severe COVID-19 compared to those hospitalized with influenza or other forms of acute respiratory failure. Here we demonstrated elevated levels of C5a and sC5b-9 in COVID-19 patients compared to a broad control population in an inpatient and outpatient setting, consisting mostly of patients with viral respiratory infection other than COVID-19, bacterial pneumonia but also with systemic inflammatory response syndromes secondary to non-infectious etiologies. Notably, sC5b-9 was markedly elevated in inpatient cases vs controls (1268 vs 1019 ng/mL, p=0.026) while no relevant difference was found in outpatients. These findings may reflect increasing involvement of sC5b-9 in COVID-19 in severe disease. Histopathologic findings support the hypothesis of C5b-9-mediated endotheliopathy in COVID-19, induced by C5b-9 pore formation on endothelial membrane (35). Our findings underscore the growing evidence (36) of the involvement of the cytolytic complement system in severe COVID-19 and the assumption that the membrane attack complex is a major contributor to observed endotheliopathy.

Bauer et al. showed elevated VCAM-1 concentrations, while ICAM-1 and E-selectin did not differ in cases vs. disease controls. In line with these findings, Cugno and Yao (19, 37) showed no difference in E-selectin concentrations between mild to moderate COVID-19 cases and healthy controls. Our results regarding the cellular adhesion molecules are in line with these studies, but we demonstrate markedly lower E-selectin concentrations in cases vs. controls, mostly driven by control patients with bacterial pneumonia. Previous studies reported substantially higher E-selectin concentrations in patients with bacterial sepsis (18). Still, E-selectin concentrations were also higher in outpatient controls with viral respiratory infections compared to COVID-19 cases, and thus a lower degree of E-selectin production may be regarded as specific feature of COVID-19.

Previous studies showed increased Galectin-3 plasma levels in patients with COVID-19 compared to healthy controls (29, 30). In the present study, we did not observe a difference in Galectin-3 concentrations in cases and disease controls. We assume that previous findings of elevated Galectin-3 in patients with COVID-19 compared to healthy controls are not specific for COVID-19 but reflects a nonspecific inflammatory response. However, Galectin-3 binding protein was recently identified as elevated in critically ill COVID-19 patients only (and not in disease controls) and to correlate with complement proteins and regulators (38). Hence, Galectin-3 may be considered as a therapeutic target upon SARS-CoV-2 infection due to its possible role in viral adhesion, and its association with disease severity and adverse outcome as demonstrated in the present study.

Associations of elevated complement and endothelial activation markers with COVID-19 outcome or adverse events were previously described (20, 21, 33, 39–41). At first sight, the association of elevated C5a, ICAM-1 and VCAM-1 concentration on admission with ICU admission or 30-day mortality did not point towards a specific feature of COVID-19, as it was observed in cases and controls in the present study. However, the association was not evident in controls anymore, when focusing on inpatients only. Likewise, the magnitude of C5a elevation was more pronounced in COVID-19 cases progressing towards the composite outcome compared to disease controls. Hence, our data are consistent with an additional activation of the complement system and endothelial cells in COVID-19 beyond a nonspecific baseline inflammatory activation of these systems (i.e., “over”-activation) in COVID-19. This has also been described (and confirmed in the present study) for ferritin levels (42). Although complement activation may serve as predictive marker for adverse outcomes, indicators such as CRP, ferritin or D-Dimer are more convenient, as they are equally associated with adverse outcomes (43) and correlate at least moderately with complement activation.

A relevant risk factor for mortality in COVID-19 is male sex which is not completely explained by a higher prevalence of comorbidities in men (24). Differences in sex chromosome genes (immune response X-linked genes and disease susceptibility genes), sex hormones and expression of ACE2 receptors are discussed as underlying cause of different outcomes in COVID-19 (44). Takahashi et al. found that levels of pro-inflammatory innate immunity chemokines and cytokines, such as IL-8, IL-18 and CCL5 were higher in male patients (27). C5a strongly amplifies IL-8 expression (26) and complement was shown to elicit secretion of IL-18 (25). Mussini et al. suggested that C-reactive protein explains 85% of the different incidence in invasive mechanical ventilation or death between male and females, which was to a lesser extent the case for ferritin and LDH. They proposed a differential activation of the innate immune response, mediated by CRP, to explain the observed sex difference in COVID-19 (45). CRP is known to aggravate the inflammatory response by activating the classical complement pathway culminating in the cleavage of C3 and C5 generating anaphylatoxins such as C5a. We observed higher CRP, C5a and sC5b-9 levels on admission in COVID-19 males compared to females, which was not evident in the control population. These results suggest a different level of activation of the complement system in males vs. females upon SARS-CoV-2 infection. Future studies are required to elucidate if differences in alternative pathway activation in males vs. females, as observed in healthy individuals (46), may drive the observed excessive activation in males and may explain sex difference in clinical outcomes in COVID-19. Of note, an overactivated alternative pathway has recently been implicated in critically ill COVID-19 patients (47).

Our study has several limitations. First, the single-center design limits external validity. Second, COVID-19 cases and controls were not matched, hence some differences were significant suggesting that COVID-19 inpatients may have had less comorbidities. Third, only one sample was drawn on admission for most patients limiting the analysis of the time course of the investigated parameters. As an example, E-selectin concentrations are known to decrease shorty after induction. A major strength of this study is the prospective design with enrolment of consecutive patients presenting to the ED with suspicion of COVID-19 and adjudication of the final diagnosis by five board-certified physicians.

In conclusion, the present study confirms increased complement and endothelial cell activity in COVID-19 patients compared to disease controls. Our data are consistent with an additional activation of the complement cascade and endothelial cells in COVID-19 exceeding a rather nonspecific baseline inflammatory trigger as observed in disease controls (i.e., “over”-activation). The observed increase in complement activation markers in male vs. female COVID-19 patients requires further studies.
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Hereditary angioedema (HAE) is a rare disease where known causes involve C1 inhibitor dysfunction or dysregulation of the kinin cascade. The updated HAE management guidelines recommend performing genetic tests to reach a precise diagnosis. Unfortunately, genetic tests are still uncommon in the diagnosis routine. Here, we characterized for the first time the genetic causes of HAE in affected families from the Canary Islands (Spain). Whole-exome sequencing data was obtained from 41 affected patients and unaffected relatives from 29 unrelated families identified in the archipelago. The Hereditary Angioedema Database Annotation (HADA) tool was used for pathogenicity classification and causal variant prioritization among the genes known to cause HAE. Manual reclassification of prioritized variants was used in those families lacking known causal variants. We detected a total of eight different variants causing HAE in this patient series, affecting essentially SERPING1 and F12 genes, one of them being a novel SERPING1 variant (c.686-12A>G) with a predicted splicing effect which was reclassified as likely pathogenic in one family. Altogether, the diagnostic yield by assessing previously reported causal genes and considering variant reclassifications according to the American College of Medical Genetics guidelines reached 66.7% (95% Confidence Interval [CI]: 30.1-91.0) in families with more than one affected member and 10.0% (95% CI: 1.8-33.1) among cases without family information for the disease. Despite the genetic causes of many patients remain to be identified, our results reinforce the need of genetic tests as first-tier diagnostic tool in this disease, as recommended by the international WAO/EAACI guidelines for the management of HAE.




Keywords: hereditary angioedema, genetic cause, rare disease, variant interpretation, precision medicine



Introduction

Hereditary angioedema (HAE) is a rare genetic dominant condition with incomplete penetrance characterized by recurrent swellings (edema) affecting the skin, internal organs, mucosa or the upper airways (1, 2). Where genetic pathogenesis is known, symptoms are caused by dysfunction of the C1 esterase inhibitor (C1-INH) or dysregulation of the kinin cascade, leading to bradykinin release and resulting in inflammation episodes. Bradykinin is a vasoactive peptide and the main activator of the bradikinin receptor B2 expressed in endothelial cells (3) whose activation leads to increased vascular permeability and edema, causing the HAE symptoms (4). HAE attacks can turn into a life-threatening episode if the edema develops in the laryngeal track, which leads to the obstruction of the upper respiratory airways (5). HAE attacks are unpredictable and often develop in response to triggering factors such as mental stress (6), use of contraception hormones (7), infections (8), injuries or surgery interventions (9), and weather changes (6), among others. HAE prevalence has been estimated in over 1:50,000 worldwide (10) and has been reported in all ethnic groups (11).

This genetic condition is typically divided in two main groups attending to the C1-INH plasmatic levels. The most frequent form (85% of the cases described) is caused by decreased levels of C1-INH (11, 12), also known as HAE-C1-INH of type I. The rest of cases are found either with normal levels of non-functional C1-INH protein (also known as HAE-C1-INH of type II) or with normal levels of a functional C1-INH protein (HAE-nC1-INH). At the moment, more than 450 disease causing variants have been reported in SERPING1 gene leading to HAE-C1-INH forms (11, 13–15). However, causal variants affecting other genes of the bradykinin pathway underlie HAE-nC1-INH cases (11).

The first genetic study in HAE families with normal levels of C1-INH detected a mutation in the exon nine of F12 (16). FXII activation increases the bradykinin accumulation, driving to increased vascular permeability. Surprisingly, only 20% of patients with HAE-nC1-INH in Europe carry causal variants in the F12 gene (17). Until 2018, only SERPING1 and F12 were known to cause HAE, which explains why HAE diagnosis has been mostly based on plasmatic determinations of complement proteins or the activity. The decreasing costs of Next Generation Sequencing (NGS) prompted the first whole-exome sequencing (WES) which allowed to detect variants affecting function in HAE-nC1-INH patients in angiopoietin (ANGPT1) and plasminogen (PLG) genes (18, 19). Using the same approach, Bork et al. also identified variants in the kininogen 1 (KNG1) gene as another cause of HAE (20). Most recently, two other causal genes were found by applying WES in HAE-nC1-INH families, encoding the heparan sulfate 3-O-sulfotransferase 6 (HS3ST6), and myoferlin (MYOF) (21, 22). The latter being causal strongly suggests a key role of VEGF-mediated signaling in HAE pathophysiology, although the mechanism triggering the symptoms remains unclear.

Because of the nonspecific signs, HAE remains a poorly recognized clinical entity, resulting in delayed diagnoses and deficient treatment conditions for long periods. In fact, a reported mean diagnosis delay of 7.9 years, ranging from months to 50 years, has been recently exposed in the HAE cases from the Canary Islands (23). Those patients lacking a diagnosis have an increased risk for morbidities and mortality compared to those that had been diagnosed, especially if attacks affect the airways (24). Advances in testing procedures and disease recognition have not improved HAE diagnosis, still representing a challenge for professionals (25). Currently, genetic testing is not part of the clinical diagnosis of HAE routine in many health care systems despite the updated HAE management guidelines recommend a genetic-based diagnosis in order to increase the diagnostic yield and reduce the diagnosis odyssey (11, 26, 27). Furthermore, the debilitating nature of HAE attacks makes early and precise diagnosis critical to rapidly establish the actions and treatments for short and long-term prophylaxis (28). Because of the importance of establishing an accurate diagnosis and to prescribe the optimal treatment, many countries have developed their own HAE patient registry. This has fostered the development of standards and specialized facilities to help managing and diagnosing patients while reducing the diagnosis delay. Here we present the first genetic characterization of HAE patients from the Canary Islands (Spain).



Material and methods


Patient population and setting

The study was approved by the Hospital Universitario Nuestra Señora de Candelaria (HUNSC; PI 57–17) Ethics Committee and written informed consent was obtained from all patients and relatives. The patient cohort is composed by affected individuals that had compatible clinical history of angioedema attacks without urticaria, and a differential diagnosis by blood molecular assays. We excluded patients using medication that were known to trigger angioedema attacks (i.e., angiotensin-converting enzyme inhibitors) and patients suffering other pathologies that can potentially cause angioedema attacks (i.e., hepatitis, HIV, hepatic/renal disorders, immunological deficiencies, and infections due to Helicobacter pylori).

HAE diagnosis was based on plasmatic determination of C1-INH and C4, and C1-INH activity, according to the international WAO/EAACI guidelines for the management of HAE (29).



Whole-exome sequencing and variant calling

DNA was extracted from 4 mL of peripheral blood with Illustra™ blood genomicPrep kit (GE Healthcare; Chicago, IL). Alternatively, for pediatric patients and adults where blood sample extraction was not available, DNA from saliva samples were obtained with the OG-250 kit (DNA Genotek, Ontario, CA) following manufacturer’s instructions. DNA concentration was evaluated using the dsDNA BroadRange Assay Kit for the Qubit® 3.0 Fluorometer (Termo Fisher Scientific, Waltham, MA).

Libraries were prepared using the TruSeq Rapid Exome Library Prep Kit (Illumina, San Francisco, CA). Library sizes and concentrations were assesed on a TapeStation 4200 (Agilent Technologies, Santa Clara, CA) and sequences were obtained with a HiSeq 4000 Sequencing System (Illumina, San Francisco, CA) with paired-end 75-base reads. PhiX was loaded and sequenced at 1% as an internal control of the experiments (Figure 1).




Figure 1 | Schematic representation of the steps followed for patient DNA sequencing data. Algorithms are shown in orange and processed files in blue. The HAE causal variants prioritized by HADA and the Sanger validation step are shown in green.



Sequencing reads were preprocessed with bcl2fastq v2.18 and mapped to hg19/GRCh37 with Burrows-Wheeler Aligner v0.7.15 (30), and BAM files were processed with Qualimap v2.2.1 (31), SAMtools v1.3 (32), BEDTools (33), and Picard v2.10.10 (http://broadinstitute.github.io/picard) for quality control steps. Variant calling of germline variants was performed using an in‐house bioinformatics pipeline based on the Genome Analysis Toolkit (GATK) v.3.8 (34). The pipeline has been designed for the detection of nucleotide substitutions (SNVs) and small indels (<50 bp) following the GATK best practices (35) and its description is publicly available (https://github.com/genomicsITER/benchmarking/tree/master/WES).

Subsequently, the identified variation was filtered by means of SAMtools and VCFtools (36) based on “PASS” filter, depth of coverage per position (≥ 20×), genotype quality (≥ 100), and mapping quality (≥ 50).

The analysis was carried out at the Teide-HPC Supercomputing facility (http://teidehpc.iter.es/en).



Variant annotation and causal variant prioritization

The resulting variant calls were annotated with available information (Figure 1). For that, ANNOVAR (37) was used to include the allele frequency in reference populations, gene location, known functional consequences, links with disease based on ClinVar (38) and The Human Gene Mutation Database (39), and several pathogenicity scores including the Combined Annotation-Dependent Depletion (CADD, 40), among others. The classification of pathogenic potential of variants was obtained and annotated using InterVar software (41) following the American College of Medical Genetics and Genomics (ACMG) guidelines (42).

The annotated variant calls were individually processed for each patient by Hereditary Angioedema Database Annotation tool (HADA, http://hada.hpc.iter.es/), an in-house designed variant prioritization server of HAE genes to facilitate the identification of the variants affecting function as well as other accompanying information from the literature (13). In those patients where causal variants were not detected by HADA, Exomiser v12.1 was used to aim to identify the variants affecting function causing HAE (43). SQUIRLs v1.3.0 was used to specifically analyze candidate splicing variants and their predicted effect, prioritizing them by the internal pathogenicity score (44).

Finally, the variants that were classified as Variants of Uncertain Significance (VUS) that could be reclassified as Pathogenic/Likely Pathogenic variants based on complimentary information were validated by direct Sanger sequencing of PCR amplicons from the two strands. This assessment was performed by Macrogen Spain sequencing services with a customized design of primers (Supplementary Table 1).



Assessment of potential structural variants in sequencing data

ExomeDepth v1.1.15 was used to identify putative structural variants (SVs) that could constitute possible variants affecting function causing HAE (45). Candidate variants obtained from BAM files were filtered to remove false positives calls by Bayes factor (BF) higher than 20.

To provide a clinical interpretation of the candidate SVs, filtered calls were processed with ClassifyCNV (46), based on the ACMG guidelines to determine pathogenicity potential. Complementarily, StrVCTURE (47) was used to distinguish pathogenic SVs from benign SVs that overlap exons based on CADD scores. The classification was carried out with the consensus of both algorithms.



Screening for mobile elements in sequencing data

At least 17 Alu elements which are in SERPING1 gene have been reported in the scientific literature. As such, pathogenic rearrangements associated with this repetitive element have been estimated to be responsible for approximately 15% of HAE cases (48). Because of that, the Soft Clipped Read Alignment Mapper v1.0.1 (SCRAMble) (49) was used to screen for mobile element insertions (MEIs) in the exome data, with a particular emphasis on SERPING1.




Results


Patient population and sequencing summary

Forty-one patients and nine healthy relatives from 29 unrelated families with HAE diagnoses residing in the Canary Islands were included in the study. Thirty-seven patients self-declared European ancestry, two declared ancestry from Colombia (family 3), and two from Israel (family 5). The study sample included eight males (19.5%) and 33 females (80.5%). The protective role of male hormones and the well-known influence of estrogens as one of the main triggers of HAE attacks could explain this sexual disbalance (50–52). The patients were aged between four and 72 years (mean: 36.8 ± 16.9 years) and a positive family history for HAE attacks was reported for 23 (56.1%) of them. Based on biochemical analysis, all HAE types are present in the study sample, where HAE-C1-INH was predominant, with 23 patients diagnosed for HAE type I (56.1%) and four patients for HAE type II (9.8%). The rest of patients (14, 34.1%) were diagnosed as HAE-nC1-INH, and most of them were females (92.8%).

WES of this case series yielded an average of 8.36 Gb per patient, with an average of 100% of on-target reads and a median depth of 57×, and a transition/transversion ratio in the range of 3.1 to 3.3.



Causal variant identification and concordance between clinical and genetic assessments

Using HADA, we detected a total of six variants affecting function linked to different HAE types in the study (Table 1 and Figure 2). SERPING1 was the most commonly affected gene (n=5). Two unrelated families clinically classified as HAE type I were carriers of the synonymous variant affecting function c.751C>T; p.Leu251= (families 4 and 11), which was previously reported in Spain (53). The missense variant c.613T>C; p.Cys205Arg, previously described in Spanish cases, was also found in another family with HAE type I (family 8). We detected a likely pathogenic frameshift variant affecting function located in exon 3 of SERPING1 gene, c.143_144delCA; p.Thr48SerfsTer9, which was associated with decreased C1-INH plasmatic levels and leading to HAE type I (family 9). We also detected the causative missense variant c.1396C>T; p.Arg466Ser in the index patient of family 1. In this family, the index patient [with normal levels of C1-INH (47 mg/dL), reduced C1-INH activity (10%) and low C4 levels (1.8 mg/dL) had similar biochemical findings as his asymptomatic sister (with normal) levels of C1-INH (65 mg/dl); reduced C1-INH activity (< 10%), and low C4 levels (7.6 mg/dl)]. Sequence analysis of this asymptomatic relative also releveled the missense variant c.1396C>T; p.Arg466Ser. This variant has been widely reported in Spanish patients in the literature, although linked to HAE type II instead (54).


Table 1 | Detected causal variants affecting function of HAE in this study.






Figure 2 | Pedigrees of unrelated HAE families in the Canary Islands.



Furthermore, a well-known causal variant of F12 (c.983G>T; p.Thr328Lys) was detected in members of the family 2 with HAE-nC1-INH (Figure 2). This variant affecting function has not been previously reported in Spanish patients and is absent from ExAC (55) and gnomAD (56).

We also identified a missense variant affecting function in SERPING1 gene that was previously classified as a VUS. The variant c.1100T>C; p.Leu367Pro was detected in one patient for which information from relatives was lacking (Figure 3). Although this variant was described in previous genetic studies with HAE patients, it lacks population frequency data or prediction scores which could supporta a damaging effect, including individual predictions (SIFT, PolyPhen2, CADD, M-CAP, among others) and meta scores (MetaLR, MetaSVM, MetaRNN and REVEL). Despite that, we reclassified it as a likely pathogenic variant according to the ACMG guidelines using VarSome (57) based on the classification criteria PM1 (moderate), PM2 (moderate), PM5 (moderate), PP2 (supporting), and PP3 (supporting).




Figure 3 | IGV view of sequencing reads supporting each allele of SERPING1 variant (up), and Sanger sequencing validation showing both alleles (down).



The manual inspection of sequencing data in the positions with candidate calls for SVs and MEIs revealed that all the prioritized findings were false positives due to low depth of coverage in the inspected regions, therefore, offering insufficient support to declare variants.



Splicing defects detected

The splicing variant defect c.686-12A>G in SERPING1 was identified in all the affected patients of family 3 (Figure 4). This variant was previously reported in two unrelated Italian patients (58) and in one case of a Serbian HAE type I family (59). However, despite the authors did not assess the pathogenicity of the variant, its function was assessed using a minigene in vitro model (60). According to that study, the c.686-12A>G variant was found to provoke an aberrant splicing effect possibly triggering transcript degradation as deduced by the minimal amount of the transcript detected in the patient’s blood. Based on this extended information, we then scored this variant with the following ACMG criteria: BP4 (supporting), PS2 (strong), PM2 (moderate), PP1 (supporting), PP3 (supporting), and PP4 (supporting). As a result, VarSome reclassified the c.686-12A>G variant from VUS to Likely Pathogenic.




Figure 4 | Pedigree of HAE affected family without previously reported causal variant (A) and representation generated by SQUIRLs of predicted acceptor site for the novel SERPING1 c.686-12A>G affecting splice variant (B).





Diagnostic yield

Aggregating all the described evidence for the variants affecting function detected across study patients from families with different affected members, we obtained a genetic diagnostic yield of 66.7% (95% Confidence Interval [CI]: 30.1-91.0%; 6/9 families) when considering only the previously known causal variants (Figure 2). However, the genetic diagnosis yield among proband-only cases decreased to 10.0% (95% CI: 1.8-33.1%; 2/20 cases). This finding supports the recommendation of the WAO/EAACI current guidelines for HAE management to recruit unaffected family members for causal variant screening.




Discussion

In recent years, the widely use of NGS in the clinical field has significantly contributed to the achievement of early and accurate diagnosis. In this context, we aimed to characterize for the first time the underlying genetic causes of HAE in the Canary Islands, where clinical studies have estimated a prevalence of around 1.90:100,000 (23). This prevalence is higher than the that reported for overall Spain and is closer to that observed in other European studies, estimated in 2:100,000 (53). The isolation and the recent demographic history of the Canary Islands population could explain the HAE prevalence in the archipelago. Genetic studies have highlighted that the genes from the regulation of inflammatory response and the complement cascade are significantly enriched in the genomic regions that harbor distinctive genetic variation of this population (61). These findings, together with the estimated higher prevalence of HAE in the Canary Islands, may add to the underlying genetic factors involved in angioedema that have not been identified so far. In this context, NGS-based studies with HAE affected individuals and families are being constantly implemented in several countries with the aim of increasing the diagnostic yield, such as Denmark (62), Saudi Arabia (63), Turkey (64), Japan (65), Portugal (66), Greece (67), Norway (68), Switzerland (69), Croatia (70), China (71), Romania (72), Austria (73), and Puerto Rico (74), among others. However, NGS-based genetic studies have not been common in HAE studies until recently (17). Part of the explanation may reside in the fact that only two causal genes were identified until 2018 and that clinical diagnosis was essentially based on clinical symptoms and biochemical measurements of C4 and C1-INH levels/C1-INH activity in plasma (11). In certain cases, the clinicians could not refine the diagnosis in HAE borderline patients. In these cases, WES brings new and efficient opportunities to clearly identify the underlaying causes, especially in those without C1-INH deficiency (11). Besides, obtaining WES from all patients offers the possibility to unravel novel disease genes, as well as to identify the underlying causes in the known HAE genes in a single test. In this context, this study describes the first step in the genetic characterization of HAE patients from the Canary Islands. Subsequent studies based on phenotype-driven prioritizations of causal variants from the whole-exome and genome-wide studies will aim to identify novel genetic factors involved in HAE in this population.

Following the international WAO/EAACI guidelines for the management of HAE (26), we have obtained two remarkable results in one of the families. First, we amended the initial diagnosis based on the clinical and biochemical studies, which supported a HAE type I in family 1. However, the prioritization of genetic variants revealed a well-known variant of HAE type II (SERPING1; c.1396C>T). Secondly, this variant was also detected in one asymptomatic relative, allowing a diagnostic anticipation to the manifestation of symptoms in this family member. The development of bioinformatics tools focused on variant interpretation in the context of rare diseases accelerates diagnosis accuracy, which translates into a great benefit for patients and their families. However, we face a global problem with the high proportion of VUS detected in NGS-based studies, since it complicates an accurate clinical diagnosis identifying the genetic causes, as recommended by current international guidelines for HAE patient management. In addition, there is also a widespread conflict in the pathogenic classification rules for genetic variants. In family 4, we identified the synonymous variant SERPING1; c.751C>T, which has been classified as benign according to the ACMG guidelines. However, this variant has been declared as causal of the disease in Spanish patients with HAE (53). Synonymous variants can contribute to diseases, affecting gene function by splicing (75), binding of transcription factors (76), or mRNA stability (77), among others. They are common in the human genome, but their role in diseases have often been underestimated (78). It is well-known that variants affecting splicing are significant contributors to human diseases and are often missed in standard variant filtering approaches, which tend to focus on protein coding regions (79). In this study, we detected the SERPING1 c.686-12A>G variant in all affected members of a recruited HAE type I family, previously reported as VUS and here reclassified as likely pathogenic. As indicated before, the increased number of sequencing studies in rare disorders have overcome the main limitations to the interpretation of the pathogenic potential of detected variants and their association with the disease (80, 81). In this context, the diagnostic yield of NGS-based solutions has improved to 35-60% nowadays (44). However, the genetic cause of most cases of this study is lacking (21/29 independent cases, 72.4%, 95% CI: 52.5-86.6). The diagnostic process of HAE is also a stressful period due to confusing signs with histaminergic angioedema attacks, which could be delayed for many years. To reduce the clinical odyssey, we previously designed HADA, a variant prioritization tool for DNA sequencing studies focused on HAE diagnosis (13). HADA retrieves previously reported causal variants in HAE patients in a few minutes, integrating extended genetic variant information from public updated databases used for pathogenic classification according to ACMG guidelines. Taken all prioritized variants by HADA in our study, we have estimated a NGS diagnostic yield of 66.7% (6/9 families). Unfortunately, the diagnosis yield decreases to 10.0% in proband-only analyses (2/20 cases). Remarkably, despite the capabilities of using a WES approach, we did not find variants affecting function in PLG, ANGPT1, KNG1, MYOF, and HS3ST6 genes (involved in HAE-nC1-INH) in any of the studied families.

Our study has some strengths and limitations. Among limitations, we acknowledge that the number of patients where a causal variant was identified is limited, precluding for now a robust study of the relationships between phenotypes and genotypes, as well as the links with drug responses or the patient management. We also acknowledge a relatively low breath of coverage of some exons of the F12 gene compared with that of SERPING1 gene (66.49% of bases covered at least 10× in F12 compared with 88.33% for SERPING1), which may hinder the identification of causal genetic variants in patients with clinical suspicion of HAE-nC1-INH. Another limitation was the low genetic diagnosis yield obtained among proband-only cases, which could be increased with the recruitment of family members for genetic causative variant identification and determining its origin (inherited vs de novo), as is recommended by WAO/EAACI guidelines. Although WES is not the optimal approach, we have aimed to identify and prioritize candidate SVs and MEIs. However, the results did not support the possibility that the cases could be caused by SVs in the known HAE genes. Even though HADA assist in the genetic testing of HAE patients, the tool was designed to prioritize genetic variants within the literature identified genes of HAE, thus lacking the function to identify novel HAE genes. To fill this gap, complementary studies relying on phenotype-driven approaches and genomic scans, among others, are needed to allow the identification of novel genetic factors of HAE, especially in those affected patients who remain without genetic diagnosis. Among the strengths of our study, we highlight the widespread recruitment of HAE patients and their relatives in the archipelago by the Allergy Services of the main hospitals from each island, allowing us to carry out an early detection of new cases of HAE and study the genetic causes through DNA sequencing. The detection of the SERPING1 c.1396C>T; p.Arg466Ser variant led to a diagnosis anticipation in an asymptomatic relative considering both genetic results and the biochemical findings, allowing to achieve a precise diagnosis of HAE type II. Our study highlights the benefits of a first-tier genetic testing for HAE diagnosis and reinforces the need to clearly identify underlying genetic causes, as recommended by the international WAO/EAACI guidelines for the management of HAE and enhance the benefits of NGS as first-tier genetic testing tool for its diagnosis (26).



Conclusions

To characterize the underlying genetic causes of HAE in the Canary Islands, we have performed the first genomic study of affected families from the region. A rapid detection of the causal variants in sequencing data from whole-exome was carried out based on HADA, providing in some families a refined diagnosis, and revealing the genetic affectation in asymptomatic members. Our results reinforce the necessity of NGS based studies on HAE patients to identify and characterize novel genetic factors involved in this disease. Complementary and more exhaustive analysis are required to identify the genetic cause in all the families.
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Cellular death, aging, and tissue damage trigger inflammation that leads to enzymatic and non-enzymatic lipid peroxidation of polyunsaturated fatty acids present on cellular membranes and lipoproteins. This results in the generation of highly reactive degradation products, such as malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE), that covalently modify free amino groups of proteins and lipids in their vicinity. These newly generated neoepitopes represent a unique set of damage-associated molecular patterns (DAMPs) associated with oxidative stress termed oxidation-specific epitopes (OSEs). OSEs are enriched on oxidized lipoproteins, microvesicles, and dying cells, and can trigger sterile inflammation. Therefore, prompt recognition and removal of OSEs is required to maintain the homeostatic balance. This is partially achieved by various humoral components of the innate immune system, such as natural IgM antibodies, pentraxins and complement components that not only bind OSEs but in some cases modulate their pro-inflammatory potential. Natural IgM antibodies are potent complement activators, and 30% of them recognize OSEs such as oxidized phosphocholine (OxPC-), 4-HNE-, and MDA-epitopes. Furthermore, OxPC-epitopes can bind the complement-activating pentraxin C-reactive protein, while MDA-epitopes are bound by C1q, C3a, complement factor H (CFH), and complement factor H-related proteins 1, 3, 5 (FHR-1, FHR-3, FHR-5). In addition, CFH and FHR-3 are recruited to 2-(ω-carboxyethyl)pyrrole (CEP), and full-length CFH also possesses the ability to attenuate 4-HNE-induced oxidative stress. Consequently, alterations in the innate humoral defense against OSEs predispose to the development of diseases associated with oxidative stress, as shown for the prototypical OSE, MDA-epitopes. In this mini-review, we focus on the mechanisms of the accumulation of OSEs, the pathophysiological consequences, and the interactions between different OSEs and complement components. Additionally, we will discuss the clinical potential of genetic variants in OSE-recognizing complement proteins – the OSE complotype - in the risk estimation of diseases associated with oxidative stress.




Keywords: oxidation-specific epitopes, oxidative stress, DAMPs (damage-associated molecular patterns), complement - immunological terms, natural antibodies (NAbs), pentraxins, immune recognition



1 Introduction


1.1 Generation of OSE

Increased oxidative stress, characterized by exalted levels of reactive oxygen species, leads to lipid peroxidation of polyunsaturated fatty acids localized in cellular membranes. Lipid peroxidation can be initiated by enzymatic or non-enzymatic mechanisms, resulting in the generation of reactive lipid mediators. Adduction of reactive lipid degradation products to free amino-groups on macromolecules generates novel neo-epitopes, termed oxidation-specific epitopes (OSEs) (1). Once adducted, OSEs have the capacity to alter the function of the affected biomolecule and tag their carrier as “altered-self”. Although there is a large amount of different lipid degradation byproducts that can create OSEs, the best studied examples are malondialdehyde and the more advanced malondialdehydeacetaldehyde, which we are collectively calling MDA (as umbrella term for different MDA-epitopes), 4-hydroxynonenal (4-HNE), 2-(ω-carboxyethyl)-pyrrole (CEP), oxidized cardiolipin (OxCL) and the phosphocholine head group-containing oxidized phospholipids (OxPC).

Within tissues or in the circulation, OSE-decorated structures are considered to be markers of oxidative stress and are found in many pathological conditions such as chronic inflammation, autoimmunity, infections, cancer, and neurological disorders (1–7).



1.2 Biological carriers and function of OSEs

The ubiquitous presence of lipids in living cells enables OSEs formation on versatile biological carriers. Major carriers are free biomolecules, oxidized lipoproteins, microvesicles, and apoptotic cells (1).


1.2.1 Free biomolecules


1.2.1.1 Proteins

On proteins, OSEs are attached to the amino groups of lysine and arginine side chains, but modifications of other amino acids have been shown (8–12). This irreversible adduction can alter protein carrier function, lead to aggregation, and increase its immunogenicity (13, 14). The ultimate fate of OSE-modified proteins in homeostasis is proteolytic degradation or clearance by immune responses.



1.2.1.2 Nucleic acids

Nuclear and mitochondrial DNA modifications by MDA and 4-HNE are mutagenic and cancerogenic by causing nucleotide exchange or forming cross-links (11, 15).



1.2.1.3 Phospholipids

Amino group-containing phospholipids, such as phosphatidylethanolamine (PE) and phosphatidylserine (PS), can be modified by MDA, 4-HNE, and CEP (16–21). OSEs on phospholipids alter their recognition by pattern recognition receptors (PRR) and their ability to serve as phospholipase substrates (22–24).




1.2.2 Lipoproteins


1.2.2.1 Low-density lipoprotein

Oxidized LDL has been discovered as the initial carrier of OSEs, where they are considered to be major drivers of atherosclerosis development (25, 26). Following the retention of plasma LDL in the intima of the arterial wall, both the lipid and protein components of LDL can become oxidized (OxLDL). Newly oxidized LDL is pro-inflammatory, chemotactic, and pro-coagulatory (2, 27). Upon OxLDL clearance, engulfing macrophages are converted into foam cells - hallmark cells of atherosclerotic plaques (28–30). Additionally, MDA-, 4-HNE-, OxPC-, and OxCL-epitopes have been documented in atherosclerotic plaques of mice and humans (25, 31–36).



1.2.2.2 High-density lipoprotein

Once modified by OSEs, HDL loses its function to remove cholesterol from cells via the ATP-binding cassette transporter A1 (ABCA1) pathway and, via CD36, promotes platelet aggregation (37–41).




1.2.3 Microvesicles

Microvesicles are extracellular vesicles (0,1 - 1 µm) with a phospholipid bilayer enriched in phosphatidylserine. They are generated by cellular activation or apoptosis and are pro-coagulatory and pro-inflammatory (2, 42, 43). As carriers of parental cells’ biological cargo, they play a role in inter-organ communication, and alterations in their numbers and content are associated with many pathologies (43, 44). The presence of OSEs, namely MDA- and OxPC-epitopes, has been demonstrated on a subset of circulating MVs and MVs from in vitro stimulated cells (45–47).



1.2.4 Dying cells

The presence of OSEs on dying cells and apoptotic blebs seems to be independent of the mechanism of apoptosis induction and the cell types undergoing apoptosis (33, 34, 48–52). Early experiments already proposed that the presence of OSEs on cells undergoing programmed cell death (apoptosis and necrosis) plays a role in their clearance by enhancing their ability to be recognized by phagocytic cells (48, 53).




1.3 The function of OSEs as danger-associated molecular pattern molecules

Among well-established DAMPs, like histones, cholesterol crystals, DNA, and others, OSEs represent a distinct group (1, 54). Exposure of OSEs mediates the recognition by innate immunity sensors and can trigger sterile inflammation (51, 52, 55–60). The main cellular innate sensors of OSEs are scavenger receptors and - typically in cooperation - toll-like receptors (TLRs), which are responsible not only for recognition but also for the initiation of downstream signaling events (1).

In vitro, treatment with MDA-modified proteins and MDA+ MVs induces cytokine secretion (e.g., interleukin-8 (IL-8), or its murine functional homologues chemokine ligand 1(CXCL1) and CXCL2) in various human or murine cell types and cell lines (47, 51, 52, 61). Moreover, in vivo, intravitreal injection of MDA-modified bovine serum albumin (BSA) led to an increase in CXCL1 expression in retinal pigment epithelial (RPE) cells (52). Similarly, in a mouse peritonitis model, injection of MDA-BSA resulted in secretion of CXCL1 and CXCL2 and recruitment of neutrophils and monocytes. Moreover, treatment with the anti-MDA IgM antibody (LR04) attenuated hepatic pro-inflammatory cytokine secretion and leukocyte infiltration induced by the western diet (51). Scavenger receptor A1 (SRA1), CD36, lectin-like OxLDL receptor (LOX1), and CD16 on monocytes and macrophages have been shown to act as sensors for MDA (51, 62–64).

4-HNE increased cytokine secretion, e.g., IL-8, recruitment of neutrophils and macrophages via TLR4/NFκB in animal models of atherosclerosis and chronic obstructive pulmonary disease (59, 60). Also, it stimulated the release of pro-coagulatory tissue factor-positive MVs from perivascular cells (65). LOX1 has been identified as the scavenger receptor for 4-HNE (66).

OxPC or OxPC-rich MVs have been reported to induce endothelial cell activation, monocyte recruitment, cytokine secretion (e.g., IL-6) by macrophages, and apoptosis in smooth muscle cells (3, 45, 49, 67). Furthermore, OxPC drives hypercholesterolemia-induced inflammation and atherogenesis and restrains bone formation in vivo (4, 35). SRB1, TLR2, and CD36-TLR4-TLR6 heterotrimeric signaling complex are required to recognize Ox-PC (68–70).

CEP has been shown to activate the NLRP3 inflammasome and stimulate the production of IL-1β (71). Moreover, injection of CEP into the mouse eye increased Th1 response and enhanced angiogenesis (72–74). Additionally, in a peritonitis model, CEP generated by neutrophils promotes infiltration of monocytes and macrophages by binding to β2 integrins on their surfaces (75). For CEP binding and clearance, the coordinated action of CD36 and TLR2 is required (76).




2 Recognition of OSEs by innate humoral immunity

Both innate and adaptive immune responses against OSEs have been demonstrated, and their functional implications are being elucidated. Thus, in this mini-review we will focus solely on representatives of soluble innate immune responses to OSEs: natural IgM antibodies, pentraxins, and several components of the complement cascade because their levels and genetic variants have been implicated in the development of diseases associated with increased oxidative stress (Table 1).


Table 1 | Plasma proteins recognizing OSEs and their reported biological effects.




2.1 Natural antibodies

Natural IgM antibodies are pre-existing antibodies that typically contain unmutated variable regions encoded by germline gene sequences. In mice, natural antibodies are secreted by B1 cells, but marginal zone B cells may also contribute to their production. Natural antibodies arise in newborns without infections or exposure to exogenous antigens and thus can be found in gnotobiotic mice. Thirty percent of all natural IgM antibodies have specificity for OSEs, such as MDA, OxPC, and 4-HNE, among which MDA is the predominant antigen (50). A series of OSE-specific natural IgM antibodies have been cloned, of which the best characterized are LR04, NA17, and E014 (recognizing MDA), T15/E06 (recognizing OxPC), and LR01 (recognizing OxCL) (25, 33, 34, 48, 50, 114). They bind to microbial antigens and altered-self structures, which allows them to mediate important functions in host defense, but also makes them essential in homeostasis maintenance, respectively (115). Natural IgM antibodies neutralize the pro-inflammatory effects of oxidized lipids and MVs, mediate apoptotic cell clearance, and are anti-atherogenic by blocking OxLDL uptake and foam cell formation (45, 47, 77–79). Additionally, we have shown that anti-MDA IgM hinders the binding of coagulation factors X/Xa on MVs, attenuating the propagation of coagulation and protecting from pulmonary thrombosis in mice (42). Moreover, MDA-targeted passive and active immunization strategies that increase the levels of MDA-specific IgM protect from atherosclerosis and hepatic inflammation (80–82). Furthermore, mice unable to secrete natural IgM antibodies display impaired clearance of apoptotic cells and develop arthritis and lupus-like disease, which can be in part explained by the lack of OSE-specific IgMs (83–85). Finally, studies in various human cohorts demonstrated that low levels of IgMs against OSEs are associated with an elevated risk of developing cardiovascular diseases (CVDs), confirming the beneficial role of anti-OSE IgMs (86–92).



2.2 Pentraxins

Pentraxins are acute-phase proteins and represent soluble innate pattern recognition proteins. As such, they facilitate the removal of invading microorganisms and damaged host cells. There are two types of pentraxins, short (C-reactive protein (CRP) and serum amyloid P (SAP)) and long ones (pentraxin 3 (PTX3)) (116). CRP has been shown to bind to OxPC on OxLDL, and they colocalize on the surface of apoptotic cells and in human atherosclerotic lesions (49, 93). When CRP is complexed with OxPC-epitopes, it recruits C1q and activates the C1 complex of the classical complement cascade (CCC) (94). In contrast to CRP, SAP and PTX3 do not bind to OSEs, although SAP competes out the binding of plasma IgM and CRP on late apoptotic cells (93). Interestingly, OxLDL enhanced the expression of PTX3, which promoted OxLDL uptake by macrophages and blocked cholesterol efflux (95, 96). Furthermore, PTX3 protects against 4-HNE-induced complement activation by recruiting CFH to the basal RPE and inner Bruch’s membrane in AMD (117).



2.3 Complement components

The complement cascade protects and orchestrates the removal of invading pathogens and altered self- or foreign-structures by employing three pathways. Its activity is steered by complement activators and regulators that prevent collateral damage to host tissues.


2.3.1 C1q

C1q is a multimeric protein, a part of the initiator complex of the CCC. With its globular head, it can recognize pathogen-associated molecular patterns (PAMPs), DAMPs, and immune complexes, and once bound, it activates the CCC with the collagen-like domain. It binds to OxLDL, which leads to the complement activation and deposition of C3b, facilitating OxLDL uptake by monocytes and macrophages (97, 98). Additionally, the engulfment of OxLDL with C1q suppresses macrophage NFκB and NLRP3 activation, resulting in an enhancement of IL-10 and a reduction in IL-1β secretion (99). The initial notion that the binding of C1q to oxidized lipoproteins is mediated through OSEs came from the finding that MDA-LDL binds C1q, resulting in the deposition of C4b and activation of the CCC, which can be inhibited by ApoE (100). Furthermore, C1q is found both on circulating MVs, and apoptotic cells; however, if this binding is (in part) OSE-dependent has not been investigated so far (118–120). Due to the impairment of apoptotic cell clearance, C1q deficiency in mice and men predisposes to the development of systemic lupus erythematosus (SLE) (118, 121).



2.3.2 C3a

Complement anaphylatoxin C3a is a small degradation product of C3 generated by C3 convertase. It is a chemotactic molecule of the immune system, and although classically considered a pro-inflammatory molecule, C3a has been shown to have some anti-inflammatory functions (122, 123). MDA-epitopes are ligands for C3a on OxLDL and apoptotic cells. Furthermore, this OxLDL-C3a interaction results in increased internalization of C3a by macrophages, thus making OxLDL a platform enhancing uptake of C3a (101). Myeloperoxidase-rich MVs can also be the carriers of C3a; however, if recruitment of C3a to MVs is mediated by OSEs has to be elucidated (124).



2.3.3 Complement factor H

Complement factor H is the regulator of the alternative complement pathway. It comprises 20 short consensus repeat (SCR) domains and acts as a sensor of PAMPs and DAMPs. Additionally, a splice variant of CFH exists – factor H-like protein 1 (FHL-1). Impairment of CFH functions contributes to the development of many diseases, with AMD and atypical hemolytic uremic syndrome as the most prominent examples (125, 126). Weismann et al. demonstrated that CFH and FHL-1 recognize MDA-epitopes and colocalize within the retina and atherosclerotic lesions. MDA recognition is achieved by SCR7 and SCR19-20, where SCR7 is the most critical, but SCR19-20 also matter (103–106). CFH protects from MDA-induced IL-8 secretion and inactivates C3b into iC3b on MDA-carrying surfaces (52). Furthermore, the CFH variant Tyr402His (rs1061170) within SCR7 that predisposes to AMD results in decreased binding to MDA-epitopes in healthy individuals and AMD patients (52, 105). Similarly, transgenic mice with human SCR6-8 402His inserted into a mouse CFH display an AMD-like phenotype (103). In addition, CFH binds CEP-decorated surfaces and this binding is attenuated in the presence of complement factor H-related protein 3 (FHR-3) (112). The observation that CFH binds to OxPC-epitopes requires further validation (52, 107, 108). Although CFH does not directly interact with 4-HNE-epitopes, it protects ARPE-19 cells from 4-HNE-induced cell death by attenuating apoptotic and necroptotic cell death pathways (52, 109). Next to OSEs, CFH binds many other DAMPs on the surface of dying cells, apoptotic blebs, and MVs (52, 110, 127, 128). There, CFH compensates for the loss of membrane-bound complement inhibitors by protecting cells from excessive complement activation and limiting inflammatory potential (127, 128).



2.3.4 Complement factor H-related proteins

FHRs are five plasma proteins that share high structural and functional similarities with CFH, among other recognition of OSEs by FHR-1, 3-, and -5. Interestingly, FHRs do not have potent complement regulatory activity like CFH. Their competition with CFH in recruitment to various ligands labels them as “deregulators of CFH activity” (129, 130).

Using a genome-wide association study, we identified FHR-1 as the main competitor to CFH for binding MDA-epitopes in a cohort of healthy individuals. Once bound to MDA-epitopes, FHR-1 blocks CFH-mediated C3b inactivation, allowing C3b and Bb deposition and propagation of the alternative complement pathway. MDA-epitopes on necrotic cells are recognized by FHR-1 via SCR1-2 (105, 110, 111). This activates monocytes in the vicinity via EMR2 receptors and NLRP3 pathway (111). Consequently, in necrotic cores of atherosclerotic lesions, FHR-1 colocalizes with macrophages and stimulates IL-1β and IL-8 secretion (110). Considering its property to bind MDA-epitopes, deletion of the gene encoding for FHR-1 (CFHR1) is assumed to be beneficial in chronic inflammation. Indeed, carriers of this deletion have a reduced risk of atherosclerotic CVDs and anti-neutrophil cytoplasmic antibody-associated vasculitis and display lower levels of inflammatory markers (110, 111). Therefore, on MDA-carrying host surfaces, FHR-1 is pro-inflammatory. Of note, FHR-1 does not bind any other OSEs (105).

The deletion of CFHR3&CFHR1 genes was shown to enhance CFH binding to MDA-epitopes because, as FHR-1, FHR-3 competes for them. Compared to FHR-1 and CFH, it displays the lowest affinity towards MDA-epitopes. Once bound to MDA-epitopes, FHR-3 does not cause deregulation of CFH function (105). Moreover, FHR-3 has been shown to also bind to CEP-epitopes but does not interact with OxPC- and 4-HNE-modifications (105, 112). Interestingly, when attached to the surface of polarized senescent ARPE-19 cells, FHR-3 is internalized. Engulfed FHR-3 drives pro-inflammatory responses of RPE cells by upregulating C3 and factor B expression and translocating newly generated C3a from the cytoplasm to the membrane (112). Although the relation between OSE-binding and FHR-3 has not been investigated in diseases associated with a high level of oxidative stress, in many of them, e.g., rheumatoid arthritis and SLE, FHR-3 serum levels are increased, and the lack of CFHR3 gene is protective (131).

Complement factor H-related protein 5, one of the largest members of the FHR family, attaches itself to apoptotic and necrotic cells through SCR5-7 domains. MDA-epitopes were shown to be the predominant ligands responsible for this recruitment, as demonstrated by the fact that the density of these epitopes determines the amount of FHR-5 bound. Like FHR-1 and FHR-3, when attached to MDA-epitopes, FHR-5 reduces CFH cofactor activity and enhances C3 deposition. Additionally, a hybrid protein FHR-21-2-FHR-5 obtained from the serum of a patient with C3 glomerulopathy binds to MDA-epitopes (113). When adhered to apoptotic and necrotic cells’ surfaces, FHR-5 and FHR-1 recruit CRP and PTX3 and activate classical and alternative complement pathways, facilitating opsonization (132).




2.4 The connection between natural IgM antibodies, pentraxins, and complement proteins

Although OSE-recognizing IgM antibodies and pentraxins have been shown to instruct phagocytic cells for clearance of damaged structures individually, they can also employ the complement cascade to ensure even more efficient and potent removal machinery (1, 49, 114, 133).

Natural IgM antibodies, CRP, and SAP have been shown to recruit early components of the CCC, such as C1q, mannose-binding lectin, and ficolins in efferocytosis (49, 84, 93, 134–137). Additionally, on the surface of apoptotic cells, regulators of complement activity - C4-binding protein (C4BP) and CFH - can attach directly to DAMPs or indirectly, e.g., through CRP (108, 138, 139). Recruitment of these complement regulators prevents the assembly of the membrane attack complex and lysis, keeping efferocytosis immunosilent. After engulfment of apoptotic cells opsonized with CRP and complement, macrophages maintain an anti-inflammatory status (136, 140, 141). In contrast to other complement components, FHR-1, -3, and -5 have been shown to bind to the surface of necrotic cells via OSEs, CRP, or other DAMPs to enhance opsonization by complement activation and act pro-inflammatory (111, 113, 132, 142).

Importantly, it has to be kept in mind that the combined recognition of MDA and any other co-expose OSE by various humoral immune responses as well as the cellular receptors binding them and/or the cellular receptors binding OSE directly will ultimately determine the net biological effect. The elucidation of these functional responses will provide insights into the pathophysiological relevance of OSE recognition by humoral immunity.




3 OSEs, recognition of OSEs and its clinical potential

Structures modified by OSEs have been detected practically everywhere, in various tissues and body fluids (4, 10).

As markers of enhanced oxidative stress, OSEs occur early, contribute to disease development, and have strong biomarker potential that has not been explored enough. The most commonly used assay for lipid peroxidation, thiobarbituric acid reactive substances assay (TBARS), is not specific, while mass spectrometry, immunological, chromatography, and imaging techniques are much more specific and reliable but costly. Still, even today, TBA-based assays are used in many clinical studies (143, 144). In contrast, studies that monitor immune responses against OSEs and their effects have not been broadly performed. Many such investigations have been conducted for atherosclerosis as a prototypical OSE-driven pathology with a vital contribution of the immune system. Evidence obtained from this research supports the observation that IgG antibodies to OxLDL are pro-atherogenic and increase the risk of developing CVDs – though this association may be more complex and depend on the IgG isotype. In contrast, IgM antibodies to OxLDL have largely shown to be associated with atheroprotection (145, 146). An even more precise prediction for CVD events was observed in a prospective 15-year-long study when the multivariable prediction models, including levels of oxidized phospholipids (OxPL)/apolipoprotein B (apoB) as OSEs, OSE-specific IgM and IgG antibodies, and CRP were used (88). It is known that the levels of CRP correlate with the levels of OSEs (MDA and 4-HNE), but if this association depends on CRP genetic variants influencing CRP levels and/or recruitment to damaged surfaces have not been investigated so far (147).

Furthermore, OSE-recognizing complement components have been associated with the development of autoimmunity, emphasizing the importance of these proteins in the clearance of damaged cells and prevention of autoantigen spill-over. So far, the interaction between C1q and MDA has not been characterized; therefore, no polymorphisms in C1q were shown to influence MDA-binding or levels. However, congenital C1q deficiency is associated with the development of lupus-like autoimmunity due to the impaired clearance of apoptotic cells (118, 148). Interestingly, in SLE, the OSE levels (MDA, 4-HNE, and OxPC) and OSE-specific IgM and IgG antibodies are altered (149–151).

The most important modulators of CFH binding to MDA-epitopes – the CFH variant Tyr402His and the deletion of CFHR3&CFHR1 genes – are frequent in the population and affect the development of the two most common diseases, atherosclerosis and AMD (52, 105). Although these diseases affect different organs, they have a similar underlying pathology linked with increased oxidative stress. Deletion of CFHR3&CFHR1 genes offers protection in both of them, while Tyr402His is deleterious in AMD and possibly atherosclerosis, highlighting CFH’s importance in homeostatic responses (110, 152–155). Since CFH is a crucial player in regulating complement activation, variants affecting its activity have been used in combined genetic risk scores/haplotypes for some complementopathies (153).

Based on the available literature, it is evident that the early appearance of OSEs and innate humoral immune responses are critical players in the development and progression of pathologies caused by oxidative stress (Figure 1). Therefore, using individual genetic variants or levels of OSE-recognizing proteins in disease prediction models generates less accurate prediction scores. To obtain a more precise, personalized risk prediction score for the ability of the host to deal with increased oxidative stress, we suggest using integrative analysis that considers all individual OSE-related parameters combined (levels of OSE and OSE-recognizing proteins and genetic variant within OSE-recognizing proteins). A strong argument for such an approach comes from a study in which combining CEP levels with AMD risk alleles in ARMS2, HtrA serine peptidase 1 (HTRA1), CFH or C3 showed a twofold to threefold increased risk score compared to a genotype-based score alone (156).




Figure 1 | Schematic illustration of OSE humoral immunorecognition and consequences thereof. AMD, age-related macular degeneration; CFH, complement factor H-related protein; CRP, C-reactive protein; CVDs, cardiovascular diseases; FHL-1, factor H-like protein 1; FHR-1, -3, -5, complement factor H-related protein 1, 3, 5; OSE, oxidation-specific epitopes; OxLDL, oxidized low-density lipoprotein; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus.



Thus, we propose a novel concept – the OSE complotype. The OSE complotype would include levels of specific OSEs, immune responses involved in their detection and clearance, and a repertoire of inherited genetic variants that modulate properties of OSE-recognizing proteins. This integrative method would allow for a more precision medicine-directed approach to evaluate the individual risk, progression, and therapeutic responses in oxidative stress-related diseases.
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The molecules of the complement system connect the effectors of innate and adaptive immunity and play critical roles in maintaining homeostasis. Among them, the C1 complex, composed of C1q, C1r, and C1s (C1qr2s2), is the initiator of the classical complement activation pathway. While deficiency of C1s is associated with early-onset systemic lupus erythematosus and increased susceptibility to bacteria infections, the gain-of- function variants of C1r and C1s may lead to periodontal Ehlers Danlos syndrome. As C1s is activated under various pathological conditions and associated with inflammation, autoimmunity, and cancer development, it is becoming an informative biomarker for the diagnosis and treatment of a variety of diseases. Thus, more sensitive and convenient methods for assessing the level as well as activity of C1s in clinic samples are highly desirable. Meanwhile, a number of small molecules, peptides, and monoclonal antibodies targeting C1s have been developed. Some of them are being evaluated in clinical trials and one of the antibodies has been approved by US FDA for the treatment of cold agglutinin disease, an autoimmune hemolytic anemia. In this review, we will summarize the biological properties of C1s, its association with development and diagnosis of diseases, and recent progress in developing drugs targeting C1s. These progress illustrate that the C1s molecule is an effective biomarker and promising drug target.
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Introduction

The complement system consists of more than 30 proteins found in soluble form or attached to cell membranes. Their biological functions include cell lysis, opsonization, degranulation of mast cells and basophils, activation of B lymphocytes, and clearance of immune complex and apoptotic cells. With its components mostly existing as precursor zymogens in the plasma, the system can be activated through the classical pathway (CP), alternative pathway (AP), and the lectin pathway (LP). Of note, the CP is typically activated by the immune complex formed by specific antibodies and antigens such as microbes, allo- and auto-antigens. Through the activation, the antibodies promote the formation of membrane attack complex that often lyses target cell directly, generate complement component-mediated opsonization, and augment inflammatory response. Thus, the classical pathway activation of the complement is involved in the initiation, progression, and prognosis of many bacterial and viral infections-induced responses, autoimmune diseases, and cancers (1–5). Conversely, inherited deficiency and hypofunction of the complement system are associated with primary immunodeficiencies as well as systematic lupus erythematosis and hereditary angioedema (6–8).

At molecular level, C1 is a complex composed of one C1q, two C1r, and two C1s subunits (C1qr2s2). In the classical pathway, antibodies complexed with antigens bind C1q and change its conformation, leading to activation of the protease activity of C1r, which in turn cleaves and activates C1s. C1q can also be activated through binding to C-reactive protein and the surface of pathogens (9, 10). The activated C1s subsequently cleaves substrates C4 and C2, resulting in the formation of C3-convertase (a complex of C4b and C2b) that splits C3 into C3a and C3b, which then cleaves C5 and triggers the formation of so-called membrane attack complex (MAC) consisting of C5b, C6, C7, C8, and polymeric C9 (Figure 1-1). Thus, monitoring C1s activity and targeting C1s with small molecular inhibitors and monoclonal antibodies have been the focus of many studies in recent years (11–14).




Figure 1 | The biological function of C1s, related diseases and its application in diagnosis and treatment. 1. Biological functions of C1s; 2. C1s related diseases; 3. Application of C1s as a target in disease diagnosis and treatment. AMD: age-related macular degeneration; AMR: antibody-mediated rejection; APOM: acute pneumococcal otitis media; BP: bullous pemphigoid; CAD: cold agglutinin disease; CDIP: chronic inflammatory demyelinating polyradiculoneuropathy; COVID-19, coronavirus disease 2019; cScc: cutaneous squamous cell carcinoma cells; C1INH: C1 esterase inhibitors; ELISA, enzyme-linked immunosorbent assay; ESRD: end-stage renal disease; SLE: systemic lupus erythematosus; HAE: hereditary angioedema; HCC: hepatocellular carcinoma; HMGB1:high-mobility group box 1; IGFBP5: insulin-like growth factor binding protein-5; ITP: idiopathic thrombocytopenic purpura; LRP: low-density lipoprotein receptor-related protein; MAC: membrane attacking complex; MHC1: Major histocompatibility complex 1; NCL: nucleolin; NGS, next-generation sequencing; NPM1: nucleophosmin 1; pEDS: periodontal ehlers-danlos syndrome; PNH: paroxysmal nocturnal haemoglobinuria; RA: rheumatoid arthritis; Rcc: renal cell carcinoma; ROM: recurrent otitis media; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; WAIHA: warm autoimmune hemolytic anemia.



The C1s gene, located on the short arm of chromosome 12 (12p13.31), contains 12 exons and encodes a precursor C1s protein of 688 amino acids (15, 16). At its N-terminal region, the protein harbors CUB2 and CUB1 domains connected through an epidermal growth factor (EGF)-like domain, which are followed by complement control protein (CCP) modules CCP1 and CCP2. The C-terminal region of C1s has a serine protease (SP) domain (residues 423-688) that contains an activation peptide-like fragment (residues 423-437). During its activation, C1s is cleaved into a heavy chain of 422 amino acids (A-chain) and a light chain of 251 amino acids (B-chain). Of note, C1s is glycosylated at a number of sites and its serine protease activity shows trypsin-like specificity and cleaves arginyl bonds in substrate proteins.

Interestingly, besides C4 and C2, activated C1s also acts on many cellular proteins and exerts multiple regulatory actions. It has been found that activated C1s cleaves major histocompatibility complex I (MHC I) from the cell surface and hydrolyzes 2 microglobin, affecting T cell-mediated immune response (17, 18). It also cleaves insulin-like growth factor binding protein 5 (IGFBP5) from cultured fibroblast, whereas C1q activates the Wnt signaling pathway (17–20), which may affect cell growth as well as neuronal connectivity (21, 22). In addition, low-density lipoprotein receptor-related protein (LRP6), nucleophosmin 1 (NPM1) and nucleolin (NCL) are all substrates of C1s (20, 23). Interestingly, C1s can cleave high-mobility group box 1 (HMGB1) protein, a notable auto-antigen in autoimmune diseases (24). Although these proteolytic activities are far less efficient than the canonical C4 and C2 cleavages leading to complement activation, it is conceivable that they take part in tissue renewal process that reduces the immunogenicity of tissue debris and decreases the likelihood of autoimmunity induced by auto-antigens and danger associated molecular patterns (DAMPs). Thus, C1 activation affects physiological and pathological processes through multiple mechanisms (Figure 1-1).



C1s and human diseases

The critical roles of the complement system and C1s in maintaining homeostasis make their dysfunction associating with a variety of disease. While mutation of C1s is associated with rare genetic diseases and susceptibility to infections and autoimmune disorders, ongoing studies have indicated that the aberrant activation of C1s contributes to the development of autoimmune and infectious diseases and cancer, and serves as an informative biomarker and therapeutic target (Figure 1-2).



Loss and gain function mutation of C1s

It has been shown that deficiency of the classical pathway proteins of the complement system is strongly associated with the development of early-onset systemic lupus erythematosus (SLE), an autoimmune disease characterized by auto-antibody against multiple tissues and organs (3). The likely mechanisms include the lack of activated proteases, such as C1r and C1s, to digest the potential auto-antigens form dying cells and immune complexes and lack of modulation of the immune response set-point by activated complement components. Of note, studies in mouse model indicated that C1r/C1s deficiency alone is insufficient in inducing SLE (25), suggesting that the development of the disease is affected by multiple factors. Further analyses found that the appearance of stop codon (Y204X) in exon 6 that leads to premature protein translation termination is a commonly identified C1s mutation in SLE patients (26). It has also been reported in a family study that the propositus contains homozygous nonsense mutation R534X, and both parents and 4 family members in 2 generations are heterozygous of the mutation (27). Interestingly, it was found in an extended Japanese family that C1s deficiency may result from heterozygous combination of different mutations, including a 4-bp TTTG deletion in exon 10 that results in a frame shift mutation (28), a stop codon mutation (E597X) in exon 12 that encodes a C1s missing 80 amino acids at the C-terminal (29), and a missense mutation G630Q (30).

Periodontal Ehlers Danlos syndrome (pEDS) is a rare disorder characterized mostly by early-onset periodontitis. It has been shown that this subtype of Ehlers Danlos syndrome is caused by mutations in the genes of C1r and C1s (31). The mutations include heterozygous missense, in frame insertion, and deletion in C1r (15 families) or C1s (2 families). A recent study also identified multiple heterozygous C1s mutations (G962C, T961G, and T961A in an extended family as pathogenic variants (32). Interestingly, it was shown that the mutated C1s Val316del and Cys294Arg were produced in the cells as truncated proteins that lost their N-terminal domain (33). It is evident that these mutations led to constitutive activation of C1r and C1s and the development of pEDS. Structural analyses showed that C1r and C1s interact via an extensive interface encompassing the N-terminal regions of both proteins (34). Therefore, these mutations might disrupt the binding between C1r and C1s and facilitate aberrant C1s activation (Figure 1-1). It is also conceivable that the mutation break the interaction of C1r-C1s and C1q, uncoupling C1s activation from C1 complex binding.



Autoimmune diseases

As an important system involved both in innate and adaptive immunity, the aberrant activation of the complement is present in many autoimmune diseases, including cold agglutinin disease (CAD), rheumatoid arthritis (RA), and systemic lupus erythematosus (SLE) (13, 35). CAD is a rare autoimmune hemolytic anemia due to the production of IgM auto-antibody (cold agglutinin) against surface antigens of red blood cells (RBCs). The auto-antibodies bound to RBCs activate the complement CP, leading to formation of MAC and hemolysis that manifested as anemia, severe hemolytic crisis, and even death (36, 37). The success of anti-C1s mAbs in the treatment of CAD further demonstrated the critical role of C1 activation in the pathogenesis (38). Additionally, neuromyelitis optica spectrum disorder, characterized by central nervous system inflammation and demyelination, is mediated by anti-aquaporin-4 (anti-AQP4) auto-antibodies targeting astrocytes and subsequent complement activation (39). Clinical studies revealed that anti-C5 antibody eculizumab effectively prevented the disease development (40). It is interesting to further determine whether blocking C1 activation can also alleviate the tissue damage and the autoimmune disease.

Rheumatoid arthritis (RA) is an autoimmune disease of the joints, which results in inflammation and thickening of the joint capsule, and loss of underlying cartilage and bone. C1s activation has been found in the degenerative osteoarthrotic cartilage, but not in normal articular cartilage. The activated C1s was mostly restricted to the severely degraded part of cartilage in osteoarthritis, indicating the participation of C1s in the inflammation and the destroy of cartilage and bone (41). It has also been found that tumour necrosis factor alpha (TNF-α) increased the production of C1s in cultured chondrocytes, suggesting that the inflammatory and destructive roles of C1s may be amplified in the inflammatory joint.

Paradoxically, the roles of C1s in SLE is complicated. While C1r and C1s deficiency predisposes to lupus (42–44), C1s levels in plasma from SLE patients are significantly higher than that in normal subjects, likely reflecting that the increased auto-antibodies activate C1 (45). It has been shown that auto-antibodies against C1s were detected in 7 out of 15 patients with SLE, and may activate C1 and enhance C4 and C2 cleavage (46). However, the positive rate of anti-C1s auto-antibody was markedly lower (6.9%) in a study of a larger group of patients with lupus nephritis, and the presence of anti-C1s and anti-C1r auto-antibodies did not correlate with the clinical parameters of the disease (47). It is worth noting that C1q is frequently targeted by auto-antibodies (anti-C1q), which correlates best with active renal disease in SLE patients (48). It is interesting to further explore how the anti-C1q auto-antibodies affect the complement system and the disease progress. Further,the auto-antibody against C1q could be induced by antigen-derived from Epstein-Barr virus, a well-known trigger of SLE (49). Thus, there are complicated interactions between C1 activation and the development and progress of SLE. It is worth to further explore whether the C1 components may be utilized as diagnostic markers for disease initiation and progress, and as targets of therapeutic intervention at different stages of the disease.



Cancer

Given the close association of complement with immunity, it is not unexpected that activation of C1 is associated with the development, progression, metastasis, and treatment of a variety of cancers (50, 51). In clear cell renal cell carcinoma, local production and activation of C1s drove tumor progression and was associated with poor prognosis (52). Further explorations suggested that C1s facilitates the cancer progression by triggering complement activation, and by modulating the tumor cell phenotype and tumor microenvironment in a complement cascade independent manner (53). One of the cascade independent function may be mediated by the C1 receptor on monocytes, whose engagement drives the cells to migrate into tissues, differentiate into macrophages or dendritic cells (DCs), and initiate adaptive immunity (54). It has also been found that macrophage produced C1q and tumor cell-derived C1r, C1s were assembled in clear cell renal cell carcinoma and resulted in an immunosuppressive microenvironment that promotes tumor progress (55). Therefore, C1s and CP of the complement system can act as an effector of anti-tumor immunity as well as an promoter of the tumorigenic microenvironment in tumor.



Infectious diseases

It is well-known that complement can be activated through CP, LP, and AP on the surface of microbes, leading to the generation of MAC that kills bacteria and parasites via forming transmembrane pores (56). The complement may also mark bacteria for phagocytosis and processing by antigen-presenting cells to stimulate adaptive immune cells. While bacteria may utilize a variety of strategies to evade the action of complement, deficiency in the complement system results in susceptibility to infections of various microbes, especially encapsulated bacteria (57). Therefore, activation of complement is a hallmark of bacterial infection. For example, it has been reported that the level of C1s was increased in children with acute pneumococcal otitis media (58). Further, the elevated complement complexes detected in the sera of children with recurrent otitis media contained C1r and C1s, and were able to kill the bacteria (58). Complement activation is also involved in virus infection. Of note, it was shown that up-regulation of C1s led to host cell damage via the classical pathway in a model of SARS-CoV-2 infection (59). Clinical investigation found that the mean 50% hemolytic complement (CH50) level in COVID-19 patients was significantly lower compared to that in healthy individuals, likely due to sustained CP activation in these SARS-CoV-2 infected patients (60). Further studies found that antibody-mediated increase of CP activation was highly associated to COVID-19 disease severity (61), although the downstream effects of this activation may differ depending the disease status of the individual and on the specific antigen targeted (62). Interestingly, the C1 esterase inhibitor (C1INH), which inhibits C1r and C1s activation, significantly reduced fever and inflammation in patients with COVID-19 (63). Due to the large inhibiting spectrum of C1INH, these findings suggest, but did not prove that activated C1s is an effector, biomarker, and potential therapeutic target of various infectious diseases.



C1s as a therapeutic target

The critical role of the complement system in innate and acquired immunity and various diseases prompted various efforts to develop specific therapeutic agents (Figure 1-3). C1s is an attractive target since its inhibition blocks the system at an early stage of the complement cascade. While peptide that binds C1q and blocks C1r and C1s activation have been developed (64), finding selective small molecular inhibitors for the serine protease is challenging. A number of reported molecules did not exhibit high specificity and adequate pharmacokinetics yet (65). A large machine learning-based virtual screening was carried out and found a series of potential valuable inhibitors (66). Further combination of in silico and in vitro approaches identified hit compounds with new chemo-types and high potency in inhibiting C1s (67). It is interesting to determine whether these inhibitors can interfere the activity of C1s under physiological and pathological conditions.

C1INH is a natural plasma protein whose level is further increased upon stress and inflammation. It has a characteristic serpin domain and irreversibly binds to and inactivates C1r and C1s proteases (68). Of note, C1INH also prevents complement activation through the lectin pathway and exhibits inhibition on multiple proteases, notably kallikrein, fXIa, and fXIIa (69), and therefore modulating the kinin, coagulation, and fibrinolytic systems. It has been proposed that the protein may be utilized in a variety of diseases, including septic shock, reperfusion injury, hyperacute transplant rejection, traumatic and hemorrhagic shock. Currently, C1INH prepared from human plasma (Cinryze™) has been approved for the treatment of hereditary angioedema, a rare autosomal dominant disease manifested by recurrent acute attacks of edema that results from C1INH deficiency (70).

Monoclonal and engineered antibodies have been the most advanced agents for blocking complement activation, including antibodies against C1s (Table 1) and C5 (79). In particular, anti-C1s antibody sutimlimab significantly inhibited Ig-induced activation of B cells derived from patients with rheumatoid arthritis, indicating that targeting C1s may not only block complement-mediated tissue damage, but also suppress the activation of autoimmune B cells, which is a critical pathogenic factor in many autoimmune diseases (13). For example, bullous pemphigoid (BP) is a potentially life-threatening skin disease characterized by blister formation resulted from auto-antibody-mediated complement action and subsequently inflammation and tissue damage. In an ex vivo human skin cryosection assay, anti-C1s antibody TNT003 effectively prevented complement activation induced by the bullous pemphigoid auto-antibodies (80, 81). In patients with thrombocytopenic purpura, auto-antibody against platelet membrane protein leads to activation of complement and destruction and reduction of platelet. Sutimlimab inhibited the CP of complement activation and significantly decreased plasma deposition of C3b and C5b-9 in these patients. Meanwhile, the direct damaging and reticuloendothelial system clearance of platelets were markedly reduced (14). Similar studies found that anti-C1s antibodies were effective in blocking complement activation induced by auto-antibodies from patients with several types of autoimmune hemolytic anemia, such as paroxysmal nocturnal hemoglobinuria and CAD (14).


Table 1 | Registered clinic trials with C1s targeted mAbs.



Antibody-mediated rejection (AMR) in solid organ transplantation is caused by donor-specific antibodies. It is characterized by the activation of the complement system and infiltration of macrophages (CD4+ and CD68+). In a study with aortic endothelial cells, it was demonstrated that the activation of the complement by anti-MHC antibodies facilitated the recruitment of monocytes. The anti-C1s antibodies TNT003 and TNT009 inhibited the antibody-induced complement activation and blocked C3d deposition (82), which are critical for the microvascular inflammation during AMR (83). The inhibitory effects of these antibodies on CP activation have also been demonstrated in patients (84). Whether they can reduce the microvascular inflammation during AMR and prolong the survival of transplants remain to be further explored. Interestingly, it was found that C1s-specific monoclonal antibody TNT005 did not abolish the therapeutic effects of anti-Neisseria meningitidis and Streptococcus pneumoniae antibodies, whereas simultaneous inhibition of CP and AP blocked the killing function of the anti-bacterial antibodies (85). Thus, targeting C1s may specifically prevent CP activation without abating the alternative and lectin pathways of complement activation and their associated immunological effector functions, and might also reduce the production of auto-antibodies.

There have been a number of registered clinical trials that target C1s with mAbs for the treatment of hereditary angioedema (HAE), chronic inflammatory demyelinating polyradiculoneuropathy (CIDP), cold agglutinin disease (CAD), thrombocytopenic purpura, and autoimmune hemolysis (Table 1). Sutimlimab (also known as TNT003, BIVV-009) is an humanized IgG4 mAb against C1s. It was reported that 7 of 10 CAD patients treated with sutimlimab achieved remission, and all 6 patients with a history of blood transfusion became transfusion-free during treatment (11). In a named patient program, 7 CAD patients responded to re-treatment, and sutimlimab increased hemoglobin from a median initial level of 7.7 g/dL to a median peak of 12.5 g/dL (P = 0.016). All patients remained transfusion free while receiving sutimlimab, and there were no treatment-related serious adverse events. In another trial with sutimlimab, 13 out of 24 (54%) CAD patients reached the primary end point. Of the 11 patients that did not meet the predefined criteria, 6 of them showed a therapeutic response (12). These and further clinical trials led the recent approval of sutimlimab for the treatment of CAD by the US FDA (86). Of note, another anti-C1s antibody BIVV020, whose tolerability safety study has been completed in patients with CAD, is being actively tried in clinic for the treatment of CAD, immune thrombocytopenia, and antibody-medediated transplant rejection (Table 1). It is conceivable that these antibodies may be proved as an effective therapeutics for additional forms of autoimmune hemolytic anemia in not-so-distant future.



C1s determination in biological samples

Various methods have been developed to detect the complement in clinical samples.Traditionally, the total complement activity of CP is quantified by hemolysis assay in serum, based on the dilution achieving 50% of hemolysis (CH50). Functional ELISAs using coated IgM and colorimetric substrate have also been developed to detect the activity of CP in serum (87, 88). However, these assays only evaluate the overall CP complement activity, but not the levels of individual complement components. The C1 assay through capture of C1q in serum may represent a better measurement of C1s (89). It has also been shown that the analyses of CP components, such as C1q and C1r could be achieved quantitatively or semi-quantitatively by immunodiffusion, ELISA, and nephelometry assays (90). However, these methods only detect the immuno- reactivities of target complement components, and do not necessarily reflect their activity states. For the studies of congenital complement deficiency or for the study of genetic polymorphisms in populations, next-generation sequencing (NGS) and qPCR are often deployed to analyze particular components (91). Therefore, there are no validated C1s quantification assays available in clinical practice currently, and the quantification of C1s in research is also difficult due to limited reliable antibodies and lack of standardized assays.

The level of the total C1s protein can be detected by bilateral diffusion (92), ELISA (27), gelatin zymography (45), and LC-MS/MS (93) (Table 2). As the protein is normally present in blood and tissues, it is important and highly desirable to assess activated C1s to understand its exact roles under physiological and pathological conditions. It has been shown that the activity of C1s can be measured by the cleavage C2 and C4 (94). However, the assay is only semi-quantitative, and C2 and C4 can also be cleaved by other serum proteases such as MASP2. Interestingly, antibodies recognized activated C1s have been reported, which make it possible to determine the protein through western blot. It has been shown that such antibodies detected activated C1s in degenerative cartilage matrix of RA through immunohistochemistry (96). To investigate the effects of C1INH on C1s (97), a synthetic chromogenic tripeptide-p-nitroanilide substrate S-2314 (DTNB) was utilized to determine the level of active C1s. However, the substrate can also be cleaved by activated C1r and other enzymes, such as granzyme H, which prevented its use in clinic for measuring active C1s in blood (95). Thus, it is conceivable that the ideal novel assay should be highly specific and convenient by combining the specific antibody, catalytic and C2/C4 binding specificity of C1s and making use of labeling technologies, such as the fluorescence labeling.


Table 2 | Methodology, advantages, and disadvantages of complement C1s detection.





Conclusions and future directions

The critical roles of the complement system in innate and acquired immunity make the activation of C1s an informative biomarker for a variety of diseases, particularly the inflammatory, autoimmune diseases and cancers. With the success of specific antibody preparation, C1s has been validated as an effective target of therapeutic intervention. It is conceivable that more small molecular, peptide/protein, and antibodies targeting C1s for the treatment of caner, autoimmune, and infectious diseases will be developed. Thus, the complement component is a unique target for both diagnostic and therapeutic actions. Further, ongoing clinical trials and the emerging of novel therapeutics against C1s will likely bring new and better drugs into clinic in the not-so-distant future.

It has been shown recently that the expression of C1s and another two other genes is associated with Age-related macular degeneration (AMD), a progressive neurodegenerative disease of the central retina and a leading cause of vision loss in older adults worldwide (98). Mechanistically, it is likely due to their correlation with NK cell infiltration, CD4 memory T cell activation, and macrophage polarization in AMD. Thus, the expression level of the C1s gene might be utilized as a prognostic biomarker for early diagnosis and treatment of AMD. While measuring the level of C1s molecule and its activation states in clinical specimen are of great value, it remains a significant challenge to develop convenient, specific, and sensitive assays to fulfill the need, particularly determining the the kinetics of activated C1s and C1s-mediated enzymatic reaction in the serum/plasma. It is conceivable that the successful and practical clinical evaluation of C1s will enable wide applications of the biomarker in pathogenesis, diagnosis, prognosis of diseases, and for individualized therapies targeting C1s.
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We recently identified a high-affinity C1q-ApoE complex in human artery atherosclerotic intima lesions and in human amyloid plaques of Alzheimer’s Disease brains defining a common pathogenetic pathway of two diverse diseases, i.e. atherosclerosis and dementia. C1q is the initiating and controlling protein of the classical complement cascade (CCC), which occupies a key role in multiple acute and chronic inflammatory tissue responses. C1q is largely produced by myeloid cells including Kupffer cells (KCs) and subsequently secreted into the circulation as an inactive preprotein. Its binding partner, Apolipoprotein E (ApoE), is produced by KCs and hepatocytes and it is also secreted into the circulation, where it regulates essential steps of lipid transport. In addition to its major source, ApoE can be produced by non-liver cells including immune cells and multiple other cells depending on local tissue contexts. To initiate the CCC cascade, C1q must be activated by molecules as varied as oxidized lipids, amyloid fibrils, and immune complexes. However, ApoE is mute towards inactive C1q but binds at high-affinity to its activated form. Specifically, our studies revealed that ApoE is a CCC-specific checkpoint inhibitor via the formation of the C1q-ApoE complex. We proposed that it may arise in multiple if not all CCC-associated diseases and that its presence indicates ongoing CCC activity. Here, we turned to the liver to examine C1q-ApoE complexes in human B- and C-viral hepatitis and nonalcoholic fatty liver disease (NAFLD). In addition, we used multidrug-resistance-2 gene-knockout (Mdr2-KO) mice as a model for inflammatory liver disease and hepatocellular carcinoma (HCC) pathogenesis. In normal murine and human livers, KCs were the major C1q-producing cell type while hepatocytes were the primary ApoE-forming cell type though the C1q-ApoE complex was rare or nonexistent. However, significant numbers of C1q-ApoE complexes formed in both Mdr2-KO, human viral hepatitis, and NAFLD around portal triads where immune cells had infiltrated the liver. Additionally, high numbers of C1q-ApoE complexes emerged in human livers in areas of extracellular lipid droplets across the entire liver parenchyma in NAFLD-affected patients. Thus, the C1q-ApoE complex is a new pathological hallmark of viral hepatitis B and C and NAFLD.
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Introduction

Our previous observation of C1q-ApoE complexes in atherosclerosis and Alzheimer’s Disease and the characterization of ApoE as a potent checkpoint inhibitor of the CCC (1, 2) raised an important question: does the C1q-ApoE complex represent a common universal pathology of all diseases in which the CCC is active (3, 4)? C1q-ApoE complex formation requires prior activation of inactive native C1q (1) illustrating that its detection is largely restricted to diseased tissues. The ability of ApoE to directly inhibit the CCC in vitro and in vivo at high affinity provided a molecular link between previously unrelated proteins in two major clinically significant diseases and possibly beyond. As C1q is the CCC-initiating and activity-controlling protein, these data revealed that ApoE directly affects a major pathway of innate immune responses by containing the activity of the CCC and restricting it from overactivation (3, 5). Moreover, recent studies on the CCC indicate that it is involved in adaptive immune responses in a variety of physiological and disease conditions (3). We also observed that treatment of mice with a liver-specific small interfering RNA directed against C5, i.e. a key downstream mediator of the CCC and the other two complement pathways (5, 6), attenuated atherosclerosis progression in arteries and reduced the microglia response around Alzheimer plaques in brains (1). These studies deserve attention as both C1q and ApoE have been shown to be related to multiple chronic inflammatory diseases in separate genome-wide association studies (GWAS) though the molecular mechanisms of the association of C1q and ApoE with distinct disease entities had remained unclear (7, 8).

We proposed that the formation of the C1q-ApoE complex in atherosclerosis and Alzheimer’s Disease may indicate a universal common self-regulating mechanism of CCC-dependent inflammation in a wide range of inflammation-related diseases to control CCC activity´s via a feedback inhibition of its initiating protein (1). Here, we begin to address this issue by directing our attention towards the liver for several reasons: viral hepatitis ranges among the top four infectious diseases worldwide despite the progress in prevention medicine using vaccines as well as anti-viral treatments (9). Furthermore, some estimates show that nonalcoholic fatty liver disease (NAFLD) affect more than a quarter of the world population with still no available therapy (10, 11). Notably, NAFLD is associated with chronic liver inflammation, connective tissue accumulation and is the leading cause of liver cirrhosis and HCC (4). Similar to atherosclerosis (12) and Alzheimer’s Disease (13), various clinically important liver diseases are associated with acute, subacute and chronic inflammation in which immune cells accumulate around portal triads (4, 14). The inflammatory component of viral hepatitis and of NAFLD is believed to be the most important driver of the reorganization of liver structure in chronic hepatitis, the subsequent emergence of liver fibrosis, the development of liver cirrhosis and the promotion of HCC (4, 15). While effective treatment regimens are available for both chronic B and C viral hepatitis (16, 17), no similar clinically applicable treatments are available for NAFLD. Indeed, obesity and its associated liver disease, i.e. NAFLD, is now viewed as a global epidemic with billions of people affected as of 2016 (15). Therefore, there is a major and urgent, increasing and unmet medical need to understand the underlying mechanisms of the detrimental mechanisms underlying NAFLD. As an experimental model for inflammatory liver disease and HCC, we used multidrug resistance protein 2 knockout (Mdr2-KO) mice. The Mdr2 gene encodes P-glycoprotein which transports phosphorylcholine across the canalicular membrane into the bile (18). In Mdr2-KO mice, the absence of phospholipids in bile damages tight junctions and basement membranes of bile ducts, leading to leakage of bile acid into the extracellular space with subsequent portal inflammation (19). Mdr2-KO mice develop cholangitis with portal inflammation peaking at 3 months of age, and mice develop HCC at 16 months of age (20).

Here, we sought to examine whether the C1q-ApoE complex develops in several forms of murine and human hepatitis and to define its localization within the liver lobule during disease progression. Of particular interest was NAFLD in human livers whose initial pathology is characterized by intracellular and extracellular lipid droplets across the entire liver lobule (14). The accumulation of intra- and extracellular lipid droplets resembles intraplaque accumulation of oxidized lipids in atherosclerosis. In this regard it is of interest to note that oxidized low density lipoproteins are strong activators of C1q, i.e. an activity which is not shared by native low density lipoproteins. In addition to KCs as a source of circulating C1q and ApoE, activated immune cells and particularly macrophages and other cells of myeloid origin are known to produce both C1q and ApoE upon activation (21, 22) at sites of acute or chronic tissue inflammation (23). While the source of the large majority of circulating ApoE is derived from liver hepatocytes (22, 24), myeloid cells may also be a major source of both C1q and ApoE locally as shown by bone marrow transplantation studies in mice (21).



Materials and methods


Mice

FVB/NJ WT and FVB.129P2-Abcb4tm1Bor/J were purchased from Charles River Laboratories and housed in the animal facilities of Munich University. A total number of 6 FVB/NJ WT (3 female/3 male) and 6 FVB.129P2-Abcb4tm1Bor/J (3 female/3 male) have been used in this study. Mice were fed a standard rodent chow diet under pathogen free conditions. At 3 month of age liver tissue was dissected and embedded in Tissue-Tec (Sakura Finetek) and stored at -80°C. Animal procedures were approved by the Animal Care and Use Committee of Regierung of Oberbayern.



Human tissues

All human liver tissues were collected and provided by the biobank of the Technical University of Munich, Klinikum rechts der Isar. Samples were collected within the first 30 minutes after resection. They were macroscopically dissected by an experienced pathologist, snap frozen and stored in liquid nitrogen until further usage. A summary of the human tissues is available in Supplementary Table 1. The protocols applied to human samples were approved by the ethics committee of the Faculty of Medicine, Munich University.



Histology and immunofluorescent microscopy

All stainings were performed on 10 μm fresh-frozen sections. Oil red O (ORO) staining as well as hematoxylin and eosin (HE) staining of liver sections was performed to define liver histopathologies. Immunoflorescent (IF) stainings of mouse liver sections were performed using the following primary antibodies: anti-mouse/human ApoE (ab52607; Abcam); anti-mouse C1q (ab182451; Abcam); anti-mouse CLEC4F (ab2608299; Invitrogen); anti-mouse CD68 (FA11; Serotec); anti-mouse CD31 (ab553370; BD PharMingen); anti-human C3 (A213; ComplementTech); anti-mouse C4 (HM1046; Hycult Biotech); anti-mouse C5 (ab11898, Abcam). We had previously established the specificity of IF microscopy in mouse and human tissues including no primary antibody negative controls, isotype antibody controls, ApoE knockout mouse tissue (i.e., anti-ApoE antibodies) (1). IF stainings of human sections were performed using the following antibodies: anti-mouse/human ApoE (ab52607; Abcam); anti-human C1q (ab71089; Abcam); anti-human CD68 (EMB11; DAKO); anti-human C5 (A220; ComplementTech). Hepatitis sections as well as the appropriate control tissues were fixated with Delaunay solution prior to IF staining. Stained sections were analyzed using a Leica confocal microscope (SP8, Leica, Germany) using Leica Application Suite (Leica) and ImageJ software.



Proximity ligation assay

Protein-protein interaction ex vivo in mouse and human tissues in situ were performed using the Duolink® PLA kit (DUO92101 SIGMA) as previously described in (1): briefly, sections were stained with rabbit anti mouse ApoE (ab183597, Abcam) and mouse anti-C1q (HM1096BT, Hycult) for mouse liver tissues and with rabbit anti-human ApoE (ab52607, Abcam) and mouse anti-human C1q (ab71089, Abcam) for human livers. No or only one primary antibody were used as controls. PLA signals were detected according to the manufacturer’s protocol. A Leica confocal microscope (SP8, Leica, Germany) equipped with a 96x or 100x oil objective (NA 1.4) was used for imaging.



Analyses of single cell transcriptome data

Single cell data analyses were performed using publicly available databases (https://www.livercellatlas.org/download.php) (25). The databases contain 147 samples obtained from mice and human livers with various single cell-based technologies, such as CITE-Seq, Single-nucleus RNA sequencing (Nuc-Seq), and scRNA-Seq. Data were loaded into Rstudio and processed with the Seurat package (version 4.1.0), respectively. The annotation data for each cell was downloaded to define each cell (25). Mice fed with standard diet (SD) were considered healthy controls, mice fed with Western diet (WD): 58% fat, 1% cholesterol, and drinking water with 23.1 g/L fructose and 18.9 g/L sucrose were considered diseased mice (25). Human liver biopsies were collected from patients undergoing cholecystectomy or gastric bypass, and healthy adjacent liver tissue removed during liver resection from colorectal cancer metastasis patients (25). Patients with less than 10% steatosis are regarded as healthy controls; patients with more than 10% steatosis were considered diseased (25, 26). For human studies, a total of 125.844 cells were used, 8.383 hepatocytes (nucSeq) and 1.287 KCs (citeSeq). In mouse studies a total of 56.407 (CD45+) and 33.241 (CD45-) were used out of which 9.190 were hepatocytes and 5.265 KCs. Violin plots visualized the normalized expression of the selected genes by using Seurat. To evaluate the difference of gene expression between different groups, data were analyzed using Wilcoxon rank sum test in two groups or Kruskal-Walli’s test with Dunn’s non-parametric all-pairs comparison test in multiple groups. The p values were adjusted using Benjamini Hochberg correction. * p values <0.05; ** p values <0.01; *** p values <0.001.




Results


Cellular expression patterns of C1q and ApoE in Mdr2-KO livers

We used Mdr2-KO mice as a widely used model for human chronic hepatitis and HCC pathogenesis (18). A combination of ORO and HE staining at the peak of liver inflammation in Mdr2-KO mice at 3 months of age vs their sex- and age-matched controls, showed patches of inflammatory cells that were associated with lipid deposits. These areas were pronounced in the portal triads in Mdr2-KO liver lobules but not in healthy livers (Figure 1A). Antisera against CD31 delineated blood vessels, Clec4f stained KCs, and DAPI indicated nuclei. Radiating from the CD31+ central vein (CV) of each lobule towards the portal triads, Clec4f+ KCs were located along the sinusoids throughout the concentric centrolobular, midzonal and periportal parts of WT livers (27) as expected (Figure 1B). In Mdr2-KO livers, a similar localization for KCs was apparent (Figure 1B) but CD31+ blood vessels were more abundant and sinusoids were enlarged, distended and more packed indicating neoangiogenesis in the Mdr2-KO lobules (27, 28). We next used antisera to stain C1q and ApoE in livers of WT and Mdr2-KO mice. In WT mice, C1q positivity located along the sinusoids similar to Clec4f but C1q was not observed in hepatocytes (Figure 1C), whereas ApoE signals were strong in hepatocytes (Figure 1C). In Mdr2-KO mice, C1q positivity was seen along the sinusoids (Figure 1C) similar to WT livers. However, unlike WT livers, Mdr2-KO livers revealed very strong C1q signals in the portal triads (Figure 1C). These data indicate that portal triad-infiltrating immune cells highly express C1q in Mdr2-KO livers in addition to KCs. In Mdr2-KO livers, ApoE signals were largely restricted to hepatocytes and - to a lesser degree - in cells of the portal triads (Figure 1C).




Figure 1 | Localization of C1q and ApoE proteins in 3 month old WT and Mdr2-KO mouse livers. (A) Liver sections were stained with ORO for lipid (red) and HE for nuclei (blue). In Mdr2-KO immune cell infiltrates form primarily in the portal tract areas as well as in the interlobular space. Lipid droplets were observed within the infiltration sites. Black squares represent high magnification images below. (B) Sections were stained with CD31 for vascular structures (green), Clec4f for KCs (red) and DAPI for nuclei (blue). CV stands for central vein. Dotted lines demarcate immune cell infiltrates in the portal tract areas from surrounding liver tissue. An increase of CD31 expression in Mdr2-KO livers suggests ongoing angiogenesis. White squares represent high magnification images shown separately. (C) Liver sections were stained with ApoE (red), C1q (white) and DAPI for nuclei (blue). White squares represent high magnification images shown separately. Representative images of WT livers (n=6); Mdr2-KO livers (n=6) are shown. Scale bars 100 μm in images of low and high magnification.





C1q- and ApoE-expressing cells in murine WT and Mdr2-KO livers

To distinguish KCs from monocyte-derived macrophages (27), we used Clec4f as a specific marker for mouse KCs together with CD68 as a distinct marker combination for KCs, i.e. KCs stain Clec4f+/CD68+ whereas macrophages are Clec4f negative but CD68 positive and thus stain Clec4f-/CD68+. In WT liver sinusoids, most C1q+ cells stained double positive for Clec4f and CD68 indicating that KCs are the major C1q-expressing cell type in healthy livers (Figure 2A). In addition to KCs, however, Clec4f-/CD68+ liver parenchymal macrophages were also readily detected but their number was low when compared to KCs though WT liver parenchymal macrophages also stained positive for C1q (Figure 2A) indicating that the healthy liver contains two types of C1q-expressing cells, i.e. the majority are KCs and CD68 single positive parenchymal macrophages. In the parenchyma of Mdr2-KO lobules, the staining pattern of C1q in KCs versus parenchymal macrophages was similar to WT livers with most KCs staining positive for Clec4f and CD68 with some single CD68+ macrophages also staining positive for C1q (Figure 2A). We note, however, that the morphology of KCs in Mdr2-KO mice differed from KCs of WT KCs in that they appeared to have a more elaborate and elongated network of cell extensions (Figure 2). Moreover, large macrophage infiltrates were observed in Mdr2-KO livers around portal triads (Figure 2A). The portal triad-associated macrophages stained strongly for C1q, indicating that these macrophages are a second major source of C1q protein in Mdr2-KO livers (Figure 2A). We next co-stained ApoE with Clec4f and CD68. ApoE was strongly expressed ubiquitously by hepatocytes throughout the lobules both in WT and Mdr2-KO livers (Figure 2B). In addition, hepatocytes, Clec4f+/CD68+ KCs and Clec4f-CD68+ macrophages in the parenchyma stained positive for ApoE (Figure 2B). In Mdr2-KO livers, ApoE was widely expressed by hepatocytes, KCs and parenchymal macrophages in non-inflamed liver parenchyma (Figure 2B). However, ApoE stained positive in portal triad macrophages though somewhat weaker compared to hepatocytes (Figure 2B).




Figure 2 | C1q- and ApoE-expressing cells in 3 month old WT and Mdr2-KO mouse livers. (A) Liver sections were stained with C1q (white), Clec4f (red) for KCs, CD68 (green) for macrophages and DAPI (blue) for nuclei. Dotted lines demarcate immune cell infiltrates in the portal tract areas from surrounding liver tissue. KCs are known to stain CD68+/Clec4f+. (B) Liver sections were stained with ApoE (white), Clec4f (red) for KCs, CD68 (green) for macrophages and DAPI (blue) for nuclei. Dotted lines demarcate immune cell infiltrates in the portal tract areas from surrounding liver tissue. Representative images of WT livers (n=6); Mdr2-KO livers (n=6) are shown. Scale bars 100 μm.





Complement components in WT and Mdr2-KO livers

We next examined complement proteins in WT and Mdr2-KO livers. Complement component C4 was rather weak in WT KCs and hepatocytes (Figure 3A) when compared to KCs of Mdr2-KO livers (Figure 3A). These data indicated that KCs up-regulate C4 in Mdr2-KO livers. In addition, a subpopulation of Mdr2-KO portal triad macrophages stained strongly positive for C4 (Figure 3A). We next examined complement C5. Similar to C4, complement component C5 stained weakly in KCs of WT mice (Figure 3B). However, unlike C4, hepatocytes were strongly C5 positive in the WT and Mdr2-KO livers (Figure 3B). Similar to C4, C5 appeared to be upregulated in Mdr2-KO KCs and in a subpopulation of portal triad macrophages (Figure 3B). We next examined complement component C3 expression in WT and Mdr2-KO mice. C3 protein was highly expressed by hepatocytes in WT mice as well as in Mdr2-KO mice (Figure 3C). These data indicate differential expression of C4, C5, and C3 in WT livers and an induction of both C4 and C5 in Mdr2-KO KCs as well as significant expression of C4 and C5 in a subpopulation of portal triad macrophages, while, C3 was widely expressed by hepatocytes in both mice.




Figure 3 | Complement component C4 and C5 expression in WT and Mdr2-KO mouse livers. (A) Liver sections were stained with Clec4f (green) for KCs, C4 (red), and DAPI for nuclei (blue). Dotted lines demarcate Clecf+ cells as well as immune cell infiltrates in portal triads from adjacent liver parenchyma. (B) Liver sections were stained with Clec4f (green) for KCs, C5 (red), and DAPI (blue) for nuclei. (C) Complement component C3, C1q, CD68 expression in WT and Mdr2-KO livers. Liver sections were stained with C3 (red), C1q (white), and CD68 (green) for macrophages/KCs and DAPI for nuclei (blue). Dotted lines demarcate immune cell infiltration sites from adjacent liver parenchyma. White squares represent high magnification images shown separately. Representative images of WT livers (n=6); Mdr2-KO livers (n=6) are shown. Scale bars 100 μm in images of low and high magnification.





C1q-ApoE complex formation in WT and Mdr2-KO livers

To identify the C1q-ApoE complex in situ, we used the proximity ligation assay (PLA) as previously described (1). Low levels of C1q-ApoE complexes were observed in WT livers (Figure 4, Supplementary Video 1). However, C1q-ApoE complexes were readily observed in the portal triads that were infiltrated by immune cells of Mdr2-KO livers (Figure 4, Supplementary Video 2).




Figure 4 | C1q-ApoE complex formation in WT and Mdr2-KO mouse livers. WT mouse liver sections were stained with C1q and ApoE by PLA. Anti-ApoE alone, Anti-C1q alone or no primary antibodies were used as negative controls. Dotted lines demarcate immune cell infiltrations from adjacent liver parenchyma. White square areas represent high magnification images below. 3Dview images are available as mp4 videos in supplements. Representative images of WT livers (n=6); Mdr2-KO livers (n=6) are shown. Scale bar 50 μm in low magnification images and 10 μm in images of high magnification.





ScRNAseq analyses of murine healthy and western diet-induced liver steatosis

To examine the expression of complement-related transcripts in KCs and hepatocytes in healthy and diseased mice, we mined single cell transcriptomes as reported by others (GSE156059, https://www.livercellatlas.org/download.php) (25, 26). Specifically, C57BL/6 mice fed with a Western diet (WD) high in fat, sucrose and cholesterol for 24 weeks or 36 weeks developed liver pathologies resembling human NAFLD or non-alcoholic steatohepatitis (NASH) (26). Data banks were mined for transcripts of C1qa, C1qb, C1qc, ApoE, C4b, C3, and C5 in KCs of WD-fed mice aged 24 weeks and 36 weeks, as well as their sex- and age-matched healthy control mice. KCs in healthy and diseased mice highly expressed C1qa, C1qb, C1qc, and ApoE transcripts (Figure 5A). KCs in diseased mice expressed higher levels of ApoE when compared to healthy controls (Figure 5B). We next examined expression of C4b, C3, and C5 in KCs. KCs highly expressed C4b transcripts, but few KCs expressed C3 and C5 transcripts (Figure 5B). Hepatocytes in healthy and diseased mice did not express C1q transcripts, but highly expressed ApoE, C4b, C3, and C5 transcripts (Figures 5C, D). We next examined the expression of complement receptor CD55, and anaphylatoxin C5a receptors (C5aR1, C5aR2) in KCs and hepatocytes (Figures 5E, F). A low percentage of KCs and hepatocytes expressed CD55 and C5aR1/2 transcripts. These data indicate that KCs are the major source of C1q in the liver, and that KCs and hepatocytes are the major source of ApoE in both healthy and diseased livers.




Figure 5 | Transcript expression of C1q, ApoE and complement components in KCs and hepatocytes in healthy and diseased mouse livers. (A, B) Violin plots show C1qa, C1qb, C1qc, ApoE (A) and C4b, C3, and C5 (B) transcripts in KCs in standard diet-fed or WD-fed mice for 24 and 36 weeks. (C, D) Violin plots show C1qa, C1qb, C1qc, ApoE (C) and C4b, C3, and C5 (D) transcripts in hepatocytes in healthy and diseased mice. (E, F) Violin plots show CD55, C5AR1 and C5AR2 transcripts in KCs (E) and hepatocytes (F) in healthy and diseased mice. Each point represents one cell. Kruskal–Walli’s test with Dunn’s non-parametric all-pairs comparison test was adjusted by Benjamini Hochberg correction. *P < 0.05; **P < 0.01; ***P < 0.001.





C1q-ApoE complex formation in human livers with NAFLD and viral hepatitis B and C

To examine whether C1q-ApoE complexes form in human livers with acute and chronic inflammatory diseases, we examined human liver biopsies obtained from patients who were diagnosed with NAFLD or hepatitis C and hepatitis B/C coinfection (Supplementary Table 1). We stained human livers with ORO for lipid droplets. We did not observe significant lipid droplets or immune cell aggregates in areas of healthy human livers (Figure 6A). We noticed intracellular and extracellular lipid droplets of various sizes and apparent immune cells throughout the parenchyma of NAFLD livers as expected (14) (Figure 6A). Of note, marked immune cell infiltrates were observed in portal triads whereas lipid droplets in the liver parenchyma in Hep-B/C livers were apparent to a lesser degree (Figure 6A). We next examined C1q and ApoE proteins in human livers. ApoE stained positive in all cells in the liver parenchyma and C1q was selectively stained in few cells consistent with KCs in healthy livers (Figure 6B). These data indicated that, similar to mouse livers, hepatocytes and KCs stained positive for ApoE, and KCs stained positive for C1q protein in healthy human livers. NAFLD liver parenchyma was interspersed with empty spaces, i.e. lipid droplets. Similar to controls, ApoE positive signals were detected in hepatocytes, and C1q positive signals stained scattered cells, i.e. KCs, in NAFLD livers (Figure 6B). In Hep-B/C livers, ApoE stained hepatocytes, C1q stained scattered cells, i.e. KCs in the parenchyma and in infiltration sites (Figure 6B). We next stained complement C5 protein in human liver tissues. Complement C5 protein stained positive in healthy-, NAFLD-, and Hep-B/C-liver tissues (Figure 6C). These data indicated that complement activation may represent a shared pathology for both NAFLD and viral hepatitis livers.




Figure 6 | Translational studies in healthy and diseased human livers. (A) Normal liver sample Nr. 5 (Supplementary Table 1), NAFLD sample Nr. 9 (Supplementary Table 1) and viral hepatitis sample Nr. 7 (Supplementary Table 1) tissues were stained with ORO for lipid (red) and HE for nuclei (blue). (B) Human livers - as described in Figure 6A - were stained with ApoE (red), C1q (white), and DAPI (blue) showing similar staining patterns vs mouse livers. Dotted lines demarcate immune cell infiltration sites from adjacent liver parenchyma. (C) Human livers – as described in Figure 6A - were stained with C5 (red), CD68 (green) and DAPI (blue) indicating nuclei. Representative images of human samples (Supplementary Table 1) are shown. Dotted lines demarcate immune cell infiltration sites from adjacent liver parenchyma. Scale bars 100 μm.



We next searched for C1q-ApoE complexes in situ in human livers using the PLA. No or low levels of C1q-ApoE complexes were observed in control tissues (Figures 7A, B). C1q-ApoE complexes were abundantly detected in liver parenchyma obtained from NAFLD patients and in liver parenchyma and in portal infiltration sites of viral hepatitis (Figures 7A, B). These data indicated that the C1q-ApoE complex is a new pathological hallmark of NAFLD and viral Hep-B/C-infected livers. The human samples were used as proof-of-principle type experiments to confirm our findings in mice by showing the existence of the C1q-ApoE complex formation within different clinically important human liver diseases. Further studies to be performed in a larger cohort of human livers need to be conducted in future studies including cohorts of sex- and aged matched controls.




Figure 7 | C1q-ApoE complex formation in human livers. (A, B) Human liver sections were stained with C1q and ApoE by PLA. Anti-C1q alone or Anti-ApoE alone were used as negative controls. Dotted lines demarcate immune cell infiltrates from adjacent liver parenchyma. White squares represent high magnification images shown separately. Scale bar 100 μm in low magnification images and 10 μm in images of high magnification. Representative images of human samples (Supplementary Table 1) are shown. (A) Normal liver sample Nr. 2 (Supplementary Table 1); NAFLD sample Nr. 9 (Supplementary Table 1). (B) Normal liver sample Nr. 3 (Supplementary Table 1); viral hepatitis sample Nr. 7 (Supplementary Table 1).



To examine complement-related transcript expression in human livers, we searched for C1q, ApoE, C2, C3 and C5 gene expression in published databanks (25). Patients with less than 10% liver steatosis are regarded as healthy controls; patients with more than 10% steatosis were considered diseased (25). KCs in healthy and steatosis patients highly expressed C1qa, C1qb, C1qc, and ApoE transcripts (Figure 8A). In healthy human livers there is evidence that specifically C1qc (but not C1qa or C1qb) is differentially expressed in two types of KCs, that i.e. one population with low and another population with high transcript expression per cell (Figure 8A). KCs expressed C2 transcripts, but few KCs expressed C3 and C5 transcripts (Figure 8B). The expression of C1qa, C1qb, C1qc, and C2 in KCs was significantly higher in patients with severe steatosis when compared to healthy controls (Figures 8A, B). Similar to murine hepatocytes, human hepatocytes did not express C1q transcripts (Figure 8C) but highly expressed ApoE, C3, and C5 transcripts (Figures 8C, D). Similar to mice, these data indicate that KCs are the major source of C1q while KCs and hepatocytes are the major source of ApoE in human livers. We also examined the expression of complement receptor transcript expression in KCs and hepatocytes, including CD55, C5aR1, and C5aR2 (Figures 8E, F). The expression of CD55 by KCs is almost undetectable in patients with severe steatosis when compared to healthy controls (Figure 8E). The expression of C5aR1 is higher is KCs when compared to hepatocytes, and the expression of C5aR2 is only detectable in few KCs and hepatocytes in both healthy and diseased livers (Figure 8F). These data demonstrate in a large number of human versus a large number of mouse single cell transcript analyses of hepatocytes and KCs the striking similarities between mouse and human livers. Moreover, they show that the expression of CCC components as proteins as revealed by IF analyses are analogous. As the mouse versus human transcript versus CCC protein data are comparable, we have also reason to believe that data on a limited number of IF analyses of human livers are tangible.




Figure 8 | Expression of C1q, ApoE, and complement components in KCs and hepatocytes in human livers. (A, B) Violin plots show C1qa, C1qb, C1qc, and ApoE transcripts (A) and C2, C3, and C5 transcripts in KCs (B) in human livers. (C, D) Violin plots show C1qa, C1qb, C1qc, and ApoE transcripts (C) and C2, C3, and C5 transcripts in hepatocytes (D) in healthy and diseased livers. (E, F) Violin plots show CD55, C5AR1 and C5AR2 transcripts in KCs (E) and hepatocytes (F) in healthy and diseased human livers. Each point represents one cell. Data were analyzed by Wilcoxon rank sum test. P values were adjusted by Benjamini Hochberg correction. *P < 0.05, ***P < 0.001.






Discussion

Data reported above support the following conclusions: in healthy murine and human livers the number of C1q-ApoE complexes is low or absent; C1q-ApoE complexes form around portal triads in which activated myeloid cell aggregates emerge and to a lesser degree in the liver parenchyma; C1q-ApoE complexes are abundant in both portal triads and the liver parenchyma in NAFLD livers; numerous C1q-ApoE complexes arise in HepC and HepB/C-infected livers with prominent expression in both portal triads and the liver parenchyma. We conclude that the formation of the C1q-ApoE complex represents a new common pathological hallmark of major forms of human hepatitis including NAFLD (Figure 9).




Figure 9 | Graphical representation of the C1q-ApoE complex as a new hallmark pathology of diseased liver tissue. In normal liver tissue C1q is secreted into the circulation as an inactive preprotein by KCs as well as monocyte-derived macrophages. ApoE is secreted into the circulation by KCs and hepatocytes. Due to the leakage of bile acid in the portal tract areas of Mdr2-KO mice immune cell infiltrates develop and C1q gets activated and formation of the C1q-ApoE complex is initiated. In NAFLD, C1q is likely to be activated by lipid and in viral hepatitis by virus particles or secondary activators leading to the formation of the C1q-ApoE complex. Schematic Figure modified from (29) with the permission of the authors.



The following sequence of reactions are worth considering: the unique blood flow of the liver combines blood originating from the portal vein and the portal artery with the distinct structure of the liver sinusoids with their KC linings. This results in production and secretion of inactive C1q and ApoE in sinusoidal blood flowing towards the central vein without detectable formation of C1q-ApoE complexes. By contrast, portal inflammation in Mdr2-KO mice, human NAFLD livers and viral hepatitis results in marked formation of the C1q-ApoE complex in portal triads with inflammatory cells. Striking numbers of C1q-ApoE complexes form in both portal triads and the parenchyma of NAFLD and HepB/C-infected livers. These data are consistent with the possibility that there are multiple activators of C1q in the diseased human livers including activators produced in the inflammatory environment of portal triads and extracellular lipid droplets throughout the liver parenchyma. To identify the precise nature of C1q-activating agents in human liver diseases - in particular in NAFLD - requires further work. The purpose of such future studies should correlate the C1q-ApoE complexes with virus particles, immune complexes, lipid droplets, and oxidized lipids as C1q activators may turn out to be new pharmacological targets of CCC activity. These studies may lead to a better understanding of the culprits of C1q activation for potential therapeutic targeting these activators before the CCC is activated with the ultimate goal to prevent liver inflammation as it relates to the CCC. Such strategies may be beneficial particular for patients afflicted with NAFLD and turn out to be effective in the prevention of HCC.

Our observation of the C1q-ApoE complex in acute and chronic hepatitis opens the way for another therapeutic strategy involving ApoE itself. ApoE is a multidomain polymorphic protein with multiple binding sites. The identification of ApoE amino acid sequence that binds to C1q will be important to develop small ApoE peptides that are capable of binding to C1q and concomitantly attenuate its activity to limit detrimental CCC overactivation and HCC.

Several caveats of our study should be considered: The number of clinical samples in this study is rather limited. A clinical study should be performed in which the onset of liver inflammation in NAFLD should be more stringently defined to determine the time course of C1q-ApoE complex formation during subacute NAFLD hepatitis and the various stages of NAFLD including HCC. Furthermore, the C1q-ApoE complex is particularly pronounced in the portal triad where C1q and ApoE seem to be up-regulated in myeloid cells. Indeed, the portal triad-related inflammation may be rich in elusive C1q activators. We further suggest that preclinical studies of fatty liver diseases may yield information whether the course of fatty liver disease is attenuated by pharmaceuticals targeting not only the various components of the three complement pathways but also the C1q-ApoE complex itself and whether liver fibrosis, its development into liver cirrhosis and HCC may be halted by such treatment regimens. ApoE-related replacement therapeutics including ApoE-derived peptides have been developed to treat Alzheimer’s Disease (1, 30, 31). Such approaches may be considered to treat late stages of NAFLD in progressive liver cirrhosis which are associated with major dysfunction of ApoE homeostasis in both the liver and the circulation. Such strategies would be expected to be anti-inflammatory by replacing the bona fide checkpoint inhibitor of activated C1q.
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The SARS-CoV-2 virus continues to cause significant morbidity and mortality worldwide from COVID-19. One of the major challenges of patient management is the broad range of symptoms observed. While the majority of individuals experience relatively mild disease, a significant minority of patients require hospitalisation, with COVID-19 still proving fatal for some. As such, there remains a desperate need to better understand what drives this severe disease, both in terms of the underlying biology, but also to potentially predict at diagnosis which patients are likely to require further interventions, thus enabling better outcomes for both patients and healthcare systems. Several lines of evidence have pointed to dysregulation of the complement cascade as a major factor in severe COVID-19 outcomes. How this is underpinned mechanistically is not known. Here, we have focussed on the role of the soluble complement regulators Complement Factor H (FH), its splice variant Factor H-like 1 (FHL-1) and five Factor H-Related proteins (FHR1-5). Using a targeted mass spectrometry approach, we quantified these proteins in a cohort of 188 plasma samples from controls and SARS-CoV-2 patients taken at diagnosis. This analysis revealed significant elevations in all FHR proteins, but not FH, in patients with more severe disease, particularly FHR2 and FHR5 (FHR2: 1.97-fold, p<0.0001; FHR5: 2.4-fold, p<0.0001). Furthermore, for a subset of 77 SARS-CoV-2 +ve patients we also analysed time course samples taken approximately 28 days post-diagnosis. Here, we see complement regulator levels drop in all individuals with asymptomatic or mild disease, but regulators remain high in those with more severe outcomes, with elevations in FHR2 over baseline levels in this group. These data support the hypothesis that elevation of circulating levels of the FHR family of proteins could predict disease severity in COVID-19 patients, and that the duration of elevation (or lack of immune activation resolution) may be partly responsible for driving poor outcomes in COVID-19.




Keywords: COVID-19, SARS-CoV-2, complement, factor H, factor H-related proteins, biomarkers, mass spectrometry



Introduction

The outbreak of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes coronavirus disease 2019 (COVID-19), has caused an unprecedented global health emergency. As of August 2022, there have been more than 590 million cases of COVID-19 worldwide and more than 6.4 million deaths have been confirmed (https://covid19.who.int/). The clinical manifestation of COVID-19 infection presents with variable severity, ranging from asymptomatic infection, severe viral pneumonia, and even death.

SARS-CoV-2 is transmitted via respiratory droplets into the respiratory tract, where it infects host cells through the binding of angiotensin-converting enzyme 2 (ACE-2). ACE-2 is highly expressed on alveolar epithelial cells in the lungs, and other organs in the cardiovascular and renal systems. It is believed that direct damage to the former from the cytopathic replication of SARS-CoV-2 is a prime driver of COVID-19 pathology (1). Most individuals (~80%) experience mild symptoms that commonly include a fever, cough, fatigue, dyspnoea, myalgia, intestinal symptoms, and anosmia, which resolve after a short period (1). In a minority of patients (~15%), dyspnoea deteriorates, requiring hospital treatment. Within approximately six days this can intensify into viral pneumonia and acute respiratory distress syndrome (ARDS). Intensive efforts by the medical and scientific research community have resulted in the identification of life-saving treatments like dexamethasone and the rapid generation of several highly effective COVID-19 vaccines (2, 3). However, patients continue to be hospitalised with severe COVID-19 – especially in populations with low vaccine penetrance (4). As such, there remains a pressing need to identify prognostic biomarkers for COVID-19, to inform treatment decisions and allow more effective use of overstretched clinical resources.

A promising method for the discovery of disease prognostic biomarkers is liquid chromatography-mass spectrometry (LC-MS). This enables the relative levels of hundreds of plasma or serum proteins to be compared within clinically-derived samples, and provides candidate biomarkers whose levels differ between experimental groups. These differences may subsequently have predictive power in respect of diagnosis, disease stratification and prognosis. To date, a number of proteomics screening studies have been performed in various COVID-19 cohorts (5–13). While these differ in respect of cohort, study aim and method, a common finding between these is dysregulation of proteins in the complement cascade, albeit represented by different individual proteins in different studies.

This finding fits with other data where complement activation is known to contribute to ARDS in other viral diseases (14). In COVID-19, gene variants in the complement pathway, specifically CD59, CFH and C4BPa are associated with poorer outcomes (15) and targeted studies have demonstrated elevations of C5a and C5b-9 in plasma from individuals with moderate and severe disease (16). Together, these observations have led to suggestions that the complement cascade is a strong candidate target for therapies which may protect against severe outcomes (17).

The complement cascade can be activated via three pathways, the lectin, classical or alternative pathways, and it is likely that SARS-CoV-2 can activate several of these. The viral spike protein can activate complement via MASP1 binding (18), while several studies have shown increased classical pathway receptors e.g. C1q in severe disease (19, 20). However, all of these pathways converge onto a central amplification loop, where C3 is activated via cleavage to C3a and C3b. C3a acts as a powerful anaphylatoxin, while C3b is both an opsonin and forms complexes which subsequently result in the cleavage of C5 to produce C5a (a second anaphylatoxin) and C5b, initiating the formation of the C5b-9 membrane attack complex. The activation loop is regulated by inactivation of C3b by Factor I (FI) and one of its necessary co-factors (such as Factor H (FH)). The effects of COVID-19 on different aspects of this pathway are reviewed in (17).

In recent years, a series of five additional FH-related regulators have been identified (FHR1-5) and, along with a shorter splice isoform of FH called Factor H-Like 1 (FHL-1), have been shown to further modulate complement cascade activity. While FHL-1 retains the same function as its larger FH counterpart, the FHR proteins are FH/FHL-1 antagonists and drive complement activation instead of inhibition (21). Altered levels of these proteins play a key role in several complement-related diseases, including renal diseases such as atypical haemolytic uremic syndrome (aHUS), C3 glomerulopathy (C3G) (22, 23) and Age-Related Macular Degeneration (AMD) (24). FHRs 2 and 5 have also been identified as potentially differentially expressed in association with severe COVID-19 in global proteomics studies (12, 25).

Here, we hypothesised that complement dysregulation associated with COVID-19 could be a result of altered regulation of the amplification loop by FHR levels. Because FHRs are closely related in terms of sequence – indeed FHL-1 is identical to the first third of FH with the exception of a unique 4 amino acid C-terminal tail – they have not been measured together previously in COVID-19 cohorts. In this study, we measured the levels of all seven fluid-phase cofactors (FH, FHL-1 and FHR1-5) using a bespoke targeted mass spectrometry approach which can confidently and specifically identify and quantify these proteins in COVID-19 cohorts, both in baseline samples and a subset of longitudinal samples.



Materials and methods


Plasma samples and patient details

Ethical approval for this study was granted by the Cambridge Central Research Ethics Committee (17/EE/0025). All plasma samples were procured from the National Institute for Health and Care Research (NIHR) Bioresource. Participants attended multiple hospitals across the South-East of England with COVID-19 symptoms during the first wave of the pandemic in 2020 and recruited prospectively for inclusion within this study. A positive viral status was confirmed for all participants using PCR testing for SARS-CoV-2 RNA either in isolation or in combination with positive serology tests for anti-SARS-CoV-2 immunoglobulins. Participant status was stratified according to their clinical presentation, as shown in Table 1, with the approximate corresponding World Health Organisation (WHO) minimal common outcome scale given for comparison (26). Blood was collected in EDTA tubes (4ml). Samples were processed at a central BioResource service laboratory on the same day as receipt. EDTA blood tubes were centrifuged at 2500 rcf for 10 minutes with no brake. Plasma was then manually removed, and plasma stock aliquots were stored at -80°C until sub-aliquots were prepared for export for the research study.


Table 1 | Patient cohort details and classification.





Preparation of FH, FHL-1 and FHR1-5 standard peptides

Proteins of interest were measured using a targeted mass spectrometry approach as described in Cipriani et al. (24). Briefly, heavy isotope labelled peptide standards were obtained from Cambridge Research Biochemicals, Cambridge, UK. The peptide sequences for FH, FHL-1, FHR-1, FHR-2b, FHR-3, FHR-4 and FHR-5 were VTYKcFE, NGWSPTPRcIRVSFTL, ATFcDFPKINHGILYDEE, AMFcDFPKINHGILYDEE, VAcHPGYGLPKAQTTVTcTE, YQcQSYYE, and RGWSTPPIcSFTKGE, respectively. A bold type denotes those residues that contained isotopically heavy amino acid, where K (+8), R (+10), F (+10) and Y (+10). A standard peptide stock was made in 105 μL in 0.1% TFA. The final concentration was 47.6 ng/µL for FH; 0.95 ng/µL for FHL-1; 7.14 ng/µL for FHR-1; 19 ng/µL for FHR-2b; and 4.76 ng/µL for FHR-3, FHR-4 and FHR-5. This concentrated standard mixture was subsequently aliquoted into 5 µL and stored at -80°C.



Plasma sample preparation for LC-MS/MS analysis

Frozen plasma samples were thawed to room temperature, vortexed for 5 min and centrifuged for 30 min at 13,300 g and 5 μL aliquoted to be processed. To each sample 90 μL, 1 μL, and 2 μL of 50 mM ammonium bicarbonate (pH 7.8), 500 mM dithiothreitol (prepared in 50 mM ammonium bicarbonate), and 1% w/v ProteaseMAX™ solution (Promega, Southampton, UK), prepared in 50 mM ammonium bicarbonate, were added, respectively and incubated for 25 min at 56°C. The samples were allowed to cool at room temperature, followed by the addition of 3 μL 500 mM iodoacetamide in 50 mM ammonium bicarbonate and incubated in the dark at room temperature for 15 mins. Proteins were then digested by addition of 43 μL and 1 μL of 50 mM ammonium bicarbonate (pH 7.8), and 1% w/v ProteaseMAX™ solution in 50 mM ammonium bicarbonate, respectively, with 2.5 μL endoproteinase Glu-C (1μg/μL), followed by incubation at 25°C for 16 h with shaking at 400 rpm.

Peptide standards were diluted by adding 195 μL of 50:50 acetonitrile:water to the 5 μL of concentrated standard mixture, and 2 μL of this diluted standard was added to each sample alongside 6 μL of 10% v/v TFA. By this point, the standard peptides are at the final concentration of 500 nM, 5 nM, 32.75 nM, 86.75 nM, 21.68 nM, 41.5 nM and 27.5 nM, for FH, FHL-1 and FHR-1–FHR-5, respectively. The samples were dried in a centrifugal evaporator (Eppendorf), and reconstituted in 50 μL of 0.1% v/v TFA and transferred to LC autosampler vials for analysis by LC-MS/MS.



Liquid chromatography-mass spectrometry analysis

The analysis was conducted in two parts. First, baseline samples were randomized into batches, with each batch containing 20 experimental samples with roughly equal numbers from each group and a set of quality control (QC) samples. These QC samples were duplicates of a commercial, standard human serum sample (Sigma), a duplicate of one of the samples in the batch, and a replicate from a previously run duplicate sample. Subsequently, paired samples where a 28d sample was available were analysed, including a repeat of the baseline sample along with its 28d paired sample. Randomisation and batch structure were the same across both studies.

All samples were analysed by Liquid Chromatography-Selected Reaction Monitoring-Mass Spectrometry (LC-SRM-MS) using the method described in (24). Using a 6495 triple-quadrupole mass spectrometer with an electrospray ion source (Agilent), connected to an Agilent Infinity 1200 Series liquid chromatography system, 4 μL of each sample was injected directly onto a C18 column (250 mm × 2.1 mm I.D., Thermo Scientific Acclaim 120, 3 μm particle size) held at 50°C. Peptides were eluted at a 250 μL/min flow rate using the previously described gradient (24). Six acquisition windows were used for the eluting peptides, where one window was acquired for both FHL-1 and FHR-2.



Data analysis

Selected Reaction Monitoring (SRM) data were processed using Skyline (v19.1.0.193) (27). The retention time and heavy peptide peak area were visually checked for all samples to verify that the peaks were allocated and integrated appropriately. Peak-area data was extracted from Skyline into Microsoft Excel where the peak areas of heavy and light transitions were compared. The largest signal was used to quantify on-column loading of the endogenous peptide, whereas the other two transitions were used as a qualification signal to ensure the specificity and agreement in quantitation. Finally, concentration per unit volume was calculated based on each sample injection containing the equivalent of 0.8 μL plasma. All further statistical analysis was performed in GraphPad Prism (version 9.2.0). Initial normality testing was carried out on all datasets using a Kolmogorov-Smirnov test, with the most appropriate test then being used for regression analyses as described in the text.




Results


Measurement of FH, FHL-1 and FHR1-5 in baseline samples

Baseline samples were collected from 188 individuals and categorised according to COVID-19 diagnosis and severity. Key among these patients are those who were non-symptomatic and SARS-Cov-2 negative (control, n=30), and those who attended for SARS-Cov-2 testing and were therefore displaying symptoms, but were tested as SARS-Cov-2 negative (NA, n=46). Demographic data for these individuals is shown in Table 2.


Table 2 | Demographic data for patients enrolled in baseline measurement study.



Samples were randomised into 11 analytical batches, with each batch containing 2 types of quality control samples, one being a duplicate analysis of a single quality control sample in every batch, the second being a duplicate of an experimental sample which was analysed a third time in the subsequent batch. Analysis of the common quality control sample showed a batch effect for measurement of FH in batches 2, 3 and 5, for FHR-2 in the 3rd batch and for FHR4 in batches 1 and 2. Data for these proteins from these batches were subsequently excluded from further analysis. The variability of the QC in remaining batches was plotted on Levey-Jennings plots (Supplementary Figure 1) and percent coefficient of variance (%CV) measured across all batches was FH = 17.0%, FHL-1 = 14.3%, FHR1 = 14.7%, FHR2 = 17.8%, FHR3 = 10.3%, FHR4 = 23.5% and FHR5 = 13.0%. Evaluation of triplicate COVID-19 samples across adjacent batches, demonstrated that 93.4% of the measurements have a %CV less than 25% (Supplementary Table 1), indicating high assay reproducibility.

To compare levels of circulating FH, FHL-1 and FHR between groups, we confirmed normality of distribution in most groups using a Kolmogorov-Smirnov test and data were analysed via a one-way ANOVA. Differences in circulating proteins associated with COVID-19 severity were identified for FHL-1 (p<0.0001), FHR1 (p=0.0007), FHR2 (p<0.0001), FHR3 (p<0.0001), FHR4 (p=0.0006) and FHR5 (p<0.0001). FH concentrations did not correlate with severity (p=0.126). Pairwise comparisons between groups were subsequently carried out using a Tukey’s multiple comparison test. All associations with adj. p<0.01 are described in Figure 1. Notably there were significant elevations in circulating levels of all proteins comparing controls and severe disease groups. These differences were greatest for FHR2 and FHR5 in particular, both of which saw a greater than 2-fold increase in protein levels across these groups, and indeed significant differences between almost all other groups and the most severe patients. These data suggest that FHL-1 and FHR levels are related to disease severity.




Figure 1 | Circulating concentration of FHL-1 and FHR1 to FHR5 is elevated in COVID-19 patients. Scatter plots of FH (A), FHL1 (B), and FHR1 to FHR5 (C–G) represent the measured plasma protein concentration in nM. Pairwise adjusted p-values were obtained from a Tukey’s multiple comparisons test (4 d.p.).



To test this further we calculated individual ROC curves for all proteins to demonstrate the predictive power of the FHR proteins with respect of severe disease (Figure 2). As expected FHR2 and FHR5 demonstrated the greatest power to predict the most severe disease vs controls, with AUROC values of 0.877 and 0.943 respectively.




Figure 2 | Circulating complement cofactors predict disease severity. Receiver Operating Characteristic (ROC) curves for control versus severe [group (E)] disease are shown for circulating FHL-1 (A) and FHRs 1-5 (B-F). Area under the curve is provided to 3 d.p.



In this baseline cohort, we noted that age was significantly different, with groups A and B being generally younger than other groups. This is demonstrated in Supplementary Figure 2A, where age distributions can be seen (although age ranges are similar). To rule this out as a factor driving the observed differences, we studied the relationships between age and FH, FHL-1 and FHR1-5 levels in the control and NA cohorts (n=76, where age data were available). No significant associations were seen (Supplementary Figure 2B-H), confirming that the observed elevation in protein levels with more severe COVID-19 symptoms is disease, rather than age-driven. The cohort also shows some variability in sex in the experimental groups, although the critical comparisons of Control versus groups C, D and E are well aligned. Nevertheless, we also investigated the possibility of sex-associated differences for all protein levels in the control and NA cohorts. No such statistically significant association was found (Supplementary Figure 3).



Measurement of FH, FHL-1 and FHR1-5 in 28 day samples

For 77 SARS-CoV-2 positive individuals, we collected an additional sample at approximately 28 days after the first. Of these 77 samples, 58 were included in the baseline analysis, with a further 19 analysed only in this timecourse study. The demographic data for this subset is shown in Table 3. Notably, while most samples were collected between 25-31 days after the first sample, there are 2 cases in Group C (49 and 53 days), 4 in Group D (40, 44, 47 and 48 days) and one in Group E (46 days) where samples were collected over 40 days later. This does not cause a significant difference in sampling time between groups.


Table 3 | Demographic data from patient subset used in time course analysis.



Later timepoint samples were batched alongside the baseline samples for each individual and randomly assigned to analysis batches for measurement of circulating FH, FHL-1 and FHR1-5 proteins. Similar cross-batch quality controls were employed as with the baseline study. Reproducibility across batches was excellent, with replicates of a standard samples run in all batches routinely measuring within 2 s.d. of the mean (Supplementary Figure 4), with replicates of an individual study sample analysed across consecutive batches FH = 11.2%, FHL-1 = 16.2%, FHR1 = 28.6%, FHR2 = 9.1%, FHR3 = 9.45%, FHR4 = 3.8% and FHR5 = 6.3% (1 d.p.).

This study contains a nested, independent replicate analysis of the baseline samples, albeit with an overlapping subset of samples. However, analysis of this subset confirms the finding from the first, larger study, in that statistically significant elevations of FHL-1 (p=0.047), FHR3 (p=0.045) and FHR5 (p=0.0071) proteins could be observed, in this case between Group A and Group E individuals, while FHR2 showed a significant increase between Groups B and C (p=0.048) and Groups B and D (p=0.041), implying that elevations in FHL-1 and FHRs are apparent upon replicate analysis, albeit this is a lower powered subset. Note that this analysis did not include healthy controls or SARS-CoV-2 negative patients where the largest differences were seen in the original baseline study.

Analysis of day 28 samples demonstrated that, although COVID-19 symptoms had largely resolved in most cases, with only 5 remaining in intensive care at this timepoint, there is still evidence of elevations of FHL-1 and FHR proteins at this time in the most severe cases (Figure 3), most notably FHL-1, FHR2 and FHR5.




Figure 3 | Circulating concentrations of FHL-1 and FHR1 to FHR5 in COVID-19 patients after 28 days. Scatter plots of FH (A), FHL1 (B), and FHR1 to FHR5 (C–G) represent the measured plasma protein concentration in nM. Pairwise adjusted p-values were obtained from a Tukey’s multiple comparisons test (4 d.p.).



Pairwise analysis of samples taken from the same individual across the two timepoints reveals how the levels of FH, FHL-1 and FHRs resolve over time. All comparisons for each protein separated by disease severity are shown in Supplementary Figure 4. As may be expected, there is a general decrease in levels of all proteins after 28 days in those individuals with asymptomatic, mild or moderate symptoms as in the majority of cases symptoms resolve. This is particularly evident for FHL-1 and FHR5. Notably, this is also the case for FH, implying that individuals do experience a slight elevation of FH level upon infection, although this is not detectable in a standard case-control design due to the background of between-patient variability (Figure 4A). In contrast, individuals who experienced severe COVID-19 symptoms demonstrate a further elevation in circulating FH, FHR1 and FHR2 levels 28 days after their initial diagnosis, on top of the higher levels of these proteins seen in these patients versus a healthy cohort in our baseline analysis. (Figure 4B). Strikingly, 9/12 (75%) of Group E samples showed a greater than 50% elevation in at least one of the FHRs after 28 days, compared to 14/65 (22.5%) in all other groups combined. However, this continued elevation was not correlated with length of stay in intensive care, or whether the patient was still in intensive care at this second timepoint, although we do not have data regarding other symptom severity at this time, e.g. non-ICU admission or continued requirement for oxygen at home. These data support the hypothesis that levels of circulating soluble complement regulators play a role in determining and/or driving disease severity in patients with COVID-19.




Figure 4 | Selected pairwise comparisons of circulating concentrations of FHL-1 and FHR1 to FHR5 in COVID-19 patients after 28 days. (A) CFH, FHL-1 and FHR5 in asymptomatic to moderate symptomatic individuals. (B) CFH, FHL-1 and FHR1-5 in patients with critical (Group E) COVID-19.






Discussion

Immune overactivation is established as a key driver of COVID-19 disease severity, although the mechanisms underpinning this overactivation are unclear. While much of the focus has been on the adaptive response, there is clearly a role for the activation of the complement system in driving, or contributing to this overactivation (17). In this study, we sought to uncover the role played by a key series of complement activation regulators, the Complement Factor H family. FH is a critical regulator of the complement amplification loop, as a co-factor for Factor I it is required for the degradation and inactivation of C3b. A splice variant of FH, FHL-1, has the same activity but is present at much lower circulating levels, while the FHR proteins, encoded by distinct genes at the same chromosomal location, retain C3b binding capability but lack co-factor activity, and so can compete with FH and in essence prevent C3b breakdown. We hypothesised that, given existing data on complement overactivation and the observation from global proteomics studies that members of the complement family are overactivated in severe disease, levels of this family of co-factors could play a role in predicting disease severity or outcome in SARS-Cov-2 positive patients.

To measure these proteins, we used a mass spectrometry-based assay. Because MS can accurately identify peptides based on their mass, it provides enhanced selectivity over antibody-based approaches, which is especially important in studies such as this where the target proteins share significant homology. While antibody assays have been published for some FHRs (28), no such assay has been developed to detect FHL-1, which is identical to the N-terminal part of FH with the exception of a 4 amino acid C-terminal tail (29). This approach has been used previously to study complement co-factors in age-related macular degeneration (24) and glioblastoma (30). A standard quality control regimen was used to ensure that all samples were randomised across analysis batches, and common samples included to ensure that data were comparable between batches

Our study was divided into two independent parts. The first was an analysis of samples collected at baseline (time of diagnosis) and included both a healthy control cohort and a cohort who were symptomatic and presented at hospital for a SARS-CoV-2 test but were found to be negative. The second was a time course analysis of SARS-CoV-2-positive individual approximately 28 days following initial diagnosis.

The baseline study identified that all measured proteins, with the exception of FH, were present at higher levels in more severe disease. Elevation of FHL-1, independent of FH, is particularly striking since FHL-1 is a spice variant and as such is driven from the same promoter as FH, implying an altered regulation of splicing, translation or degradation of this shorter isoform compared to its larger and more abundant counterpart, an observation that we have also made in age-related macular degeneration (24) and glioblastoma (30). While increases were seen in all FHR proteins, elevations were highest in FHR2 and FHR5, which increased between healthy controls and severe disease by 1.97-fold (p<0.0001) and 2.4-fold (p<0.0001) respectively. ROC curves constructed between severe COVID-19 vs healthy controls gave AUROC values of 0.877 and 0.934 suggesting a strong predictive relationship. ROC curves considering multiple proteins did not improve this prediction significantly, while ROC curves on all COVID-19 patients to predict hospitalisation yielded more modest AUROCs of 0.76.

While previous studies of the global proteome have incidentally detected elevation in FHR-5 correlated with more severe cases of COVID-19 (12), this study represents the first targeted analysis of these proteins and as such is the first observation of a global increase across the factor H family of proteins. These data compare favourably to other recent studies investigating COVID-19 severity biomarkers. For example, the recent work by Wang et al. (31) used a 30 protein panel to predict disease severity and using a machine learning approach achieved AUROC for severe disease (WHO outcome score 7) vs mild (WHO outcome score 3) of approximately 0.85. In our study a similar analysis for FHR5 only, between groups A+B vs Group D+E, gives a AUROC of 0.84 for similar sized cohorts. Intriguingly, FHR2, but not FHR5, was identified in that group’s discovery proteomics effort (13) but was not included in the final panel of 30.

The second part of this study looked at how complement regulator levels change over time, with a subset of individuals providing a second sample at approximately 28 days post the baseline sample. Paired analysis of samples from individuals with symptomatic, mild or moderate disease (i.e. disease not requiring hospitalisation) demonstrated a reduction in levels of most FH-family proteins, including FH which we did not show to be elevated in our baseline study. This is possibly due to the magnitude of change being relatively small compared to between patient variability, so it is masked in a case-control design but is apparent in a time course where each individual acts as their own control. This supports our observation from the baseline study that SAR-CoV-2 infection results in elevation of circulating complement co-factors. However, in individuals with severe disease co-factor levels are actually increased on average 28 days following diagnosis. It is unclear whether this is a true reflection of severe disease i.e. that complement can become ‘more dysregulated’ over time in more severe cases, or simply a consequence of our study taking few timepoint samples. A higher resolution timecourse, perhaps weekly sampling and with a more reproducible sampling frequency than was achieved in this cohort, is required to confirm the trajectory of these proteins more accurately. We also recognise that there is a sampling bias in this study, as patients with the most severe disease who did not survive for 28 days after diagnosis are necessarily excluded. What these data do show is that the complement cascade response is not resolved at 28 days in severe cases.

This study does have limitations. Due to the nature of the pandemic at the time of collection, complete metadata is not available for all individuals in the cohort as it was not collected at the time and is now only obtainable by manual extraction from patient records. As such it is not possible for us to perform convincing multivariate analysis or to correlate our findings with co-morbidities and treatments, for example. However, in previous studies on larger cohorts we have shown no effect of age, sex or BMI on FH, FHL-1 or FHR1-5 levels (24) and so we do not anticipate that adding these variables would alter our conclusions. Samples were collected in wave 1 of the pandemic in the UK, driven primarily by the original wild-type variant of the SARS-CoV-2 virus. All samples were collected before the emergence of the delta variant which caused a more severe disease (32) and the current predominant omicron variant which is more transmissible but appears to result in a less severe phenotype that delta, albeit worse than the wild-type, even in unvaccinated individuals (33). As such we believe it would be valuable to reanalyse FHL-1 and FHR levels in samples from both the delta and omicron waves, and from better defined cohorts in terms of both numbers and clinical metadata to investigate whether levels of these proteins contribute to the more severe symptoms seen with these variants, along with correlation of FHR levels with other complement activation or inflammatory markers in these cohorts.

Increased FHR levels are predicted to decrease C3b turnover, and as such increase complement cascade activation. This agrees with observations in clinical samples around increase deposition of C5b-9 (16, 20) in more severe cases and supports the hypothesis that the complement cascade is a viable target for both prediction of COVID-19 prognosis in infected individuals, and supports therapeutic efforts for complement blockade as a means of treating or preventing severe COVID-19 outcomes.
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Background

The complement system is an essential component of our innate defense and plays a vital role in the pathogenesis of many diseases. Assessment of complement activation is critical in monitoring both disease progression and response to therapy. Complement analysis requires accurate and standardized sampling and assay procedures, which has proven to be challenging.



Objective

We performed a systematic analysis of the current methods used to assess complement components and reviewed whether the identified studies performed their complement measurements according to the recommended practice regarding pre-analytical sample handling and assay technique. Results are supplemented with own data regarding the assessment of key complement biomarkers to illustrate the importance of accurate sampling and measuring of complement components.



Methods

A literature search using the Pubmed/MEDLINE database was performed focusing on studies measuring the key complement components C3, C5 and/or their split products and/or the soluble variant of the terminal C5b-9 complement complex (sTCC) in human blood samples that were published between February 2017 and February 2022. The identified studies were reviewed whether they had used the correct sample type and techniques for their analyses.



Results

A total of 92 out of 376 studies were selected for full-text analysis. Forty-five studies (49%) were identified as using the correct sample type and techniques for their complement analyses, while 25 studies (27%) did not use the correct sample type or technique. For 22 studies (24%), it was not specified which sample type was used.



Conclusion

A substantial part of the reviewed studies did not use the appropriate sample type for assessing complement activation or did not mention which sample type was used. This deviation from the standardized procedure can lead to misinterpretation of complement biomarker levels and hampers proper comparison of complement measurements between studies. Therefore, this study underlines the necessity of general guidelines for accurate and standardized complement analysis
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Introduction

Complement is a key innate immune system and is part of the first line of defense against pathogens. It is recognized as being evolutionary among the oldest pathogen recognition systems, and not only has this system a critical role in killing microbes, it also bridges innate and adaptive immune responses. The realization that an increasing number of human diseases are, at least partly, complement-mediated has driven a renewed interest in complement. Accurate analysis of complement components and complement activation is of utmost importance for diagnosing disease and/or therapy monitoring (1–5). However, reliably determining the complement status of individual patients has proven to be challenging (1, 5). Measured concentrations of complement system proteins vary widely among different laboratories due to non-unified protocols for pre-analytical sample handling, including collection, processing, and storage. Also, laboratories do not always use the correct sample type for the method or assay used. Other reasons for inconsistencies in concentrations are the lack of uniform and recognized calibrators, the use of different techniques, reagents, and antibodies recognizing different epitopes in the antigen. This indicates the high need for standardization of techniques, assays and biomaterials in combination with proper pre-analytical sample handling and storage (2, 3).

This review aimed to provide an overview and general guidelines for measuring complement activation in a reliable and standardized way. We performed a systematic analysis of the literature regarding current methods used to assess complement C3, C5 and/or their split products and/or the soluble terminal complement complex (sTCC; also referred to as sC5b-9 or membrane attack complex, MAC) in human blood. We reviewed whether the identified studies performed their complement measurements according to the recommended practice regarding pre-analytical sample handling and assay technique. Results were supplemented with own data, not included in the systematic review, to illustrate the importance of using the correct biomaterials, methods, and techniques for the assessment of complement components.



Complement pathway activation

The complement system comprises of approximately 50 soluble and cell surface-bound proteins organized to eliminate structures recognized as dangerous. These danger signals include invading microorganisms, apoptotic and necrotic cells and immune complexes (6, 7). Furthermore, complement can link innate and adaptive immune responses by mediating regulation of T cell and B cell responses (8). More recently, several studies reported a role for intracellular complement (9–11).

The complement pathway is tightly regulated by a network of proteins to avoid uncontrolled activation (Figure 1) (12). The system is organized in three activation pathways: the classical pathway (CP), the lectin pathway (LP) and the alternative pathway (AP). Each pathway is activated by different molecules. The CP is activated by the binding of C1q to antigen-bound-IgM or -IgG hexamers forming immune complexes. The LP is activated by binding of one of the recognition molecules mannose-binding lectin (MBL), collectin 10, 11 or 12, or ficolin-1, -2, or -3 to microorganism-associated molecular patterns (MAMPs) or carbohydrate structures located on damaged cells. The AP is continuously activated at a low level as a result of spontaneous C3 hydrolysis allowing for activation on surfaces that lack proper complement regulation, typically non-host surfaces (12–15). Pathway activation results in the cleavage and activation of complement C3 and C5. Subsequently, this will lead to the generation of active fragments such as C3a, C3b, iC3b, C3dg, C4a, C4b and C5a and the formation of TCC (also known as MAC or C5b-9) (1). While TCC is inserted into pathogen cell membranes, resulting in cell death of sensitive cells, typically Gram-negative bacteria, the other activation fragments bind to their corresponding complement receptor expressed by various cell types. Binding of activation products to these receptors leads to a variety of biological responses such as phagocytosis, cell migration, chemotaxis, cytokine production, cell activation and modulation of pattern recognition receptor (PRR)-induced responses (Figure 1) (12, 13, 16–18).




Figure 1 | Overview of the complement pathway.



Inadequate functioning of the complement system, e.g. by component deficiencies or exaggerated activation, has been linked to numerous diseases, both rare and common, and the list is growing continuously (Table 1) (13, 72–75). An imbalance in complement activation and regulation can lead to life-threatening conditions such as coagulation dysregulation, systemic inflammation and failure of organs such as the eyes, kidneys, skin, brain and vascular system (75–77). Because of the large number of complement-mediated diseases, together with recent results from large-scale genomics and proteomic studies (78, 79), the interest in the complement system has renewed, especially as a promising target for therapeutic intervention. This was demonstrated more than a decade ago by the first complement-specific drug, eculizumab (Soliris, Alexion), targeting the key complement component C5 (29). In recent years, human complement studies have become very important in drug delivery, nanomedicine and biomaterial fields, as elegantly summarized by Moghimi and coworkers (80, 81). Interestingly, assessment of complement within these fields is often performed using incorrect or suboptimal assays and samples that were inappropriate handled regarding collection, storage and pre-analytical preparations (80). As complement is involved in an increasing number of human diseases, standardized measurement of complement components is essential (1–5, 82). However, accurate determination of the complement status of individual patients has proven still to be challenging and needs to be performed in a uniform way.


Table 1 | Overview of complement-related diseases.



To provide insight into the current practice in complement measurements at individual labs, we conducted a systematic literature search in which we reviewed which sample type and techniques were used for the assessment of complement activation in the past five years. The studies were assessed for their quality based on the recommended guidelines for studying complement activation as described below.



Current guidelines for assessing complement activation

For accurate complement analysis, it is important that the complement activation is blocked at blood sampling since activation ex-vivo during sample processing may alter the results of interest (2, 12). Hence, appropriate pre-analytical sample handling is a necessity to avoid erroneous results. For complement analysis, samples may be assessed either for complement function or quantification of individual complement components (2, 3, 83). Both types of analysis require a specific approach regarding the sample type, pre-analytical sample handing and measurements.


Assessment of complement function

For assessing the ability of complement activation, serum samples should be used (84). Whole blood should be collected in serum tubes. These collection tubes are available either with or without a clot activator (e.g. silica). Note that some complement analyses may be affected by the type of collection tube, e.g. ficolin 2 is depleted in serum retrieved from tubes with silica, which should especially be taken into account when assessing the lectin pathway (80, 85, 86). Let blood coagulate for approximately 30 min at RT. Please be aware that blood coagulation kinetics are slightly slower in tubes without a clot activator, so ensure complete clot retraction. Optimize if needed. For both type of serum collection tubes, separate the serum fraction by centrifugation (2000xg, 10 min) at 4°C. Process serum within 1 h. Complement activation is temperature-dependent so always keep serum on ice to avoid ex-vivo complement activation (12, 80, 81, 87, 88). Store serum samples at -80°C since storage at higher temperatures such as -20°C will create a slow freezing rate that allows for complement activation. Mechanical stress (rigorous shaking or vortexing) and repeated cycles of freezing and thawing should be minimized as much as possible since every cycle may increase complement activation (2, 84) (Figure 2A). Next to serum, also Hirudin-plasma (or Lepirudin; recombinant Hirudin) can be used for the assessment of complement function as Hirudin blocks coagulation but allows complement activation (when used in low concentrations: 0.2 IU/mL and 2 IU/mL) (89). As complement is also activated by a low pH (<7.1), it is advised to monitor and control it (with appropriate buffers) to avoid erroneous measurements (90).




Figure 2 | Flowchart for the selection of the appropriate sample type and technique for complement analysis. Flowchart for selection of (A) the appropriate sample type or (B) the appropriate technique for the assessment of complement.



For studying complement function, it is of utmost importance that the appropriate buffers are used. For assessing CP and LP activation, buffers containing both Ca2+ and Mg2+ should be used. These cations are required in order to form protein complexes which initiate or mediate progression of complement activation. Ca2+ is essential for the activation of CP and LP protease complexes that cleave C4 and C2 (91, 92), whereas Mg2+ is needed for the binding of C2 to C4b to form CP/LP C3 convertases (93). For studying AP activation, CP and LP activity must be blocked by adding ethylene glycol tetraacetic acid (EGTA) to chelate Ca2+ (Figure 1). Additionally, an optimal concentration of Mg2+ is required since the binding of Factor B to C3b to form the AP C3 convertase is Mg2+-dependent (3, 94). Traditional complement buffers like GVB++ (gelatin veronal buffer) contain 0.15 mM Ca2+ and 0.5 mM Mg2+. Hirudin or lepirudin do not interfere with divalent cations.

For assessing complement function, several techniques and assays are available (Figure 2B). Traditionally, complement function of the CP and AP was assessed using respectively the CH50 and AH50 hemolytic assays. These assays detect reduction, absence and/or inactivity of several components of the complement pathway. The CH50 is based on the capacity of serum to activate complement in-vitro and subsequently lyse sheep erythrocytes opsonized with anti-sheep antibodies (usually rabbit IgG) via the CP. The AH50 is based on complement-dependent lysis of rabbit erythrocytes, which cannot recruit the soluble human complement regulator Factor H, thereby allowing for AP activation (95). If one or more complement components are absent (e.g. due to a genetic deficiency) or their levels decreased (e.g. due to overactivation leading to consumption), hemolytic activity is decreased. When both assays are performed side-by-side, they can indicate C3 and terminal pathway (TP) deficiencies (C5, C6, C7, C8, and C9; absence of hemolysis in both CH50 and AH50), CP deficiencies (C1, C2, C4; absence of lysis in CH50 only) and AP deficiencies (Factor B, D, H, I, properdin; absence of lysis in AH50 only). Factor H and Factor I deficiency can also result in C3 consumption as a result of uncontrolled AP activation, leading to low CH50.

Complement function can also be assessed using functionalized enzyme-linked immunosorbent assays (ELISA), which are considered more accurate and reproducible and are less prone to variation. This type of assays uses plates coated with either IgM, mannose or lipopolysaccharides (LPS) to examine CP, LP or AP activation respectively. In the presence of the appropriate buffers, complement is activated in the patient’s serum sample (at 37°C). Next, pathway activation is assessed by the detection of C5b-9 in the terminal pathway using a specific conjugate antibody directed to a neo-epitope in C5b-9 (12, 96, 97). These assays require a relatively high sample dilution to prevent cross-pathway interference. However, using a sample dilution that is too high might lead to false negative results. When concentrations for critical complement components needed for complement activation are too low, the pathway will not be activated. As the window for the correct sample dilution is rather small, it is easily missed. Therefore, this high sample dilution may be considered as a drawback when these types of assays are used.

A third type of assay for assessing complement function is the liposome immunoassay. This type of assay consists of liposomes coated with antigens (for instance with dinitrophenyl (DNP)) and containing a reporter molecule (signal-producing molecules). When serum is mixed with the liposomes and an antibody-containing reagent (in this case anti-DNP), the formed immune complex will trigger complement activation resulting in disruption of the liposomes and release of the entrapped reporter molecule from the lysed vesicles. The degree of reporter release corresponds to the degree of complement activation and can easily be measured (98, 99).



Assessment of individual complement components

For analysis of individual complement components, EDTA-plasma should be used having at least a final concentration of 10 mM (82, 100), especially when measuring activation products. Using EDTA-plasma, any further activation of complement is minimized (but not completely excluded) since EDTA chelates Ca2+ and Mg2+ thereby blocking the function of the C1 complex and the C3 convertases (4, 83, 100–102). Of note, nafamostat mesylate (0.2 mg/mL) can be used in addition to EDTA to maximize inhibition of artificial complement activation (100). Heparin-plasma should be avoided as heparin interacts with many complement proteins and regulators such as C1, C1q, C1-INH, C2, C4, C4b, C4BP, MASP-1, MASP-2, C3, C3b, FB, FD, FH, properdin, C6, C8, C9 and vitronectin, thereby affecting complement function (84, 103). Low levels of heparin (<2 IU/mL) can activate complement whereas high levels (20 IU/mL) inhibit complement activation (89). If possible, we recommend to also avoid citrate-plasma for the assessment of complement components. Although differences in concentrations for markers such as C4d, Bb, C3a, C5a and sTCC are very small between freshly processed EDTA- and citrate-plasma samples, these markers are more stable in EDTA-plasma when stored longer at either RT or 4°C before processing. Citrate-plasma also tends to be more sensitive for freeze-thawing (83, 104). Serum cannot be used for the assessment of individual complement components, especially activation products. Due to the absence of complement inhibitors, artificial complement activation during collection, shipment, processing and/or pre-analytical sample handling will cause an increase of many complement components making reliable determination of these markers impossible (83, 104).

EDTA-whole blood should be kept on ice and centrifugated at 4°C within 60 minutes after collection. Keep transportation and logistics of samples from the patients to the lab as short as possible and handle samples with care (keep on ice, minimize mechanical stress). Isolated EDTA-plasma should be kept on ice and as soon as possible snap-frozen and placed in -80°C. Shipment of EDTA-plasma for complement analysis should always be done on dry ice. EDTA-plasma for complement marker analysis should be thawed and kept on ice and repeated freeze-thawing should be avoided. Different markers have various sensitivity to freeze-thawing (100). Note that EDTA-plasma should not be used for functional complement testing in the assays described above as these assays detect in-vitro complement activation which is inhibited by EDTA (1) (Figure 2A).

Several techniques for analysis of complement components are available (Figure 2B). In most clinical laboratories, analysis of individual complement components such as C3, C4 and sometimes C5 is performed by nephelometry or turbidimetry. These techniques are widely used in clinical laboratories because they are relatively easily automated and inexpensive. However, a major drawback of nephelometry and turbidimetry is that it cannot distinguish between the native non-activated complement protein and its activated split products. For instance, for C3 it will detect both the intact non-activated C3 and its activated proteolytic fragments C3a, C3b, iC3b, C3c and/or C3d (105). Another drawback of is that these methods use a relatively large sample volume. This is especially a challenge for complement analysis in young children, of whom often only small amounts of sample is available.

ELISA is a technique also widely used for quantification of individual complement components, its activated split products and complement regulators. When using well-defined antibodies, ELISA can quantify complement-derived split products next to the native intact protein, reflecting the actual state of complement activation (2, 3, 105). For measuring the specific complement activation products antibodies recognizing split-product-specific neoepitopes, i.e. neoepitopes that only become exposed after cleavage of the native protein, should be used. In addition, detection of split products generated via complement-independent bypass routes is possible (106).

Next to ELISA, a more recent technique being developed for the quantification of individual complement components and their split products is (in most cases bead-based) multiplex assays. Such assay is, in principle, a combination of immunoassays thereby able to analyze multiple analytes at the same time. Next to the advantages of saving time and sample volume, these assays provide a comprehensive overview of the patient’s complement activation status in a single run (107). Currently, the specificity of these commercial bead based multiplex complement assays is still under debate (107, 108) which argues thorough validation of its use in comparison to existing assay formats.




Methods


Systematic literature review

Our systematic review procedure was adopted from the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (109). Structured literature searches using the Pubmed/MEDLINE database were performed in February 2022. Search terms included the medical subject headings (MeSH) terms for: “Complement C3” OR “Complement C3a” OR “Complement C5” OR “Complement C5a” OR “Complement Membrane Attack Complex” AND “Complement activation” to retrieve all studies assessing these complement components. Supplementary Dataset 1 lists all keywords captured by the MeSH terms used. Next, titles and abstracts were screened by two independent researchers (ET and RB) to determine if the study met the inclusion criteria (see below). Studies potentially of interest were selected and full text papers were retrieved for in-depth review.


Inclusion criteria

All studies that assessed the complement components C3, C5 and/or their split products C3a and C5a and/or sTCC (MAC, sC5b-9) in human blood samples (serum and plasma) that were published in peer-reviewed journals between February 2017 and February 2022 were included.



Exclusion criteria

The following studies were excluded: not assessing complement components C3, C5 and/or their split products and/or sTCC in human blood samples, animal studies, ex-vivo stimulation studies, reviews or editorials, studies in languages other than English and no full text available. The selection process was performed by two authors (ET and RB), based on titles, abstracts, and subsequently full text papers.



Quality assessment

Subsequently, studies that passed the inclusion criteria were categorized according to sample type and techniques used for complement assessment. Studies that were identified as using the correct sample type for their complement measurements (according to the guidelines addressed above and in Figure 2) were scored regarding overall quality standards for performing research, using the following criteria (110):

	Did the study provide sufficient information regarding the experimental design and methods (e.g. appropriate method/approach to investigate study aim, clear which analyses were performed in which experimental groups/samples)?

	Were the baseline characteristics sex and age checked and matched in the control cohorts used for the study?

	Was sample collection, storage and handling performed according to the requirements for assessment of complement components as outlined in this paper?

	Were measurements performed in a blinded fashion?



Using these criteria, the nominated studies were awarded a score ranging from 0 to 4, 1 point per met criterion.




Assessment of C3, C5, their split products and sTCC in human samples to demonstrate the effect of (in)correct pre-analytical sample handling, antigenicity and selecting the appropriate technique

Three experiments were performed to illustrate the importance of correct pre-analytical sample handling and complement assessment.

In the first experiment, we tested the effect of artificial complement activation in the tube induced by inappropriate pre-analytical sample handling. The components C3c and sTCC were measured in complement-preserved serum samples (n=5) and in plasma samples anticoagulated either with citrate, heparin, EDTA 10 mM (normal EDTA blood collection tube, no extra EDTA added) and EDTA ≥20 mM (normal EDTA blood collection tube with extra EDTA added) (n=5 for each anticoagulant). All samples used for this experiment were derived from healthy controls (HC). Plasma samples were put on ice immediately after collection and processed within 1 h (centrifuged for 10 min., 2000xg at 4°C and stored at -80°C until further use). Complement-preserved serum samples from were collected aseptically and processed within 1 h (clotted at room RT 30-45 min., centrifuged for 10 min., 2000xg at 4°C and stored at -80°C until further use). Aliquots for all samples were thawed and incubated either at RT or on ice for 10 min, 1 h, 2 h and 16 h before measurements. Subsequently, C3c and sTCC levels were measured by commercially available solid-phase ELISA assays according to the manufacturer’s instructions (Cat# HK368 (C3c), HK328 (sTCC), Hycult Biotech, Uden, The Netherlands). Assays are specific for these markers and do not detect other activation products (e.g. C3b, iC3b, C3d) or components not integrated in the TCC. The levels measured in the samples incubated for 10 min were used as a baseline and were set to 100%. All other timepoints were compared to baseline.

Secondly, we assessed C3 concentrations in EDTA-plasma derived from HC (n=6) using two in-house assay designs. These assays did not differ from each other, except for the capture antibody to test the effect of (differences in) antigenicity between antibodies. Samples were collected and handled as described above. Samples were thawed on ice and kept on ice during pre-analytical sample handling. Two distinct capture antibodies were used, recognizing a different epitope in the C3 protein, i.e., the monoclonal antibody clone 3E7 (cat# HM2286) versus the monoclonal antibody 1H8 (cat# HM2287; Hycult biotech, Uden, The Netherlands). Antibody concentrations and all other reagents and buffers (HK355; Hycult biotech, Uden, The Netherlands), as well as the calibrator (human native C3; cat#113, Complement Technology, TX, USA) were the same between the two assay designs and assays were performed by the same operator on the same day. C3 concentrations were measured using both setups in parallel according to manufacturer instructions. Briefly, microtiter wells (Nunc maxisorp cat# 468667, Thermo Fisher Scientific, Waltham, MA, USA) were coated either with clone 3E7 or 1H8 at 4°C overnight (5 µg/ml) in 1x PBS. After blocking with 1x PBS, 1% BSA for 1 – 1.5 hours, wells were washed four times using 1x PBS, 0.05% Tween 20. Calibrator was added to the wells in a 2x serial dilution ranging from 500 to 7.8 ng/ml in dilution buffer (DB; 1x PBS, 0.1% BSA). EDTA-plasma samples were added to the wells in a serial dilution ranging from 1:500 to 1:64000, also in DB. Both calibrator and samples were incubated 1 h at RT. For both assays the same detection antibody was used (monoclonal antibody clone 474; cat# HM2073, biotinylated; Hycult biotech, Uden, The Netherlands). After washing, wells were incubated with detection antibody (0.1 µg/ml in DB) for 1 h at RT. Again, wells were washed and tetramethylbenzidine substrate (TMB; K-blue aqueous; Neogen, Scotland, UK) was added starting an enzymatic reaction that produced a colored product that can be measured. Reaction was stopped after 30 min. by adding oxalic acid and the absorbance at 450 nm was measured.

The third experiment focused on choosing the appropriate marker, accompanied by the correct technique and the added value of quantifying both native complement proteins and their split products in parallel in patients with a severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection. Results were adapted from a previously reported study (66). The complement markers C3, C3a, C3c, C5 and sTCC were assessed in EDTA-plasma samples from patients with PCR-proven or clinically presumed Corona Virus Disease 2019 (COVID-19) admitted to the intensive care unit (ICU) and in HC. Also here, EDTA-plasma samples were collected, processed, and handled as described above. Complement measurements were performed using commercially available solid-phase ELISA assays according to the manufacturer’s instructions [Cat# HK355 (C3), HK354 (C3a), HK368 (C3c), HK390 (C5), HK328 (TCC), Hycult Biotech, Uden, The Netherlands].



Statistics

Continuous data were presented as the mean ± SEM following criteria for normal distribution. Data were analyzed using a (paired) student t-test, ANOVA or Mann-Whitney test where appropriate (Graphpad Prism 8.4.2, San Diego, CA, USA). A p-value <0.05 was considered significant.



Ethics statement

The study protocol was approved by the local ethics committee (CMO 2020 6344 and CMO 2016 2963) and performed in accordance with the latest version of the declaration of Helsinki and guidelines for good clinical practice (GCP).




Results


Systematic literature review

A systematic literature review was conducted to provide a comprehensive overview of the methods and sample types used for the assessment of complement markers during the period February 2017 – February 2022. Subsequently, we assessed whether the identified studies performed their complement analyses in a reliable manner regarding techniques and sample types. We focused on the key complement markers C3, C5 and their split products C3a and C5a, and sTCC.

In total, 441 records were identified through database searching using the indicated MeSH terms (Figure 3). After excluding non-English papers, animal studies, reviews/editorials and records of which no full text was available, 376 records remained (Supplementary Dataset 2). These remaining abstracts were screened based on whether levels of the complement components C3, C5 and/or their split products and/or TCC were assessed in human blood. Studies performing ex-vivo stimulation experiments, assessing complement deposition in tissues or using cultured cells were excluded. A total of 92 articles were selected for full text analysis. Study characteristics such as aim of the study, experimental set-up and used techniques were recorded (Supplementary Table 1).




Figure 3 | Flowchart of the systematic literature search selection process.



Regarding the techniques used for measuring complement components in these 92 studies, 69 studies used ELISA (75%), 12 studies (13%) used turbidimetry/nephelometry and three studies (3%) used mass spectrometry. Nine studies (10%) used other techniques and 11 studies (12%) did not specify the technique that was used (Figure 4). Several studies used more than one technique for their measurements, hence the number of performed analyses is higher than the total number of the identified studies.




Figure 4 | Pie charts showing the percentages regarding the used techniques and whether the correct sample types were used for complement assessment. A total of 92 studies were included in the analysis. (A) Percentages regarding the used techniques. Several studies used more than 1 technique for their measurements, hence the number of performed analyses is higher than the total number of the identified studies. (B) Percentages of studies that used/did not used the correct sample type for complement assessment.



These 92 identified studies were assessed on whether complement measurements were performed correctly and reliably concerning sample type, pre-analytical sample handling and techniques with regard to the complement components being investigated. This resulted in the identification of three distinct groups (Figure 4; Supplementary Table 1):

	Studies identified as using the correct sample type for assessing complement activation products (mostly EDTA-plasma) (n=45; 49%) (Table 2).

	Studies identified as not using the correct sample type (mostly serum) (n=25; 27%).

	Studies that did not specify the sample matrix or the techniques used for measuring complement (n=22; 24%).




Table 2 | Overview of the 45 selected studies that assessed complement components ex-vivo in the past 5 years (2017-2022).




Studies identified as using the correct sample type for assessing complement activation products

For the 45 studies identified as using the correct sample type (mostly EDTA-plasma), ELISA was the method of choice (n=43; 96%), sometimes supplemented with other techniques such as nephelometry or rocket immuno-electrophoresis (n=6; 7%). In this first group, roughly two categories could be identified: studies investigating complement in health and disease (n=39; 87%) and studies with a technical aim such as development or improvement of new tools and assays (n=6; 13%). Regarding studies investigating complement in health and disease, 31 studies assessed complement markers in patients compared to controls in a wide range of infectious, autoimmune, inflammatory and inflammatory-associated diseases or conditions (66, 111–140). A total of 8 studies focused on complement regulation and activation after treatment in patients (141–148). Regarding the technical studies, 3 studies described the development of new tools or assays (149–151) and 3 studies focused on the development/improvement of new methods or procedures (152–154) (Table 2). Next, these 45 studies were scored regarding overall quality standards according to the criteria listed in the methods section. This resulted in a total score ranging from 0 to 4. All studies but one (score=2) reached a good score of 3, indicating that all the criteria were met except that analyses were not performed in a blinded fashion or that this was not mentioned (Table 2).



Studies identified as not using the correct sample type

A total of 25 studies (27%) were identified as not using the correct sample type for the complement measurements (Figure 4; Supplementary Table 1). Most of these studies used serum samples for measuring individual complement components and their split products. This group also showed a larger variety in techniques used for complement analysis when compared to the group using the correct sample type. ELISA was used in 13 studies (52%), turbidimetry/nephelometry in 7 studies (28%), mass spectrometry in 2 studies (8%) and 5 studies (20%) used other techniques. A total of 5 studies (20%) did not specify the used techniques. Once again, several studies used more than one technique for their measurements, hence the number of performed analyses is higher than the total number of the identified studies.



Studies that did not specify the sample matrix or the techniques used for measuring complement

The last group of 22 studies (24%) did not specify which sample type was used for their measurements. For 6 out of these 22 studies (27%), it is unclear whether serum or plasma was used. The remaining 16 studies (73%) used plasma samples for their measurements but did not specify which anticoagulant tubes were used. Regarding the techniques, 12 studies (55%) reported using ELISA, one study (5%), mass spectrometry and one study (5%) nephelometry. For the remaining eight studies (36%), it is unclear which technology was applied. In addition, little information was provided regarding pre-analytical sample handling and storage (Figure 4; Supplementary Table 1).

Overall, from the 92 selected studies for in-depth analyses, 45 studies (49%) were identified as using the correct sample type for their complement measurements. A total of 47 studies (51%) did not use the correct sample type or it was not clear which sample type was used.




Assessment of C3, C5, their split products and sTCC in human samples to demonstrate the effect of (in)correct pre-analytical sample handling, antigenicity and selecting the appropriate technique

To demonstrate the effect of artificial complement activation in the tube induced by inappropriate pre-analytical sample handling, we measured C3c and sTCC concentrations in complement-preserved serum samples and in plasma samples anticoagulated either with citrate, heparin, EDTA 10 mM and EDTA ≥20 mM. Samples were incubated at RT or on ice for 10 min, 1 h, 2 h and 16 h before measurements. C3c concentrations measured in all plasma samples at RT did not significantly differ from baseline concentrations (10 min) when measured after 1h and 2h. However, both C3c concentrations and the degree of variation between samples increased when plasma samples were measured after 16 h at RT (but this difference did not reach statistical significance due to large variation and low number of samples) (Figure 5A). In contrast, a strong increase in C3c concentrations was observed in complement-preserved serum measured after 1 h and 2 h at RT when compared to baseline and the difference reached statistical significance after 2 h (36342 ± 2685 ng/ml versus 15201 ± 2760 ng/ml; p=0.0005). Relative C3c values in serum increased 2.0 to 5.4-fold after 16 h when compared to baseline (Figure 5A). When plasma samples were kept on ice, no differences in C3c concentrations or much variation between samples was observed after 1 h, 2 h and 16 h (Figure 5B). Also for complement-preserved serum on ice, C3c concentrations did not differ at 1 h and 2 h but after 16 h relative C3c values ranged from 0.69 (decrease) to 4.3-fold when compared to baseline (Figure 5B). For sTCC, levels show the same pattern as observed for C3c. For plasma samples, sTCC concentrations at RT did not differ at 1 h and 2 h but after 16 h, both concentrations and degree of variation between samples increased (again this increase did not reach statistical significance due to large variation and low number of samples) (Figure 5C). Of note, sTCC concentrations in complement-preserved serum samples showed a different pattern as observed for C3c. Concentrations tended to be lower at 1 h, 2 h and 16 h at RT but this was not statistically significant (Figure 5C). When samples were kept on ice, all plasma samples showed no differences in sTCC concentrations at 1 h, 2 h and 16 h when compared to baseline (Figure 5D). Concentrations of sTCC in complement-preserved serum samples on ice tended to fluctuate between timepoints but this did not reach statistical significance (Figure 5D). Overall, EDTA-plasma samples showed most stable results regarding C3c and sTCC levels overtime for both RT and on ice. In addition, less variation in concentrations was observed between samples anticoagulated with 20 mM EDTA when compared to 10 mM EDTA (Figures 5A–D).




Figure 5 | Benchtop stability of the components C3c and soluble TCC in serum samples and in plasma samples with different anticoagulants. C3c and sTCC levels were measured in complement-preserved serum samples (n=5) and in plasma samples anticoagulated either with citrate, heparin, EDTA 10 mM and EDTA ≥20 mM (n=5 for each anticoagulant). All samples were thawed and incubated at RT or on ice for 10 min, 1h, 2h and 16h before measurements. (A) C3c levels measured after incubation at RT and (B) on ice. (C) sTCC levels measured after incubation at RT and (D) on ice. Samples were analyzed using a serial dilution ranging from 1:50 to 1:400 and data are represented as mean ± SEM. Deviation from baseline ≤10% is highlighted in grey.



To illustrate the effect of antibodies that differ in antigenicity, we quantified C3 concentrations in EDTA-plasma samples from healthy controls using two ELISA setups capturing C3 at two different epitopes (Figures 6A, B). Mean C3 values were 2.7-fold higher in the assay in which HM2287 was used as capturing antibody compared to the assay in which HM2286 was used (1223 ± 120.9 µg/ml versus 449 ± 28.6 µg/ml; p<0.0001) (Figure 6B).




Figure 6 | C3 EDTA-plasma concentrations in healthy individuals measured using two different assay designs. EDTA-plasma samples were analyzed in duplicates and data are represented as (A) individual values and (B) mean ± SEM.



To demonstrate that choosing the correct technique/approach for assessing complement activation is of major importance for correct interpretation of results, we quantified C3, C3a, C3c, C5 and sTCC using ELISA in COVID-19 patients admitted to the ICU. This technique was chosen because of its ability to quantify and distinguish between native complement proteins and their complement-activated split products. Results show that the EDTA-plasma concentrations for the split/activation products C3a, C3c and sTCC were significantly (p<0.0001) increased in ICU patients when compared to HC. In contrast, C3 and C5 concentrations did not differ between these two groups (Figure 7) (66).




Figure 7 | C3 and C5 consumption in COVID-19 patients. EDTA-plasma sample values for the markers C3, C3a, C3c, C5 and soluble TCC. Samples were analyzed using a serial dilution ranging from 1:500 to 1:64000 and data are represented as individual values and mean ± SEM. NS, non-significant; HC, healthy volunteers; ICU, intensive care unit; COVID-19, Corona Virus Disease 2019.






Discussion

In this review, we systematically reviewed the available literature in the period 2017-2022 regarding measurements for C3, C5 and/or their split products and/or sTCC in human blood samples and whether these measurements were performed correctly and reliably concerning sample type, pre-analytical sample handling and used techniques and assays.

Out of 376 records, a total of 92 studies were included. From those 92 studies, 45 studies (49%) were identified as using the correct sample type for their measurements. Using our scoring method to assess the overall quality of those 45 studies, most studies showed a total score of 3, indicating good quality. However, it is remarkable that performing a study in a blinded fashion is not standard procedure or is not mentioned. Although beyond the scope of this paper, we would like to stress the importance of basic guidelines and procedures for experiments to assure the quality and integrity of laboratory studies. For instance, ideally samples should be blinded for the operator performing the measurements and experimental groups should be randomly dispersed over the plates. If possible, run all samples on the same plate, especially when samples are paired. This is of course not always possible when the number of samples is too high. In that case, use assays/materials from the same batch to avoid batch-to-batch differences as much as possible. For each separate plate, QC samples with known values should be included on different spots throughout the plate to assess intra- and inter-variability. These procedures for conducting an experiment are often not mentioned.

Twenty-five (27%) studies did not use the correct sample type for their complement measurements. EDTA-plasma is the preferred sample type for measuring individual complement components and their activation products to minimize artificial complement activation. Most of these 25 studies chose serum for their analysis. This does not necessarily mean that the results presented in these 25 studies are unreliable and that these studies are invalid. However, complement components analyses in serum samples can be subjected to artificial complement activation during clotting leading to increased variation in concentrations between samples thereby introducing noise (155). In addition, the identified studies using serum samples did not mention exactly how serum was prepared and what type of collection tubes (with or without clot activator) were used. As also mentioned above, different serum collection tubes may affect complement analyses of the lectin pathway (80, 85). It has been shown that the use of silica as clot activator results in lower ficolin-2 levels and increased ficolin-1 levels (85, 86). In contrast, ficolin-2 depletion does not occur in serum prepared using collection tubes without a clot activator, but the study of Geno and coworkers showed that ficolin-2 inhibitors arise in serum after long-time storage at -80°C (156). These aspects make accurate measurements and identification of differences in concentrations between experimental groups difficult, especially when these differences are subtle. Complement split products are particularly sensitive to false results and measuring them in serum is not valid.

The third group identified consisted of 22 studies (24%) that did not specify which sample type was used for their measurements. Often, these studies also did not report the technology used for their analyses. Also here, this does not necessarily mean that these studies are of lower quality regarding the assessment of complement. However, for these studies it is very difficult to objectively assess and value the results as it is not clear how these results were obtained. Providing information regarding samples, collection tubes, shipment conditions, pre-analytical sample handling and storage, used techniques and methods is key, not only for assessing complement activation but for performing research in general. Providing this information is not only the responsibility of the authors but also of the reviewers during the peer-review process.


Limitations of the systematic literature review

A systematic review is a powerful analytical tool to collect and analyze data in an objective and standardized way. However, as with all methods, there are limitations. One limitation of our study is that the research question did not include complement components other than the complement markers C3, C5, their split products and TCC. These markers were selected as these are key components of the complement system and, to date, the only approved complement-specific drug targets C5. Another drawback of our study is that systematic searches by using keywords is limited. If MeSH keywords do not match or are not mentioned in titles and/or abstracts, these studies are missed. Next to these ‘practical’ limitations, we are aware that our systematic search does not fully represent pre-analytical sample handling and complement assessment in a daily diagnostic setting. Complement measurements performed solely for diagnostic purposes are not reported in the Pubmed/MEDLINE database and are therefore missed.



Need for appropriate pre-analytical sample handling and standardized measurement of complement markers

As mentioned in the introduction, there is a high need for appropriate pre-analytical sample handling, storage of samples and standardization of complement testing to be able to compare results between studies and laboratories. Most of the twenty-five studies identified as not using not the correct sample type for their measurements, used serum samples to measure complement activation products.

To provide insight in the effect of artificial complement activation of serum samples in the tube, we measured C3c and sTCC levels in both serum and plasma samples incubated at RT or on ice for several hours. The results clearly show that in serum samples, both C3c levels and variation in levels between samples immediately increases when samples are ‘left on the bench’ at RT for a couple of hours. For plasma samples, this effect is completely absent for the first few hours and only after 16 h, also here some increase in variation and levels is observed. These effects in plasma after 16 h are expected as it is known that these anticoagulants minimize complement activation but not inhibit it completely (1). Incubating samples on ice most certainly slows down artificial complement activation, as the effects on C3c levels in serum are less pronounced when compared to RT. However, also here it is clear that levels and variation between samples changes over time, thereby obscuring the measurements. More or less the same effects were seen for the sTCC measurements, but it was not expected that levels would decrease in serum samples after incubation at RT. An explanation for this is currently lacking, although when also observing the serum sTCC levels incubated on ice, it is clear that levels varied a lot, making measurements difficult to interpret, especially with these low numbers. Regarding the different plasma samples analyzed in this experiment, results show that the concentrations for both C3c and sTCC remained stable for 2 h at RT and on ice in EDTA-plasma. Although concentrations and variations between samples shifted a little after 1 and 2 h in citrate and heparin plasma, they remained relatively stable when compared to baseline. However, it is well-known from literature that EDTA is more effective in inhibiting complement activation when compared to citrate and heparin (83, 157, 158). This holds true not only for benchtop stability but also after freeze-thawing of samples (83), although the magnitude of effects varies between the different complement components. Overall, these results re-confirm that EDTA-plasma is the most stable sample type for measuring complement activation products. Moreover, our results showed that levels in EDTA-plasma samples with extra EDTA (≥20 mM instead of 10 mM) were more stable when compared to plasma samples with no extra EDTA (normal EDTA collection tube). This might argue for the need of adding extra EDTA when samples are collected for the measurement of complement activation products. However, a larger study is needed to confirm these initial results.

Of note, our guidelines for sample handling are more strict than the actual limits that we (and others) have measured in our experimental set-up with healthy control samples (83). However, importantly, conditions in clinical practice are less controlled than in planned experimental settings of blood collection, as was the case in this study. In addition, samples in which there is already (low-rate) complement activation, in vitro activation may have faster kinetics, making them even more prone to false results after inappropriate handling.

To illustrate the effect of poorly standardized testing, we measured C3 levels in ETDA-plasma from HCs using two assay setups. Both assays were exact the same except that two distinct capture antibodies were used, recognizing different epitopes in the C3 protein. Recognizing alternative epitopes also means that binding affinity for the C3 antigen differs between the two antibodies. Variation in binding affinity will result in different amounts of antigen that can be detected in an assay. Indeed, results showed a 2.7-fold change in mean C3 levels between the two assay setups in this small cohort of healthy individuals. These results show that using two distinct antibodies, recognizing different epitopes of C3, leads to difficulties in assessing and comparing data and may have consequences for interpretation. Differences can be explained by the conformational changes of C3 during activation (159). Together with accessibility, small changes in conformational epitopes can lead to changes in affinity and antibody kinetics when applied in assays. This indicates the need for assays using antibodies that recognize the same epitope within the antigen being measured, especially in the light that antibody-based assays are among the most-preferred methods for complement assessment. Next to that, assays need to be calibrated against uniform protein standards in order to produce results that can be compared between different testing facilities.

Furthermore, our results show that selecting the correct markers, accompanied by the appropriate technique, is of high importance for measuring complement, especially in a diagnostic setting. Our measurements in COVID-19 patients, using dedicated ELISAs for both the native proteins as well as the split products, clearly showed that complement is activated in COVID-19. Levels for the complement activation markers C3a, C3c and sTCC were increased in patients when compared to controls whereas no differences in levels for the native proteins C3 and C5 were detected. Measuring only C3 and C5 plasma concentrations (and not the split products), as performed in most peripheral hospitals handling routine protocols, would have led to the incorrect conclusion that complement is not activated in these COVID-19 patients. Using nephelometry to measure complement activation would, in this case, not suffice as this technique will not distinguish between native complement proteins and its split products and therefore measure a mixture of C3 and its activation products C3a, C3b, iC3b, C3c and C3d. This would have obscured the outcome. Also using ELISAs for only the unprocessed markers C3 and C5 would not suffice is this case. The combination of measurement of native and activated complement fragments would yield more and earlier insights in unexpected protein levels, deficiencies and could aid to predict the remaining complement-activating potential or aid in staging of complement during disease.

These inconsistencies indicate the high need for well-characterized and standardized assays. This need for standardization and well-defined and characterized assays is well-known within the field. It is therefore that in 2009, the Sub-Committee for the Standardization and Quality Assessment of Complement Measurements (the ‘Complement EQA Group’) was formally recognized and became part of the IUIS (International Union of Immunological Societies) Quality Assessment and Standardization Committee (https://iuis.org/committees/qas/) (2, 82). Next to that, the Complement EQA Group is a standing committee also of the International Complement Society (ICS). The purpose of the EQA group is to facilitate standardized diagnostic complement analysis by developing calibrator materials and test recommendations (2, 82). Initial steps have been made as a serum standard to be used as calibrator for quantitative and functional complement analysis in normal, non-activated human serum (Standard 1; ICS#1) was prepared and evaluated. Next to ‘Standard 1’, also a complement activated standard (Standard 2; ICS#2) was prepared to be used as calibrator in assays for quantifying complement activation products. Both calibrators, together with single patient pathological samples were sent around to participating complement diagnostics laboratories for quality assessment rounds (or ring trials); an inter-laboratory test that allows to evaluate the performance of testing laboratories. Using the calibrators ICS#1 and #2, several complement factors were quantified in parallel in all participating laboratories. The between-laboratory coefficient of variation (CV%) ranged between 0.07 and 0.99 (2, 3, 82). Creating such calibrators with defined amounts of the individual complement components for complement assessment in a diagnostic setting will most certainly improve the quality and consistency of the test results and much progress has been made regarding this. However, as also stated by the Complement EQA Group, other assay components should be used in a standardized matter. For instance, recommendations for sample matrices and advice/descriptions regarding the preferred epitopes in antibody-based assays would most likely improve standardized complement measurements. Next, the EQA Group could provide concentration ranges for complement markers within diseases to be used as reference values for laboratories. This will provide each testing facility the opportunity to set up its own assay without infringing reproducibility in test results between different laboratories.




Conclusions and future perspective

As the results of our systematic literature review have illustrated, 49% of the identified studies investigating complement activation uses the appropriate sample type for their analysis while 27% of the studies did not. For 24% of the studies, it was not clear what sample type or technique was used. Next, we provided examples that using inappropriate sample types and techniques might lead to misinterpretation of results. Complement biology is an emerging field given the prominent pathogenic involvement in many diseases and its potential for tailored therapeutic intervention. As a result, assessment of complement activation and regulation will become more important in the near future for both research and the daily diagnostic setting. Therefore, it is of utmost importance that complement analysis is performed in a robust and reliable manner. This holds not only for the assessment itself, but also for sample collection, shipment, pre-analytical sample handling, and storage. We underline the importance of awareness regarding these matters and that they may influence the outcome of complement studies.

For the future, we recommend that a uniform protocol is used for standardized sample collection, shipment, pre-analytical handling and storage for both the assessment of complement function as the measurements of individual complement components. Next to that, a more detailed description of the study design is needed regarding used methods and materials (e.g., type of collection tubes). For functional testing, complement-preserved serum (prepared as indicated in Figure 2) should be used. To assess individual complement components, EDTA-plasma must be used to minimize artificial complement activation. A first set-up for this uniform protocol is outlined in Figure 2. The assessment itself should be performed using standardized assays to produce results that are robust and comparable between diagnostic laboratories. Regarding the assays, standardized calibrators and reagents must be used. Antibody-based assays should preferably use antibodies recognizing the same epitope to minimize the variation in kinetics of the antibodies for the antigen. Standardization of complement analysis is organized and coordinated by the Sub-Committee for the Standardization and Quality Assessment of Complement Measurements (the ‘Complement EQA Group’). We believe that this group should be strongly embedded within and supported by the complement society so that they can have a leading role in providing clear directives for complement measurements.
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The most commonly used markers to assess complement activation are split products that are produced through activation of all three pathways and are located downstream of C3. In contrast, C4d derives from the cleavage of C4 and indicates either classical (CP) or lectin pathway (LP) activation. Although C4d is perfectly able to distinguish between CP/LP and alternative pathway (AP) activation, no well-established markers are available to differentiate between early CP and LP activation. Active enzymes of both pathways (C1s/C1r for the CP, MASP-1/MASP-2 for the LP) are regulated by C1 esterase inhibitor (C1-INH) through the formation of covalent complexes. Aim of this study was to develop validated immunoassays detecting C1s/C1-INH and MASP-1/C1-INH complex levels. Measurement of the complexes reveals information about the involvement of the respective pathways in complement-mediated diseases. Two sandwich ELISAs detecting C1s/C1-INH and MASP-1/C1-INH complex were developed and tested thoroughly, and it was investigated whether C1s/C1-INH and MASP-1/C1-INH complexes could serve as markers for either early CP or LP activation. In addition, a reference range for these complexes in healthy adults was defined, and the assays were clinically validated utilizing samples of 414 COVID-19 patients and 96 healthy controls. The immunoassays can reliably measure C1s/C1-INH and MASP-1/C1-INH complex concentrations in EDTA plasma from healthy and diseased individuals. Both complex levels are increased in serum when activated with zymosan, making them suitable markers for early classical and early lectin pathway activation. Furthermore, measurements of C1-INH complexes in 96 healthy adults showed normally distributed C1s/C1-INH complex levels with a physiological concentration of 1846 ± 1060 ng/mL (mean ± 2SD) and right-skewed distribution of MASP-1/C1-INH complex levels with a median concentration of 36.9 (13.18 - 87.89) ng/mL (2.5-97.5 percentile range), while levels of both complexes were increased in COVID-19 patients (p<0.0001). The newly developed assays measure C1-INH complex levels in an accurate way. C1s/C1-INH and MASP-1/C1-INH complexes are suitable markers to assess early classical and lectin pathway activation. An initial reference range was set and first studies showed that these markers have added value for investigating and unraveling complement activation in human disease.
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Introduction

The complement system is a proteolysis-based activation cascade, consisting of more than 40 plasma proteins, which acts as a first line defense in the fight against microorganisms such as bacteria, viruses or fungi. Besides, the complement system also plays a role in the clearance of damaged or altered host cells (1), in enhancing the adaptive immune response (2), and in autoimmune diseases. It can be activated via three different pathways, the classical (CP), the lectin (LP), and the alternative pathway (AP). An overview of classical and lectin pathway activation as well as a proposed scheme of complex formation is demonstrated in Figure 1.




Figure 1 |    Overview of Classical and Lectin Pathway activation, regulation by C1-INH and proposed mechanism of complex formation. Middle panel: Activation of the classical and the lectin pathway (1). Recognition of triggering compound by the respective recognition molecules (C1q for classical pathway; MBL, ficolins or collectins for lectin pathway) and binding thereof to the activating compounds/structures. (2) Zymogen autoactivation of the first serine protease after structural changes of the associated recognition molecules upon binding to activating structures. (3) Catalytically activation of the second serine proteases by the activated first serine proteases. (4) Cleavage of C2 and C4 by activated serine proteases. (5) Formation of the classical C3 convertase, consisting of C4b and C2b [updated nomenclature according to (3)]. (6) Downstream complement activation going along with the release of several complement activation/split products. (7) Formation of the Terminal Complement Complex (TCC) or the Membrane Attack Complex (MAC complex), when formed on a membrane, and lysis or cell clearance. Left and right panel: Regulation of classical and lectin pathway activation by C1-INH and proposed theory of complex formation. (A) Binding of the pattern recognition molecule to an activating surface, resulting in conformational changes in the respective protein complexes. (B) Activation of serine proteases, allowing downstream complement activation. (C) Regulation of pathway activation by C1-INH through covalent binding to active sites of the serine proteases, blocking protease function and further activation of the respective pathways. (D) Dissociation of the complexes upon binding of C1-INH and release of C1-INH complexes as well as free pattern recognition molecules into the circulation. The figure was created with BioRender.com.



The classical pathway is activated by binding of the recognition protein C1q, part of the C1 complex (C1qC1r2C1s2), to circulating antibody-antigen complexes containing IgG or IgM. Activation can also occur in an immune complex-independent manner, through binding of C1q to acute phase proteins like the C-reactive protein or Pentraxin 3 (4, 5). Additionally, there is also the possibility of direct interaction between the initiator C1q and viral proteins, including surface proteins of HIV-1 and EBV (6), lipopolysaccharides such as on the surface of bacteria (7), and apoptotic cells (8). Upon binding of the C1 complex to an activating target surface, structural changes occur in the C1q, which trigger the associated zymogen C1r in the C1 complex to autoactivate. Auto-activated C1r can subsequently activate proenzyme C1s (9), which then allows proteolytic cleavage of C2 and C4, initiating the formation of the classical C3 convertase (C4b2b) and downstream complement activation. The lectin pathway is activated in a slightly different way. While classical pathway activation can only be initiated by C1q, the lectin pathway can be activated through several pattern recognition molecules: collectins, such as the mannan-binding lectin (MBL), collectin-10, and collectin-11; and the three ficolins, ficolin-1, ficolin-2 and ficolin-3 (10). Upon recognition of triggering carbohydrate structures or acetyl group patterns on pathogen surfaces, both the MBL-associated serine protease 1 (MASP-1) and -2 (MASP-2) are activated. While activated MASP-2 can cleave C4 and C2, MASP-1 can only cleave C2 as a central component of the complement cascade, and not C4 (11). However, MASP-1 can also cleave MASP-2, thereby additionally enhancing C4 and C2 cleavage (12, 13). Activation of the CP and LP and subsequent cleavage of C2 and C4 will lead to the formation of C3 and C5 convertases and downstream complement activation. Finally, this results in the formation of the terminal complement complex (TCC), also known as the membrane attack complex (MAC complex), when formed on the membrane of a target cell (14). After complement activation, the targeted cell will either be osmotically lysed or opsonized and eliminated by phagocytosis (15).

For assessing complement activation, several well-known and widely used biomarkers are available (see Figure 1). Most commonly used markers for measuring complement activation in human plasma are C3 split products (anaphylatoxin C3a, C3c and C3d), C4 split products C4a and C4d, the alternative pathway activation product Bb (not shown in Figure 1), the anaphylatoxin C5a and the terminal pathway activation product sC5b-9 (16). C3 split products, such as the anaphylatoxin C3a, C3c and C3d, as well as the terminal complement complex (TCC/sC5b-9) are produced as a result of activation of all three complement pathways. As an example, C3d is a robust marker for C3 activation, extensively studied in complement-mediated diseases such as age-related macular degeneration (AMD) or Systemic lupus erythematosus (SLE) (17, 18). In contrast, C4d is derived from the cleavage of C4 and hence indicates both classical and lectin pathway but not alternative pathway activation. Besides that, many C3d and C4d assays are widely used in routine diagnostics and available commercially, especially investigation of C4d is mainly used for immunostaining in (kidney) biopsies (19–21). Although C4d is perfectly able to distinguish between CP/LP and AP activation, no well-established markers to measure early classical and early lectin pathway activation are available. Information thereof could provide further insights into - and better understanding of - the role of complement in health and disease. Next to that, it might have added value for the diagnosis of complement-mediated disease as well as for monitoring disease onset and severity. Additionally, knowledge about the early CP and LP activation state could help in the development and monitoring of complement inhibitors specifically targeting early components like C1s (22, 23).

Activation of complement via both the CP and LP is tightly regulated by C1 esterase inhibitor (C1-INH), a highly glycosylated protein encoded by the SERPING1 gene, predominantly expressed in the liver (24). C1-INH is the only known regulator of the early classical and lectin pathways, while it also has a profound role in regulating the contact system, the fibrinolytic system as well as the coagulation system (25). With regard to the CP, it can covalently bind to activated C1r and C1s, blocking the serine protease function and hence inhibiting proteolytic cleavage of C4 and C2 and further CP activation (26). Upon binding of C1-INH, the C1 complex dissociates and releases free C1q as well as covalent C1r/C1-INH and C1s/C1-INH complexes (27). Those complexes are internalized and degraded by the low density lipoprotein receptor-related protein rapidly after release into the circulation (28). C1-INH also regulates the lectin pathway as it forms covalent complexes by directly binding activated MASP-1 and MASP-2, thereby downregulating pathway activation.

For both protein complexes, several studies have reported that levels in circulation are associated with human disease. Regarding C1s/C1-INH, levels were increased 2-3-fold in Hereditary angioedema (HAE) patients when compared to controls (29, 30). In addition, increased C1s complex levels were also reported for other diseases involving classical pathway activation, such as Systemic lupus erythematosus (SLE), glomerulonephritis, and rheumatoid arthritis (RA) (31, 32). Concerning MASP/C1-INH complexes, a given amount of both MASP-1/C1-INH and MASP-2/C1-INH naturally exists in the circulation (33). However, lower MASP-1/C1-INH complex levels were reported in HAE patients with decreased C1-INH activity (33), whereas type II HAE patients seem to have increased MASP-1/C1-INH levels when compared to healthy controls (30). These results suggest that C1s/C1-INH and MASP/C1-INH protein complexes are involved in the pathogenesis of several complement-mediated diseases and that they may have added value as biomarkers for diagnosis and disease- or treatment monitoring. While the specific function of the C1-INH complexes is not known yet and requires further research, complex formation of CP and LP serine proteases with C1-INH does require activation of the respective serine proteases (like C1s, C1r, MASP-1 or MASP-2), making the complexes promising biomarkers to distinguish between early classical and early lectin pathway activation. Higher levels of the C1-INH complexes in disease might indicate higher levels of complement regulation through C1-INH and hence also higher activation levels of the respective pathways.

So far, no commercially available assays exist in order to measure C1s/C1-INH complex and MASP-1/C1-INH complex concentrations in a reliable and standardized way, making it difficult to compare already published studies about C1-INH complexes. In this study, we aimed to develop two sensitive and specific immunoassays for quantifying C1s/C1-INH and MASP-1/C1-INH complexes in human blood samples (plasma and serum). In addition, we intended to show that C1-INH complex levels increase upon in-vitro activation of the respective pathways in human serum, making them suitable biomarkers for indirect measurement of ongoing activation of either the classical pathway (C1s/C1-INH complex) or the lectin pathway (MASP-1/C1-INH complex).

A further aim was to clinically validate these complexes also in vivo. Therefore, we investigated C1-INH complex levels in COVID-19 patients, where complement activation is known to play a role in the pathomechanism of the disease, and compared the results to C1-INH complex concentrations measured in healthy controls’ samples.



Material and methods


Patient cohort

A total of 414 COVID-19 patients (34, 35) and 96 healthy controls (34, 36) were enrolled and sampled as described elsewhere. In brief, whole blood was collected into EDTA-treated tubes, before cells and plasma were separated by centrifugation. EDTA-plasma samples were stored in aliquots at -80°C until further usage.

Ethical approval was obtained from the East of England – Cambridge Central Research Ethics Committee (“NIHR BioResource” REC ref 17/EE/0025, and “Genetic variation AND Altered Leucocyte Function in health and disease – GANDALF” REC ref 08/H0308/176), the Hungarian Ethical Review Agency (ETT-TUKEB; No. 8361-1/2011-EKU and IV/4403-2/2020/EKU) and the Government Office of the Capital City Budapest (31110-7/2014/EKU (481/2014)), based on the position of the Medical Research Council. The studies were conducted in accordance with the Declaration of Helsinki. Written informed consent to participate in this study was provided by the participants or their closest relative available.



Biological samples

Matching sample sets, consisting of citrate plasma, heparin plasma, EDTA plasma and serum each, of ten healthy individuals were purchased from BioIVT (BioIVT, New York, USA), stored in aliquots at -80°C and included in measurements during the assay development. C1s/C1-INH complex and C1s enzyme were purchased from CompTech (Complement Technology Inc., Texas, USA), while C1q was purchased from Quidel (Quidel Corporation, San Diego, USA).

Recombinant serine proteases (C1r, C1s, MASP-1, MASP-2) and C1-INH were prepared and purified in-house as described elsewhere (30). Blood samples from animals were obtained from commercial sources. Murine, pig and dog sera were ordered from Innovative (Innovative Research Inc., Michigan, USA), while rat and horse sera were purchased from Harlan (Harlan Bioproducts for Science Inc., Maryland, USA). For complement activation experiments, complement-preserved normal human serum (NHS) was prepared freshly from a pool of 12 healthy individuals and stored in aliquots at -80°C until further usage.



Production of monoclonal antibodies against C1s, MASP-1 and C1-INH

C1-INH was further purified from human plasma C1-INH concentrate by ion-exchange chromatography and size exclusion chromatography (30). Recombinant CCP1-CCP2-SP fragments of C1s and MASP-1 were produced and purified as previously published (37, 38).

Eight-to-ten-week-old BALB/c mice were repeatedly immunized (100 μg antigen/mouse in complete Freund’s adjuvant subcutaneously, 50 μg antigen/mouse in incomplete Freund’s adjuvant subcutaneously, finally, 50 μg antigen/mouse in PBS intravenously). Mice with high serum antibody titer against C1s, MASP-1 or C1-INH were sacrificed, the spleens were removed and splenocytes were fused with Sp2/0-Ag14 myeloma cells in the presence of PEG solution (Hybri-Max, Sigma-Aldrich, Budapest, Hungary). Selection was performed by standard HAT supplemented DMEM (Sigma-Aldrich, Budapest, Hungary) (39). Clones were tested for specificity and cross-reactivity by direct antigen ELISA, and for isotype by sandwich ELISA (data not shown).



In silico analysis of amino acid sequence

Similarity of amino acid sequences of the complex components (C1s, MASP-1 and C1-INH) and other human proteins was tested in silico using Homo sapiens protein BLAST (https://blast.ncbi.nlm.nih.gov). More than 60% agreement in the amino acid sequence between the tested protein and any other protein sequence in the database was chosen as an arbitrary cut off for high similarity and did require experimental specificity testing of the developed antibodies in a direct ELISA setup.



Direct ELISA to test specificity of antibodies

The specificity of in-house produced antibodies for complement proteins was tested by direct ELISA. Relevant proteins of the respective pathways (either recombinant or commercial ones purified from human serum, dependent on availability) were immobilized at a concentration of 1 μg/mL in bicarbonate buffer (0.1 M bicarbonate, pH 9.6; 100 μL/well) on Nunc Maxisorp 96 well plates (Thermo Fisher Scientific, Waltham, USA) at 4°C over night. Wells were blocked with 2% BSA in PBS for 1.5 h at room temperature. After blocking, plates were washed with PBS-Tween. Primary monoclonal antibodies (anti C1-INH, anti C1s or anti MASP-1 used in the complex assays) were added at a concentration of 3 μg/mL in dilution buffer from the complex assays and incubated for 1h at room temperature. After washes (4x), HRP-conjugated goat anti-mouse antibody (Southern Biotech, Birmingham, USA) was added (1:4000 in dilution buffer of the complex assays) and incubated for 1 h at room temperature. Following washes, 50% TMB in H2O was added, the plate was incubated for 5 min before the reaction was stopped using Oxalic acid and the absorbance was measured at 450 nm on a plate reader. Measurements were done in duplicate, while the experiment was performed in triplicate.



Preparation of in-house MASP-1/C1-INH complexes

MASP-1/C1-INH complexes were prepared in-house as described before (30). In short, recombinantly produced activated MASP-1 (CCP1-CCP2-SP domain) was incubated in a 1:1 molar ratio with ultra-pure C1-INH (purified by anion exchange chromatography) for 2 h at 37°C in PBS. After incubation, complex formation was validated using SDS page and complexes were stored in 1% BSA-PBS at -80°C until further usage, while repeated freeze-thawing was prevented through aliquoting.



Development of C1s/C1-INH and MASP-1/C1-INH complex assays and assay performance

Two novel immunoassay detecting levels of C1s/C1-INH (cat #HK399) and MASP-1/C1-INH (cat# HK3001) complex in vitro were developed. Plasma samples (citrate, heparin and EDTA), serum samples and standards were incubated in wells coated with monoclonal antibodies recognizing either the serine proteases C1s or MASP-1 of the complex. After incubation and washing, wells were incubated with an HRP-labeled monoclonal antibody detecting bound C1-INH in the complexes. Addition of tetramethylbenzidine (TMB) substrate started an enzymatic reaction thereby producing a colored product. The reaction was stopped by adding oxalic acid and the absorbance at 450 nm (OD450 nm) was measured using a spectrophotometer. This protocol was used to evaluate several assay characteristics such as (but not limited to) sensitivity, specificity, parallelism between calibrator and samples, matrix effects, recovery, intra- and inter variability and stability of samples and calibrators. All assay development aspects were evaluated using the following general requirements:

	Max. optical density at 450 nm (OD450 nm) ≤ 3.0,

	OD450 nm highest concentration standard/calibrator (S1) 1.7<OD450 nm< 3.0,

	OD450 nm blank ≤ 0.2, signal to noise ratio (S/N) > 10.



Variation between samples or conditions was evaluated by calculating the coefficient of variation.

	



Recovery of C1-INH complexes in EDTA plasma

To evaluate recovery of C1-INH complexes in EDTA plasma, samples of three individuals with different, but previously determined, complex concentrations (low, middle, and high) were mixed in different percentages/ratios (100–0, 75–25, 50–50, 25–75, 0–100) and incubated for 30 min at room temperature. Next, C1s/C1-INH complex and MASP-1/C1-INH complex concentrations were measured in these mixed samples. Recovery was determined according to following equation in which the expected concentration was compared to the observed (measured) concentration:

	

In general, requirements were met if recovery was between 80% - 120%.



Specificity of the assays

The specificity or cross-reactivity of the C1-INH complex assays was tested in two ways. Firstly, cross-reactivity with other proteins or family members and the uncomplexed complement components was investigated. Uncomplexed complement components (C1s and C1-INH for the C1s/C1-INH complex, and MASP-1 and C1-INH for the MASP-1/C1-INH complex) were diluted in dilution buffer and signals were measured in the C1-INH complex assays as described above. Secondly, it was also investigated whether the assays show cross reactivity with species other than human. Serum samples of animal origin (mouse, rat, pig, horse and dog) were measured 10x less diluted compared to dilutions used for human samples.



Inter- and intra-assay variation

Intra-assay variation (multiple determinations of single samples within a single test run) was tested by the measurement of three independent aliquots each of four different samples within one test run. The experiment was conducted separately by two different operators and means and coefficients of variation (%CV) were calculated from the aliquots tested. Inter-assay variation (multiple determinations of single samples in several assay runs) was determined by calculation of the means and %CVs between the test runs from both operators.

A coefficient of variation <10% indicates low variation for intra-assay variation, while a coefficient of variation <20% indicates low variation for inter-assay variation.



Stability testing of C1-INH complexes

During development, both benchtop and freeze-thaw stability in samples were evaluated. Benchtop stability of the C1-INH complexes was assessed by incubating undiluted samples for different time intervals at room temperature as well as on ice, before those samples were measured in the assays as described above. The measured complex concentration of a sample kept at the respective condition for 10 minutes served as a control. Freeze-thaw stability was evaluated by repeatedly freezing (-80°C) and thawing individual aliquots of the samples for up to 4 cycles and comparing the measured C1-INH complex concentrations to concentrations determined in an unthawed aliquot. When performing the freeze-thawing steps, samples were thawed at room temperature, kept on ice for 10 min and subsequently frozen at -80°C. Stability testing of the complexes was done in EDTA plasma, citrate plasma as well as in purified form (commercially available C1s/C1-INH complex or in-house MASP-1/C1-INH complex). Changes of the complex concentration between 80-120% compared to the controls (10 min sample for the benchtop stability, unthawed sample for the freeze-thaw stability) were considered as acceptable.



Preparation of zymosan activated serum

Zymosan was boiled in PBS for 1 h, and subsequently washed 4 times in PBS. After washing, zymosan was mixed to a final concentration of 10 mg/mL with 2% complement-preserved normal human serum (NHS) in VBS++ buffer (veronal-buffered saline containing 0.15 mM Ca2+ and 1 mM Mg2+), before tubes were incubated at 37°C on a shaker (250 RPM). Samples were taken directly after mixing and after incubation for 5 min, 10 min, 20 min, 30 min, 1 h, 2 h, 3 h and 5 h. Directly after sampling, each sample was supplemented with EDTA to a final concentration of 10 mM, in order to avoid further artificial complement activation. Remaining zymosan was removed by centrifugation and the supernatant was stored at -80°C until further usage. When measuring C1-INH complex concentrations, samples were diluted further (3x for the MASP-1/C1-INH complex assay and 30x for the C1s/C1-INH assay) to measure in the reliable range of the assays, and levels of C1s/C1-INH and MASP-1/C1-INH complex were determined as described above.

Several controls were included: Auto-activation of the classical and lectin pathway was measured in NHS without addition of either EDTA or zymosan, one control sample contained NHS and 10 mM EDTA as a negative control (NHS+EDTA) and another sample contained all three components (NHS+zymosan+EDTA).



Specific activation of CP or LP

For specific activation of either the classical or the lectin pathway, complement-preserved normal human serum (NHS) was activated in a final concentration of 2% on WIESLAB® Complement System Screen plates (SVAR Life Science; WIESLAB® Complement System Classical Pathway (COMPLCP310RUO) for specific CP activation, WIESLAB® Complement System MBL Pathway (COMPLMP320RUO) for specific LP activation). Samples were activated for 5 min, 10 min, 20 min, 30 min, 1 h, 2 h and 3 h. After activation, the samples were collected from the wells, stored at -80°C, and used for C1s/C1-INH and MASP-1/C1-INH complex measurements at a later time point. Both complexes were determined as described before.

Subsequently, the level of complement pathway activity (as measured by C9 neoepitope formation during activation) was determined according to the manufacturer’s instructions. Results were expressed as percentages calculated by the OD values measured in positive and negative controls, as suggested by the SVAR kits protocol.



Statistical analysis

GraphPad Prism 9 was used for statistical analysis and for data visualization. Comparisons of C1-INH complex levels in two different groups were performed either using the Mann-Whitney U or the one sample t-test when appropriate. For the zymosan and CP/LP activation, influence of incubation time and added reagents (zymosan, EDTA or both) or coating (IgM or mannan) on C1-INH complex concentrations was tested by performing a two-way ANOVA. If not stated otherwise, concentrations are given as mean ± SD. Normal distribution of complex levels was tested using the D’Agostino& Pearson test. For normally distributed values, the reference range was calculated using mean ±2SD. For skewed distribution of values, the reference range was reported using median (2.5 percentile range - 97.5 percentile range).

In all statistical tests a p-value<0.05 was considered statistically significant (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001).




Results


Development and characterization of sandwich ELISAs measuring C1s/C1-INH complex and MASP-1/C1-INH complex

Two new immunoassays have been developed, measuring either C1s/C1-INH or MASP-1/C1-INH complex levels, both formed during complement regulation by binding of C1-INH to activated serine proteases.

The new assays are sandwich ELISAs that use murine monoclonal antibodies specifically recognizing either C1s (C1s/C1-INH assay) or MASP-1 (MASP-1/C1-INH assay), and C1-INH, ensuring that only C1-INH complexes are detected. While the initial assay setup was established using purified C1s/C1-INH and MASP-1/C1-INH complexes as a standard, minimally different curve progressions are obtained when the complexes are measured in EDTA plasma (Figures 2A, B). Hence, an EDTA plasma pool with known C1-INH complex concentrations was chosen as a calibrator for both assays, while exemplary standard curves are shown in Figures 2C, D. For the C1s/C1-INH assay, the curve progression was linear between 1.6-100.0 ng/mL (LLoQ: 0.2 ng/mL, ULoQ: 100.0 ng/mL) and resulted in a coefficient of determination of R2= 0.9990 between measured optical density (OD) values at 450nm and C1s/C1-INH complex concentration. For the MASP-1/C1-INH assay, the curve progression was linear between 0.4-25.0 ng/mL (LLoQ: 0.06 ng/mL, ULoQ: 50 ng/mL), resulting in R2 = 0.9987. Non-linear regression (one-site binding, Hyperbola) was chosen for curve fitting. When levels of the respective C1-INH complexes are higher than the highest concentrations of the standard curves, a matrix effect and saturation of the standard curve can be observed (data not shown). Such interactions can be avoided by measuring samples at increased dilutions.




Figure 2 | C1-INH complex standards purified in buffer and in EDTA plasma and exemplary standard curves. Parallelism of the C1-INH complexes is shown either purified in buffer (red) or in EDTA plasma (blue) for concentrations ranging from 1.6-100 ng/mL C1s/C1-INH complex (A) and 0.4-25 ng/mL MASP-1/C1-INH complex (B). Representative results of a C1s/C1-INH complex standard curve (C), ranging from 0 to 100 ng/mL; and a MASP-1/C1-INH complex standard curve (D), ranging from 0 to 25 ng/mL. The coefficient of determination was obtained using non-linear regression (One-site binding, Hyperbola). OD, optical density; R2, coefficient of determination; nm, nanometer; EDTA, Ethylenediaminetetraacetic acid.



Matrix effects can occur when a target analyte interacts with matrix components in plasma or serum samples, and this might result in erroneous sample readings. In order to investigate whether matrix effects occur and to evaluate which matrices are suitable for reliable measurements of C1-INH complexes using these new immunoassays, serially diluted citrate plasma, heparin plasma, EDTA plasma and serum samples derived from the same individual were analyzed (Figure 3). Calculated concentrations and coefficients of variation (%CVs) for these matrices are listed in Table 1. While C1-INH complex concentrations could be measured in all four matrices, the resulting values vary depending on the sample type. C1s/C1-INH complex levels were similar in EDTA and citrate plasma, while higher levels were observed in heparin plasma and serum. Therefore, the latter sample types need to be diluted more during measurements in the ELISA. For the MASP-1/C1-INH complex, highest levels were measured in serum and lower complex levels in all plasma types tested. Coefficients of variation for serum samples were slightly higher compared to plasma samples for both complexes, but all %CVs were below 10% and hence in an acceptable range.




Figure 3 | C1-INH complex concentrations in different matrices. Exemplary results of Citrate plasma (purple), Heparin plasma (pink), EDTA plasma (blue) and serum samples (red) from a single individual are plotted in a dilution range from 50x-6400x for the C1s/C1-INH complex (A) and in a dilution range from 5x-640x for the MASP-1/C1-INH complex (B). Influence of matrices on C1-INH complex concentrations was investigated in two individuals, while results of one individual each are shown here as an example. OD, optical density; EDTA, Ethylenediaminetetraacetic acid; nm, nanometer.




Table 1 | Analysis of different matrices.



Although in silico amino acid searches did not identify any proteins with >60% similarity to the antigens used for antibody development, cross-reactivity of the individual antibodies was tested in a direct ELISA using either purified or recombinant proteins of the respective pathways, depending on availability. The anti C1-INH monoclonal antibody showed a strong signal for purified C1-INH, while very weak signals could also be observed detecting purified C1q or C1s (OD450nm<0.1 for both proteins, and hence below the background threshold of OD450nm<0.2 and neglectable) (Figure 4A). The antibody did not bind to any of the recombinant proteins tested. The anti C1s antibody showed strong signals for both, recombinant and purified C1s, but not for any other protein tested, while the anti MASP-1 monoclonal antibody only showed signals for recombinant MASP-1 (Figure 4B).




Figure 4 | Cross-reactivity of antibodies and new immunoassays. (A, B) Binding of antibodies to proteins of the respective pathways was tested in a direct ELISA. For classical pathway proteins, detection was done with either the C1-INH or C1s antibody, while for lectin pathway proteins detection was done with the C1-INH and MASP-1 antibodies also used during assay development. Conditions were tested in duplicates, while the experiment was performed in triplicates. (C, D) Cross-reactivity of un-complexed complement components was tested using either purified or recombinant proteins of the complex, dependent on availability. While C1s (purified and recombinant) and C1-INH (purified) were tested in the C1s/C1-INH complex assay (C), MASP-1 (recombinant) and C1-INH (purified) were measured in the MASP-1/C1-INH assay (D). (E, F) Cross-reactivity of serum samples from animal origin was investigated in the assays using human EDTA plasma samples (n=4) as a reference, murine serum (n=3), rat serum (n=1), horse serum (n=1), pig serum (n=1) and dog serum (n=1) (E: C1s/C1-INH complex, F: MASP-1/C1-INH complex). Animal samples were measured 10x less diluted compared to human samples. OD, optical density; nm, nanometer.



After the sandwich ELISA protocol was established, cross-reactivity of the assays was investigated using uncomplexed complement components. When applying both the uncomplexed proteins and the C1-INH complexes (standard curve) to the assays, in concentrations 4x higher compared to the standard curve, only the C1-INH complexes are showing specific signals (Figures 4C, D).

Cross-reactivity of the complex assays with other species was tested using blood samples from animal origin. When measuring blood samples from animals (mouse, rat, horse, pig, dog) in the immunoassays, only murine samples (n=3) showed strong cross-reactivity in the C1s/C1-INH assay, while no signals were observed using blood from other animals tested (Figure 4E). None of the animal sera tested showed a strong signal in the MASP-1/C1-INH assay (Figure 4F).

In order to assess the accuracy of the assays, inter-assay variation (variation of multiple measurements of single samples in a single test run) and intra-assay variation (variation of multiple determinations of a single sample in several test runs performed by different operators) were investigated. Both assays showed inter- and intra-assay coefficients of variation<10%, indicating only low variation between multiple runs as well as between different operators (Table 2).


Table 2 | Inter- and Intra-assay variation of C1-INH complex assays.



Recovery of the C1-INH complexes was analyzed in EDTA plasma by mixing of samples with varying complex concentrations in different ratios. An average recovery >90% was seen for both immunoassays (Table 3). In general, a recovery between 80-120% was accepted in the experiment, indicating high accuracy. The expected concentrations of the single samples are plotted against the measured concentrations in Figure 5. In both cases expected vs. measured concentration correlated significantly (p<0.0001), with correlation coefficients of R=1.000 for the C1s/C1-INH complex and R=0.999 for the MASP-1/C1-INH complex.


Table 3 | Recovery of C1s/C1-INH and MASP-1/C1-INH complexes in EDTA plasma.






Figure 5 | Recovery of complexes in EDTA plasma. Recovery of the C1s/C1-INH complex (A) and MASP-1/C1-INH complex (B) was investigated by mixing EDTA plasma samples of three individuals with low, middle and high complex concentration in different ratios (100 + 0, 75 + 25, 50 + 50, 25 + 75, 0 + 100). After 30 min of incubation, C1-INH complex concentrations were determined in the respective assays and recovery (difference between expected and observed C1-INH complex concentration) was calculated according to the equation stated in the Material and Methods section. EDTA, ethylenediaminetetraacetic acid; min, minutes.



In summary, the tests performed during assay development and optimization showed that both assays are able to measure the C1-INH complexes in an accurate, specific and reliable manner. Described assay characteristics are summarized in Table 4.


Table 4 | Summarized characteristics of newly developed C1-INH complex assays.





Validation of C1-INH complexes as markers for early complement activation markers

In order to validate the C1-INH complexes as markers for early classical and early lectin pathway activation, normal human serum (complement-preserved) was activated by zymosan and changes of C1s/C1-INH complex and MASP-1/C1-INH complex levels over time were measured after activation using the newly developed immunoassays. The results showed a strong increase in the complex concentrations for both C1-INH complexes investigated, while the concentrations at time zero (T0) were comparable for all four approaches tested, with mean concentrations of 2829 ± 138 ng/mL C1s/C1-INH complex and 111.4 ± 3.5 ng/mL MASP-1/C1-INH complex (Figures 6A, B).




Figure 6 | Validation of C1-INH complexes as activation markers: zymosan-initiated (A, B) and pathway-specific (C, D) complex formation over time. For zymosan-activation (A, B), normal human serum was incubated either alone or with zymosan, EDTA, or a mix thereof, for up to 5 hours at 37 °C. Samples were taken at several time points and concentrations of C1s/C1-INH complex (A) and MASP-1/C1-INH complex (B) were determined using the new immunoassays. Plotted values show C1-INH complex concentrations (mean ± SD) of two independent activation experiments performed in duplicates each, while effects of added compounds (zymosan, EDTA) and incubation time on C1-INH complex levels were analyzed with a two-way ANOVA with Tukey’s multiple comparisons test. For the C1s/C1-INH complex, a statistically significant effect was seen for the zymosan-treated sample for both, the incubation time (p<0.0001) as well as the treatment (NHS+zymosan vs. NHS: p=0.0399, NHS+zymosan vs. NHS+zymosan+EDTA: p<0.0001, NHS+zymosan vs. NHS+EDTA: p<0.0001). For the MASP-1/C1-INH complex, the zymosan-treated sample did also show statistically significant effects for the incubation time (p<0.0001) as well as the treatment (NHS+zymosan vs. all other treatments tested: p<0.0001). For pathway-specific activation (C, D), normal human serum was incubated on wells coated with either IgM (CP) or mannan (LP), for up to 3 hours at 37 °C. After incubation, C1-INH complex levels were determined in the supernatant (C: C1s/C1-INH complex; D: MASP-1/C1-INH complex), while C9 neoepitope formation was measured on the respective wells (WIESLAB® Complement System kits). Plotted values show mean concentrations of C1-INH complexes (mean ± SD) and normalized CP and LP activity (as measured by C9 neoepitope formation using positive and negative controls provided in the kits) of three independent experiments. NHS, normal human serum; EDTA, ethylenediaminetetraaceticacid; SD, standard deviation; min, minutes; IgM, immunoglobulin M; TCC, terminal complement complex.



For the C1s/C1-INH complex, complex levels in the NHS+zymosan sample increased reaching a plateau of around 16000 ng/mL after 5 h of activation, a 5.7-fold increase compared to the starting concentration (Figure 6A). Complex concentrations in the NHS sample without any additions also increased up to a level of 14000 ng/mL C1s/C1-INH within 5 h, indicating strong auto-activation of the classical pathway when no EDTA is present. Both controls with EDTA were stable for up to 2 h, while in the NHS+EDTA sample an increase in C1s/C1-INH complexes up to 5000 ng/mL was measured when incubating for more than 2 hours at 37°C.

Formation of the MASP-1/C1-INH complex seems to reach its maximum more rapid, with the highest rate of C1-INH complex formation again being observed in the NHS sample activated with zymosan (Figure 6B). Here the complex concentration doubled to 224 ng/mL within one hour, while the concentration did not increase further when activation is continued out to 5 h. In contrast to the C1s/C1-INH complex, no significant increase in MASP-1/C1-INH complex was seen in the normal human serum without activator (zymosan) or in the samples additionally containing EDTA (NHS+EDTA and NSH+zymosan+EDTA).

A two-way ANOVA showed highly significant effects of the added compounds (EDTA or zymosan) as well as the incubation time for both complexes, when compared to the control samples (results in legend of Figure 6).

In addition, formation of C1-INH complexes was also investigated in conditions where only one of the two pathways were specifically activated. When only activating the classical pathway using IgM coating, concentrations of C1s/C1-INH complex did increase in accordance with CP activity, measured by the formation of C9 neoepitope within the same samples, while MASP-1/C1-INH complex levels did not change markedly (Figures 6C, D). During CP activation, C1s/C1-INH complex levels already show a significant increase within 5 min (p=0.0101), and this increase stayed highly significant when activating for 10 minutes or longer, when compared to baseline (p>0.0001). Vice versa, when specifically activating the lectin pathway via mannan coating, there is a significant increase in MASP-1/C1-INH complex levels (60 min activation: p=0.0140; >60 min activation: p<0.0001) as well as of the LP activity (again measured by C9 neoepitope formation) over time, whereas C1s/C1-INH complex concentrations remained unchanged when compared to baseline values (Figure 6D). Only when activating the LP for more than 2h at room temperature, C1s/C1-INH complex levels also differ significantly from baseline (p=0.0456), which can be explained by auto-activation of the classical pathway. Those findings further confirm the potential of C1-INH complexes as specific markers for early classical and early lectin pathway activation.

Since increasing C1-INH complex levels were also observed without the addition of zymosan, the rate of auto-activation of the respective complement pathways was investigated in EDTA plasma and citrate plasma by incubating several samples for up to 16 h at room temperature and on ice. While incubation on ice for up to 16 h does not strongly affect C1-INH complex concentrations in EDTA plasma, an increase is seen when samples are kept at room temperature for more than four hours (Figures 7A–D). Especially for the C1s/C1-INH complex, additional complex formation is observed even in EDTA plasma at room temperature when incubating for more than two hours (Figure 7A).




Figure 7 | Benchtop stability of C1-INH complexes in EDTA plasma and Citrate plasma (A–D) and freeze-thaw stability of complexes in EDTA plasma and in purified form (E, F). For benchtop testing (panels A–D), samples were stored at room temperature (red graphs) or on ice (blue graphs) for different time intervals (10 min-16 h). Afterwards concentrations of either C1s/C1-INH complex (A: EDTA plasma, C: Citrate plasma) or MASP-1/C1-INH complex (B: EDTA plasma, D: Citrate plasma) were measured in the samples. C1-INH concentrations of the 10 min samples were set as 100% and the amount of complexes at other time points was calculated in relation to the 10 min sample. Differences to the 10 min sample were calculated using one sample t-test (* p<0.05, *** p<0.001, non-significant results are not marked). Due to natural variation in biomarker measurements, acceptable concentrations ranged from 80-120% compared to the concentration in the respective 10 min sample. For analysis of freeze-thaw stability (panels E, F), aliquots of either purified C1-INH complex (plotted in red) or two independent EDTA plasma samples (plotted in blue and pink) were exposed to 0 to 4 freeze-thaw cycles and concentrations of C1s/C1-INH complex (E) and MASP-1/C1-INH complex (F) were determined in the respective sandwich ELISAs. Due to natural variation when measuring biomarkers, acceptable complex concentrations ranged from 80-120% of the original concentration (0 freeze thaw cycles) and the accepted range is marked in grey on the figures. min, minutes; h, hours; EDTA, ethylenediaminetetraacetic acid.



Citrate plasma showed additional complex formation if samples are kept at room temperature for more than 1 h (Figures 7C, D), while concentrations are more than double the initial levels after 16 h at room temperature. When incubating on ice, the formation of new C1-INH complexes occurs more slowly, but again at a higher rate than when compared to EDTA plasma.

Those findings indicate the importance of sample handling and the usage of EDTA plasma when investigating complement activation products in general, but more specifically C1-INH complexes.

To obtain more information about appropriate sample handling, we also investigated freeze-thaw stability of the C1-INH complexes in EDTA plasma samples as well as in purified form (commercially available C1s/C1-INH complex and in-house MASP-1/C1-INH complex). Exposure of the samples to up to four freeze-thaw cycles revealed that both complexes are relatively stable in EDTA plasma for multiple rounds of freezing and thawing. However, the purified C1s/C1-INH complex seems to be more prone to degradation with an increasing number of freeze-thaw cycles compared to the MASP-1/C1-INH complex (Figures 7E, F).



Clinical validation of the novel immunoassays in healthy controls and COVID-19

The newly developed assays were used to measure C1s/C1-INH complex and MASP-1/C1-INH complex levels in healthy individuals (n=96) as well as in a total of 414 COVID-19 patients.

In healthy individuals, measurement of C1-INH complexes resulted in a mean physiological concentration of 1846 ± 1060 ng/mL C1s/C1-INH complex (mean ± 2SD) and in 36.9 (13.18 - 87.89) ng/mL MASP-1/C1-INH complex [median (2.5 percentile range – 97.5 percentile range)]. Distribution of the concentration levels measured in healthy adults are shown in Figures 8A, B. While physiological C1s/C1-INH complex concentrations are normally distributed within the observed concentration range (p=0.0974), MASP-1/C1-INH complex levels are right-skewed (p<0.0001).




Figure 8 | C1-INH complex levels in healthy adult individuals. C1-INH complex concentrations were measured in 96 healthy adult individuals, using the new immunoassays. Distributions of C1s/C1-INH complex (A) and MASP-1/C1-INH complex concentrations (B) are shown in histograms. Concentrations in healthy adults were furthermore stratified according to gender (C: C1s/C1-INH complex, D: MASP-1/C1-INH complex) and age (E: C1s/C1-INH complex, F: MASP-1/C1-INH complex). No significant differences between males (n=50) and females (n=46) were observed when comparing the groups using Mann-Whitney test. ns, not significant; r, correlation coefficient.



Besides that, no significant differences in C1-INH complex levels between healthy males (n=50) and females (n=46) were observed (Figures 8C, D). Additionally, no correlation is present between the C1-INH complex levels and the age of healthy adults (Figures 8E, F).

In order to perform a proof-of-concept study including diseased samples, the new immunoassays were utilized to measure C1-INH complex concentrations in a cohort of 414 COVID-19 patients (median delay between symptom onset or positive PCR test and sampling: 10.0 days (IQR 6.0 – 27.8)).

Measurements showed increased C1-INH complex levels in COVID-19 patients when compared to healthy controls, with a mean concentration of 2407 ± 1283 ng/mL C1s/C1-INH complex (Mann-Whitney U test: p<0.0001, Figure 9A) and 51.5 (33.5-76.1) ng/mL MASP-1/C1-INH complex (Mann-Whitney U test: p<0.0001, Figure 9B).




Figure 9 | C1-INH complex levels in adult COVID-19 patients. The new immunoassays were clinically validated by the measurement of C1s/C1-INH complex (A) and MASP-1/C1-INH complex levels (B) in 414 COVID-19 patients as well as in 96 healthy controls. P values for the pair-wise group comparisons (healthy vs. COVID-19) were calculated by the Mann-Whitney test (**** p<0.0001).






Discussion

Although complement dysregulation and overactivation underlies many pathological conditions (40–42), its precise role is often not clear. To understand how complement is dysregulated in a certain type of disease, it is important to unravel which pathway (either the CP, LP or AP) is (over)activated and to what extent. Here we propose that C1-INH complexes might be suitable markers to monitor early classical or lectin pathway activation. However, as tools for accurately measuring these markers are currently lacking, we aimed to develop novel immunoassays that are able to assess these complexes in human samples. We successfully developed two sandwich enzyme-linked immunosorbent assay that allow the quantification of C1s/C1-INH and MASP-1/C1-INH complex levels in a comparable manner in human plasma and serum samples. In addition, we define a reference range in healthy controls for both complexes. Beyond that, we show that measurement of ongoing complement activation is possible through the determination of C1-INH complex levels, where C1s/C1-INH levels indicate early classical pathway activation and MASP-1/C1-INH complex levels serve as a marker for early lectin pathway activation.

The newly developed immunoassays show low inter- and intra assay variation as well as high recovery, indicating that the complexes can be quantified in a reliable and robust manner. The monoclonal antibodies used for both assays are highly specific as no or only very weak cross-reactivity was observed for the un-complexed proteins (C1s, MASP-1 and C1-INH) and related proteins (C1q, C1r, MBL, MASP-2 and -3) in both a direct or sandwich ELISA setup. Although the weak signals for both the un-complexed as well as the related proteins are probably due to a non-specific background signal, it cannot be excluded that some of these signals are caused by contamination from the complexes themselves. When available, we used proteins purified from human blood (C1q, C1s, C1-INH). It is possible that these purified proteins contain traces of the complexes in addition to the individual proteins as purification methods are never 100% successful. Indeed, for the purified proteins that were commercially available, the suppliers only guarantee a purity of ≥90%. Also cross-reactivity with species other than human was tested and the C1s/C1-INH complex assay strongly cross-reacted with murine samples, although not fully validated yet, making it also a potential tool for researchers investigating classical pathway activation or CP related diseases in mice. The MASP-1/C1-INH complex assay did not show strong signals when using samples of animal origin.

Robust immunoassays are particularly important within the complement field, as it has been shown that measuring complement components in a reliable way is challenging. Large variation exists in complement measurements between different laboratories, partly caused by a lack of standardized assays and reagents (43). As well known for other complement measurements (44, 45), sample type and handling is crucial when determining C1-INH complex levels. The assays described here can be used for all human plasma types and serum, while dilutions might have to be adopted depending on the matrix used. However, heparinized plasma should be avoided when measuring C1-INH complexes as low signals for the MASP-1/C1-INH complex were observed when using heparin plasma. This effect might be caused by the fact that MASP-1, in the presence of heparin, is more likely to form complexes with antithrombin than with C1-INH (46, 47). Due to increased complex formation between MASP-1 and antithrombin, the MASP-1/C1-INH complex formation might be diminished. In contrast, C1s/C1-INH complex levels were highest in heparin plasma in our experiments. A possible explanation is that heparin is able to enhance the rate of inhibition of active C1s by C1-INH (48), leading to artificial complex formation.

Additional complex formation can also occur in serum samples, which is especially true for the C1s/C1-INH complex. In general, it is recommended to use EDTA plasma samples when the activation state of complement pathways at a given time-point is investigated. EDTA chelates both Ca2+ and Mg2+ and thereby blocks the function of the complement by destabilizing the pattern-recognition complexes (49–51). Our results show that an EDTA concentration ≥10 mM was able to effectively minimize in vitro complement activation for either 4 h at room temperature or 16 h on ice, also shown by Yang and co-workers in the past (52). Typically, EDTA plasma should be used when investigating C1-INH complex levels, samples should be stored at -80°C until further usage and kept on ice after thawing until the measurements in order to avoid de novo formation of C1-INH complexes ex vivo. When sample handling is not appropriate, particularly the classical pathway can be activated (53). This spontaneous CP activation without addition of activating reagents such as zymosan can be caused by naturally circulating immune complexes or by Ig aggregation during incubation ex vivo (53, 54). The MASP-1/C1-INH complex seems to be less prone to sample handling. As expected, no increase of MASP-1/C1-INH complex levels was observed when incubating NHS without zymosan, since no substance specifically activating the lectin pathway is present in serum under physiological conditions.

During assay development, the stability of the complexes was also investigated after freeze-thawing. C1-INH complexes in purified form are more at risk of degradation than in plasma during repeated freeze-thawing, as we observed that complex concentrations in EDTA plasma remain relatively stable and do not decrease much after up to four freeze-thaw cycles. Similar findings were made earlier for C1rs/C1-INH and other complement activation products (55), allowing reliable determination of C1-INH complexes also in samples that have been thawed before, provided that sample handling in between freezing is appropriate.

After establishing a first prototype assay for both complexes, we further investigated whether these complexes indeed could serve as biomarkers for assessing early CP and/or LP activation. For this, Zymosan A, a carbohydrate polymer prepared from Saccharomyces cerevisiae cell walls was used. It is mainly known for AP activation through enhancement of alternative pathway C3 convertase assembly and stability (56), but can also induce LP and CP activation (57, 58). Therefore, Zymosan A was chosen to monitor in vitro CP and LP activation. When complement-preserved serum samples were incubated with zymosan, both C1-INH complexes showed an increase in concentration over time. Besides that, specific activation of the classical pathway led to a strong increase only in the levels of C1s/C1-INH complex as well as the formation of C9 neoepitope, while selective activation of the lectin pathway only resulted in formation of MASP-1/C1-INH complexes (Figure 6). These results provide evidence that the complexes may specifically differentiate between activation of the early classical or lectin pathway, and are potentially suitable markers for assessing and monitoring early CP and/or LP activation in various in vitro and in vivo conditions.

So far, the only way to investigate CP and LP activity in general are either hemolytic assays or functional ELISAs. The former are based on hemolysis of antibody-sensitized erythrocytes of animal origin by complement components of the added samples (59), while the latter are determining activity of the different pathways by measuring a neo-epitope generated by the MAC formation following activation (60, 61). Both require complement-preserved serum of the specimen to be tested and do not give an indication about ongoing activation of the respective pathways at a given time-point. Availability of complement-preserved serum is often a problem, especially when it comes to investigations of big cohorts. Measurement of the C1-INH complexes as described here does not require complement-preserved samples and can also be done in a more standardized way compared to hemolytic assays relying on fresh animal blood cells for every experiment.

The reference range of C1s/C1-INH complex in healthy adults was found to be 1846 ± 1060 ng/mL (mean ± 2SD), and hence is in line with concentrations already published in the literature utilizing in-house immunoassays. C1s/C1-INH complex concentrations previously reported were 1.0 ± 0.2 mg/L in plasma and 2.1 ± 0.8 mg/L in serum of nine healthy individuals (62), or 25.04 (13.9-36.9) nM in EDTA plasma of six healthy controls (30). While the C1s/C1-INH complex concentration was normally distributed, MASP-1/C1-INH complex levels were slightly right-skewed in healthy adults and the distribution did not pass normality testing. This indicates that other factors may have an effect on MASP-1/C1-INH complex levels, like involvement of the respective proteins in other physiological processes or influence of the genetic background of the individuals (63). However, further investigations are necessary in order to confirm potential causes of the observed right-skewed distribution. Due to a missing normally distribution, the 2.5 - 97.5 percentile range was used to define a reference range for the new lectin pathway activation marker, resulting in a physiological concentration of 36.9 (13.18 -87.89) ng/mL MASP-1/C1-INH complex. Although differences in some complement protein levels are reported to be significantly influenced by gender and age (64), no significant changes in C1-INH complex levels between males and females were observed in our study, which is in line with previous investigations of several complement activation products, also including C1rs/C1-INH (55). Besides that, the complex levels did not correlate with age in healthy adults, so probably no correction for age or gender is necessary in future studies investigating C1-INH complex levels. Additional studies in other cohorts are needed to determine whether these ranges are broadly applicable.

Finally, we showed increased C1-INH complex levels in patients with COVID-19 when compared to healthy controls. In COVID-19, complement is known to be activated via all three pathways. While lectin pathway activation occurs through direct binding of MBL to viral envelope particles (65, 66), the classical pathway is activated later through recognition of circulating SARS-CoV-2 specific antibodies by C1q (67, 68) or through immune complexes with IgG bound to proteins of the virus (69). Besides the positive feedback loop function of the alternative pathway upon CP and LP activation, competition of SARS-CoV-2 with factor H for binding sites at heparan sulfate can further increase AP activation (67, 70). Since complement is known to be activated in COVID-19 (34, 35), this cohort was chosen as a technical cohort to see whether C1-INH complex levels differ between healthy and diseased individuals. Measurement of C1-INH complexes confirms significantly higher complex levels in COVID-19 compared to healthy controls, indicating ongoing early activation of both, the classical and lectin pathway [median delay between symptom onset or positive PCR test and sampling: 10.0 days (IQR 6.0 – 27.8)]. Further investigations in this direction are necessary, especially when it comes to different severity groups or disease outcome, correlations with other complement components or potential triggers of the respective pathways, such as associations between C1s/C1-INH levels and anti SARS-CoV-2 antibody concentrations or MASP-1/C1-INH complex concentrations and lectin pathway pattern recognition molecule levels.

However, the findings are in line with measurements using in-house methods for C1-INH complex determinations in other conditions where complement is involved in the disease course. As an example, Füst et al. investigated C1rs/C1-INH complex levels in a cohort of HIV patients as a measure of classical pathway activation. In this study, 1.5 times higher complex levels were measured in HIV seropositive patients compared to seronegative patients and healthy controls (71). Besides that, increased C1-INH complex concentrations were also found in previous publications investigating C1s/C1-INH complex levels as an indicator for classical pathway activation in RA and SLE patients (32) or (C1-INH)2 C1r-C1s complexes to indicate C1 activation in glomerulonephritis (31). So far, there are no publications discussing the MASP-1/C1-INH complex as a potential marker for early lectin pathway activation in disease, but our results show that the levels thereof indeed indicate lectin pathway activation, which of course needs to be validated in larger studies in the future.

In upcoming studies the function of C1s/C1-INH and MASP-1/C1-INH complexes should be investigated more in detail. When the complexes are formed during regulation of CP and LP activation via binding of C1-INH, spontaneous activation of the respective pathways and therefore consumption of C4 and C2 is limited. If the complexes also have other functions in between their release into the circulation and degradation (28) awaits further research. Besides that, C1s and MASP-1 are not the only serine proteases regulated by C1-INH. Within the complement system, C1-INH can furthermore inhibit C1r and MASP-2, also leading to the formation of covalent complexes (72, 73). Additionally, C1-INH also plays a role in other systems, such as the contact system, the fibrinolytic system as well as the coagulation system via binding to kallikrein, Factor XII (FXII) and Factor XI (FXI) (25). Especially the complement and the coagulation system closely interact with each other. MASP-1 for example can activate coagulation factors and thereby promote the formation of clots (74), while FXIIa/C1-INH complexes were shown to be decreased in vascular disease in SLE patients (75). If the here described C1-INH complexes might also shed light on the regulation of coagulation and thromboinflammation or if altering complex levels are indicative for a higher risk of thrombotic events still needs further research.

In summary, we have developed and validated two new sandwich immunoassays measuring C1s/C1-INH and MASP-1/C1-INH complexes in a reliable and accurate way. The new assays allow us to monitor early classical pathway activation, measured by C1s/C1-INH complexes, and early lectin pathway activation, indicated by MASP-1/C1-INH complex concentrations. For future studies, we recommend using EDTA plasma samples when measuring C1-INH complex levels in order to obtain the most reliable results. Samples should be kept on ice before the measurement and experiments should be performed within one hour after thawing to avoid additional ex vivo complex formation. To prevent matrix effects, samples should be diluted at least 100 times for measuring C1s/C1-INH complex levels and at least 5 times for quantification of MASP-1/C1-INH complex levels, but it is highly recommended that pilot studies are performed to determine the optimal dilution before larger sample sets are being investigated. We have set reference ranges for future applications, and our first proof-of-concept study showed that levels of both markers are increased in COVID-19, suggesting that C1-INH complex measurements might have added value for investigating and unravelling early CP and LP activation in other human diseases where complement is involved, such as SLE, HAE, Sepsis as well as other viral, bacterial and fungal infections.
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Nephritic factors (NeFs) are autoantibodies promoting the activity of the central enzymes of the complement cascade, an important first line of defense of our innate immune system. NeFs stabilize the complement convertase complexes and prevent their natural and regulator-mediated decay. They are mostly associated with rare complement-mediated kidney disorders, in particular with C3 glomerulopathy and related diseases. Although these autoantibodies were already described more than 50 years ago, measuring NeFs for diagnostic purposes remains difficult, and this also complicates our understanding of their clinical associations. In this review, we address the multifactorial challenges of NeF diagnostics. We describe the diseases NeFs are associated with, the heterogenic mechanisms of action of different NeF types, the different methods available in laboratories used for their detection, and efforts for standardization. Finally, we discuss the importance of proper NeF diagnostics for understanding the clinical impact of these autoantibodies in disease pathophysiology and for considering future complement-directed therapy.
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1
Introduction

With the enhanced understanding of the role of the complement system (Figure 1) in the pathogenesis of many diseases (1), the characterization and diagnosis of patients with complement-mediated disorders has gained a novel dimension. In-depth characterization of the complement dysregulation has become an important part of standard patient laboratory tests. More importantly, the acknowledgment of the role of complement has provided us with novel strategies to target complement-mediated diseases. After the success story of the complement inhibitor eculizumab in the treatment of atypical hemolytic uremic syndrome (2–4), great efforts have been made to achieve similar successes for the treatment of other diseases. Numerous new complement-directed therapeutics are currently in the drug development pipeline (5, 6). To keep up with the advances in drug development, it is crucial to have accurate and reliable assays available to characterize the complement activation status and complement-dysregulating factors in each patient.




Figure 1 | The complement system. Three routes can initiate complement activation. The classical pathway is activated by C1q coupled to the C1r2s2 proteases, together known as the C1 complex that recognizes, for example, antigen-antibody complexes. The lectin pathway is initiated by mannose-binding lectin (MBL), ficolins, or lectins, which recognize specific carbohydrate patterns on foreign surfaces. These pattern recognition molecules (PRMs) are coupled to the MBL-associated serine proteases (MASPs) MASP-1 or MASP-2. MASP-1 is autoactivated and is required to activate MASP-2. Activation of the classical and lectin pathway results in the cleavage of C4 and C2 by the C1r2s2 proteases and MASPs to form the C3 convertase C4bC2b. The alternative pathway is constantly active at a low rate due to the spontaneous hydrolysis of C3. Factor D (FD), which is activated by MASP-3, cleaves factor B to enable the formation of the initial C3 convertase C3(H2O)Bb. The C3 convertases convert C3 into C3a and C3b. Subsequently, the complement activation can be amplified via the alternative pathway. C3b can form new C3 convertase complexes that are stabilized by properdin (C3bBbP). Of note, properdin can also act as a PRM on certain surfaces to initiate alternative pathway activation. Upon continued C3 cleavage and C3b formation, C5 convertase complexes are formed, denoted as C4bC2bC3b and C3bBb(P)C3b, although their exact composition is unknown. C5 convertases cleave C5 into C5a and C5b, after which C5b recruits C6, C7, C8, and multiple copies of C9 to form the C5b-9 complex. This is the terminal complement complex that forms a pore and disrupts the membrane of the target cell. Dashed arrows indicate cleaving interactions.



One of the most challenging assays in the field of complement diagnostics is the detection of nephritic factors (NeFs). NeFs are stabilizing autoantibodies directed against the central enzymes of the complement system: the convertase complexes. By prolonging their activity and preventing their normal regulation, NeFs can contribute to an overactive complement system. Especially in the kidney disease C3 glomerulopathy (C3G), NeFs targeting the complement alternative pathway (AP) C3 convertase, i.e. C3NeFs, are considered the main driver of disease in many patients. However, robust and reliable standardized assays for C3NeF are lacking and this is hampering C3NeF research. According to the External Quality Assessment (EQA) rounds, organized by INSTAND e.V., the average success rate for C3NeF detection in the past five years (2016-2020) was 48% among the participating laboratories (7). This indicates that only half of all laboratories were able to correctly identify the presence or absence of C3NeFs in the reference samples sent around. Similar challenges apply for NeFs stabilizing the convertases of the complement classical pathway (CP), i.e. C4NeFs. Thus, important hurdles are still to be overcome in this field.

In this review, we provide an overview of the challenges in NeF testing and discuss the implications this has on our understanding of their role in disease. The two main factors complicating NeF analysis are the intrinsic heterogeneity of NeFs regarding their function and the large variety of methodologies used by different laboratories. Differences in NeF findings therefore hamper the research to their association with disease and/or disease activity. This underlines the need of standardization to aid research and diagnostics of NeFs and the diseases they are involved in.


2
C3 nephritic factor and C4 nephritic factor

In 1969, the term C3NeF was ascribed to a factor present in the serum of a hypocomplementemic membranoproliferative glomerulonephritis (MPGN) patient that specifically and very efficiently cleaved C3 when the serum was mixed with normal human serum (8). Later studies found that this C3NeF activity was mediated by stabilization of the AP convertase (9) and that C3NeFs had a heterogeneous immunoglobulin nature, mainly IgG (10–13). Therefore, nowadays, the term C3NeF is used to describe autoantibodies directed to neoepitopes of the AP C3 convertase that prolong the enzyme’s half-life, thereby resulting in enhanced cleavage of C3 (Figure 2).




Figure 2 | The place of nephritic factors in the complement system. C3 nephritic factors (C3NeF) stabilize the alternative pathway convertase complexes, whereas C4 nephritic factors (C4NeF) stabilize the convertases shared by the classical and lectin pathways. The term C5 nephritic factor (C5NeF) has been proposed for NeFs stabilizing alternative pathway C5 convertases. The green oval arrow illustrates the amplification loop of the alternative pathway. The colors of the complement components correspond to their function as indicated in the gray box. Overactivation of the complement system, mediated by NeFs, may result in the deposition of complement (breakdown) proteins in the glomerulus, inflammatory responses, and kidney injury. In C3 glomerulopathy, C3 degradation products are most abundant in the glomeruli, though terminal pathway proteins are also found. TCC, terminal complement complex.



Analogous to C3NeFs, in 1980 autoantibodies directed against the convertases shared by the CP and lectin pathway (LP) were reported (14, 15). These autoantibodies later became known as C4NeFs due to their capacity to stabilize the C4bC2b convertase complex (Figure 2). In many aspects, C4NeFs are functionally similar to C3NeFs, except for their specificity for convertases in another complement pathway. C4NeFs are IgGs recognizing neoepitopes in the CP/LP convertases to prolong their half-life and increase their ability to cleave C3.


3
Diseases associated with nephritic factors

C3NeFs are best described in the rare but severe kidney disease C3G. C3G is characterized by AP dysregulation leading to the deposition of C3 breakdown fragments in the glomeruli (16) (Figure 2). To establish the C3G diagnosis a kidney biopsy is required. The defining feature is a dominant staining for C3 visualized by immunofluorescence microscopy, i.e., a staining intensity of at least two orders of magnitude greater than staining for any other immune reactant (e.g., IgG, IgM, IgA, and C1q) (16–18). C3G can be subdivided into dense deposit disease (DDD) and C3 glomerulonephritis (C3GN) based on the glomerular complement deposition pattern visualized by electron microscopy. C3GN also encompasses CFHR5 nephropathy, which is a genetically driven familial form of C3G. The majority of the C3G patients show clear signs of AP activation in their blood. This includes increased markers of complement activation, e.g. C3 breakdown products and soluble (s)C5b-9, and low serum C3 levels, indicative of complement consumption due to excessive activation (19–22). C3NeFs are found in approximately 50% of the C3G cases, but the C3NeF prevalence among cohorts varies within a range of 26-75% (Table 1) (20–36). The large differences in these findings may not only be due to the different compositions of the patient cohorts, e.g. age of the patients and number of patients with DDD or C3GN, but also due to the heterogeneity of C3NeFs (see section 4) and the ability of the different assays used to detect all C3NeFs (see section 5).


Table 1 | Prevalence of C3 nephritic factor (C3NeF) in C3 glomerulopathy (C3G) cohorts.



C3NeFs are also found in a substantial number of patients with idiopathic (primary) immune complex-mediated MPGN (IC-MPGN). The prevalence in patient cohorts is reported between 23% and 54% (22, 26, 29, 34–36). The pattern of glomerular injury in IC-MPGN resembles the injury in C3G, but IC-MPGN is distinguished from C3G by the substantial presence of immunoglobulin deposits, which can cause CP activation in the glomerulus. However, the finding that genetic and acquired abnormalities of the AP, including C3NeFs, are found in both diseases suggests they may share a disease spectrum (37). This is also supported by cases in which the IC-MPGN pattern evolves to a C3G pattern in subsequent biopsies or vice versa.

Next to these glomerular kidney diseases, C3NeFs are common in patients with acquired partial lipodystrophy (APL). APL is an extremely rare disorder characterized by fat loss in the upper half of the body, usually occurring during childhood or adolescence (38). Most patients have C3 hypocomplementemia and in approximately 70-80% of the cases C3NeFs are found, especially in those with low serum C3 levels (38–40). Supposedly as a result of the C3NeF presence, approximately 20% of the patients develop C3G (38, 41, 42).

Lastly, C3NeFs have been described, although much less frequently, in patients with meningococcal infections and disease (43–45), in patients with systemic lupus erythematosus (SLE), who often also showed presence of APL and/or C3G (46–48), and in post-infectious glomerulonephritis (49–51).

C4NeFs have been reported in several diseases as well. The first reports from 1980 identified C4NeFs in a patient with acute post-infectious glomerulonephritis (15) and in patients with SLE (14). Later studies have described C4NeFs in more patients with SLE (52, 53), in patients with MPGN (52, 54, 55), in patients with Sjögren syndrome (52), and in a patient with sepsis caused by an N. meningitidis infection (56). More recently, the focus of C4NeF research has been on C3G and IC-MPGN. C4NeFs have been reported in two C3G cohorts with an incidence of 3% (30) and 8% (57) and in mixed C3G/IC-MPGN cohorts with an incidence of 6% (58) and 14% (59). Interestingly, in a substantial proportion of these patients both C4NeFs and C3NeFs are found (30, 52, 54, 55, 58, 59).


4
Nephritic factor heterogeneity

C3NeFs form a heterogeneous group of immunoglobulins that likely bind to different epitopes of the AP convertase. First, they differ in the extent to which they prolong the half-life of the C3 convertase (20, 25, 60), ranging from tens of minutes to even hours. Second, C3NeFs confer the convertase with varying resistance against the various complement regulatory proteins. C3NeFs may interfere with Factor H (FH) (60–65), complement receptor 1 (CR1) (60, 66), and decay-accelerating factor (DAF) (60, 67), although the efficiency (for each regulator) differs between NeFs of different patients. Few C3NeFs were found that did not or hardly interfere with any of these regulators of extrinsic decay (60). Third, C3NeFs differ in their dependence on the convertase-stabilizing protein properdin. Some C3NeFs are only active in the presence of properdin, i.e. properdin-dependent NeFs, whereas other C3NeFs also, or only (20), act on convertases without properdin, i.e. properdin-independent NeFs (20, 25, 60, 62, 68–70). Finally, it has been shown that NeFs can differ in their ability to affect C5 convertase activity and C5 conversion, sometimes referred to as C5NeF activity (20, 60–62, 71) (Figure 2). It is this marked heterogeneity that has complicated our understanding of C3NeFs since their discovery until today.

Although less studied, C4NeFs also form a heterogeneous group. Convertase stabilization through interference with complement regulator-mediated extrinsic decay has been described for C4 binding protein (C4BP) (30, 56, 72, 73), CR1 (30, 56, 74), and DAF (57, 67). Some studies have shown the specific ability of C4NeFs to also stabilize the C5 convertase complex C4bC2bC3b (56, 73), suggesting also C4NeFs may recognize different epitopes in different patients. However, it is important to note that research on the stabilization of CP/LP and especially AP C5 convertases by NeFs is hampered by the unknown exact structure of the C5 convertase complex and the transient nature between convertase complexes that cleave C3 and C5.


5
Nephritic factor detection methods

A major bottleneck in NeF research, related to the heterogeneous nature of NeFs, is the difficulty and diversity of detection methods, which are often only available in specialized laboratories. Many different assays are being used for NeF identification and tests differ in sensitivity and specificity. C4NeF testing is available in even fewer laboratories than C3NeF testing, so here we focus on the methods described for C3NeF detection, which often have a parallel version for detecting C4NeFs. NeF assays can generally be divided into three groups (Figure 3): [1] binding assays that detect the binding of the NeF to the convertase complex, [2] functional assays that measure the C3 activation products, and [3] functional assays that detect the stabilization of the convertase. C3NeFs can be variably positive in these different assays, hence some laboratories use a combination of them for C3NeF detection (25, 60).




Figure 3 | C3 nephritic factor (C3NeF) detection methods. Three types of methods to detect C3NeFs can be distinguished: (A) assays detecting NeF binding to the convertase, (B) functional assays measuring C3 conversion influenced by NeFs, and (C) functional assays measuring convertase stabilization by NeFs. ELISA, enzyme-linked immunosorbent assay; FB, Factor B; FD, Factor D; HRP, horseradish peroxidase; Igs, immunoglobulins; NHS, normal human serum; P, properdin; RbE, rabbit erythrocytes; ShE, sheep erythrocytes.



5.1
C3NeF binding assays

C3NeF binding assays (Figure 3A) are usually enzyme-linked immunosorbent assay (ELISA)-based methods aimed to detect the interaction of the C3NeF antibody with its target, i.e. plate-bound AP convertases formed from purified complement components (25, 60, 61, 75). Typically, plates are coated with C3b; then Factor B (FB) and Factor D (FD), in presence or absence of properdin, are added to allow formation of AP convertase complexes. After washing, or simultaneous with the addition of purified AP components, the test sample is added, i.e. purified patient immunoglobulins or patient sera. If C3NeFs are present, their binding can be detected via horseradish peroxidase-conjugated anti-human immunoglobulin antibodies supporting substrate conversion. Importantly, a C3b-only well should be used as a blank control in these methods.

In general, binding assays are easy to implement in laboratories and directly identify the immunoglobulin nature of the factor interacting with the enzyme complex. However, these assays are not functional assays, so they may detect a binding interaction that might not influence enzyme function. Besides this chance on false-positive results, the assay may also give false-negative results, as the convertases formed on microtiter plates can adopt artificial conformations that may not be recognized by all NeFs (Table 2).


Table 2 | Advantages and limitations of the different nephritic factor (NeF) detection assays.




5.2
Functional C3NeF assays measuring C3 activation products

Functional assays measuring the activation products of C3 (Figure 3B) were the first assays described for measuring C3NeF activity (8, 76). These tests measure the release of C3 breakdown products after mixing the test sample with control serum by immunoelectrophoresis or western blotting (25, 60). Many patients with C3G and other diseases related to C3NeF have low serum levels of C3 as a result of consumption. Hence, mixing with control serum to supply uncleaved C3 is essential to allow formation of fluid phase AP convertases to be stabilized by the NeFs from the test sample. C3NeF positivity will then result in increased C3 conversion.

The advantage of these assays is that they are detecting a functional enzyme effect. However, increased C3 breakdown may also be caused by other factors, so a positive outcome does not have to be specific for presence of C3NeFs (Table 2).

Zhao et al. recently described a variant on this assay. Fluid phase C3 convertases were assembled with purified components, which were then mixed with patient immunoglobulins and additional C3 (61). C3 conversion was measured by the release of C3a detected by ELISA.


5.3
Functional C3NeF assays measuring convertase stabilization

Functional assays measuring the convertase-stabilizing function of C3NeFs were developed later, mostly in the form of hemolytic assays (9) (Figure 3C). These assays have supplemented or replaced many of the previous assays and are frequently used today. Although there are variations in the exact procedures, AP hemolytic C3NeF assays generally follow the same principle: to measure the activity of C3NeF-stabilized convertases on the erythrocyte membrane via C5b-9-induced hemolysis. Hemolysis provides the easy readout of released hemoglobin that can be detected spectrophotometrically.

5.3.1
Sheep erythrocyte hemolytic assays with convertases formed from purified components

In the first variant, sheep erythrocytes are used as the platform for formation of AP convertases with purified complement components (Figure 3C.I). Since sheep erythrocytes are rich in sialic acids and therefore naturally protected against human complement attack by recruiting the major AP regulator FH (77, 78), specific approaches need to be applied to cover the sheep erythrocytes with initial C3b. C3b can be deposited on the sensitized, i.e. anti-sheep antibody-treated, sheep erythrocyte membrane via CP convertase intermediates (79, 80) or on unsensitized sheep erythrocytes by using FB-partially inactivated/FH-depleted serum (25). Subsequently, AP convertases are built from purified components (FB and FD, with or without properdin) followed by the addition of patient immunoglobulin fractions as a potential source of C3NeFs. Importantly, convertases are then left to decay for a set time period. After this incubation, the residual activity of convertases is examined by the addition of rat serum diluted in ethylenediaminetetraacetic acid (EDTA) as a heterologous source of C5-C9. This allows stabilized convertases to cleave C5 and induce C5b-9-mediated hemolysis. Rat serum, as well as guinea pig serum, is compatible with human complement and more potent in generating C5b-9; the EDTA prevents de novo convertase formation from these sera. If no C3NeFs are present in the test sample, the convertases are broken down after a certain decay time and no hemolysis is observed. However, if hemolysis is observed, it indicates that convertases have been stabilized by C3NeFs present in the test sample, allowing them to induce C5b-9 formation (20, 25, 81).


5.3.2
Sheep erythrocyte hemolytic assays with convertases formed from whole serum

Another widely applied hemolytic C3NeF assay combines unsensitized sheep erythrocytes with a mix of control serum and test serum (82–84) (Figure 3C.II). This method exploits the ability of C3NeFs to form and stabilize convertase complexes on the surface of the naturally non-activating sheep erythrocyte by overcoming the negative regulation; an action that cannot be fulfilled by serum in the absence of C3NeFs (83). A limited time frame is used to restrict the complement activation by the test sample to convertase assembly and to prevent lysis. Hemolysis is only induced in a standardized second step by addition of rat serum in EDTA-buffer. If no hemolysis is seen, no C3NeFs were present and no convertases could be formed on the sheep erythrocyte membrane. Although this time-dependent separation of convertase assembly and hemolysis will apply for most samples, it should be noted that some patient samples are able to cause (unwanted) hemolysis in the convertase formation step of those assays (85) (Table 2).


5.3.3
Rabbit erythrocyte hemolytic assays with convertases formed from whole serum

Recently, an adapted variant of this assay using rabbit erythrocytes (86, 87) was optimized for C3NeF diagnostics (33) (Figure 3C.III). Rabbit erythrocytes have a low sialic acid content and are therefore potent AP activators. When mixed with control serum and test serum, AP convertases will spontaneously assemble on their membrane. Importantly, a C5 inhibitor, e.g. eculizumab, is added here to strictly prevent hemolysis during this first step and to separate convertase assembly from hemolysis readout. After washing of the erythrocytes, guinea pig serum in EDTA is added to allow preformed convertases to cleave C5 and induce C5b-9-mediated hemolysis. In contrast to previous assays, the full convertase activity profile with convertase assembly and decay is visualized by using different incubation periods for the test serum incubation. Compared to control serum showing a profile with convertase assembly and clear convertase breakdown, serum containing C3NeFs will show a prolonged convertase activity profile with persistently high levels of lysis over time, indicative of stabilized convertases.

Of note, both this assay and the assay described in section 5.3.2 do not directly identify C3NeFs, since the immunoglobulin nature of the convertase-stabilizing factor in serum is not confirmed. Mixing control serum with patient immunoglobulin fractions as an extra test overcomes this limitation and will specify if the convertase-stabilizing factor is an autoantibody (33). On the other hand, assessing the kinetics of convertase assembly and decay in complete serum offers the advantage of the physiological environment. All complement regulators and other serum factors that may influence convertase activity are present, so this maximizes the chance of detecting functionally relevant pathogenic factors (Table 2).


5.3.4
ELISA-based convertase stabilization assays

The principles of convertase stabilization by NeFs in the hemolytic assays above, especially the one described in section 5.3.1, have also been translated to assays analyzing the kinetics of convertase dissociation on a microtiter plate (Figure 3C.IV). AP convertases are built from purified components on a C3b-coated microtiter plate after which serum or patient immunoglobulin fractions are added. Instead of hemolysis, residual plate-bound Bb fragments detected after a certain time of decay are used as a measure of intact convertases stabilized by C3NeFs (60, 61). Recently, also a variant of this ELISA-based assay was described that combined convertase formation and decay on microtiter plates with residual Bb analysis on western blot (62).

Of note, these assays do not assess the C3/C5 cleaving capacities of the C3NeF-stabilized convertases. Furthermore, in hemolytic assays, convertases are formed on a membrane surface in their natural orientation via the reactive thioester of C3, whereas convertases formed on microtiter plates may adopt artificial configurations. Nonetheless, the availability of erythrocytes and batch-to-batch variability are a major challenge of hemolytic assays, making these assays often only available in specialized labs. In contrast, ELISA techniques are much more easy to implement (Table 2).




6
Efforts for assay standardization

As stated before, C3NeF detection in general is problematic, with the EQA rounds from 2016-2020 reporting success rates for identifying the reference samples between 31% (2020) and 75% (2016) (7). Thus, if results of a sample are compared between laboratories, or even between different tests within one laboratory, variable outcomes are obtained. At the moment, a golden standard is lacking and there is a high need for standardization. The same holds true for C4NeF assays.

First, it is important to note that properdin-dependent C3NeFs are missed in assays that study the stability of C3bBb convertases formed from purified components without properdin. In line with this, previous reports describing panels with multiple C3NeF assays have shown that additional NeFs could be identified when properdin was incorporated in the test settings (20, 25, 60, 62). Marinozzi et al. also identified a group of C3NeFs that was only detected in absence of properdin (20), and this is supported by our own unpublished observations. However, it remains to be investigated what the physiological relevance of these NeFs is, as in physiological conditions properdin is always present in the circulation.

Recently, a CFB construct based on the gain-of-function variant p.Lys323Glu was proposed as a standardized positive control for C3NeF assays (88). This genetic variation is associated with atypical hemolytic uremic syndrome and has previously been shown to result in a stabilized convertase complex that is more resistant to negative regulation (89). The construct caused prolonged convertase activity reminiscent of that of patients with C3NeF activity (33, 88). Therefore, this might be a good alternative for patient serum or patient immunoglobulins, of which material is limited. For C4NeF assays, a similar approach could be followed, as recently also C2 gain-of-function variants resulting in stabilized CP convertase complexes were identified (90).

Furthermore, surfaces other than erythrocytes have been described for convertase analysis, namely magnetic beads and liposomes (91, 92). These platforms may be more suitable for standardization due to lower batch-to-batch variability. However, these setups have not yet been validated for C3NeF or C4NeF detection. Besides, magnetic beads are a less physiological model than erythrocytes. The optimal platform for the detection of functionally relevant NeFs should still be determined. Thus, future research may not only focus on improved standardization but also on further assay optimization with different (cellular) targets for convertase assembly.


7
Clinical implications

Assay standardization may also lead to a better understanding of the role of C3NeFs and C4NeFs in disease. For a long time, it has been difficult to relate C3NeF presence with complement (activity) markers and clinical parameters, such as disease activity and outcome. Nonetheless, increased interest in this field of research has led to major progresses during the last decade. Here, we will discuss some of the main findings of the clinical associations of NeFs, with a focus on C3G/IC-MPGN.

7.1
Clinical associations of C3NeFs

By stabilizing AP convertases, C3NeFs increase the potential of C3 conversion, which may lead to consumption of C3. Indeed, previous studies have associated the lowered C3 levels in patients with C3G with the presence of C3NeFs (20, 26, 29, 93). Recently, two studies on pediatric C3G cohorts showed that although C3 levels at presentation did not differ between patients with or without C3NeFs, the last measured C3 levels during follow-up were significantly lower in the patients that had tested positive for C3NeF (21, 36). This indicates the presence of C3NeF was associated with a higher likelihood of continued C3 consumption. In line with this, a previous report showed permanently low C3 during follow-up in 67% (12/18) of the C3NeF-positive children with C3G (94).

In a subset of patients with C3G, the complement system is dysregulated up to the level of the terminal pathway as seen by elevated sC5b-9 levels. This implies that there is also enhanced activation of the C5 convertases in those patients, and it was already hypothesized in 1986 that different NeF types may lie at the basis of this difference (71). Several studies have related properdin-dependent C3NeFs to (stronger) terminal pathway activation and to the C3GN phenotype (20, 62, 68, 69). On itself, C3GN is also associated with more pronounced terminal pathway activation (e.g. higher sC5b-9 and lower C5 and properdin) compared to the DDD subtype (19, 21). In 2017, the term C5 nephritic factor (C5NeF) was coined for NeFs that stabilize the AP C5 convertase. This was based on the finding that these NeFs stabilized convertases formed from purified proteins with properdin (C3bBbP) and were correlated with increased sC5b-9 levels (20). Some patients with C5NeFs were also C3NeF positive, i.e. they also tested positive when the stability of convertases formed without properdin (C3bBb) was assayed. In this regard, single C5NeF positive patients as described by this study correspond to the patients with properdin-dependent C3NeFs, and C3NeF/C5NeF double-positive patients correspond to patients with properdin-independent C3NeFs. Importantly, the exact composition and conformation of AP C5 convertases (and CP/LP C5 convertases) remain unknown. Furthermore, some patients with presumed C5NeFs (isolated or in combination with C3NeFs) do not show C5 convertase dysregulation, i.e. increased sC5b-9 levels, and conversely, some patients without C5NeFs do have increased sC5b-9 levels (20, 62). Moreover, complement markers are not always available. Therefore, the application of C5NeF terminology may be confusing, as it is unclear whether the C5NeF terminology is directly interchangeable with the properdin-dependency of NeFs and whether it may be used regardless of C5 convertase dysregulation. This is why it may be preferable to classify the NeF types based on their dependence on properdin for recognizing the convertase and to refrain from implications on the specific stabilization of the C5 convertase complex.

Even though C3NeFs are the most commonly found AP aberrations in C3G, not much is known about their behavior over time in the course of the disease and their relation to clinical outcome. While some patients have been shown to maintain their C3NeF activity for more than 10 years (58), C3NeF findings may also fluctuate over time, with some patients eventually losing their C3NeFs (26, 33, 93, 94). The longitudinal follow-up of C3NeFs is often not part of standard patient investigations. Moreover, many studies did not find correlations between C3NeF activity and clinical parameters (93, 94), although some studies have shown that patients with C3NeFs were more likely to have a better outcome (20, 29).


7.2
Clinical associations of C4NeFs

Lately, C4NeF research has also mostly focused on C3G and IC-MPGN. One of the most important questions here is how and to what extent a CP-dysregulating factor can contribute to AP-driven disease. In many patients with C3G, the disease is preceded by an infectious trigger, which exposes C4NeF epitopes. C3G shows many clinical similarities with post-infectious glomerulonephritis, such as low serum C3 levels, but in contrast to C3G, the C3 consumption and disease generally resolve within weeks or months (95, 96). However, some (atypical) cases evolve to C3G, indicating that an initial CP-mediated response may evolve to a primarily AP-driven pathology, likely via the AP amplification loop. Possibly, C4NeFs elicit such a similar mechanism in C3G and IC-MPGN.

The majority of C3G/IC-MPGN patients with C4NeFs are characterized by strong complement activation up to the level of the terminal pathway, especially patients positive for both C4NeFs and C3NeFs (30, 54, 58, 59). This double positivity for both C4NeF and C3NeF occurs in many cases and makes it difficult to determine the individual contribution of both NeFs to the disease. Furthermore, C4NeFs may persist over the disease course and during partial remission up to 70 months (58).

Studies on the relationship between C4NeF activity and clinical markers are scarce and often lack power due to the low number of positive patients. Besides, the scarce literature shows conflicting results. In a cohort with 100 hypocomplementemic MPGN patients described in 1994, nephrotic syndrome and poor prognosis occurred more frequently in C3NeF/C4NeF double-positive patients compared to single C3NeF or single C4NeF-positive patients (54). A recent study with 119 IC-MPGN/C3G patients showed that C4NeF-positive and C3NeF/C4NeF double-positive patients less frequently had a lowered eGFR at presentation and that, during the follow-up, none of the 17 patients reached kidney failure requiring kidney replacement therapy (in contrast to 17/92 C4NeF-negative patients) (59). In a study of our group, we did not observe an abnormal clinical presentation or disease course compared to C3G/IC-MPGN patients without C4NeFs (58).
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Conclusions and future directions

With the increase in complement therapeutics, laboratory analysis of the complement system has become increasingly important (97). For example, it can be key in monitoring complement-directed therapy, as has been shown for the C5 inhibitor eculizumab in atypical hemolytic uremic syndrome (98, 99). It is well-known that accurate NeF analysis is challenging. This is due to the heterogenic nature of NeF autoantibodies, including differences in properdin-dependency, and due to inconsistent outcomes of samples tested in different assays between laboratories or even between different assays within one laboratory. As outlined in this review, each assay has its own advantages and disadvantages. There is a high need for comparison of NeF findings between groups. The considerable inconsistency between cohort findings now complicates the interpretation of the results of the NeF associations with complement biomarkers and/or disease parameters. Assay standardization, in combination with longitudinal analysis of NeFs and all relevant complement and clinical parameters in patients, may help to reveal different pathophysiological mechanisms of complement dysregulation in different patient groups. It may even provide more insight in disease outcome. Iatropoulos et al. showed that disease outcome was better predicted when patients were divided in groups based on cluster analysis, including not only pathology findings but also complement (e.g. NeF presence) and clinical findings, than based on the traditional subdivision into C3GN, DDD, and IC-MPGN (22). Moreover, our group showed in vitro proof that properdin inhibition may be a potential novel therapeutic approach for patients with properdin-dependent NeFs, likely regardless of disease classification (70). Thus, accurate and reliable NeF diagnostics are essential to better understand disease, to characterize patient (sub)groups and to move forward towards more specific complement-directed therapy in different patient groups.
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Atypical hemolytic–uremic syndrome (aHUS) is a severe thrombotic microangiopathy in which kidney involvement is common. aHUS can be due to either genetic or acquired abnormalities, with most abnormalities affecting the alternative complement pathway. Several genetic factors/alterations can drive the clinical presentation, therapeutic response, and risk of recurrence, especially recurrence following kidney transplantation. We report here the case of a 22-year-old man who developed a severe form of aHUS. Renal biopsy revealed thrombotic microangiopathy and features of chronic renal damage. Despite two eculizumab infusions, the patient remained dialysis dependent. Two novel rare variants, c.109G>A (p.E37K) and c.159 C>A (p.Y53*), were identified in the factor H-related 2 (FHR2) gene, and western blot analysis revealed a significant reduction in the level of FHR2 protein in the patient’s serum. Although FHR2 involvement in complement 3 glomerulopathy has been reported previously, a role for FRH2 as a complement modulator has not yet been definitively shown. In addition, no cases of aHUS in individuals with FHR2 variants have been reported. Given the role of FHRs in the complement system and the fact that this patient was a candidate for a kidney transplant, we studied the relevance of low FHR2 plasma levels through a set of functional in vitro assays. The aim of our work was to determine if low FHR2 plasma levels could influence complement control at the endothelial surface with a view to identifying a therapeutic approach tailored to this specific patient. Interestingly, we observed that low FHR2 levels in the patient’s serum could induce complement activation, as well as C5b–9 deposition on human endothelial cells, and affected cell morphology. As C5b–9 deposition is a prerequisite for endothelial cell damage, these results suggest that extremely low FHR2 plasma levels increase the risk of aHUS. Given their ability to reduce C5b–9 deposition, recombinant FHR2 and eculizumab were tested in vitro and found to inhibit hemolysis and endothelial cell surface damage. Both molecules showed effective and comparable profiles. Based on these results, the patient underwent a kidney transplant, and received eculizumab as induction and maintenance therapy. Five years after transplantation, the patient remains in good general health, with stable graft function and no evidence of disease recurrence. To our knowledge, this is first reported case of an aHUS patient carrying FHR2 mutations and provides an example of a translational therapeutic approach in kidney transplantation.
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Introduction

Atypical hemolytic–uremic syndrome (aHUS) is a systemic endotheliosis that is characterized by severe microangiopathy and renal failure, leading to uncontrolled activation of the alternative complement pathway (1, 2). The causes of this severe kidney disease are genetic abnormalities, mostly of complement genes, and acquired factors (autoantibodies), most of which affect the binding affinity of the central regulator, factor H, to the cellular surface. The imbalance between complement activators and regulators leads to enhanced lytic complement complex (C5b–9) deposition in the vasculature, primarily in glomerular blood vessels. Vascular damage drives kidney dysfunction (1–3) and, therefore, blockade of distal complement and of lytic C5b–9 is the major goal of current therapeutic approaches, for example with eculizumab or ravulizumab.

The specific or individual genetic background of patients with aHUS influences the subtle effects of complement action, thus affecting therapeutic responses, recurrence rates, and prognosis throughout the entire process of renal transplantation (4, 5). In transplant settings, some environmental triggers, such as ischemia–reperfusion injury, acute rejection, and immunosuppressive drugs, induce activation of the complement system and contribute to disease recurrence and graft loss (6).

The risk of aHUS recurrence on the allograft ranges from less than 20% to more than 90% depending on the patient’s genetic background and the therapeutic strategy. Recipients with mutations in the genes encoding circulating complement factors [i.e., C3 (C3), factor H, factor I, factor B] have a higher risk of recurrence than patients with genetic variants encoding membrane and local modulators of the complement system, such as cluster of differentiation 46 (CD46) (6–8).

Zuber et al. (8, 9) suggested that patients with aHUS can be divided into three different categories according to the risk of post-transplant disease recurrence. Mutations in factor H, rearrangement in factor H/factor H-related (FHR) genes, gain of function mutations in C3 and complement factor B, and a previous history of aHUS recurrence were found to be associated with a high recurrence risk, and this was confirmed Kidney Disease Improving Global Outcomes (KDIGO) working group, which recommends the prophylactic use of eculizumab on the day of transplantation to prevent overactivation of the complement system (10). In these puzzle-like scenarios, the discovery of novel genes and of novel risk variants associated to aHUS is of high interest and significance. To determine the most appropriate therapeutic interventions in an individual patient, especially in a transplant setting, investigation of the exact genetic background, gene risk haplotypes, and autoimmune factors is extremely helpful, as the prophylactic use of eculizumab, ravulizumab, or plasma therapy remains at clinicians’ discretion (10).

Here, we present the first case of a patient with aHUS carrying two novel FHR2 gene variants and with severely reduced plasma levels of FHR2. Eberhardt et al. (11–13) have shown that FHR2, a novel complement modulator and inhibitor, inhibits C3 convertase and blocks C5b–9 assembly. However, the exact role of FHR2 in complement modulation, in particular how it interacts with other FHRs (i.e., multimer formation with FHR1 and FHR5) and with complement components, such as C3, the cleavage products C3b and C3d, and its involvement in aHUS pathogenesis are still unclear.

Faced with a patient who was a candidate for a kidney transplant, we performed a set of functional assays in vitro to determine if extremely low FHR2 plasma levels can influence complement activation and C5b–9 deposition on endothelial cellular surfaces, and, if so, whether or not these effects could be reversed by restoring FHR2 levels or by eculizumab. We then used the results of the in vitro assays to inform and formulate the best therapeutic approach for this specific patient. The in vitro tests showed that extremely low plasma FHR2 levels can induce complement activation and enhance C5b–9 deposition on endothelial cells, suggesting that low FHR2 levels can form the basis for aHUS onset. Moreover, both recombinant FHR2 and eculizumab were able to control complement action in the patient’s plasma, and to reduce endothelial C5b–9 deposition to a similar degree. Collectively, these findings allowed us to tailor induction therapy and maintenance therapy following kidney transplant. This translational approach, based on genetic testing, circulating complement profiling, and functional in vitro experiments, provides a novel framework that is useful to optimize the targeted treatment of complement dysfunction in the clinical setting.



Case report

A 24-year‐old Caucasian man was referred to the nephrology unit for a pre-transplantation kidney evaluation. At the age of 22 years, the patient had been admitted to hospital following the sudden development of swelling of the face and legs, epistaxis, postural instability, chest pain, purpuric rush on both arms, and high blood pressure (180/90 mmHg). The patient reported flu-like symptoms without fever during the previous 2 weeks. Laboratory analysis revealed hemolytic anemia (i.e., hemoglobin 7.2 g/dl; schistocytes 10%, lactate dehydrogenase 1,724 U/l, haptoglobin < 0.08 g/l), thrombocytopenia (100 × 103/μl), severe kidney failure (creatinine 16.85 mg/dl), and low C3 plasma levels (0.5 g/l; normal range = 0.8–1.8 g/l) (Supplementary Table 1). ADAMTS13 (a disintegrin and metalloprotease with thrombospondin type 1 motifs 13) activity was more than 5% and the verocytotoxin-producing Escherichia coli test was negative. Kidney measurements on ultrasound were close to the lower limits of the reference values (i.e., right kidney longitudinal axis: 10.5 cm; left kidney length: 11 cm), with a normal cortical thickness. Of note was that the patient had no family history of thrombotic microangiopathy (TMA) or other kidney diseases, and reported good health. Laboratory analyses carried out before the onset of aHUS, when the patient was aged 6 years, showed normal kidney function and no urinary abnormalities.

Kidney biopsy revealed glomerular sclerosis, diffuse interstitial fibrosis (90%), tubular atrophy, and the vascular lesions typically associated with TMA. aHUS was diagnosed. Despite blood transfusions, hemodialysis, steroid treatment, and the administration of two doses of eculizumab (900 mg/week × 2 weeks) starting 1 month after hospitalization, the patient rapidly progressed to end-stage renal disease. Given the findings of kidney biopsy, eculizumab administration was discontinued and the patient remained dialysis dependent.



Genetics, western blot analysis, and complement assays

The screening of complement genes associated with aHUS was performed with next-generation sequencing using an in-house genetic panel, and confirmed by Sanger sequencing (see Supplementary Material). Significantly, the patient showed two novel variants in the FHR2 gene: 1) a novel missense variant, c.109G>A, resulting in the exchange of E37 to K37; and, 2) a nonsense variant, c.159 C>A, which introduces a premature stop codon at position 53 (Figure 1B). Both c.109G>A and c.159 C>A affect the short consensus repeat domain (SCR) 1; neither is present in the Exome Variation Data Bank and neither was detected in a cohort of 60 healthy control subjects. No hybrid FHR genes or genomic deletions were detected by multiplex ligation-dependent probe amplification (MLPA) Supplementary Material.




Figure 1 | (A) Western blot analysis was carried out under non-reducing conditions with polyclonal anti-complement factor H-related protein 1 (FHR1). The intensity of FHR2 was much lower (around 5%) in the patient’s serum than in NHS = 100%. The positions of the two FHR2 isoform are indicated. In contrast, the intensity of complement factor H and of FHR1 appears similar in both the patient’s serum and NHS. (B) The patient’s family pedigree. The proband (filled symbol) carries two rare novel variants in the SCR1 of FHR2: a de novop.E37K missense variant (shown in red) and p.Y53* (inherited from the patient’s father). The father is a healthy carrier of p.Y53* (dotted symbol). The patient’s mother presents no variants in FHR2 (open symbol). The structure of the FHR2 protein is shown. FHR2 is composed of four SCRs. SCRs 1 and 2 (light blue) are involved in dimer formation, C3 convertase inhibition, and terminal complement component blocking. In contrast, SCRs 3 and 4 (dark blue) bind C3b and the C3d. Two FHR2 molecules form a dimer through their N-terminal SCRs. Attached carbohydrates are indicated in black.



Family studies revealed that the c.159 C>A variant introducing the stop codon was inherited from the patient’s healthy father (the patient’s healthy mother showed wild-type FHR2) and that the p.E37K exchange was a de novo variant (Figure 1B). These genetic variations affect FHR2 plasma levels. Western blot analysis revealed the absence of FHR2 in the patient’s serum, in contrast to a normal human serum (NHS), and normal intensity and mobility of factor H (Figure 1A). On longer blot exposure, however, the two FHR2 bands could be identified in the patient’s sample. Densitometry scan analysis revealed that FHR2 levels in the patient’s plasma were about 5% of those in NHS (Figure 1A). FHR1, FHR3, FHR4, and FHR5 levels were comparable to those of NHS (data not shown).



Functional in vitro tests

Considering the possibility of a kidney transplant, we then performed a set of functional assays in vitro to investigate the impact of FHR2 variations on catabolite activator protein Complement Alternative Pathway (CAP) modulation and to define the specific therapeutic approach for our patient.

High levels of the complement activation fragments C3a, Ba, and sC5b–9 were detected in the patient’s serum, suggesting CAP activation (Supplementary Material and Supplementary Figures 1A–C). To investigate this further, we used a guinea pig model to measure the degree of hemolysis induced by adding different concentrations (i.e. 2.5%, 5%, 7.5%, and 10%) of fresh patient serum (HS#2337) or NHS to guinea pig blood in vitro (methods described in Supplementary Material). The patient’s serum induced more erythrocyte lysis (33%, 39%, 41%, and 56%) than NHS (11%, 22%, 24%, and 30%), confirming CAP activation. The effect was dose dependent, and differences at serum concentrations of 2.5%, 5%, and 10% were statistically significant (Figure 2A).




Figure 2 | A FHR2 defect results in activation the complement alternative pathway. (A) Lysis of guinea pig erythrocytes. Guinea pig erythrocytes were incubated with increasing concentrations (2.5%, 5%, 7.5%, or 10%) of patient serum HR#2337 (filled rhombus) or NHS (open square). Lysis was determined by measuring the absorbance of released hemoglobin at 414 nm. The patient’s serum induced more erythrocyte lysis (33%, 39%, 41%, and 56%) than NHS (11%, 22%, 24%, and 30%). The difference was statistically significant at serum concentrations of 2.5%, 5%, and 10%. The results are mean ± standard deviation (SD) of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001. (B) Guinea pig erythrocytes were incubated with 5% NHS (open rhombus) or 5% HR#2337 serum (filled rhombus) alone or enriched with increasing amounts (35 ng, 70 ng, 140 ng, or 280 ng) of recombinant FHR2. The addition of recombinant FHR2 reduced erythrocyte lysis from 34% to 12%. The results are mean ± SD of three independent experiments. *p < 0.05.



Next we investigated the role of a low plasma level of FHR2 in the modulation of the alternative pathway, testing whether the addition of FHR2 to active HS#2337 restores the hemolytic effect. The hemolytic assay was repeated, incubating 5% patient serum with increasing amounts of recombinant FHR2 (from 0 to 280 ng). The negative control was 5% NHS. When recombinant FHR2 was added to the HS#2337, erythrocytes lysis was reduced from 34% to 12%, suggesting a role for FHR2 as a surface regulator of the alternative pathway (Figure 2B). The effect was dose dependent, and the lytic activity of the patient’s serum was fully restored by the addition of 140–280 ng of FHR2. As the systemic endotheliosis induced by a high level of C5b–9 cell deposition represents a milestone in the pathogenesis of aHUS, we evaluated C5b–9 deposition using human umbilical vein endothelial cells (HUVECs) incubated with patient serum and with NHS, using confocal microscopy and flow cytometry (methods described in Supplementary Material).

As shown in Figure 3A, C5b–9 fluorescence was intense and diffuse on endothelial cells exposed to HS#2337, was minimal on cells incubated with NHS, and was absent on cells incubated with phosphate-buffered saline. Moreover, HUVECs incubated with 30% HS#2337 presented a loss of the typical shape, and their usual morphology was lost (Figure 3D).




Figure 3 | Low serum FHR2 levels result in enhanced C5b–9 deposition on HUVECs, modifying cell morphology. (A) HUVECs incubated with 30% HS#2337 (Laser Scanning Microscopy, LSM) showed greater deposition of C5b–9 (green fluorescence) than cells that were incubated with 30% NHS. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) (blue fluorescence). The intact membrane was stained with wheat germ agglutinin Texas Red (WGA) (red fluorescence). Scale bar, 20um. A result representative of three independent experiments is shown. (B) Fluorescence-activated cell sorting (FACS) confirmed the results obtained with LSM. HUVECs incubated with 30% patient serum lacking FHR2 showed greater C5b–9 deposition than HUVECs incubated with NHS. MFI, mean fluorescence intensity. (C) The boxplot displays the Mean Fluorescence Intensity (MFI) of HUVEC incubated with either the patient's serum (white) or NHS serum (grey). Data for the triplicate experiments is shown. *p < 0.05. (D) HUVECs were incubated with HS#2337 or NHS. Cell morphology was determined by examination of WGA fluorescence using Laser scanning microscopy. Cells exposed to HS#2337 are retracted, losing their typical extended shape, and have more intracellular inclusions. Scale bar 100 μm and 10 μm.



The results were confirmed by flow cytometry. Endothelial cells exposed to 30% patient’s serum showed a C5b–9 signal 2-fold higher than that observed when incubating the cells with NHS [mean fluorescence intensity (MFI) express in percentage: HS#2337, 554; NHS, 208] (Figures 3B, C). The difference was statistically significant (p ≤ 0.05). As low FHR2 levels reduce complement regulation, causing more C5b–9 deposition, we carried out an assay to determine whether or not recombinant FHR2 was able to reverse the strong C5b–9 deposition induced by HS#2337. To this end, HUVECs were incubated with 30% patient serum to which increasing amounts of recombinant FHR2 (from 0 to 280 ng) were added, and C5b–9 signaling was evaluated by flow cytometry. In vitro addition of FHR2 to HS#2337 reduced HUVECs C5b-9 deposition in a dose-dependent manner. When FHR2 was used at a concentration of 280ng, C5b-9 signaling on HUVECs was completely lost (MFI: HS#2337, 1017; HS#2337 + 280 ng FHR2, 442) (Figures 4A, B). Thus, adding FHR2 to the patient’s serum restored the complement modulation in vitro, re-establishing the physiological state.




Figure 4 | Recombinant FHR2 and eculizumab block C5b–9 deposition by HS#2337. (A, B) Endothelial cells were incubated with HS#2337 (30%) for 30 minutes. An increasing amount of recombinant FHR2 was added to HS#2337 serum and C5b–9 signaling was examined by flow cytometry. Antibody (Ab) control represents no interaction. The recombinant FHR2 reduced, in a dose-dependent manner, C5b–9 deposition on HUVECs, and this reduction was statistically significant at 70 ng, 140 ng, and 280 ng of FHR2. MFI, mean fluorescence intensity. The results are mean ± standard deviation (SD) of three independent experiments. (C) The effects of eculizumab and FHR2 on C5b–9 deposition was compared by laser scanning microscopy. HUVECs were incubated with 30% HS#2337serum, with 30% HS#2337serum premixed with 280 ng of FHR2 and with 30% HS#2337 serum premixed with eculizumab (35 ng). C5b–9 deposition was evaluated using the monoclonal C5b–9 antibody. (D) Increasing amounts of eculizumab (from 0 to 52ng) were added to 20% HS#2337, and the effect on C5b–9 generation was evaluated by ELISA. Eculizumab significantly reduced C5b–9 generation. The effect is dose dependent. Results represent mean ± SD of three independent experiments (see Supplementary Material for more details). Eculizumab and FHR2 reduced C5b–9 deposition (green fluorescence) on endothelial cells to a similar degree. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) (blue fluorescence). Intact membrane was stained with wheat germ agglutinin Texas Red (WGA) (red fluorescence). Scale bar, 100 μm. The result is representative of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.



Considering the poor response to eculizumab during aHUS onset, we also assayed whether or not the C5-blocking complement inhibitor can also effectively reduce the high C5b–9 levels observed in the patient’s serum. Therefore, an increasing amount of eculizumab (increasing from 0 to 52 ng) was added in vitro to 20% HS#2337. C5b–9 levels were then measured by ELISA. In vitro, the drug blocked the C5b–9 generation in the plasma of our patient in a dose-dependent manner, confirming its efficacy in this unique scenario (Figure 4D).

Finally, we compared FHR2 and eculizumab efficacy in regulating HS#2337-induced C5b–9 deposition. HUVECs were incubated with HS#2337, with HS#2337 plus FHR2 (280 ng), and with HS#2337 plus eculizumab (35 ng). C5b–9 signaling was then evaluated by confocal microscopy (Figure 4C). Interestingly, eculizumab and FHR2 reduced C5b–9 deposition on endothelial cells in a similar manner (Figure 4C), thus offering potential future therapeutic opportunities.



Personalized treatment strategy and patient outcome

Following 23 months of hemodialysis, the patient underwent a kidney transplant at the University Hospital of Bari (Italy), receiving a cadaveric graft from a standard criteria donor. Two (A11, B18) of six antigens were mismatched, four (A24, B35, DR11, DR14) of six human leucocyte antigens were matched, no donor-specific antibodies were detected, and the panel-reactive antibody positivity was 0% (Supplementary Table 1).

Based on the patient’s clinical history and genetic background, and the results of the in vitro assays, we defined a tailor-made therapeutic strategy. Before surgery, the patient received a single plasma exchange, thymoglobulin infusion, steroids, and one dose of eculizumab (900 mg) to confer a high level of graft protection. During the post-transplant phase, steroids were gradually reduced, and plasma exchange was replaced by plasma infusion, which was administered as thymoglobulin for 6 days. This therapeutic scheme allowed the introduction of calcineurin inhibitors (i.e., tacrolimus 0.1 mg/kg) 4 days after the transplant, attenuating the endothelial damage, coupled with mycophenolate (Supplementary Figure 2). Complement analysis of the patient’s serum (on the 10th day post transplant) showed low levels of activation of fragments C3a, Ba, and sC5b–9, confirming the in vivo efficacy of this therapeutic approach (Supplementary Figure 3). Eculizumab was administered weekly for 3 weeks, and then every 2 weeks for 2 months. Given the early graft function, the absence of organ rejection, and the absence aHUS recurrence, the administration of eculizumab was suspended 2 months after transplantation, and the patient was closely monitored with regular follow-up visits. During the 5 years of follow-up (Supplementary Figure 4), no signs of hemolysis, kidney graft dysfunction, or proteinuria were detected (Supplementary Table 2).



Discussion

Kidney transplantation in patients with aHUS is associated with poor outcomes due to high recurrence rates and graft loss. The genetic background has a strong influence on the natural history of the disease (6–8). The KDIGO working group recommends the prophylactic use of eculizumab in the management of patients with aHUS who receive a kidney transplant and carry pathogenic or gain-of-function gene mutations (10). However, the graft outcome in transplanted patients with aHUS carrying novel variants, especially in emerging genes, is unpredictable, thus hampering our ability to optimize immunosuppressive therapy.

Our patient developed a severe form of aHUS after an upper respiratory infection, which is hypothesized to be the disease trigger. Unfortunately, eculizumab was administered 1 month following disease onset and, thus, therapy initiation was significantly delayed. Moreover, owing to the chronicity aspect of kidney chronocity, clinicians decided to administer only two doses of eculizumab.

Unusually, the patient described in this study carries two novel rare variants of the FHR2 gene, and these were associated with a reduction in plasma concentration of the protein. FHR2 is a dimeric plasma protein that is composed of four SCRs, with high sequence similarity to FH, FHR1, and FHR5 (14). Eberhardt et al. (11) showed that FHR2 inhibits C3 convertase and blocks C5b–9 assembly through its N-terminal domain (SCR 1–2), which is also involved in dimer formation. Despite these findings, the exact role of FHR2 in complement modulation and aHUS pathogenesis is still under investigation, presenting an open challenge for scientists and clinicians. Our patient presented a heterozygous de novo missense FHR2 variant, inherited from his father, which results in amino acids exchanges in SCR1 (i.e., E37 to K37) and the introduction of a premature stop codon (c.159C> G; p.Y53*) in SCR1. These variants are located within the N-terminal domain, which mediates FHR2 dimerization and inhibition of C5b–9 assembly, suggesting an important impact on protein function (11). Moreover, p.Y53*, which corresponds to p.Y35* in the protein nomenclature without signal peptide, is located in the highly conserved first N-terminal domain of FHR2, between the residues Tyr34 and Ser36, with the nearby residue Tyr39 being critical in dimer stability (15).

The macroscopic gene rearrangement of FHR2 with FHR1 and FHR5 has been linked to C3 glomerulopathy in three familial cases because of the expression of aberrant hybrid plasma proteins able to overactivate the CAP (16–18). In our patient with aHUS, MLPA excluded the presence of copy number variations in the FHR2 and in the FHRs gene family. In addition, western blot analysis did not reveal the presence of hybrid proteins, but only a level for FHR2, suggesting the possibility of a different pathogenic scenario.

The patient also exhibited overactivation of the initial and final step of the CAP pathway, shown by low C3 plasma levels and increased serum amounts of complement activation fragments Ba, C3a, and sC5b–9. The functional impact of this FHR2 defect on CAP activation was studied using both the patient’s serum and the FHR2 recombinant protein. FHR2 serum deficiency is linked to high CAP activation, and this was revealed by a higher degree of erythrocytes lysis in the patient’s sample than in NHS. Moreover, the addition of increasing amounts of recombinant FHR2 to the patient serum gradually restored the complement control, suggesting a role of FHR2 in CAP modulation, especially on the cell surface.

It is well known that complement deregulation in endothelial cells plays a crucial role in aHUS pathogenesis. Large amounts of the terminal product of the complement cascade (C5b–9) on endothelial cells cause cell death and unmask prothrombotic agents, favoring TMA development (19). In our study, the patient’s FHR2-deficient serum induced a higher level of C5b–9 deposition on HUVECs than did NHS, leading to morphological changes in the cells. The addition of CFHR2 to the serum of our patient significantly reduced C5b–9 deposition on HUVECs in a dose-dependent manner, re-establishing complement control. Indeed, FHR2 acts a complement surface regulator, possibly supporting CFH inhibitory role during complement activation.

When it became apparent that our patient would need to undergo kidney transplantation, we evaluated the opportunity to administer a C5b-blocking complement inhibitor. Thus, we investigated the effect of eculizumab on C5b–9 serum levels and deposition of C5b–9 on cells. Through a series of different in vitro assays, we demonstrated that eculizumab was effective in reducing C5b–9 signaling in this specific patient with FHR2 deficiency, as demonstrated through ELISAs and observation of HUVECs incubated with the patient’s serum. Interestingly, eculizumab and the recombinant FHR2 showed a comparable effect on controlling the complement system, indicating their potential benefits for the treatment of these patients.

Based on the results of these biological tests, we decided to prophylactically administer eculizumab plus plasma therapy before the transplant surgery (20). The prophylactic use of combined eculizumab plus plasma therapy has been reported in a small number of transplant patients with severe aHUS with a severe phenotype, but further studies in larger cohorts are needed to confirm its utility in preventing disease recurrence and graft loss in this group of patients  (10, 21).

Plasma therapy was administered for 6 days after transplantation, whereas eculizumab was used for 2 months to confer a higher protection from complement activation. The discontinuation of eculizumab is debated, and depends on genetic variants, clinical history, and laboratory tests (22). Although two trials have recently shown the usefulness of eculizumab administration for 2 years in patients with aHUS (23), there is no clear evidence on the best timing for discontinuation, especially after kidney transplantation. The time frame for aHUS post-transplant recurrence ranges from 3 days to 6 years, with a median of 2 months. Here, we successfully discontinued eculizumab therapy 2 months after transplantation. At 5 years’ follow-up, the patient showed normal graft function and no signs of disease recurrence (Supplementary Table 2). Short-term preventive eculizumab therapy with plasma infusions was administered based on the results of specific laboratory tests, described above, and these tests (not available routinely) allowed us to set up a tailor-made treatment protocol in a patient carrying an unknown gene variant.

In summary, we reported the first case of aHUS in a patient with a genetic defect within FHR2 that seems associated with very low plasma level of this protein. We successfully transplanted the patient using personalized induction and maintenance therapy. Moreover, the analyses carried out in this index clinical case allowed us to investigate in depth the role of the FHR2 surface complement regulator, and to demonstrate that loss of/reduction in this factor may contribute to the pathogenesis of aHUS. This unique patient provides an example of the application of a translational medicine framework that could be useful in managing patients with aHUS carrying novel genetic variants of unknown significance, with the aim of defining the best therapeutic strategy in those undergoing kidney transplantation.
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Mitochondrial plasticity including mitochondrial dynamics, metabolic flexibility, and mitochondrial quality control, impact tumor cells’ progression and determine immune cells’ fate. Complement C1q binding protein (C1QBP) plays an indispensable role through regulating mitochondrial morphology, metabolism, and autophagy. C1QBP promotes mitochondrial plasticity to impact tumor metastasis and their therapeutic response. At the same time, C1QBP is involved in regulating immune cells’ maturation, differentiation, and effector function through the enhancement of mitochondrial function. In this regard, manipulation of C1QBP has been shown to adjust the competitive balance between tumor cells and immune cells. In the course of evolution, mitochondrial plasticity has endowed numerous advantages against the relentless microenvironment of tumors. In this current review, we summarize the current knowledge of the mechanism of C1QBP regulation of cancer and immunity. We explain this process in vision of potentially new anticancer therapies.
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INTRODUCTION
Mitochondria can rapidly sense energy availability and generate precursors necessary for the biosynthesis of amino acids, lipids, and nucleotides to meet cellular requirements or respond to adverse cellular stimulation (Mishra and Chan, 2016; Ahola et al., 2019). Most importantly, mitochondria function as the hub of numerous signal pathways, including the tricarboxylic acid (TCA) cycle, oxidative phosphorylation (OXPHOS), and fatty acid oxidation (FAO), which endow cells with the considerable adaptation to face a variety of challenging stresses (Vyas et al., 2016; Schvartzman et al., 2018).
Complement C1q binding protein (C1QBP), also known as p32 or hyaluronic acid-binding protein (HABP1), is a multicompartmental protein. In other words, C1QBP exists in multiple subcellular compartments, including the nucleus, endoplasmic reticulum, Golgi, and on the cell surface (Ghebrehiwet et al., 2001; Fogal et al., 2008). For example, C1QBP located on the cell surface interacts with tumor homing peptide, Lyp-1, which specifically recognizes an epitope in tumor cells (Fogal et al., 2008). Moreover, it binds with the pre-mRNA splicing factor (SF2/ASF) in the nucleus, which controls RNA splicing by sequestering an essential RNA splicing factor into an inhibitory complex (Petersen-Mahrt et al., 1999). However, increasing evidence has demonstrated that C1QBP predominantly resides in the mitochondria through its 33-residue N-terminal mitochondria-targeting signal (MTS) sequence and is essential for embryonic development, which is dependent on mitochondrial translation and OXPHOS (Muta et al., 1997; Fogal et al., 2010; Yagi et al., 2012; Zhai et al., 2021). It has been reported that C1qbp deletion induces embryos’ mid-gestation lethality and triggers severe dysfunction of the mitochondrial respiratory chain due to failure of mitochondrial protein synthesis. The association of C1QBP with mitochondrial RNA and mitochondrial ribosomes is required for some mitochondrial protein translation. Besides, C1QBP is also involved in mitochondrial autophagy to remove the dysfunctional mitochondria to maintain healthy cellular homeostasis (Jiao et al., 2015; Jiao and You, 2016). Consequently, C1QBP is integral to mitochondrial fitness, cell metabolism, and survival.
Given that tumor cells and T cells share the metabolic similarities of proliferation, expansion as well as activation, manipulation of mitochondrial plasticity would impact the metabolic competition between tumor cells and T cells in the context of the tumor microenvironment (TME). Tumor cells depend on C1QBP for progression and therapeutic resistance, while immune cells also depend on it for a persistent and powerful antitumor response. This review discusses the dual roles of C1QBP for mitochondrial function in tumor malignancy and immune cells. Finally, we give our expert opinion on potential new mitochondrial-dependent immune stimulation mechanism based-therapies targeting C1QBP.
COMPLEMENT C1Q BINDING PROTEIN MODULATION OF MITOCHONDRIAL PLASTICITY
Mitochondria are highly dynamic organelles constantly undergoing fission and fusion. When they are too damaged, they go through mitophagy, which is the selective degradation of mitochondria by autophagy. It has been elucidated that C1QBP plays a vital role in maintaining mitochondrial homeostasis through regulating mitochondrial morphology, metabolism, and mitophagy. Thereby this protein is fundamental for modulating mitochondrial plasticity and fitness.
Complement C1q binding protein regulates mitochondrial morphology
Mitochondria undergo constant fission and fusion cycles according to the cellular bioenergetic situation. This fine-tuning of mitochondria is vital to give cells the optimal energy supply and survival. The mitochondrial architecture principally consists of optical atrophy 1 (OPA1), mitofusin 1/2 (Mfn1/2), the mitochondrial fission controlled by dynamin-related protein 1 (Drp1), and its mitochondrial adaptor fission protein 1 (Fis1) (Santel and Fuller, 2001; Chen and Chan, 2005; Loson et al., 2013).
C1QBP modulates mitochondrial morphology and integrity. C1qbp silencing not only promoted mitochondrial fragmentation but also repressed mitochondrial fusion (Fogal et al., 2010; Li et al., 2011; Hu et al., 2013; Noh et al., 2020). For example, Solhee Noh et al. found that genetic ablation of C1QBP activates the overlapping activity with m-AAA protease (OMA1) to cleave OPA1, which leads to mitochondrial fragmentation and swelling (Noh et al., 2020). C1QBP regulated mitochondrial morphology by regulating OMA1-dependent proteolytic processing of OPA1. On the other hand, MengJie Hu et al. revealed that overexpression of C1QBP increased mitochondrial fibrils (Hu et al., 2013). At the same time, C1QBP siRNA-treated cells contained predominantly small spherical mitochondria compared with the mainly normal elongated mitochondria in control cells. To further explore the underlying mechanism, they examined the expression of Mfn1, Mfn2, and mitochondrial Drp-1 and found that the C1QBP siRNA treatment resulted in a detectable loss of Mfn1 and Mfn2 and decreased Drp-1 levels. Here, siRNA-mediated C1qbp knockdown induced a more punctate mitochondrial morphology, which was associated with the reduction of the mitochondrial fusion mediator proteins, a sign of potential subsequent degradation.
Complement C1q binding protein is involved in mitochondrial metabolism
Some tumor cells significantly depend on mitochondrial-mediated oxidative phosphorylation (Funes et al., 2007; Moreno-Sanchez et al., 2007). Since oxidative metabolism may recycle lactate, mitochondrial metabolism is advantageous for tumor cells that are highly glycolytic (Sonveaux et al., 2008). Moreover, glycolytic pathway oncogenes may upregulate some genes encoding mitochondrial proteins or those involved in mitochondrial biogenesis (Li et al., 2005). Additionally, mitochondria regulate cellular bioenergetic and biosynthetic processes of important cancer signaling pathways, such as proliferation, metastasis and self-renewal (Viale et al., 2014; Liu and Shi, 2020). Collectively, these findings suggest that oncogene-driven glycolytic metabolism should be balanced, at least in part, by concomitant changes to mitochondria. Mitochondrial metabolism may potentiate cellular plasticity and metabolic flexibility to deal with the relentless microenvironment.
C1QBP plays an indispensable role in mitochondrial function and metabolic regulation. For example, C1qbp-deficient mouse embryonic fibroblasts (MEFs) cells exhibit reduced OXPHOS function (Yagi et al., 2012). A mutation of C1qbp has also been suggested as a cause of mitochondrial respiratory chain disorder. In this regard, C1QBP is a crucial regulator of mitochondria-mediated OXPHOS.
Complement C1q binding protein is responsible for mitochondrial quality control
A functional mitochondrial network responding to physiological adaptations and stress conditions is critical for a healthy cellular condition. Given that mitochondria are exposed to high levels of reactive oxygen species, they have evolved multiple systems of quality control to ensure that the requisite number of functional mitochondria are present to meet cellular demands. Mitochondria eliminate the damaged mitochondrial proteins through autophagy. Thus, understanding how C1QBP orchestrates mitophagy to maintain mitochondrial homeostasis could provide critical insights.
Jiao et al. (2015) reported that C1QBP controlled mitochondrial autophagy to help cells adapt better to the challenging microenvironment (Jiao and You, 2016). Serine/threonine kinase Unc-51-like kinase-1 (ULK1) is crucial in inducing mitophagy. This protein is susceptible to proteasome-mediated degradation. C1QBP regulates ULK1 stability by forming a protein complex with ULK1. The interaction between ULK1 and C1QBP is indispensable to maintaining steady-state levels of ULK1, thereby preventing its polyubiquitylation. Moreover, it has been shown that mitophagy defects can be recovered by re-introducing ULK1 into C1QBP-deficient cells, which suggested that C1QBP protected mitophagy through the prevention of ULK1 degradation. Considering that mitochondrial homeostasis and oxidative phosphorylation might be mutually beneficial (Wrighton, 2013), mitochondrial quality control may serve as an important mechanism for maintaining cellular energy homeostasis. Therefore, C1QBP exerts a protective effect under starvation conditions by both inducing Ulk1-dependent autophagy and maintaining oxidative phosphorylation. In this regard, C1QBP-Ulk1-mitophagy axis may provide a survival advantage when nutrients are scarce, which ultimately promotes tumorigenesis.
Taken together, mitochondrial plasticity including mitochondrial dynamics, metabolism, and autophagy is tightly linked to mitochondrial structure, function and homeostasis. C1QBP overexpression promotes mitochondrial plasticity to endow tumor cells with proliferation and malignant progression. On the contrast, C1qbp knocking down dampens mitochondrial adaptation and metabolic flexibility, which is responsible for tumor repression.
COMPLEMENT C1Q BINDING PROTEIN IS IMPLICATED IN TUMOR PROGRESSION
C1QBP is expressed at high levels in a significant number of tumor types, including melanoma, colon, ovarian, gastric, prostate, brain, and breast, compared with their nonmalignant counterparts (Chen et al., 2009; Amamoto et al., 2011; Yu et al., 2013; Niu et al., 2015; Wang et al., 2015; Gao et al., 2016; Rousso-Noori et al., 2021; Sinha et al., 2021). Various studies involving patients have revealed that C1QBP is positively linked to the tumor stage and poor prognosis, as shown in Table 1.
TABLE 1 | C1QBP overexpressed in a variety of tumor cells is implicated in tumor malignant progression and tumor therapeutic treatment.
[image: Table 1]As expected, high expression levels of C1QBP are inversely correlated with tumor patients’ prognosis, making C1QBP a valuable independent prognostic marker of outcomes in tumor patients. For example, upregulation of C1qbp mRNA has been detected in low and high-grade gliomas, especially recurrent glioblastoma (GBM) (Rousso-Noori et al., 2021). This protein significantly is associated with the extent of the disease progression. It might also serve as a tumor-associated antigen (TAA) in gliomas.
Furthermore, C1QBP modulates tumor proliferation and metastasis. Its expression level in breast cancer was closely linked with distant metastasis and tumor node metastasis (TNM) stages (Wang et al., 2015). X Zhang et al. (2013) reported that during metastasis, the C1QBP up-modulation was confined to metastatic islands, which could have significant implications if further experiments could show it can regulate tumor metastasis. On this note, the authors showed that C1QBP held the activity of protein kinase C and modulated EGF-induced cancer cell chemotaxis, which thus impacted tumor cell migration. In contrast, C1QBP silencing attenuated tumor progression and metastasis in vivo by modulating the tumor microenvironment through inhibiting tumor angiogenesis and macrophage infiltration (Sinha et al., 2021). Based on such premises, C1QBP can be a target of a novel therapeutic approaches in the regulation of tumor progression and metastasis. Additionally, C1QBP has been observed to adhere to the cell surface and interact with integrin αvβ3, a regulatory molecule of cell migration. C1QBP-integrin interaction results in transcriptional upregulation of MT1-MMP expression and finally MMP-2 activation, leading to enhanced tumorigenicity and cell migration in B16F10 melanoma cell line (Prakash et al., 2011). Besides, C1qbp knocking down exhibits the disruption of lamellipodia formation and a concomitant decrease in focal adhesion kinase (FAK) kinase and receptor kinase, inhibiting cellular migration and tumorigenesis (Kim et al., 2011).
On the other hand, increasing evidence has shown that C1QBP-mediated tumorigenesis is tightly associated with mitochondrial metabolism maintenance. Fogal et al. (2010) found that knocking down C1QBP expression in human cancer cells strongly shifted their metabolism from oxidative OXPHOS to glycolysis. C1QBP deficiency resulted in less in vivo tumorigenicity, probably due to the reduced synthesis of the mitochondrial-DNA-encoded OXPHOS polypeptides. Thus, C1QBP is implicated in mitochondrial protein translation and affects several electron transport complexes’ functions. On the other hand, recovering C1QBP reestablished their animal tumorigenicity in these knockdown cells.
Notably, C1QBP was also reported to be involved in glutamine oxidation (Fogal et al., 2015). It is commonly known that glutamine is essential for mammalian cell proliferation. It is therefore associated with tumor progression of any type of cancer. Higher glutamine oxidation positively correlates with a higher degree of tumor progression in vivo. Myc can upregulate C1qbp transcription, resulting in the regulation of glutamine metabolism, which suggest that a high level of Myc in malignant brain cancers is accompanied by increased expression of C1QBP. On the other hand, attenuation of C1QBP expression stunted glioma cells’ growth. C1QBP silencing in glutamine-addicted glioma cells induced resistance to glutamine deprivation. In other words, C1QBP is involved in mitochondrial metabolism and plays an integral role in Myc-induced glutamine addiction in cancer cells.
Additionally, C1QBP has been shown implicated in mitochondrial-dependent apoptosis of tumor cells. Hu et al. reported that siRNA-mediated C1qbp knockdown enhanced mitochondrial fragmentation, which was accompanied by a loss of detectable levels of the mitochondrial fusion mediator proteins Mfn 1/2. Furthermore, siRNA-mediated C1QBP knockdown enhanced tumor cell death in response to cisplatin treatment (Hu et al., 2013).
Overall, C1QBP regulates mitochondrial metabolism and dynamics to potentiate mitochondrial plasticity, thereby endowing tumor cells with a bioenergetic advantage for proliferation, metastasis, and resistance to therapies, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | C1QBP regulation of mitochondrial plasticity to impact tumor progression and antitumor immunity. C1QBP regulates mitochondrial fusion, mitochondrial OXPHOS, and mitochondrial quality control to impact tumor malignant progression and therapeutic response. On the other hand, C1QBP also changes fatty acid metabolism, ER expansion, and ROS accumulation, thus modulating DCs’ maturation as well as T cells’ differentiation and their effector function.
COMPLEMENT C1Q BINDING PROTEIN REGULATES IMMUNE CELLS MATURATION, DIFFERENTIATION AND ANTITUMOR IMMUNE FUNCTION
Warburg hypothesized that the shift to aerobic glycolysis was a cause of cancer. Aerobic glycolysis supports macromolecule synthesis, rapid proliferation and heightened ATP demand, which are necessary for tumor rapid progression. However, even though tumor cells have high rates of glucose consumption via glycolysis, mitochondrial function was later found to be essential in several types of tumor (Wallace, 2012; Ward and Thompson, 2012). A significant proportion of their ATP is still produced via OXPHOS, again suggesting that at least some mitochondrial function is preserved in tumor cells. Similar to tumor cells, immune cells always shift to glycolysis to support their rapid growth and production of biosynthetic factors for differentiation into effector cells (Kouidhi et al., 2017). However, mitochondria generate metabolic intermediates that are important for their growth and proliferation as well as for their cytotoxicity and cytokine production. Several mitochondrial energy metabolism pathways have been implicated in shaping T-cells function and differentiation (Sena et al., 2013). Besides, memory CD8+ T cells require mitochondria-mediated FAO to support their long-term survival (Araki et al., 2009). Therefore, it is evident that mitochondrial function not only affects tumor onset, progression and distant metastasis but also controls immune cells’ maturation, differentiation, and long-term maintenance. A body of literature indicates that C1QBP plays a vital role in mitochondrial-dependent metabolic flexibility of critical immune cells of the immune systems (Gotoh et al., 2018; Zhai et al., 2021; Tian et al., 2022).
Complement C1q binding protein impacts dendritic cells’ maturation
Dendritic cells (DCs) have different functions, and among them are the following ones: 1) constitute the most potent antigen-presenting cells; 2) induce primary immune responses; 3) capture antigens in peripheral tissues; 4) recognize pathogen-associated molecular patterns of invading microbes post-Toll-like receptors (TLRs) ligation, which leads to cellular activation and changes in gene expression and cellular metabolism in DCs (Banchereau et al., 2000; Kawai and Akira, 2011). Gotoh et al. (2018) reported that C1QBP was indispensable in DCs metabolism and maturation. Their study found that mitochondrial C1QBP and pyruvate dehydrogenase (PDH) activity are necessary for DC maturation both in vitro and in vivo. Although pyruvate and lactate were similarly produced by both W.T. and C1qbp−/− DCs, after lipopolysaccharide (LPS) stimulation, LPS-induced citrate production was impaired C1qbp−/− DCs. Generally, glucose is processed by the cytosolic glycolytic pathway to generate pyruvate. Acetyl-coenzyme A (acetyl-CoA) is produced from pyruvate by the PDH complex and subsequently reacts with oxaloacetate to form citrate in mitochondria. Given that after LPS stimulation, the upstream metabolites of citrate in wild type (WT) and C1qbp−/− DCs were produced at similar levels, the authors focused on the activity of PDH in both DCs types. They revealed that C1QBP could bind to PDH-E2 in DCs by immunoprecipitation experiments. Furthermore, the PDH activity in WT was significantly higher than that in C1qbp−/− DCs at the basal condition, which means C1QBP may control PDH activity by binding to PDH-E2 to regulate citrate production and further support DC. maturation. Notably, PDH-mediated citrate production from pyruvate is involved in fat acid synthesis (FAS). This mechanism impacts the endoplasmic reticulum (ER) expansion. Interestingly, ER expansion was observed in WT DCs but not in C1qbp−/− DCs after LPS stimulation.
Therefore, C1QBP bound to PDH-E2 promoted the activity of PDH, facilitating citrate production and enhancing FAS and ER expansion. In this regard, C1QBP involvement in regulating DCs maturation by controlling mitochondrial metabolism other than the electron transport chain (ETC) has many consequences to help fine-tune mitochondria expression, and alterations could lead to the decreased immune function of DCs.
Complement C1q binding protein is involved in T cells differentiation
Besides DCs maturation, C1QBP was also reported to be implicated in the regulation of T cells differentiation. Zhai et al. (2021) revealed that C1QBP was involved in the modulation of effector CD8+ T cells differentiation to affect their antiviral and antitumor immune responses further. Firstly, C1qbp deficiency in T cells intrinsically impaired the differentiation of effector CD8+ T cells, which is attributed to a failure to increase their mitochondrial respiratory capacities. They found that activated CD8+ T cells had greater glycolytic and OXPHOS requirements than activated CD4+ T cells and were more sensitive to OXPHOS impairment. In other words, C1QBP-mediated augmentation of OXPHOS was necessary for the differentiation of effector CD8+ T cells. Moreover, C1QBP promoted the epigenetic and transcriptional programs of effector CD8+ T cells. It achieved it by controlling the production of metabolites, including acetyl-CoA, fumarate, and 2-HG. Their study revealed that C1qbp deficiency mediated OXPHOS impairment. This, in turn, capitulated in decreased acetyl-CoA but increased fumarate and 2-HG. Moreover, downregulation of acetyl-CoA subsequently dampens histone protein H3K27 acetylation, which enhances CpG methylation to reduce some genes expression encoding several master transcription factors that drive effector CD8+ T cell differentiation such as Id2, Prdm1, and Tbx21.
Consequently, CD8+ T cell differentiation becomes retarded. C1QBP facilitates the epigenetic and transcriptional programs of effector CD8+ T cells differentiation by controlling metabolites coupled to OXPHOS. In this regard, they provide a mechanistic association between mitochondrial metabolism and CD8+ T cell differentiation, which means these metabolite supplementations or targeting OXPHOS may have significant application in T cell therapies for cancer.
Complement C1q binding protein regulates T cells exhaustion, proliferation and anti-apoptosis
Tumor-infiltrating T cells encounter not only persistent tumor antigen but also experience metabolic stress from the tumor microenvironment such as glucose competition, metabolite accumulation, and hypoxia (Vardhana et al., 2020; Yu et al., 2020). Scharping et al. (2016) revealed that continuous antigen stimulation, coordinated with hypoxia, impaired mitochondrial functions to drive T cells terminal exhaustion. Although hypoxia alone cannot induce T cells dysfunction, its association with persistent antigen stimulation plays a fundamental role in T cells exhaustion. While on the one hand, the tumor microenvironment makes tumor-infiltrating T cells with dysfunctional mitochondria have a lower mass and activity (measured as spare respiratory capacity), driving T cells’ metabolic insufficiency. On the other hand, the continuous activation of tumor-infiltrating cells further increases mitochondrial reactive oxygen species (ROS) to exacerbate the exhausted phenotype of tumor-specific T cells. Of note, mitigating hypoxia effectively alleviates these tumor-infiltrating T cells exhaustion. Mitochondria has a fundamental role in modulating T cells’ development, fate, and function. Fine-tuning mitochondria is critical for altering the different metabolic preferences and activities within cells. Recently it was shown that impaired ATP production and accumulation of mitochondrial ROS in dysfunctional T cells within the suppressive tumor microenvironment aggravated T cells exhaustion (Li et al., 2020; Vardhana et al., 2020). However, the relationship between metabolic stress and T cell exhaustion remains still unclear.
The question of whether the mitochondrial protein C1QBP is implicated with T cells exhaustion is interesting. Our previous study found that C1qbp knockdown modulated T cells with the accumulation of ROS and the loss of mitochondrial membrane potential, thus impairing T cell mitochondrial fitness (Tian et al., 2022). At the same time, C1QBP insufficiency aggravated exhausted T cells. We assessed exhaustion markers, such as PD-1, Tim-3, and LAG-3 in these tumor-specific T cells. We found that these inhibitory receptors exhibited higher expression levels in tumor-infiltrating C1qbp+/− T cells than the corresponding WT cells. In this regard, C1qbp knocking down exacerbated the tumor-infiltrating T cells exhaustion, leading to a reduced antitumor immune response.
Chronic antigen stimulation drives the defective oxidative phosphorylation and promotes ROS generation in activated T cells, so C1qbp could dampen T cells proliferation while remaining susceptible to cellular apoptosis. To detect the underlying molecular mechanism, we noticed AKT/mTOR proliferation signaling pathway and Bcl-2 anti-apoptotic signaling pathway. Our previous results demonstrated that C1qbp insufficiency inhibited the AKT/mTOR signaling pathway, which conferred T cells with relatively weaker proliferation capacity (Tian et al., 2022). At the same time, C1qbp knocking down reduced the anti-apoptotic proteins recruitment, such as Bcl-2 and Bcl-XL, but aggravated caspase-3 activation and poly (ADP-ribose) polymerase (PARP) cleavage, which thus accelerated T cells apoptotic process. Therefore, C1qbp knockdown induces T cells exhaustion and pre-apoptosis but retarded their proliferation as well as antitumor immune function.
Overall, the potentiation of immune cells’ mitochondrial plasticity through C1QBP promotes fatty acid metabolism, ER expansion, and mitochondrial OXPHOS, but relieves the accumulation of ROS, which could further enhance the DCs maturation, T cells differentiation as well as the tumor-infiltration T cells durability (Figure 1).
MANIPULATION OF COMPLEMENT C1Q BINDING PROTEIN IMPACTS THE COMPETITIVE BALANCE BETWEEN TUMOR CELLS AND IMMUNE CELLS
Targeting complement C1q binding protein ameliorates tumor progression
C1QBP is involved in tumor progression and metastasis, making it an attractive, actionable target against cancer, bringing to the development of monoclonal antibodies (mAbs). Such therapies were successful in inhibiting tumor growth and migration (Sanchez-Martin et al., 2011). The unique upregulation of C1QBP in certain tumors, and targeting it, in various ways, in such tumors could be a valuable strategy (Yenugonda et al., 2017; Rousso-Noori et al., 2021). C1QBP can also be found at the cell surface of angiogenic endothelial cells besides tumor cells. In nature, C1QBP acts as a receptor bound by the CGKRK peptide. Based on such premises, Agemy et al. devised a tumor-targeted nanosystem, through which CGKRK pentapeptide delivers a proapoptotic peptide into the mitochondria of tumor blood vessel endothelial cells and tumor cells (Agemy et al., 2013). The treatment was highly effective, especially in the refractory glioblastoma mouse models, compared to other antiangiogenic therapies.
Moreover, another tumor-homing peptide, LyP-1 (CGNKRTRGC), capable of targeting the cell surface of localized C1QBP, has been used to deliver nanoparticles to breast tumors overexpressing C1QBP and has shown efficacy in vivo (Luo et al., 2010). However, both the anti-C1QBP antibody and the LyP-1 peptide targeted the C1QBP subset that was exposed on the cell surface. Yenugonda et al. (2017) developed C1QBP-directed therapeutics to inhibit the protein in all subcellular compartments, including mitochondria. A primary screening assay employing a glutamine-addicted glioma cell line identified a hit compound called M36, which could bind and inhibit C1QBP located on the cellular membrane and in the mitochondria. In addition, they further demonstrated that M36 impedes the growth of glioma cells and patient-derived glioma stem cells in culture due to C1QBP genetic knockdown.
In addition, antibody neutralization of C1QBP inhibits lamellipodia formation, cell migration and focal adhesion kinase activation (Kim et al., 2016). At the same time, this antigen-antibody reaction inactivates receptor tyrosine kinases (RTKs) activation in various cancer cells and prevents even angiogenesis, resulting in the decreased tumorigenesis in vivo. Notably, A novel tumor penetrating peptide, linTT1 (AKRGARSTA), as a tumor targeting ligand for nanoparticles (Sharma et al., 2017). C1QBP as the primary homing receptor for linTT1, is expressed on the cell surface of peritoneal carcinoma cell lines (Paasonen et al., 2016). Iron oxide nanoworms (NWs) functionalized with the linTT1 peptide in tandem with a pro-apoptotic peptide showed C1QBP-dependent cytotoxicity (Hunt et al., 2017). At the same time, the linTT1-NWs predominantly accumulates in CD31-positive blood vessels, in LYVE-1-positive lymphatic structures, and in CD11b-positive tumor macrophages, thus resulting in significant reduction of weight of peritoneal tumors and significant decrease in the number of metastatic tumor nodules. In this regard, C1QBP-directed intraperitoneal targeting of other anticancer agents may represent a potential strategy to improve their therapeutic index.
Enhancement of complement C1q binding protein optimizes the antitumor function of immune cells
Considering that C1QBP is be specifically expressed on the surface of glioma cells, it is regarded as a suitable tumor associated antigen (TAA) for redirected chimeric antigen receptor (CAR) T cell therapy. Rousso-Noori et al. (2021) reported that C1QBP-specific CAR T cells exerted a dual antitumor and antiangiogenic therapeutic benefit in gliomas. Their study focused on designing CAR T cells targeting C1QBP positive glioma cells. They found that the CAR T cells targeting C1QBP reduced tumor vascularization and extended the overall survival of mice bearing gliomas, thus providing proof-of-principle evidence that C1QBP-CAR T cells can recognize and eliminate not only glioma cells but also tumor endothelial cells. Thus, CAR T cells targeting C1QBP may serve as a therapeutic option for glioblastoma patients through specifically recognizing and eliminating C1QBP expressing glioma cells and tumor derived endothelial cells, finally controlling tumor growth in orthotopic syngeneic and xenograft mouse models.
On the other hand, upregulation of mitochondrial plasticity may effectively reinvigorate T cell’s robust and persistent immune function. This could alter the metabolic competition between tumor cells and immune systems. Thus, it is worth noting that C1QBP modified CAR T cells’ immune function and their long-term maintenance. Our previous study demonstrated that C1qbp knockdown attenuated CAR T cells’ antitumor immune response (Tian et al., 2022). Specifically, we constructed the C1qbp+/− and C1qbp+/+ CAR T cells targeting B7-H3. We found that C1qbp knocking down reduced CAR T cells’ release of IFN-γ and TNF-α cytokines, which reduced the corresponding immunotherapeutic efficacy of CAR T cells in vivo. In contrast, sufficient C1qbp potentiated CAR T cells’ mitochondrial adaptation to the relentless TME by ameliorating their exhaustion, thereby improving their durable antitumor immune function.
Since the mitochondrial function and metabolic flexibility imply the fate and function of immune cells, metabolic interventions manipulating immunity are rare. Using new proteins to achieve this purpose represents a great opportunity that remains untapped. Therefore, developing strategies for potentiation of mitochondrial-dependent metabolic flexibility could improve the efficacy of current immune-based anticancer therapy.
FUTURE DIRECTION
Mitochondrial plasticity endows cells with superior adaptation to the relentless microenvironment. This adaptation is regulated spatially and temporally by regulating gene expression and metabolic signatures, associated mitochondrial dynamics, metabolism, and quality control.
On the one hand, for tumor cells to survive, they are forced to remodel their signaling pathways by altering transcription, translation, and post-translational modifications to acquire phenotypic heterogeneity. Such heterogeneity, in turn, determines whether tumor cells resist environmental stress, enter dormancy or metastasize. Notably, it is imperative to know that mitochondrial plasticity plays a critical role in aiding cancer cells in acquiring metastatic traits under adverse environmental conditions. Cancer stem cells (CSCs) as a population of cells with stem cell-like properties are considered to be the root cause of tumor heterogeneity, which is also responsible for metastatic dissemination and therapeutic resistance (Clevers, 2011; Pattabiraman and Weinberg, 2014). CSCs are characterized by the increased mitochondrial mass and the elevated mitochondrial biogenesis (Luo and Wicha, 2015; Song et al., 2015; Peiris-Pages et al., 2016). In this scenario, mitochondrial biogenesis accompanied with increased membrane potential, and higher generation of mitochondria-derived ROS, has recently been regarded as a regulatory instigator of tumor stemness. Thus, the question whether C1QBP would regulate mitochondrial biogenesis to further impact tumor stemness will be of interest.
On the other hand, we must also stress that potentiation of immune cells, through enhancement of mitochondrial plasticity, contributes to preventing immune exhaustion and durable antitumor immunity. Improving T cells’ mitochondrial fitness can result in persistent immune function. It can cope with a stressful microenvironment. Consequently, in our opinion, an enhancement of mitochondrial function could be a promising strategy for tumor immunotherapy that could be used in combination with the current checkpoint blockade therapies available, such as anti-PD-L1, PD-1, and CTLA-4. Besides, a successful immune response depends on the ability of T cells not only to proliferate extensively and attain effector functions but also to generate long-lived memory T cells. FAO engagement is critical for the generation of memory T cells (Raud et al., 2018). C1QBP was reported to be involved in regulation of lipid metabolism and homeostasis (Liu et al., 2017; Liu et al., 2018). Therefore, the question whether metabolic reprogramming such as FAO through modulation of C1QBP would probably impact the generation of long-lived memory T cells requires further evaluation.
In conclusion, C1QBP is vital in maintaining mitochondrial plasticity. Therefore, inhibition of C1QBP in tumor cells and promotion of C1QBP in immune cells would beneficially adjust the competitive balance between tumor and immune cells, providing a very reasonable therapeutic opportunity by finding a way to correctly fine-tune mitochondrial-based metabolic flexibility (Figure 2).
[image: Figure 2]FIGURE 2 | C1QBP regulation of mitochondrial plasticity alters the competitive balance between tumor cells and immune cells. Tumor cells disarmed from C1QBP exhibit reduced tumor proliferation, metastasis, and therapeutic resistance, while immune cells potentiated with C1QBP perform the active and durable antitumor immunity. In this regard, strategic manipulation of C1QBP would repress tumor progression but optimize antitumor immune function.
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Introduction

Accumulating evidence support that mannan-binding lectin (MBL) is a promising prognostic biomarker for risk-stratification of diabetic micro- and macrovascular complications. Serum MBL levels are predominately genetically determined and depend on MBL genotype. However, Type 1 diabetes (T1D) is associated with higher MBL serum levels for a given MBL genotype, but it remains unknown if this is also the case for patients with T2D. In this study, we evaluated the impact of MBL genotypes on renal function trajectories serum MBL levels and compared MBL genotypes in newly diagnosed patients with T2D with age- and sex-matched healthy individuals. Furthermore, we evaluated differences in parameters of insulin resistance within MBL genotypes.



Methods

In a cross-sectional study, we included 100 patients who were recently diagnosed with T2D and 100 age- and sex-matched individuals. We measured serum MBL levels, MBL genotype, standard biochemistry, and DEXA, in all participants. A 5-year clinical follow-up study was conducted, followed by 12-year data on follow-up biochemistry and clinical status for the progression to micro- or macroalbuminuria for the patients with T2D.



Results

We found similar serum MBL levels and distribution of MBL genotypes between T2D patients and healthy individuals. The serum MBL level for a given MBL genotype did not differ between the groups neither at study entry nor at 5-year follow-up. We found that plasma creatinine increased more rapidly in patients with T2D with the high MBL expression genotype than with the medium/low MBL expression genotype over the 12-year follow-up period (p = 0.029). Serum MBL levels did not correlate with diabetes duration nor with HbA1c. Interestingly, serum MBL was inversely correlated with body fat percentage in individuals with high MBL expression genotypes both at study entry (p=0.0005) and 5-years follow-up (p=0.002).



Discussion

Contrary to T1D, T2D is not per se associated with increased MBL serum level for a given MBL genotype or with diabetes duration. Serum MBL was inversely correlated with body fat percentage, and T2D patients with the high MBL expression genotype presented with deterioration of renal function.





Keywords: diabetes duration, mannan-binding lectin, MBL genotypes, albuminuria, T2D



Introduction

Increasing evidence supports that activation of the complement system plays an important role in developing diabetes-related micro- and macrovascular complications (1, 2). Mannan-binding lectin (MBL) is a serum protein primarily produced in the liver with the ability to distinguish between self and non-self-cells based on carbohydrate pattern recognition. MBL-binding to carbohydrate patterns initiates the lectin pathway, which leads to inflammatory cell recruitment, opsonization, and membrane attack complex formation (3). Hyperglycemia is associated with altered carbohydrate patterns present on the self-cell surface (4). Thus, MBL may cause inexpedient complement activation and tissue injury through binding to glycated self-tissue.

Serum MBL levels are largely determined genetically by six common single nucleotide polymorphisms (SNPs) in the MBL2 gene, resulting in large inter-individual serum levels of MBL (5–7). The six SNPs in the MBL2 gene are divided into three MBL expression genotypes; low MBL expression (O/O) with serum MBL levels below (≤100 µg/L), medium MBL expression (A/O) with serum MBL levels (101–1,000 µg/L), and high expression MBL (A/A) with serum MBL (>1,000 µg/L) (5, 8).

We and others have shown that high expression MBL genotypes and high MBL serum levels are associated with an increased risk of both micro- and macrovascular complications in patients with diabetes (9–12). Additionally, we observed a significantly increased mortality in patients with T1D and the high MBL expression genotype as compared with the patients with a “non-high-expression” MBL genotype (13). High MBL level has been reported as an independent marker of diabetic nephropathy and cardiovascular disease both in patients with T1D (9, 14) and T2D (15, 16). To our knowledge, no longitudinal studies have been performed in regard to MBL levels and development in renal function.

Several studies have found associations between serum MBL levels and insulin resistance (17, 18), though in nondiabetic settings low serum MBL levels were associated with insulin resistance. A study of weight loss and changes in insulin resistance and serum MBL levels showed that weight loss-induced changes in serum MBL concentration were positively associated with the increase in insulin sensitivity (18). This indicates that MBL levels are influenced by the degree of insulin resistance.

We have previously found significantly higher serum MBL levels among patients with T1D compared to healthy subjects (9, 12). However, the distribution of MBL genotypes did not differ between the groups (12) and therefore did not explain the phenotypic differences. These findings are supported by significantly higher serum MBL in patients with new-onset juvenile T1D as compared with their non-diabetic siblings matched for high-expression MBL genotype (19) as well as in animal studies (20).

It remains unknown if T2D per se is associated with altered MBL serum levels for a given MBL genotype. We have previously found comparable serum MBL levels in T2D and healthy individuals, but the relation to MBL genotype distribution was not clarified (21).

The current study aimed to investigate MBL serum level and MBL genotype in newly diagnosed T2D patients compared to age- and sex-matched healthy individuals. Additionally, we examined the relationship between MBL and renal decline as well as diabetes duration and insulin resistance.



Methods


Participants

100 patients with type 2 diabetes (T2D) were consecutively recruited from the outpatient clinic and 100 healthy subjects (controls) matched for age and sex were included in the study as previously described (22). Inclusion criteria at study entry were >18 years of age and, for patients, <5 years duration since diagnosis of diabetes. The diabetes-related treatment for all patients with type 2 diabetes was managed by their general practitioner according to the normal guidelines including insulin-treatment, other antihyperglycemic treatments than insulin, and non-pharmacological treatment such as guidance in a lifestyle intervention. The healthy subjects were recruited by advertising in the local press, and excluded if diabetes was diagnosed by fasting glucose and oral glucose tolerance tests. General exclusion criteria were: acute or chronic infectious disease, end-stage renal failure, pregnancy or lactation, prior or present cancer, and contraindications to MRI scanning (claustrophobia, magnetic material in the body, and body weight > 120 kg). Three T2D patients and one healthy individual were excluded from the study due to missing genotype, no serum MBL sample, or withdrawal of consent.

The participants were invited for a 5-year follow-up visit and 63 patients with T2D and 72 healthy controls attended (23). In total, 37 T2D patients dropped out during follow-up for the following reasons: follow-up invitation rejected (n=24), no contact (n=6), GAD-positive (n=2), deaths (n=5). Twenty-eight participants from the control group dropped out during follow-up for the following reasons: follow-up invitation rejected (n=22), no contact (n=2), death (n=4). For this study, we obtained a dual-energy x-ray absorptiometry (DEXA), blood, and urine sampling, and the medical history of the participants was obtained by a questionnaire at both visits. A 12-year follow-up on clinical diabetes status was also performed: HbA1c, UACR, creatinine, and CRP were obtained from the medical records for the patients with T2D (n = 54).

The study was conducted according to the Declaration of Helsinki and was approved by the local Ethical Committee (1-10-72-349-13) and by the Danish Data Protection Agency (1-16-02-505-13), Denmark. All participants gave their written, informed consent to participate.



Blood analyses

Fasting blood samples were obtained from the antecubital vein. The serum was separated and stored at -80°C until further analysis. Serum MBL levels were measured using an in-house time-resolved immune-fluorometric assay with a lower detection level of 10 µg/L, as described previously by (24). The intra- and inter-assay variations (%CV) were below 10%. High-sensitive C-reactive protein (hsCRP) levels were quantified by an in-house assay as previously described by (25). The limit of detection was 0.005 µg/L. The intra- and inter-assay variations (%CV) were below 5 and 6%, respectively.

All other blood and urine samples were analyzed with accredited methods at the Department of Clinical Biochemistry at Aarhus University Hospital.



MBL expression genotypes

Genomic DNA was extracted from whole blood using the Maxwell 16 System Blood DNA Purification Kit (Promega, Madison, WI, USA) according to the manufacturer’s protocol. Genotyping for six SNPs (single-nucleotide polymorphism) in the MBL2 gene was performed using a real-time polymerase chain reaction with TaqMan SNP Genotyping Assays (Applied Biosystems, Foster City, CA, USA) as previously described by (26). Three SNPs are located within the promoter region of the MBL2 gene (rs11003125, rs7096206, rs12780112)]) and three SNPs (rs1800450, rs5030737, rs1800451) are located in exon 1 of the MBL2 gene. Because of linkage disequilibrium, the six SNPs give rise to seven major haplotypes: HYPA, LYQA, LYPA, LXPA, LYPB, LYQC, and HYPD that were further categorized into three MBL expression genotypes; low (O/O), medium (A/O), and high (A/A) as previously described (5, 7). These MBL expression genotypes has previously been shown to be correlated with serum MBL levels below (≤100 µg/L), (101–1,000 µg/L), and (>1,000 µg/L), respectively (8).



Blood pressure

Ambulatory blood pressure (BP) was measured at 20-min intervals for 24 h using Spacelab 90217 (Spacelabs Healthcare, Issaquah, Washington, USA) in between study days. Office BP was measured on the right arm with an appropriately sized cuff, and mean SBP and DBP were calculated as the average of three measurements obtained by an oscillometric BP monitor (Riester Champion N; Riester GmbH; Jungingen, Germany) after more than 5 min of rest in the seated position. Mean arterial BP (MAP) was calculated as DBP + 0.4 × pulse pressure (PP).



Body composition

A dual-energy radiograph absorptiometry scan (DEXA Discovery System; Hologic, Marlborough, Massachusetts, USA) was performed to estimate lean and fat body mass.



Urinary albumin-to-creatine ratio and estimated glomerular filtration rate

Urinary albumin excretion (UAE) was evaluated by albumin-to-creatinine ratios (ACR) in three morning urine samples. Patients were classified as microalbuminuric when at least two of three samples had urinary albumin-to-creatine ratios of 2.5:25 mg/mmol (men) and 3.5:35 mg/mmol (women) or above. The estimated glomerular filtration rate (eGRF) was calculated from the MDRD study equation from serum creatinine (27).



Statistics

Data are presented as mean ( ± SD) if normally distributed and median (IQR) if non-normally distributed. Given the exploratory aims of the cohort study, power calculations were not carried out. MBL measurements below assay detection limit was set to 10 µg/L. Comparisons between groups were performed using an unpaired t-test for normally distributed data and Mann-Whitney’s U-test for non-normally distributed data. Comparisons of paired data points were achieved with the Wilcoxon signed Rank sum test. Multiple linear regression (Generalized Linear Model) was used to allow adjustment for confounders. The Chi-square test tested the difference in distribution between non-continuous variables. Spearman’s correlation analysis was used to estimate the strength of the association between non-normally distributed variables. P-values were considered significant if <0.05. To characterize the effect of MBL expression genotype on different biomarkers mixed model ANOVA was performed, where data passed the normality test. All calculations were performed in R.




Results

Clinical characteristics of the T2D patients and their age- and sex-matched healthy individuals are shown in Table 1. The diabetes duration at study entry was 1.9 years (IQR: 0.7;3.2). All the participants had well-adjusted treatment, regarding glycemia, blood lipids, and blood pressure. The T2D patients had a higher body fat percentage, HbA1c, albumin/creatinine ratio (ACR), and hsCRP as compared to the healthy individuals. A significantly higher proportion of the T2D group was treated with statins, which may explain their significantly lower total- and LDL- cholesterol levels compared to the control group. Similarly, the T2D group was more often treated with one or more anti-hypertensive medications, which was probably the reason for T2D patients not having higher blood pressure than the control group. Data from 63 patients with T2D and 72 controls were available for 5-year follow-up (Table 2) and the baseline characteristics for the paired group have previously been described (28).


Table 1 | Characteristics of the participants at study entry. Data are mean ± SD unless other indicated.




Table 2 | Characteristics of the participants at 5-year follow-up. Data are mean ± SD unless other indicated.



Distribution of MBL genotype (low-, medium- and high -expression) in the T2D group was 14,4%, 42,3% and 43,3%, respectively, which was similar to the control group, 13%, 43% and 43% (p=0.78). Serum MBL levels (regardless of genotype) did not differ between the T2D group and the control group (643 μg/L (IQR 251;1404) vs. 798 μg/L (IQR 266.5;1660.5), respectively, (p=0.274)) at study entry (Figure 1A) or after 5-years follow up (Figure 1B). Serum MBL levels remained similar in the two groups after adjustment for HbA1c, urine-albumin/creatinine ratio, antihypertensive treatment, and statin treatment in a multiple linear regression analysis.




Figure 1 | Serum levels of MBL at study entry (A) and 5-year follow-up (B) in patients with T2D and healthy controls divided according to MBL expressing genotypes. Bars represent medians, and boxes indicate IQRs. P-values are calculated with the Mann-Whitney U-test for differences between groups.




Change in MBL level over time:

MBL levels in paired samples, for T2D patients with high MBL expression genotype, was 1949 μg/L (IQR 1200;2231) at study entry and 1548 μg/L (1051;2063) at the 5-year follow-up visit (p= 0.143) (Figure 2A). Analyzing the MBL ratio in a multiple linear regression model diabetes status (p= 0.01) and a high MBL expressing genotype (p= 0.005) seems to influence the outcome. MBL levels decreased significantly in the high MBL expression healthy control group over the 5 years from 1950 μg/L (IQR 1168;2526) at study entry and to 1514 μg/L (IQR 1087;2022) after 5 years of follow-up, p=0.005 (Figure 2A). A similar decrease in serum MBL levels was found in the medium MBL expressing genotypes, where MBL levels decreased over the 5-year follow-up from 417 μg/L (IQR 265;518) to 295 μg/L (IQR: 147;352) for patients with T2D (p<0.001) and 347 μg/L (IQR 234;545) to 316 (IQR 197;427) in the healthy control subjects (p=0.003) (Figure 2B).




Figure 2 | Individual change in serum levels of MBL between baseline and 5-year follow-up. (A) High MBL expressing genotypes and (B) medium MBL expressing genotypes are divided according to diabetes status. Bars represent medians, and boxes indicate IQRs. P-values are calculated with the Wilcoxon signed-rank test for differences between groups.



MBL was reduced in the low MBL expression genotype of patients with T2D, 15 μg/L (IQR 11;21) at study entry versus 10 μg/L (IQR 10;11) p=0.025 and in the control group, 24 μg/L (IQR: 10;30) to 16 μg/L (IQR: 11;29) p=0.4. However, due to the low sample size and values near the assay detection limit, the statistic should be interpreted cautiously in this subgroup. Adjustments for HbA1c, ACR, antihypertensive treatment, and statin treatment respectively did not change the results, neither in the total cohort nor after subdividing by MBL expressing genotype.



MBL difference between sex:

Men had higher serum MBL levels compared to women in the entire study group (991 μg/L (IQR 299;1831) vs. 460 μg/L (IQR 186; 1024), p= 0.004. This was also the case with men in the control group who had significantly higher serum MBL levels compared to women (1107 μg/L (IQR 318; 1950) vs. 442 μg/L (IQR 207; 1148), p= 0.03). However, the serum MBL levels was barely significantly higher in men with T2D compared to women (820 μg/L (IQR 296;1767) vs. 478 μg/L (IQR 192;933), p= 0.054). Unequal distribution of MBL genotypes between men and women in either group did not explain the difference.



Correlations between MBL, body fat %, and insulin resistance:

A weak inverse correlation between serum MBL level and body fat percentage was present in the entire group (ρ=-0.21, p=0.003). The outcome was not influenced by either HbA1c, antihypertensive treatment, statin treatment, or diabetes status when analyzing data in a multiple linear regression analysis. However, MBL expressing genotype significantly influenced the correlation between MBL and body fat percentage (p< 0.001). Subdividing by MBL genotype, a negative correlation with fat percentage was present for the high MBL expression genotype (ρ= -0.51, p=0.0005) (Figure 3). No correlations were found in medium or low MBL expression genotypes, which might be due to the low sample size. At the 5-year follow-up, these correlations were still present in the total cohort (ρ= -0.268, p=0.002).




Figure 3 | Scatter plots with trend lines showing a possible linear relationship between body fat percentage and Serum MBL levels, divided by MBL expressing genotype. Grey dots represent healthy individuals and the black dots represent participants with T2D. Spearman’s correlation analysis was used to generate the correlation coefficients and associated p-value.



No correlations were found between MBL and HOMA-β or HOMA-IR and no significant differences in MBL serum levels were found in T2D patients treated with insulin compared to those treated with other anti-diabetic medication or with lifestyle intervention alone. Also, no significant correlations were found between serum MBL level and HbA1c, hsCRP, total-, LDL- or HDL-cholesterol respectively at either study entry or 5-year follow-up (Table 3). Statin treatment or any antihypertensive treatment was not significantly associated with altered MBL serum levels.


Table 3 | An overview of Spearman’s correlation analysis (r) and p-value for serum MBL levels and different variables according to diabetes status.





The difference in biomarkers for nephropathy 12-year follow-up:

In participants with T2D, both eGFR and plasma creatinine differed significantly between high and medium/low expressing genotypes after 12 years of follow-up. The median for eGFR was 70.0 ml/min/1.73m² (IQR 55.5;85.5) in the high MBL expression genotype and 76.9 ml/min/1.73m² (IQR 80.9; 90.0) in the medium/low MBL expression genotype, (p= 0.012). Plasma creatinine was significantly higher in the high MBL expression genotype (76.7 µmol/L (IQR 68.6;98.2)) as compared to 70.0 µmol/L (IQR 68.6;98.2) in the medium/low MBL expression genotype (p= 0.02). A mixed model ANOVA was performed to compare the effect of the MBL genotype on the development of plasma creatinine. For patients with T2D, we found that plasma creatinine increased more rapidly in the high MBL expression genotype than in the medium/low MBL expression genotype (Figure 4), F(2, 100) = 4.09, p = 0.029. Statistical testing of hsCRP, HbA1c and the ACR did not uncover any significant differences after 12-years of follow-up.




Figure 4 | Dot plot with trend lines showing development in plasma creatinine in participants with T2D over the 12-year follow-up period. Black points represent participants with the high MBL expressing genotype (n=22) and the grey points represent participants with medium/low MBL expression genotypes (n=30). A mixed model ANOVA was performed to compare the effect of the MBL genotype on the development of plasma creatinine.



Data from 54 patients with were available for our final analysis (Baseline characteristics of participants attending versus those not attending the follow-up visit are listed in Table S1). Participants lost to follow-up were significantly younger (p= 0.036) and had lower levels of low-density lipoprotein cholesterol (p= 0.012).




Discussion

We showed a similar distribution of MBL genotypes in newly diagnosed T2D patients as in age- and sex-matched healthy individuals. The distribution of MBL expression genotype in healthy individuals has previously been reported in a large Danish population study (n=9245) (29). They showed an MBL expression genotype frequency of 58% for high (A/A), 37% for the middle (A/O), and 5% for low (or MBL deficient O/O). We have recently shown a frequency slightly shifted towards MBL deficiency (A/A 54.5%, A/O 30.8%, and O/O 14.7%) in a group (n=3043) of newly diagnosed T2D patients (16). This distribution is similar to the distribution found in the present study.

Here we showed that serum MBL levels for a given MBL expression genotype were not altered in patients with recently diagnosed T2D as opposed to what has previously been observed in patients with T1D. In a group of patients with T2D and suspected acute myocardial infarction (30), the distribution of MBL genotypes was comparable to the background population, however, as a group, the T2D patients with AMI had higher serum MBL levels than previously reported in the background population of T2D patients, which may be related to vascular stress (30). Although serum MBL levels are known to be determined largely by polymorphisms in the MBL2 gene, differences in circulating MBL levels of up to 10-fold can be found between individuals despite identical genotypes (6).

Portal hypoinsulinemia is present when the portal system is bypassed in subcutaneous insulin administration, as opposed to the pancreas-secreted insulin. The increased serum MBL level for a given genotype seen in T1D patients (9) has generated the hypothesis that the portal hypoinsulinemia characteristic of T1D may increase hepatic MBL synthesis. T2D, on the other hand, is characterized by insulin resistance, including hepatic insulin resistance. Thus, it seems plausible that T2D patients may also have high MBL serum levels for a given MBL genotype because of hepatic insulin resistance. However, the current study did not find evidence of this mechanism. A possible explanation for the lack of stimulation could be that hepatic insulin resistance is counteracted by increased endogenous insulin secretion, and as a net result does not affect MBL levels in T2D or the fact that the patients with T2D were not significantly more insulin resistant than the control group. The inclusion criteria included a maximum diabetes duration of 5 years. In vitro studies with human hepatocytes supported clinical observations of hormonal influence on MBL synthesis, with a significant increase in MBL expression after incubation with thyroid hormones and growth hormone (31), whereas insulin and IGF-1 had no effect. Interestingly, we found that MBL levels decreased after 5-years of follow-up, in healthy individuals with the high MBL expression genotype and remained unchanged in patients with T2D and was not explained by weight gain or change in fat percent.

We found a highly significant inverse correlation between MBL and fat percentage, determined by a whole-body DEXA scan, a very precise expression for obesity. This finding is supported by other studies. In women with polycystic ovary syndrome, obesity was associated with lower MBL levels (17). Among non-diabetic men, MBL serum level was significantly lower in obese subjects than in lean subjects. Further, MBL was significantly correlated with insulin sensitivity as assessed by euglycemic-hyperinsulinemic clamp (18). In a study of nine morbidly obese women, MBL levels also correlated with insulin sensitivity (32). An alternative explanation for the inverse associations between MBL levels and insulin sensitivity, suggests that MBL acts as an anti-inflammatory protein by promoting phagocytic clearance of various inflammatory agents, which would in turn cause subjects with low MBL levels to develop chronic low-grade inflammation, and ensuing insulin resistance or obesity. However, we have shown that MBL levels are unaffected by significant weight loss in obese subjects (33). In the current study, we found no correlation between MBL and hsCRP, an accepted marker of low-grade inflammation. We, therefore, find the hypothesis of MBL as an anti-inflammatory protein less plausible and inclined to the view that MBL secretion is under the regulation of insulin.

It seems somehow contradictive though, that fat percent (followed by insulin resistance) is inversely correlated with MBL levels, whereas T2D patients (insulin resistant) overall have similar MBL levels to age- and sex-matched healthy individuals. We speculate that in obese, non-diabetic individuals, insulin resistance is overcome by increased endogenous insulin secretion, making their net insulin action in the liver able to suppress MBL production. At the time when endogenous insulin secretion can no longer counteract insulin resistance (at the debut of T2D) the net insulin action in the liver is lower and does not overall suppress MBL, although, within the group of T2D, there is still an increasing suppression of MBL with increasing fat percent and obesity.

We found that MBL serum levels were inversely associated with fat percent and triglycerides in the group of T2D patients at study entry and also after 5 years of diabetes duration for the fat percent. A common pathway in the form of peroxisome proliferator-activated receptor-α (PPARα) for regulating MBL levels and triglycerides has been suggested by (34). PPARs are ligand-activated transcription factors known to regulate glucose, fatty acid and lipoprotein metabolism, energy balance, and inflammation, among others (35). Along with the regulation of lipid and glucose metabolism, PPARα is an attractive candidate gene for the risk of metabolic syndrome and T2D. Hepatic MBL2 gene expression and circulating MBL levels are reported to be stimulated by PPARα and fenofibrate in humans, linking PPAR to the regulation of innate immunity and complement activation in humans thus suggesting a possible role of MBL in lipid metabolism (34).

The present study shows an increasing plasma creatinine concentration over the 12-years follow-up period in the T2D patients with the high MBL expression genotype as compared to the medium/low MBL expression genotype. This corresponds with our previous findings, that the high MBL expression genotype was more frequent in T1D patients with diabetic nephropathy than in those with normal urinary albumin excretion (10) and that the presence of high MBL genotypes was associated with a 1.5-fold increased risk of developing nephropathy compared to patients with a ‘low expression’ MBL genotype (9) in patients with T1D. Also, serum MBL concentrations were significantly higher in patients with macroalbuminuria as compared to patients with normal albumin excretion rate, which persisted in the group of patients with high MBL expression genotypes (10), however, no SNPs in the MBL2 gene were reported to confer risk of T1D or diabetic nephropathy. Cai et al. showed that serum and urine MBL levels were higher in patients with T2D and diabetic nephropathy who were prone to develop end-stage renal failure (36), and several studies have reported an association between high plasma MBL levels and the development of diabetic nephropathy in patients with T2D (15, 37, 38). In contrast, Adrian et al. showed that the MBL genotype was not associated with long-term clinical effects in patients with end-stage renal disease, however, only 8% of the patients in the study had diabetes (39). We have recently shown a U-shaped association between serum MBL, high MBL expression genotypes, and risk of cardiovascular events in a large group of patients newly diagnosed with T2D but not with all-cause mortality, supporting the role of MBL in vascular complications (16).



Limitations

The group of T2D patients is newly diagnosed, and well-regulated and may therefore not be representative of T2D patients in general. Unfortunately, only 63% (T2D) and 72% (healthy controls) of the individuals were able or willing to participate in the 5-years follow-up study and we were only able to receive 12-year follow-up biochemistry from patients with T2D but no data from the healthy control group.



Conclusion

In conclusion, we found similar MBL serum levels for any given MBL genotype between T2D patients and matched healthy control subjects. Furthermore, we found a significant inverse correlation between fat percentage and serum MBL levels in the high MBL expression genotype, but the mechanism for this finding needs to be further investigated. We show deterioration of renal function, illustrated by lower eGFR and increased serum creatinine in T2D patients with the high MBL expression genotype.
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Introduction

Ficolin-2 is a serum pattern recognition molecule, involved in complement activation via the lectin pathway. This study aimed to investigate the association of ficolin-2 concentration in cord blood serum with complications related to premature birth.



Methods

546 premature neonates were included. The concentration of ficolin-2 in cord blood serum was determined by a sandwich TRIFMA method. FCN2 genetic variants were analysed with RFLP-PCR, allele-specific PCR, Sanger sequencing or allelic discrimination using TaqMan probes method.



Findings

Cord blood serum ficolin-2 concentration correlated positively with Apgar score and inversely with the length of hospitalisation and stay at Neonatal Intensive Care Unit (NICU). Multivariate logistic regression analysis indicated that low ficolin-2 increased the possibility of respiratory distress syndrome (RDS) diagnosis [OR=2.05, 95% CI (1.24-3.37), p=0.005]. Median ficolin-2 concentration was significantly lower in neonates with RDS than in premature babies without this complication, irrespective of FCN2 gene polymorphisms localised to promoter and 3’untranslated regions: for patients born <33 GA: 1471 ng/ml vs. 2115 ng/ml (p=0.0003), and for patients born ≥33 GA 1610 ng/ml vs. 2081 ng/ml (p=0.012). Ficolin-2 level was also significantly lower in neonates requiring intubation in the delivery room (1461 ng/ml vs. 1938 ng/ml, p=0.023) and inversely correlated weakly with the duration of respiratory support (R=-0.154, p<0.001). Interestingly, in the neonates born at GA <33, ficolin-2 concentration permitted differentiation of those with/without RDS [AUC=0.712, 95% CI (0.612-0.817), p<0.001] and effective separation of babies with mild RDS from those with moderate/severe form of the disease [AUC=0.807, 95% CI (0.644-0.97), p=0.0002].



Conclusion

Low cord serum ficolin-2 concentration (especially in neonates born at GA <33 weeks) is associated with a higher risk of developing moderate/severe RDS, requiring respiratory support and intensive care.
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1 Introduction

Preterm birth is often associated with multiple pregnancies, infections and gestational diabetes, however most (even >60%) cases are unexplained (1). Common prematurity-associated complications include neonatal sepsis, necrotizing enterocolitis (NEC), intraventricular haemorrhage, patent ductus arteriosus (PDA) and retinopathy. Due to smaller surface area for gas exchange, thicker blood-gas barrier and fewer type II alveolar epithelial cells, respiratory problems are more common in preterm than in term infants (2) and are the main reasons for morbidity and mortality in premature babies. If not recognised and managed quickly, respiratory disease can escalate to respiratory failure and cardiopulmonary arrest (3). The similarities in clinical signs for common causes of respiratory distress like pneumonia, transient tachypnea of neonates (TTN), respiratory distress syndrome (RDS) and meconium aspiration syndrome (MAS) make it difficult to distinguish between them (4).

Human lung development begins between the 4th and 7th weeks of pregnancy and the formation of alveoli continues until early postnatal life (5). RDS is a multifactorial and complex disease associated with inadequate pulmonary surfactant production by immature lungs, resulting in microatelectasis, severe hypoxia, and acidosis (3, 6). The development of RDS may be caused by inadequate clearance of fetal lung liquid as well (7). Genetic susceptibility to RDS in preterm infants has also been demonstrated (8). RDS long-term complications include bronchopulmonary dysplasia (BPD) and asthma. In term and post-mature neonates, respiratory distress may be associated with meconium aspiration syndrome (MAS), and with a higher incidence of asthma in later life.

The complement system is a crucial mediator of the immune response to infection. It interacts with other innate mechanisms as well as acquired immunity, and engages in cross-talk with other endogenous cascades, like the coagulation network (9). It also contributes to cell homeostasis (10), tissue development and repair (11, 12), and reproduction (13). Low activity of classical, lectin or alternative routes of complement in sera of premature babies may enhance their vulnerability to infections due to impaired clearance of pathogens via opsonophagocytosis or direct lysis of pathogens. The lectin pathway (LP) of complement activated by microbial glycoconjugates may play a crucial role in the protection of neonates from infections due to their poor response to T-independent polysaccharide antigens and limited transplacental transfer of maternal antibodies [reviewed in (14)].

Knowledge concerning associations of LP with complications related to prematurity is still limited. Several reports have documented correlations of LP-specific factors in serum with gestational age [reviewed in (14)]. One of the pattern-recognition molecules initiating the lectin pathway of complement is ficolin-2. In a large cohort of neonates (recruited consecutively, including approx. 18% preterms), relative ficolin-2 insufficiency was shown to be associated with prematurity, low birthweight and perinatal infections (15). Ficolin-2 was also demonstrated to contribute to the clearance of serotype III group B streptococci – a common cause of neonatal sepsis (16), often clinically and radiographically indistinguishable from RDS (17). In women diagnosed with pre-eclampsia, serum ficolin-2 concentration was significantly lower in comparison with uncomplicated pregnancies (18, 19). Moreover, deposition of ficolin-2 on apoptotic trophoblasts in preeclampsia was observed (18).

So far, published reports have not demonstrated a strong relationship between prematurity-associated complications and the frequency of promoter or exon 8 FCN2 gene variants, known to markedly influence ficolin-2 level/activity (20). Recently we analysed 15 polymorphisms localised to the FCN2 3’untranslated region (3’UTR) in a large group of preterm babies. Our data revealed that reconstructed diplotypes, including both the G variant at rs4521835 and the C variant at rs73664188 (classified into proposed group VI) were associated with a significantly lower ficolin-2 concentration in cord serum (21).

Ficolin-2 is considered to be an important factor of innate immunity. Several reports suggested its association not only with infections but also with non-infectious diseases and its potential application as a prognostic marker (22–24). In this study, we examined ficolin-2 levels in cord-blood serum of preterm neonates in the context of prematurity-associated complications and its possible usefulness for their diagnosis. Moreover, the genetically determined origin of the differences in ficolin-2 levels observed was verified via analysis of FCN2 gene polymorphisms.



2 Material and methods



2.1 Subjects

Cord blood samples from 546 Polish preterm neonates, including 118 born at gestational age (GA) <33rd weeks (range 24-32 weeks), and 428 born between 33rd and 37th weeks of pregnancy were obtained from the Department of Newborns’ Infectious Diseases (Poznań University of Medical Sciences, Poland), Department of Neonatology (Medical University of Gdańsk, Poland) and Department of Perinatology (Medical University of Łódź, Poland). This cohort included 504 subjects investigated previously (21).

The basic clinical data are presented in 
Table 1
. The clinical data for neonates separated into the subgroups born at GA <33 and GA ≥33 are presented in 
Supplementary Table 1
. The study was approved by the corresponding local ethics committees (Bioethics Committee of The Karol Marcinkowski Poznań University of Medical Sciences, Independent Bioethics Committee for Scientific Research at Medical University of Gdańsk, Bioethics Committee of The Medical University of Łódź). Written informed parental consent was obtained. This work conforms to the provisions of the Declaration of Helsinki.


Table 1 | 
Clinical data of preterm neonates included into the study (n=546).




Cord samples were taken at birth into sodium citrate (for DNA isolation) and clot activator (for serum) containing tubes. Isolated serum was kept at -80°C. DNA was isolated using GeneMATRIX Quick Blood Purification Kit (EURx Ltd. Gdańsk, Poland), according to the manufacturer’s protocol.



2.2 Determination of ficolin-2 concentration in cord sera

Ficolin-2 concentrations in 481 cord blood serum samples were determined by TRIFMA, as described by Świerzko et al. (25). Briefly, anti-ficolin-2 mAb (ABS 005-16, BioPorto Diagnostics, Denmark) for 384 HB Optiplate coating, whereas biotinylated mAb (GN4, Hycult Biotech, The Netherlands) and Eu3+-labelled streptavidin (Perkin Elmer, USA) for protein detection were used. The 25th percentile (determined for the whole group or for subgroups of neonates born at GA <33 and at GA ≥33) was taken as an indicator of low ficolin-2 concentration. Although the influence of tubes used for blood collection on concentration of ficolin-2 determined in serum was evidenced (26, 27), tubes of the same type were used in all three clinics collecting samples what makes all data fully comparable.



2.3 Determination of FCN2 polymorphisms

The differences in ficolin-2 levels were analysed in the context of the FCN2 gene promoter haplotype GGCA [corresponding to single nucleotide polymorphisms at positions: -986 (rs3124952); -602 (rs3124953); -64 (rs7865453); -4 (rs17514136)] (28) and 3’UTR group VI diplotype (21), both associated with low ficolin-2 concentration.

Briefly, promoter polymorphisms at positions -986 and -602 were investigated by PCR-RFLP analysis in 503 DNA samples, according to the procedures published by Metzger et al. (29). SNP at positions -64 and -4 were determined using allele-specific PCR or PCR-RFLP, respectively, as described by Szala et al. (30), with minor modifications. Polymorphisms in the FCN2 3’UTR were determined via Sanger sequencing or allelic discrimination using TaqMan probes (21). Haplotypes and diplotypes were created using Haploview 4.2 and PHASE software.



2.4 Statistical analysis

To determine whether continuous variables had a normal distribution, the Shapiro–Wilk test was conducted. The ficolin-2 concentrations were compared using Mann-Whitney U test or Kruskal-Wallis test with post-hoc Dunn test, depending on the number of compared groups. Spearman’s rank correlation test assessed the correlations. The frequencies of genotypes/clinical complications were compared by Fischer’s exact or χ2 test when appropriate. Odds ratios were calculated using online MedCalc software (https://www.medcalc.org). Clinical associations of low ficolin-2 concentration were verified using multiple logistic regression analysis. The predictive power of ficolin-2 was evaluated by receiver operating characteristics (ROC) curves and area under the curve (AUC) analysis. The Statistica (version 13.3, TIBCO Software) and SigmaPlot (version 12, Systat Software) software were used for data management and statistical calculations. P values <0.05 were considered statistically significant.




3 Results



3.1 Low ficolin-2 levels in the context of basic clinical characteristics and outcomes

Median ficolin-2 concentrations differed markedly between neonates born before the 33rd week of gestation and those born at GA ≥33 (median 1639 ng/ml vs 2036 ng/ml, p=0.0024) (
Supplementary Figure 1A
). Moreover, in neonates with very low birthweight (VLBW, <1500 g), ficolin-2 was significantly lower than in babies with higher birthweight (median 1496 ng/ml vs 2018 ng/ml, p=0.0001) (
Supplementary Figure 1B
).

Weak but significant correlations of ficolin-2 concentration with Apgar 1’ and Apgar 5’ scores were observed (R=0.18, p=0.0002 and R=0.24, p<0.0001, respectively). The median ficolin-2 level for babies with Apgar 1’ score <7 (1559 ng/ml) was lower than that for those with Apgar 1’ score ≥7 (2014 ng/ml, p=0.01) (
Supplementary Figure 1C
). In the case of Apgar 5’, medians were 1409 ng/ml and 2042 ng/ml, respectively (p=0.0098) (
Supplementary Figure 1D
).

Moreover, ficolin-2 inversely correlated with the length of hospitalisation (R=-0,2, p<0,0001) and the length of stay at the neonatal intensive care unit (NICU) (R=-0.13, p=0.007). In neonates who stayed in the hospital for >2 weeks, the median ficolin-2 concentration was significantly lower (1646 ng/ml) than in babies, who stayed in the hospital for a shorter time (2094 ng/ml, p=0.0001) (
Supplementary Figure 1E
). In the group of neonates with ficolin-2 levels below 1295 ng/ml (<25th percentile), the length of stay at the neonatal ward was generally longer (mean 18 days, range 2-78 days) than in those with higher ficolin-2 (mean 14 days, range 1-91 days, p=0.02). Furthermore, ficolin-2 concentration was significantly lower (1749 ng/ml) in neonates who stayed at least 5 days at NICU in comparison with babies who stayed there for up to 4 days or did not need intensive care (2018 ng/ml, p=0.022) (
Supplementary Figure 1F
). It is worth noting that all neonates with ficolin-2 concentration <25th percentile and born at GA <33 required hospitalisation at NICU and their stay was generally longer than that of newborns with the same GA but with higher ficolin-2 levels [22.8 days (range 4-61 days) vs. 14.9 days (range 0-84 days), p=0.002).



3.2 Low ficolin-2 levels in the context of complications associated with prematurity

The data concerning relationships between low (<25th percentile) ficolin-2 concentration in the cord blood and selected prenatal clinical complications of prematurity in the whole cohort are presented in 
Table 2
. Additionally, FCN2 gene promoter haplotype GGCA and 3’UTR diplotype group VI were included in the analysis. Corresponding analyses between subgroups depending on gestational age (<33 weeks and ≥33 weeks, in the context of a wider panel of complications) are presented in 
Supplementary Table 2
.


Table 2 | 
Univariate and multivariate1 regression analysis of potential factors for low ficolin-2 concentration (below 25th percentile)2 in the whole cohort.




Logistic univariate regression analysis revealed associations of low ficolin-2 with VLBW, FCN2 promoter GGCA haplotype and group VI 3’UTR diplotype (
Table 2
). In contrast, premature rupture of membranes (pPROM) was associated with higher ficolin-2 concentrations. Multivariate analysis confirmed that low birthweight [OR=2.14, 95%CI (1.14-4.02), p=0.018] and GGCA haplotype [OR=2.57, 95%CI (1.26-5.26), p=0.0098], (but not the group VI 3’UTR diplotype) independently predicted low ficolin-2 concentration (
Table 2
).



3.3 Low ficolin-2 levels in the context of respiratory distress syndrome

Next, the univariate and multivariate logistic regression analysis for RDS as the dependent variable was performed (
Table 3
). According to the final model, the likelihood of RDS development was increased in neonates with low ficolin-2 cord blood serum concentration [OR=2.05, 95% CI (1.24-3.37), p=0.0051]. It was also associated with shorter GA [OR=7.64, 95% CI: (4.34-13.43), p<0.0001], very low birthweight [OR=3.2, 95% CI (1.46-7.03), p=0.0037], and PDA [OR=11.04, 95% CI (1.87-65.02), p=0.008].


Table 3 | 
Univariate and multivariate logistic regression analysis1 of potential factors for RDS development.




Median ficolin-2 concentration was significantly lower in newborns diagnosed with RDS compared with neonates without this complication (for patients born <33 GA: 1471 vs. 2115 ng/ml, p=0.0003; for patients born ≥33 GA: 1610 vs. 2081 ng/ml; p=0.012) (
Figure 1A
). For thirty-eight neonates with RDS born at GA <33, data about disease severity were available. Kruskal-Wallis test revealed a significant difference in ficolin-2 levels among groups of babies with no RDS, those with mild and more advanced RDS (p=0.015) (medians: 2115 ng/ml, 2002 ng/ml and 1275 ng/ml, respectively). The post-hoc analysis showed significantly lower ficolin-2 in cord blood serum in neonates diagnosed with more advanced compared with those with mild RDS (p=0.0017) or without this complication (p=0.0084) (
Figure 1B
).




Figure 1 | 
The comparison of ficolin-2 cord blood serum concentration in preterm neonates with and without respiratory distress syndrome (RDS), depending on gestational age (A) and disease severity in neonates delivered at GA <33 (B). The horizontal lines mark median values. Medians were compared with the use of Mann-Whitney U test (A) and Kruskal-Wallis test (p=0.015) with post-hoc Dunn test (B).




The management of RDS includes exogenous surfactant therapy (by intubation in the delivery room) as well as assisted ventilation. Ficolin-2 concentrations were lower in babies requiring intubation in the delivery room than in those who did not require it (1461 vs. 1938 ng/ml, p=0.023) (
Figure 2A
). The duration of respiratory support (mechanical ventilation and/or continuous positive airway pressure, CPAP) inversely correlated with ficolin-2 concentration in cord serum (R=-0.154, p<0.001).




Figure 2 | 
Comparison of ficolin-2 concentration in neonates requiring and not requiring intubation at delivery room (A) and/or respiratory support (mechanical ventilation, CPAP, or both) (B). The horizontal lines mark median values. Medians were compared with the use of Mann-Whitney U test (A) and Kruskal-Wallis test (p=0.001) with post-hoc Dunn test (B).




Furthermore, Kruskal-Wallis analysis showed a statistically significant difference in the level of ficolin-2 across three groups: without respiratory support, with respiratory support duration <10 days and with respiratory support ≥10 days (p=0.001) (
Figure 2B
). Patients who did not require respiratory support had higher median ficolin-2 concentration (median 2089 ng/ml) compared with patients requiring ≥10 days of respiratory support (median 1447 ng/ml, post-hoc Dunn test p=0.0017) but compared with neonates on <10 days of respiratory support the difference was not statistically significant (median 1782 ng/ml, p=0.208).

The potential of ficolin-2 to discriminate between patients with and without RDS was also tested. When all samples were analysed, the selective power of ficolin-2 appeared rather low [AUC=0.643, 95% CI (0.588-0.699), p<0.0001] (
Figure 3A
). When analysis was performed for neonates born at GA <33 only, it increased to AUC=0.712 [95% CI (0.612-0.817), p=0.0003] (
Figure 3B
). Then, we developed a simple logistic regression model with GA and birthweight (≥/<1500 g) as independent variables. This model yielded AUC of 0.75 [95% CI (0.70-0.81, p<0.001] with a sensitivity 59.5% and specificity 88.0%. Ficolin-2 level incorporation into the model significantly increased its performance up to AUC 0.80 [95% CI (0.74-0.85), p=0.011) (
Figure 3C
). Importantly, sensitivity of this model reached 69.1% with preserved specificity (79.8%). Furthermore, ficolin-2 concentration could better differentiate between mild and moderate/severe RDS in newborns born at GA <33 [AUC=0.807, 95% CI (0.644-0.97), p=0.0002] with sensitivity of 75% and specificity of 91% at cut off 1469 ng/ml (
Figure 3D
). It should however be remembered that the number of samples with corresponding data concerning disease severity was rather small.





Figure 3 | 
The potency of ficolin-2 to differentiate between babies with and without RDS in whole cohort (A), between neonates with and without RDS, born at GA <33 (B), between neonates with and without RDS, depending on GA (<33 vs. ≥33) and BW (<1500g vs. ≥1500g) (C) and between babies born at GA <33 with mild (I) and moderate/severe (II+III) RDS (D).







4 Discussion

The main goal of this work was to investigate the association of ficolin-2 concentration at birth with the risk of complications related to prematurity. We demonstrated that low (<25th percentile) ficolin-2 is associated with a lower Apgar score, prolonged hospitalisation and stay at NICU. Moreover, a strong relationship with increased probability of RDS was found (
Table 3
). Therefore, immediately after birth preterms with low ficolin-2 levels are generally in poorer condition than those with higher concentrations of this protein.

RDS was originally described as hyaline membrane disease- (HMD)-associated vascular disruption leading to the leakage of plasma into the alveolar spaces and layering of fibrin and necrotic cells arising from type II pneumocytes along the alveolar ductus (6). It develops at or within 24 h after birth, and causes hypoxia in association with a lack of surfactant. Untreated disease leads to severe hypoxia resulting in multiple organ failure and even death.

Lung injury and progression to pulmonary edema are also suspected to be consequences of the activation of complement and its cross-talk with the coagulation system (31, 32). Several reports have described lower concentrations of complement factors and higher levels of complement activation products in neonates with RDS, especially in the subgroup poorly responding to surfactant treatment compared with good responders (33). Elevated C3a was also proposed to differentiate RDS from RDS accompanied by perinatal asphyxia (34). Knowledge concerning the role of lectin pathway factors in RDS is limited to a single report by Dogan et al. (35), showing significantly higher frequency of MBL2 genotypes associated with low concentration of MBL in affected neonates. Our results showing increased probability of development of RDS in preterms with low ficolin-2 confirm an association of the complement system with this complication. Interestingly, we found no significant relationship between FCN2 gene polymorphisms and RDS.

Respiratory distress syndrome may be prevented by corticosteroid administration and its treatment usually requires mechanical or non-invasive ventilation and transbronchial exogenous surfactant application. However, it may still result in the development of neonatal chronic lung disease and possibly severe long-term lung damage. Selection of specific and sensitive markers of RDS could be helpful in the diagnostic process and in choosing appropriate treatment. Despite intensive studies, so far no such marker is available. Our results may be helpful in this context since they suggest that ficolin-2 insufficiency has the potential to differentiate between preterms with and without RDS as well as those with mild or more severe disease, at least in the subgroup born at GA<33 (
Figure 3
). Moreover, we reported that low ficolin-2 in cord blood may predict a need for intubation in the delivery room as well as a requirement for intensive respiratory support.

Several reports evidenced association of low ficolin-2 concentration with diseases of the respiratory system. For example, relative ficolin-2 deficiency was shown to predispose to the development of bronchiectasis (36) and to predict disease progression in patients with idiopathic pulmonary fibrosis (37). Although, no association of ficolin-2 with susceptibility to community-acquired pneumonia was shown (38), its low concentration may increase the risk of infection with Mycobacterium tuberculosis or M. avium complex (39, 40). Median ficolin-2 level was also demonstrated to be significantly lower in paediatric patients with asthma and/or allergic rhinitis suffering from recurrent respiratory infections than in controls (41). Interestingly, Schaubel et al. (42) reported that neonatal RDS (with and without BPD) significantly enhances the risk of asthma in pre-school-aged children. Although ficolin-2 is synthesised by hepatocytes and secreted into the circulation, it can be present in the lung as well (43, 44). Interestingly, very low FCN2 mRNA was found in the fetal lung (45).

Low circulating ficolin-2 in RDS patients may be inborn or be a consequence of its consumption or leakage into the air space due to impaired function of the alveolar-capillary barrier. It may lead not only to complement activation, but also to activation of the coagulation system, via complexed MASP (MBL-associated serine proteases). Purified ficolin-2-MASP complexes were shown to release fibrinopeptides from fibrinogen, activate factor XIII and in consequence, to form a clot (46). It is also possible that ficolin-2 interacts with lung surfactant components like cholesterol crystals which constitute up to 8% of native lung surfactant. Ficolin-2-MASP complex deposition, followed by complement C4 activation on cholesterol crystals was documented by Pilely et al. (47). On the other hand, cholesterol is a major component of meconium - involved also in respiratory distress pathology and mentioned among factors responsible for surfactant inactivation (48).

Apoptosis was proposed to contribute to the pathogenesis of RDS, since numerous apoptotic cells were detected mainly in the respiratory epithelium in lungs of affected infants (49). Late apoptotic/necrotic cells may be also a target for ficolin-2/ficolin-2-MASP complexes resulting in complement activation and enhanced phagocytosis (50, 51).

Our data confirmed association of the FCN2 gene promoter polymorphisms and ficolin-2 concentration, published previously by others and ourselves (20, 28, 52). We previously reported also the relationship of 3’UTR diplotypes (group VI) with low ficolin-2 (21). That was confirmed here in univariate analysis, however lost statistical significance after multivariate logistic regression. It has to be remembered as well that prenatal steroid administration might affect ficolin-2 concentration in cord serum. We found a difference between babies born at GA ≥33 to mothers treated with steroids vs. those of mothers who were not receiving such a treatment, which however was not confirmed in multivariate regression analysis (
Supplementary Table 2B
).

We report here for the first time possible involvement of ficolin-2 insufficiency in neonatal RDS development. However, it is not clear whether low concentration in cord blood is a cause or consequence of disease progression. It can be assumed that cord blood ficolin-2 <1500 ng/ml may enhance the probability of moderate/severe RDS and the need for surfactant therapy and assisted ventilation. Determination of ficolin-2 concentration in cord serum may be considered a new early prognostic factor in RDS development, helpful to distinguish RDS from other prematurity-associated respiratory disorders and thus facilitating the choice of appropriate treatment. That, however, should be confirmed by an independent study, ideally taking into account responsiveness to treatment and changes of ficolin-2 levels during the course of RDS.
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  The complement system is implicated in a broad range of neuroinflammatory disorders such as Alzheimer’s disease (AD) and multiple sclerosis (MS). Consequently, measuring complement levels in biofluids could serve as a potential biomarker for these diseases. Indeed, complement levels are shown to be altered in patients compared to controls, and some studies reported a correlation between the level of free complement in biofluids and disease progression, severity or the response to therapeutics. Overall, they are not (yet) suitable as a diagnostic tool due to heterogeneity of reported results. Moreover, measurement of free complement proteins has the disadvantage that information on their origin is lost, which might be of value in a multi-parameter approach for disease prediction and stratification. In light of this, extracellular vesicles (EVs) could provide a platform to improve the diagnostic power of complement proteins. EVs are nanosized double membrane particles that are secreted by essentially every cell type and resemble the (status of the) cell of origin. Interestingly, EVs can contain complement proteins, while the cellular origin can still be determined by the presence of EV surface markers. In this review, we summarize the current knowledge and future opportunities on the use of free and EV-associated complement proteins as biomarkers for neuroinflammatory and neurodegenerative disorders.
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  1. Introduction.

The diagnosis for disorders of the central nervous system (CNS), including neurodegenerative and neuroinflammatory diseases, is still challenging (1). Because of their rising prevalence, high heterogeneity and the urge for early and accurate disease detection, the need for reliable biomarkers for diagnosis, prognosis or treatment response is high. Since dysregulation of the complement system is a common pathologic feature in several CNS diseases (2–7), a lot of research has been conducted to investigate its biomarker potential. Complement proteins are indispensable during development of the nervous system, more specifically during synaptic pruning and axonal growth (8–12). However, several studies have shown that a broad list of CNS diseases, including Alzheimer’s disease (AD) and multiple sclerosis (MS), are associated with aberrant, complement-mediated synapse elimination (5, 10, 11). Furthermore, expression and activation of complement proteins is often observed in disease-associated CNS lesions including AD and MS plaques (2, 13–16). Most importantly, in regard to biomarker research, the level of several complement proteins in biofluids is often found to be altered in CNS disease patients compared to (healthy) controls. In this review, we will discuss the potential and the limitations of complements proteins as biomarkers in neuroinflammatory and neurodegenerative diseases, focusing on AD and MS.


 2. The complement system.

As an essential part of the innate immune system, the complement system ensures rapid recognition and clearance of pathogens or danger-associated signals (5, 17, 18). In addition, the system also coordinates adaptive immune functions (3, 18). The complement system comprises more than 40 proteins and embodies a complex set of interactions (5, 18). Overall, complement activation can be achieved via three pathways, which are summarized in  Figure 1  and are extensively reviewed by others (3, 5, 19, 20). The classical and lectin pathways show a similar course, however their way of activation differs (3, 5, 19). The classical pathway is triggered via binding of the C1 complex to the Fc domain of antibodies present in pathogen-immune complexes, or via its interaction with apoptotic cells or polyanionic molecules such as phosphorylated tau or amyloid-beta (Aβ) fibrils (3, 5, 19). In the lectin pathway, activation happens via the recognition of microbial carbohydrates by pattern binding proteins, including mannose-binding lectin (MBL), resulting in the activation of mannan-binding lectin serine protease 1 (MASP1) and MASP2 (3, 5, 19). After activation, both the classical and lectin pathway mediate C4 and C2 conversion into C4a/C4b and C2a/C2b, respectively. Subsequently, C2a and C4b complex together form the C3 convertase (C4b2a). In contrast, the alternative pathway acts differently, as hydrolyzed C3 (C3H2O) and factor B (fB) are cleaved by factor D (fD) and form a solvent-based C3 convertase (C3H2OBb) (3, 19). The latter pathway is constantly active at low level to scan cells for alerting signals (19). Eventually, all complement activation pathways lead to the cleavage of the central complement protein C3, resulting in C3a/C3b formation (3, 5, 19). Since C3b also forms a C3 convertase together with cleaved factor B (C3bBb), a vicious cycle of C3 cleavage is formed that efficiently amplifies the response (3, 19). Subsequently, an additional C3b binds to the C3 convertase (C4b2a3b or C3bBb3b) to form C5 convertase, by which C5 is converted into C5a/C5b. These effector molecules are classified as opsonins (C3b, C5b) and anaphylatoxins (C3a, C5a) (3, 5, 19). On the one hand, opsonins will mediate efficient target elimination via the formation of the C5b-C9 complex, also known as the membrane attack complex (MAC) or the terminal complement complex (TCC), to mediate target lysis. On the other hand, opsonins tag the target to enhance phagocytosis. Additionally, anaphylatoxins induce leukocyte chemotaxis.

 

Figure 1 | Overview of the complement cascade. The complement cascade can be activated via three different pathways. In the classical pathway, the C1 complex (C1r, C1s, C1q) recognizes antibody complexes (A) bound to pathogens, polyanionic molecules such as pTau and Aβ (B) or damage-associated patterns on apoptotic cells (C). Following C1 activation, C2 and C4 will be converted to C2a/b and C4a/b, respectively. C2a and C4b complex together and form a C3 convertase, which will cleave C3 to create C3a and C3b. Subsequently, C3b will complex with C2aC4b to form C5 convertase, which will lead to the conversion of C5 into C5a and C5b. Finally, C5b will initiate the formation of the MAC complex by recruiting C6, C7, C8 and C9, ultimately resulting into target lysis. Several other activation products (C3b, C4b) formed during the complement pathway enhance phagocytosis via opsonizing the target. The lectin pathway is activated via the recognition of microbial carbohydrates (D) including MBL, resulting in the activation of MASP1/2. Thereafter, the same cascade steps as described above for C3 and C5 conversion are initiated. On the contrary, the alternative pathway is constitutively active at low level for constant scanning of cells. Here, a limited number of C3 molecules is hydrolyzed, which exposes a new binding site for fB. Subsequently, fD will cleave fB-bound C3 resulting in Bb-bound hydrolyzed C3, which functions as a C3 convertase resulting in C3a/C3b production. Thereafter, C3b will again react with fB and properdin. The resulting complex consisting of properdin, C3b and Bb also functions as a C3 convertase, which will again cleave C3 into C3b and C3a. Eventually, properdin and Bb will capture two C3b molecules to form a C5 convertase. By this, C5 can be cleaved, resulting in MAC formation as described above. As indicated in this figure, several amplification loops are present within the complement pathways. There are also different regulating factors that influence or inhibit certain parts of the cascade. For example, fH acts as inhibitor for the C3 convertases in the alternative pathway and acts as a cofactor for fI, which is in turn a regulator for the degradation of several activation products including the inactivation of C3b into iC3b. Additionally, clusterin acts as an inhibitor of MAC formation. mannan-binding lectin serine protease 1/2 (MASP1/2), mannose binding lectin (MBL), phosphorylated tau (pTau), amyloid-β (Aβ), factor I (fI), factor H (fH), factor B (fB), membrane attack complex (MAC). Figure created in Biorender and content in accordance with Dalakas et al. (3), Ricklin et al. (19) and Schartz et al. (5). 




 3. The potential of free complement proteins as biomarkers.

 3.1. Free complement as biomarker in AD.

The early diagnosis of AD patients is crucial for better patient care, the timely administration of potential treatments and enrolment in clinical trials. The present reliance on clinical cognitive and behavioral testing, brain scans and medical history does not fulfill this necessity, with definitive diagnosis only possible postmortem. Unfortunately, the identification of early biomarkers is an arduous task as brain changes are estimated to already occur twenty years before symptoms arise (21, 22) together with a large individual variability in starting age, symptoms, and the speed of disease progression. It is thus of great importance to further unravel the early molecular changes to identify novel diagnostic tools. Currently, the most predictive AD biomarker is the combination of lowered levels of amyloid-beta 42 (Aβ42) with increased total tau (tTau) and phosphorylated tau (pTau) levels in the cerebrospinal fluid (CSF). Although promising, their levels stagnate after disease onset and do not allow staging from mild cognitive impairment (MCI) to AD dementia (23, 24). Furthermore, CSF collection by lumbar puncture is invasive and not frequently performed for AD diagnosis as is the case for MS as discussed further. As opposed to CSF, plasma AD biomarkers are less established, and the availability is still limited. Hence, additional biomarkers to improve preclinical diagnosis, staging and prognosis are necessary. The growing evidence on the involvement of the complement system in AD has brought attention on its use as such a biomarker. For example, polymorphisms in multiple complement genes are associated with increased AD risk (25–29). Furthermore, C1q is activated by Aβ and reciprocally promotes Aβ aggregation (30–33). Similarly, C1q is activated by tau and induces microglial engulfment of excitatory synapses (34, 35). A broad range of preclinical studies making use of complement inhibitors and/or knock-out (KO) mouse models also indicate that complement dysregulation is not a secondary reaction to pathology but a disease-driving force (2), for instance by mediating aberrant synaptic pruning (12, 36, 37). Consequently, complement proteins could have early biomarker potential, and numerous efforts have been made to measure and compare their levels in CSF and plasma in MCI and AD patients and/or different control groups.

 3.1.1. Complement proteins levels in CSF and their biomarker potential.

Studies on CSF complement levels are generally consistent with either increased or unchanged levels in AD ( Table 1 ). More specifically, an increase in the CSF levels of C1s (38), C1q (38), C4 (45), clusterin (39, 48, 49), complement receptor 1 (CR1) (45) and factor H (fH) (41) has been reported in AD patients compared to healthy controls (HC) and/or MCI. Conversely, unchanged levels were shown for C1q (39, 40), clusterin (50) and fH (39, 44, 46). For the central complement protein C3, the outcomes in case-control studies are most inconsistent. On one hand, we found four studies reporting elevated C3 levels in the CSF of AD patients compared to HC (41–43) or MCI (45). On the other hand, C3 concentration was unaltered in two other studies (44, 46), in which the cohort sizes were two to three times larger than in the discussed studies showing increased levels. Notably, a recent meta-analysis combining clinical data from peer-reviewed articles in close to three thousand records demonstrated increased C3 CSF levels (39) supporting the positive studies. However, the two cited studies showing unchanged C3 levels were not included in this meta-analysis, which may have skewed the comparison. Next, one study reported significantly elevated CSF C4 levels in AD patients compared to HC, and an increased trend compared to MCI (45). To our knowledge, no studies reported a decrease in complement levels in the CSF of AD/MCI patients.

 Table 1 | Overview of changes and biomarker potential of complement proteins in the cerebrospinal fluid (CSF) of mild cognitive impairment (MCI) and Alzheimer’s disease (AD) patients compared to a control group. 



Although significant differences in multiple CSF complement components were found between diagnostic groups, none was reported to show adequate capability for classifying AD versus MCI/HC patients. More specifically, Daborg et al. showed that adding the complement proteins CR1, C3 and C4 to a multivariate constructed receiver operating characteristic (ROC) curve for the core biomarkers tTau, pTau and Aβ42 did not improve the area under the curve (AUC) (45). In the study of Toledo et al. the addition of C3, fH or C3:fH ratios did not improve the performance of tTau:Aβ42 in classifying AD subjects or MCI subjects versus HC (AUC 0.84 regardless of C3 and/or fH inclusion) (46). Similarly, Wang et al. showed that none of the ROC calculations using C3 or fH alone yielded acceptable sensitivity and/or specificity (41). The only exception was when the value of C3:Aβ42 and fH:Aβ42 ratios was also evaluated for AD versus control, where high sensitivity and specificity were achieved (C3:Aβ42, sensitivity 92.1% and specificity 76.9%; fH:Aβ42, sensitivity 92.1% and specificity 80.2%). Finally, Brosserson et al. indicated that CSF C1q levels in AD patients versus HC are not diagnostic with a discriminative power (equally weighted sensitivity and specificity) around 60% (40).

Taken together, CSF complement levels seem unsuitable as diagnostic AD biomarkers. Nevertheless, they could have potential as predictor for disease severity. A longitudinal analysis of MCI patients indicated a negative correlation between C3 and fH levels and cognitive decline progression (46) but this was not reflected by lower levels in AD/MCI patients in cross-sectional analyses. In addition, lower fH levels were also shown to correlate with increased lateral ventricular volume in MCI patients, which represents a marker of disease progression (52). As opposed to the inverse correlation between complement levels and cognitive impairment in MCI, a positive correlation is observed in AD patients. Indeed, in a cohort of AD patients with CSF hemoglobin concentration less than 200 ng/ml, a significant correlation between lower mini-mental state examination (MMSE) score and increased concentrations of CSF C3 and fH was reported (41). In addition, another study mentions that CSF C3 was positively correlated with cognitive impairment in their AD cohort, but it should be noted that the data and analysis could not be found in the report (42). Finally, it has been reported that C1q, C3 and clusterin are also associated with higher tTau levels (40, 47, 50) and that clusterin correlates with Aβ-associated atrophy in non-demented elderly (51).


 3.1.2. Complement proteins levels in the blood and their biomarker potential.

Because of the accessibility of plasma- over CSF-based biomarkers, their identification and potential use has been explored extensively ( Table 2 ). However, since the blood is not in direct contact with the diseased brain as is the case for CSF, combined with its complexity and heterogeneity, the identification of reproducible plasma biomarkers is challenging. Moreover, the majority of soluble complement proteins originate from the liver (84) which could mask brain-derived complement perturbations. Accordingly, AD plasma biomarker studies are more heterogenous and conflicting in comparison to CSF studies.

 Table 2 | Overview of changes and biomarker potential of complement proteins in the plasma of Alzheimer’s disease (AD) and mild cognitive impairment (MCI) patients compared to a control group. 



For the three classical complement activator proteins C1q, C1r and C1s, strong evidence for altered levels is lacking, with a trend for increased levels in AD plasma in C1q and C1r (39, 53) while no differences are reported related to C1s (54). Analyses on the plasma concentrations of the alternative complement pathway component fB or its cleaved form Bb also consistently found no differences (39, 53, 54). Similarly, no significant differences were observed in the terminal pathway proteins (39, 54) in AD patients compared to HC. To our knowledge, no evidence for the involvement or increased levels of lectin pathway components in AD has been published. Presumably, it seems that the focal point of changes in AD plasma complement levels is the central axis of the complement system, and not the activator and terminal pathways. Indeed, several studies reported a significant increase in C3 levels in the plasma of AD patients (53, 55–58). Notably, one study reported elevated plasma C3 levels in MCI patients compared to HC, but also compared to AD patients (59). Together, these studies indicate that plasma C3 levels are increased in AD, with a more pronounced increase in the earlier MCI phase. Surprisingly, a meta-analysis by Krance et al. did not endorse these results, underlying the heterogeneity in plasma measurements (39). Substantial variability was indeed detected in the plasma meta-analysis, but the source of the C3 heterogeneity could not be identified. Moreover, a larger scale population study indicated that low baseline levels of plasma C3 are associated with higher AD risk, which was amplified in APOE ϵ44 highly susceptible individuals (60). Case-control comparisons on plasma C4 levels are less consistent. Increased C4 concentrations in AD patients have been reported compared to HC (56, 58, 59, 61). In contrast, other studies did not replicate the increased C4 levels (39, 53, 54). Remarkably, a recent study detected elevated C4 in the saliva of AD patients, albeit without diagnostic utility (68).

For the complement regulators C1 inhibitor, CR1, fH, factor I (fI) and clusterin, case-control studies also indicated changes in their plasma levels. Firstly, one study indicated lower C1 inhibitor levels in AD plasma (53) and another group showed the same for CR1 (59). Interestingly, polymorphisms in the CR1 gene are a well-known AD risk factor replicated in multiple datasets (25–27, 29, 69). Secondly, studies measuring fH levels are divided between unaltered (39, 53, 54, 70) and increased (56, 71) concentrations in the plasma of AD patients compared to HC. Two studies also reported significantly higher fH in MCI subjects versus HC (57, 59) while no difference was observed between MCI patients converting to AD compared to non-convertors (54), arguing against the use of plasma fH as a prognostic AD biomarker. Next, reports on the C3b/C4b protease fI are contradicting, with a study showing unchanged levels between AD and HC (54), another study reporting increased levels in AD plasma compared to MCI (59) and a comparison between MCI convertors and non-convertors indicating a decreased fI plasma concentration (54). Finally, levels of the terminal pathway inhibitor clusterin have been shown to be increased in AD (54, 56) and MCI (50) patients, although this observation has been refuted in other reports (39, 48, 50, 63). Of note, AD-related alterations in clusterin levels could be age-dependent, as it has been shown that higher concentrations are associated with increased dementia risk among elderly persons, as opposed to a decreased risk younger elderly people (72).

Despite the overarching trend of altered complement plasma levels in AD, especially in central axis complement proteins and complement regulators, most studies agree regarding their limited suitability as diagnostic biomarkers. For instance, Cheng et al. reported an accuracy of 64.3% of C4 to distinguishing AD from HC, with 64.3% sensitivity and 64.4% specificity (56). Cutler et al. reported that C1 inhibitor gave a sensitivity and specificity of both 58%, and a sensitivity of only 30.2% when the specificity was set at 80% (53). In addition, setting specificity at 80% gave a sensitivity value of 40% for fH in a ROC analysis by Hye et al. (71). Based on the complexity of AD, combinations of complement proteins with each other or with other variables might hold more potential. In a model by Hakobyan et al. combining clusterin with co-variables associated with AD, the predicted specificity was 75% at 70% sensitivity (54). In the same study, a model combining clusterin, TCC and fI with APOE status was predictive of MCI conversion with an AUC of 0.85 (79% predicted specificity at 80% sensitivity). Furthermore, a model from Wang et al. containing C3 and fH together with four other protein markers (ApoeE1, ApoCIII, ApoE, A2 macroglobulin) and age, sex, genotype, and education level covariates could differentiate MCI and AD from HC with an AUC of 0.743 and 0.837 respectively (41). Finally, a model combining fB and fH with age could moderately predict MCI progression to AD (AUC of 0.71) (59).

Similar to CSF, plasma complement levels have also been analyzed as predictor for disease severity. Thambisetty et al. observed a trend (p-value 0.07) for association between plasma C3 and MMSE score in a combined group of AD and MCI subjects (55). Moreover, another study showed the same association for fH, with increased plasma concentrations correlating with increased cognitive decline (decreased MMSE scores) (71). However, the authors made use of semiquantitative immunoblotting, so a validation study with alternative quantitative assays is necessary. The complement-associated protein clusterin is most associated with AD severity. Importantly, clusterin is a multifunctional protein, so this association could also stem from other mechanism than inhibition of the terminal complement pathway. For example, clusterin is also involved in Aβ aggregation and clearance, cholesterol and lipid regulation, and apoptosis (73, 85). Nevertheless, it is recognized as a robust marker of disease severity in both MCI and AD, as its association with cognitive decline (50, 63, 65, 66) and atrophy (50, 66, 67) has been replicated across studies in using different assay platforms. Finally, one study explored the use of complement levels as potential marker for drug efficacy, in which the plasma levels of C1 inhibitor and fH were negatively correlated with the efficacy of the PPARγ agonist rosiglitazone in AD patients (62).



 3.2. Free complement as biomarker in MS.

MS is an inflammatory, autoimmune-mediated disease of the CNS which is characterized by the formation of inflammatory demyelinating lesions and neurodegeneration (86, 87). The exact etiological basis for this disease is still unknown, although it is clear that both genetics and environmental triggers are involved. Nowadays, magnetic resonance imaging (MRI) is still the most important tool for MS diagnosis, disease activity and treatment response (88, 89). In general, at least two demyelinating lesions disseminated in space and time must be identified for diagnosing MS. Additionally, identification of oligoclonal bands and IgG into the CSF of patients is commonly used but is very labor intensive and costly (88, 89).

Also in MS pathology, several reports indicate the link with the complement system. For example, many complement proteins are detected in both white and grey matter lesions (13–16). More specifically, immunohistochemical analysis of MS plaques of patients with progressive MS revealed the presence of several complement proteins (C3, fB, C1q), activation products (C3b, iC3b, C4d, TCC) as well as regulators (fH, C1 inhibitor, clusterin) (13). Regarding the cellular source, reactive astrocytes and microglia are often proposed as primary sources of complement (13, 14). Complement-mediated demyelination is believed to be dominated by the classical pathway, as C1q is highly present in MS plaques and C3 as well as MAC activation is observed in white matter lesions (3, 13). Next to its role in demyelination, complement has been suggested to be implicated in mediating synaptic alterations by being involved in aberrant synaptic pruning. Mainly based on animal studies, C3-mediated synaptic loss is claimed to be linked with microglial activation and phagocytosis (74–76, 90). Finally, several complement KO mouse models illustrate the involvement of complements in MS pathology. For example, a study with C3 KO mice indicates the requirement of C3 for development of maximal experimental autoimmune encephalomyelitis (EAE) disease (77). Also, inhibition of the alternative complement pathway via monoclonal antibody-mediated fB inhibition, attenuated chronic EAE but did not prevent disease development (78).

Over the past decades, several studies explored the presence of complement components in the blood and CSF to evaluate their potential as biomarkers for MS diagnosis, disease severity and prognosis. In these studies, the levels of a broad variety of complement components were measured in biofluids from MS patients and compared with HC or non-inflammatory other neurological disease patients (NI-ONDC), or comparing different MS patient subgroups ( Tables 3 ,  4 ). In the following sections, we describe the overall alterations in complement levels in CSF and blood and discuss which correlations could be established between complement levels and measures for MS severity, progression, patient stratification and treatment response.

 Table 3 | Overview and biomarker potential of complement components evaluated in the cerebrospinal fluid (CSF) of multiple sclerosis (MS) patients compared to a control group. 



 Table 4 | Overview and biomarker potential of complement components evaluated in plasma or serum of multiple sclerosis (MS) patients compared to a control group. 



 3.2.1. Complement proteins levels in CSF and their biomarker potential.

CSF is a biofluid that is frequently collected by lumbar punction as part of the MS diagnosis process to test oligoclonal banding as a sign of intrathecal antibody synthesis (86).  Table 3  represents an overview of complement components that were examined in the CSF of MS patients compared to a control group. In general, the alterations of complement components in the CSF of MS patients compared to a certain control group are quite cohesive between studies. Most studies indicate that the amount of complement factors is significantly increased (C1q, C4a) or unchanged (C3a, C4, MASP-2, fI) in the CSF of MS patients compared to HC (79–83, 92). Exceptions are fH and fB, which showed a significant decrease in CSF of MS patients compared to HC (94, 107). For complement C3, research outcomes are conflicting, as two studies indicate a significant increase (79, 83) while one study did not observe a difference in CSF C3 levels (82) in MS patients compared to HC. Only two studies evaluated CSF TCC levels in MS patients versus HC (79, 102). Mollnes et al. reported increased TCC levels in 30% of the MS patients (102), while Håkansson et al. reported that there was no difference in TCC levels between MS patients and HC (79). Instead of HC, a lot of studies included (NI-)ONDC patients as control group. Here, the majority of investigated complement factors was elevated (C1q, C1 inhibitor, iC3b, C4b, fI, fH, TCC, FHR125, soluble Complement Receptor 2 (sCR2)) or unchanged (C3a, C4, C4a, C5a) in CSF of MS patients compared to NI-ONDC patients (82, 91, 93–96, 99–101, 108). Of the examined complement factors, fH was unanimously decreased (94, 103, 104). For C3, two studies reported a significantly increased amount in MS patients versus NI-ONDC (94, 95). In contrast, one study could not detect a difference in C3 levels (82) and another study described decreased C3 levels in MS patient compared to a control group with low back pain (without white matter abnormalities) (96). The same was true for terminal factor C9, for which two studies indicated a significant decrease in MS versus ONDC (103, 104), while two other studies could not detect differences between MS and ONDC (105, 106). Also for C4, CSF levels were increased in one study (93) while unchanged in another study (82). A few studies also investigated whether CSF complement levels were different between specific subgroups of MS patients. For example, comparing clinically isolated syndrome (CIS) patients with relapsing-remitting (RR) MS patients did not show any changes in C3 or C4 levels (97). Interestingly, C3a levels in the CSF of RRMS and CIS patients were significantly elevated when they encountered new T2 MRI lesions during a follow-up period of 4 years compared to RRMS and CIS patients that did not develop new MRI lesions during the same follow-up period (79). Moreover, C3a levels were also significantly increased in patients that received evidence of disease activity (EDA)-3 scoring compared to no evidence of disease activity (NEDA)-3 scoring patients during a follow-up time of one year (79).

Although investigated by a limited number of studies, some correlations were discovered between the level of a single complement factor and a measure for ongoing disease activity or severity, disease progression and patient stratification ( Table 3 ). Most of the significant correlations could link a complement level to a measure for disease severity or progression. For example, a positive correlation was observed between CSF C3 levels and expanded disability status scale (EDSS) score (95), CSF TCC levels and EDSS score (101) and CSF sCR2 levels and MS severity score (MSSS) score (91). Furthermore, C1q levels and C3a levels were both positively correlated with the level of neuroinflammatory and neurodegenerative markers in the CSF (79). Remarkably, C3a levels were positively correlated with the amount of gadolinium-positive and T2 MRI lesions present at baseline and after follow-up (79).

Some studies also aimed to determine the source of complement factors in the CSF by measuring CSF:blood ratios of certain complement factors. An increased CSF:blood ratio suggests that elevated CSF complement levels are either a consequence of peripheral leakage due to dysfunctional brain barrier function or intrathecal complement synthesis. To clarify this, researchers studied whether a correlation exists between an increased CSF:blood ratio for complement proteins and an increased CSF:blood ratio for albumin and/or a raised IgG index, which are considered as two measures for MS disease activity (117–119). One study recorded significantly increased CSF:serum ratios for fH in MS patients compared to ONDC, which was strongly correlated with CSF:serum albumin ratio (Pearson’s correlation = 0.83, P < 0.001), suggesting influx of fH from periphery to CSF due to brain barrier dysfunction (108). Also for complement proteins C1s and clusterin, the CSF:plasma ratio correlated with CSF:serum albumin ratio (92). On the other hand, CSF:serum ratio for C4a was increased in MS patients compared to HC, but CSF C4a levels showed moderate correlation with CSF IgG (r = 0.53, p = 0.01) while not with CSF albumin, suggesting C4a CSF was more likely the result of intrathecal synthesis (80). For C9 and fB, CSF:plasma ratio correlated with both CSF:serum albumin ratio and IgG index (92).


 3.2.2. Complement protein levels in the blood and their biomarker potential.

Over the years, a broad variety of complement components present in the blood was studied in MS patients versus different control groups. As discussed above, blood is a more accessible biofluid than CSF, but it is also more prone to non-disease specific influences such as general inflammation. Therefore, it is not surprising that studies regarding complement level alterations in the blood show more variable results compared to CSF analyses. An overview of complement components that were examined in the blood of MS patients compared to controls is shown in  Table 4 .

In the blood, several studies reported upregulated C3, C4 and fH levels in MS patients compared to HC (79, 80, 92, 108, 112, 115, 116). However, in case of C3 this increase rendered insignificant when an adjustment for high-sensitivity C-reactive protein (hsCRP) levels was performed via covariance analysis, meaning that C3 levels in the plasma were affected by hsCRP as a result of systemic inflammation rather than MS disease itself (79). For fB, fI and clusterin, no difference in blood levels between MS patients and HC could be detected (79, 92), while iC3b and C9 were described to be decreased in MS compared to HC (92, 109). Several studies also reported alterations in MS versus HC for C1s, C1 inhibitor, C3a, C4a, TCC and factor Bb but the results of these studies were conflicting. Blood levels of C1 inhibitor and C4a were increased (80, 92) or decreased (109, 112) in MS versus HC. C1s and factor Bb levels were shown to stay unchanged (92) or decreased (109). In contrast, C3a was reported to stay unchanged (79) or increased (112). Also for TCC, the results of the different studies are variable, as it was reported to be increased (112), decreased (109) or unchanged (79) when MS was compared with HC. Most studies that implemented (NI-)ONDC patients as control group concluded there was no difference with the blood levels of the investigated complement factor (i.e., C3a, C4, C4a, C5, C5a, C9, fH, factor Ba) compared to (NI-)ONDC patients (96, 99, 103, 113), except one study which reported decreased C3 levels in serum of MS patients versus control patients with low back pain (96). Some complement factors were also found to differ between certain MS patients groups or between MS patients and other demyelinating diseases such as neuromyelitis optica (NMO). For example, increased levels of C1s, C1 inhibitor, C4d, C5, C5a, fH, factor Bb and TCC and decreased levels of C3 were detected in the blood of NMO patients versus MS patients (109). Within MS patient populations, acute or active RRMS patients showed increased levels of C4a, C9 and fH compared to stable RRMS patients (80, 92, 108).

Regarding the biomarker potential of blood detected complement components, a positive correlation between the level of C3, C4 and fH and EDSS score as a measure for disease activity or severity was described (108, 111). Furthermore, fH also positively correlated with MSSS scores and was a valuable marker for distinguishing secondary progressive (SP) MS from RRMS, with a positive prediction value of 72,4%. fH is therefore an interesting biomarker candidate as indicator of disease progression and disease course (108). To our knowledge, no study found a real correlation between complement levels and response to therapy. However, it was reported that after three months interferon alpha (IFNA) treatment, C1 inhibitor and TCC levels were elevated in RRMS patients compared to their baseline levels (110, 114). For TCC, blood levels were also increased six months of IFNA treatment compared to baseline levels (114). Instead of complement factors themselves, the expression of a gene induced by complement activation, namely Responsive Gene to Complement 32 (RGC-32), could have remarkable biomarker potential for the prediction of both relapse and responsiveness to Glatiramer acetate (GA) therapy (120). Kruszewski et al. investigated the expression level of RGC-32 in peripheral blood mononuclear cells and could show decreased expression of RGC-32 in peripheral blood mononuclear cells (PBMCs) of RRMS patients in acute disease state compared to RRMS patients in remission (120). On the contrary, GA responders showed upregulation of RGC-32 expression compared to GA non-responders (120). By implementing ROC analysis, they could claim that RCG-32 expression levels could predict the probability for relapse and GA responsiveness with 90% and 85% probability, respectively (120).


 3.2.3 Biomarker potential of combined complement factors in MS

As summarized in  Tables 3 ,  4 , few correlations are described between the level of one single complement component and a measure for ongoing disease activity or severity, disease progression, patient stratification and/or response to treatment. However, the combination of multiple complement factor could be a stronger tool to create predictive models. Indeed, a few studies reported logistic regression (LR) models encompassing a set of complement factors together with other clinical patient characteristics to be valuable as a predictive tool. Combining C9 plasma levels, disease duration and age resulted in a LR model to predict for clinical relapse within a group of RRMS patients (AUC 0.73) (92). In the same research, another LR model combining C3, C9, C1 inhibitor and fH plasma levels could predict the probability of MS compared to HC (AUC 0.97) (92). Another study created a LR model comprising plasma levels of C1 inhibitor and TCC, which was effective to distinguish NMO from MS patients (AUC 0.98) (109). Furthermore, a model which combined CSF levels of C3, C9, fB, C1q, fI and properdin with patient age was also valuable for distinguishing NMO from MS (AUC 0.81) (93). In a study with relatively small patient groups, the CSF levels of C3, C4, IgM, mononuclear cells, neuron-specific enolase, S100 and lactate, as well as CSF:blood albumin ratio and IgM index were taken into account to calculate a score that could successfully discriminate between RRMS and SPMS patients (121).



 3.3. Free complement as biomarker in other neurological diseases.

The involvement of the complement system in the pathology of other neurodegenerative and neuroinflammatory diseases such as Parkinson’s disease (122), ischemic stroke (122, 123), glioblastoma multiforme (124), is extensively reviewed by others. Compared to AD and MS, the applicability of free complement as biomarker was less extensively studied in these other pathologies. Therefore, the biomarker potential of free complement in other neurological diseases will not be addressed in this review.



 4. The biomarker potential of complement-containing extracellular vesicles.

As discussed previously, complement proteins are involved in the pathology of several neuroinflammatory and neurodegenerative diseases. Even though the level of free complement proteins in both blood and CSF has been thoroughly studied ( Tables 1  –  4 ), there is no clear consensus for implementation of complement proteins as biomarkers until today. However, the consideration of shifting to complement-containing extracellular vesicles (EVs) as interesting biomarkers instead of free complement proteins has gained progressive attention during the past five years.

 4.1. Extracellular vesicles.

EVs are nanosized double membrane particles which are released by a broad variety of cell types (125, 126). They carry a lot of biological information (i.e., proteins, nucleic acids, metabolites, lipids) which typically resembles the state of their cell of origin. This biological information packed within EVs can be transferred to other nearby or distant cells, which categorizes EVs as an important form of intercellular communication (127). Dependent on their way of biogenesis, EVs can be further divided into subclasses. Exosomes are formed as intraluminal vesicles (ILVs) within multivesicular bodies as a part of the endosomal pathway (127). Subsequently, MVBs fuse with the plasma membrane to release the ILVs as exosomes (127). The second EV subtype are ectosomes or microvesicles, which are formed by direct outwards budding of the plasma membrane (127, 128). A third group of EVs, the apoptotic bodies, are specifically formed during apoptotic cell death via random blebbing of the plasma membrane (127). Despite the description of these different EV subtypes, discriminatory subtype-specific markers are lacking (125, 129). For this reason, we will collectively use the term EV in this review.

EV research, especially in the context of biomarker studies, needs to fulfill the requirements for high standardized isolation and quality control. Therefore, the Minimal Information for Studies of EVs (MISEV) guidelines were developed and are continuously updated (129). EV sample preparation procedures as well as EV source information must be accurately described. This includes a description of the volume of fluid, and/or cell number, and/or tissue mass from which EVs were extracted, as well as the quantification of EV amount per volume of initial fluid or per number of producing cells/mass of tissue by implementing two distinct methods such as assessing protein amount, particle number and lipid amount. Additionally, EV nature are recommended to be verified by checking the presence of at least three protein markers. More specifically, analysis of at least one transmembrane or glycosylphosphatidylinositol (GPI)-anchored protein associated with the plasma membrane and/or endosomes (general or cell-/tissue-specific), one cytosolic or periplasmic protein marker and one non-EV co-isolated structure is required to prove the presence and purity of the EV preparations. Additionally, researchers can only claim the nature of small EVs by evaluating an extra set of markers, which comprises proteins that are situated in/on intracellular cellular compartments, including the Golgi apparatus, mitochondria, autophagosomes, peroxisomes and the endoplasmic reticulum. Proteins associated with these intracellular compartments are normally not enriched in smaller EVs (<200 nm diameter) (129).


 4.2. Why EVs are interesting in the context of biomarker studies.

The consideration of shifting from free protein levels to EV-associated protein levels in biomarker research stems from the fact that EVs have multiple characteristics regarding biomarker potential, which could overcome some of the limitations of free proteins. Firstly, the membranous nature of EVs makes them stable carriers that can protect their cargo from degradation (130). Secondly, it is possible to unravel the cellular source of EVs via analyzing the presence of cell-specific markers (131). In the context of disease, it can be an advantage to focus on EVs carrying the protein of interest originating from a cell type that is specifically engaged in the pathology to narrow down off-target, non-specific sources. For CNS diseases, it is a major advantage that brain-derived EVs can cross brain barriers and can thereby be isolated from peripheral biofluids (132). These peripheral liquid biopsies are more easy to collect compared to CSF and are a less expensive alternative to imaging (132). For example, astrocyte EVs are often defined by the presence of L-Glutamate/L-Aspartate Transporter (GLAST), while L1 cell adhesion molecule (L1CAM) is an extensively studied marker to enrich for neuronal EVs (131, 132). Thirdly, EVs carry disease specific signatures as they mimic the status of their cell of origin (130, 132). Knowledge about cellular EV origin can not only be an advantage for diagnostic purposes, but also allows to gain more insights into the underlying disease mechanisms itself (130, 133, 134). Finally, analysis of EVs can improve measurement sensitivity and signal-to-noise ratio, specifically when enriched for a certain cell type-specific EV population (132, 135). The improved sensitivity can be illustrated by the fact that alterations in plasma EVs are often absent in complete plasma (132). Since most EVs present in the blood do not originate from the CNS, the choice to enrich for EVs produced by neurons or glial cells can improve signal-to-noise ratio (132).

In the following sections, we will describe the findings of studies on the complement content of EVs in different neurological pathologies, which illustrates their growing importance in the field of biomarker identification. The most important conclusions regarding EV-associated complement, as well as EV characterization and EV quality control conducted by the studies discussed in this review are summarized in  Table 5 .

 Table 5 | Minimal Information for Studies of EVs (MISEV) guidelines related information about EV isolation and characterization in the studies discussed in this review, investigating human- and mouse-derived EVs. 




 4.3. Complement-containing EVs in dementia.

Among the different CNS diseases, complement-associated EVs have been investigated most intensively in the context of dementia, more particularly in AD. Moreover, most of the AD-focused studies aim to specifically investigate astrocyte-derived EVs (AEVs), because astrocytes play an important role during AD pathology. While astrocytes have highly important neuronal supportive functions during homeostatic conditions (156, 157), they transform to a proinflammatory (A1) phenotype during neurodegenerative diseases, mediating neurotoxicity via a mechanism that is currently not completely elucidated (158–160). Importantly, pro-inflammatory A1 astrocytes are shown to highly upregulate the expression of complement protein C3 in brain tissue samples of AD patients and AD mouse models (161–163). The involvement of astrocyte-related complement upregulation in relation to the astrocyte-mediated neurotoxicity has been proposed, but the question remains whether astrocytes are the main complement source in AD (37, 159, 161).

Analysis of complement content of plasma-derived AEVs from AD patients versus age- and gender- matched HC indicated significantly increased factors of the classical and alternative pathways (C1q, C4b, C3d, C3b, fB, fD, fBb, and TCC), while mannose-binding lectin levels were unchanged (138, 139). A similar set of increased complement components (C1q, C4b, fD, fBb, C5b, C3b, and TCC) was observed in patients with MCI that converted to dementia within 3 years (MCIC) compared to stable MCI patients (MCIS) (139). The observation that the mean complement levels in AEVs were higher in patients with moderate AD compared to preclinical AD was further confirmed in a longitudinal study where AD patients were tracked over a period of 5 to 12 years (138). Furthermore, AEV levels of complement regulatory proteins (CD46, CD59, CR1, decay accelerating factor) were decreased in AD versus HC (138) and MCIC versus MCIS (139). On top of the complement enrichment, these AEVs were also characterized by an elevated inflammatory content as their IL-6, IL-1β and TNF loading was higher in AD patients compared to HC (138). Remarkably, when comparing complement levels in AEVs and neuron-derived EVs (NEVs), the level of investigated complement components in NEVs is 6- to 50- fold lower than in AEVs (138). These findings therefore support the hypothesis that these complement-enriched, inflammatory AEVs are contributing as astrocyte-produced factors that are conceivably neurotoxic during the late inflammatory phase of AD (138). This hypothesis is strengthened by another study that reported the ability of AD patient plasma-derived AEVs to induce MAC deposition on neurons, accompanied with disruption of neuronal membrane integrity, reduction of neurite density and the reduction of neuronal viability (137). On top of this, these results indicate that AEV-associated complement proteins may be implemented as predictive biomarkers for MCI to AD conversion (138, 139). Next to AEVs, microglial-EVs (MEVs) and NEVs are also studied in the context of AD. Regarding microglial-derived EVs (MEVs), one study isolated MEVs from human cortex tissue and reported elevated MEV-associated C4 levels, as well as upregulated complement regulator CD59 in AD versus HC (140). In contrast to AD, EV-associated complement in frontotemporal lobar degeneration (FTLD) was only investigated once, in which sporadic as well as genetic forms of FTLD (heterozygous/homozygous GRN mutation carriers, intermediate/pathological C9orf72 expansion carriers) were included. Although the concentration of plasma EVs was lower in sporadic and genetic FTLD patients, the C1q, C3 and C4 cargo per EV was higher in FTLD compared to EVs from HC (136). Additionally, EV-complement related differences between different subgroups of FTLD were also detected. For example, C4 cargo was decreased in GRN+ homozygous genetic FTLD versus heterozygous GRN+ and pathological C9orf72 genetic FTLD, while EV-associated C4 increased in sporadic FTLD compared to heterozygous GRN+ FTLD (136). C1q, C3 and C4 EV:plasma ratios were also compared between the different groups. Compared to HC, C3 EV:plasma ratios were elevated in sporadic FTLD while C4 EV:plasma ratios were decreased in homozygous GRN+ FTLD (136). Moreover, C4 EV:plasma ratios were increased in sporadic FTLD versus GRN+ genetic FTLD but decreased in homozygous GRN+ FTLD versus all other FLTD groups (136). For C1q, no differences in EV:plasma ratios could be detected amongst all groups investigated (136).

Next to patient studies, there is a limited amount of EV research on animal models for AD, in which complement components were found into EVs. C1q levels were shown to be increased in plasma-derived AEVs from 3xTg-AD mice compared to WT mice (152). Moreover, C1q levels in plasma-derived AEV were positively correlated with C1q levels in the hippocampus and cortex, which implies that C1q levels in AEVs can reflect C1 levels in the indicated brain regions (152). Another study showed an insignificant increase in C1qa and C1qc levels in CAST APP/PS1 mice brain derived EVs compared to EVs from WT control mice (153). Moreover, we previously reported an increased release of C3-containing EVs by choroid plexus epithelial (CPE) cells that were stimulated with amyloid-beta oligomers (AβO), identifying a novel source of complement-containing EVs that might potentially be detected in the CSF as biomarker for AD (151).


 4.4. Complement-containing EVs in Parkinson’s disease.

For PD, two small-sized proteomic studies on blood-derived EVs from sporadic PD patients in different progression stages compared to HC revealed alterations in the level of EV-associated complement proteins (141, 142). Both studies aimed to identify potential EV-associated biomarkers for PD diagnosis and PD progression. A pilot study with 16 PD patients, stratified via the stage of PD progression according to the Hoehn and Yahr (HY) stages (HY stages II and III), observed a significant decrease of complement proteins clusterin and C1r, as well as apolipoprotein A1 (ApoA1) in plasma EVs from PD patients versus HC (141). Therefore, these three EV-enriched proteins may be proposed as potential biomarker candidates for PD diagnosis (141). However, only ApoA1 present in the EV fractions could be correlated with PD progression, as ApoA1-EV levels were decreased in PD patients with HY stage III versus HY stage II, while plasma protein levels of ApoA1 remained unchanged (141). However, we want to remark that ApoA1 has been indicated as a contaminant that often co-isolates with EVs during EV preparations according to the MISEV guidelines (129). On the contrary, the second proteomic study on serum EVs, including 20 PD patients subdivided according to the HY scale into mild (HY < 3) and severe (HY > 3), could identify complement proteins that were significantly altered during PD disease progression (142). Here, increased EV levels of clusterin and C1r were detected in PD patients with progression from mild to severe disease, whereas decreased levels of EV-associated C1q were detected in PD patients versus HC as well as during progression from mild to severe PD (142). These results indicate a potential for clusterin, C1r and C1q as EV biomarkers for PD progression (142). In conclusion, when comparing both PD studies, both C1r and clusterin might be interesting biomarkers for PD diagnosis and/or progression, but validation with larger patient cohorts is essential.


 4.5. Complement-containing EVs in MS.

The first observation of complement-associated vesicles in MS was made over 30 years ago by Scolding et al., who discovered the presence of MAC-containing vesicles in the CSF of MS patients (145). These MAC-containing vesicles were also found to be produced by oligodendrocytes as a response to complement activation (145). More recently, two patient studies report altered complement EV content in biofluid samples of MS patients. One proteomic analysis of EVs isolated from the CSF of RRMS patients revealed a unique enrichment of several complement proteins (C3b, C4, C6, fB, fH) in EVs compared to CSF levels, while these were not enriched in CSF-EV samples of idiopathic intracranial hypertension control patients (144). We found one study that investigated the biomarker potential of complement-containing EVs in MS. In this study, the potential of circulating NEVs and AEVs as biomarkers for complement-mediated synaptic loss during MS was examined (143). Therefore, synaptic proteins were analyzed in NEVs while a wide spectrum of complement components (C1q, C3, C3b/iC3b, C4, C5, C5a, C9, fB, fH) was measured in AEVs (143). Interestingly, decreased levels of synaptic proteins synaptopodin and synaptophysin in NEVs were strongly correlated with increased levels of complement proteins (C1q, C3b/iC3b, C5, C5a, fH) in AEVs in MS plasma samples compared to HC (143). Importantly, the increase in complement proteins within EVs was only present in AEVs, while total plasma EVs or neat plasma was not showing differences between MS and HC (143).


 4.6. Complement-containing EVs in glioblastoma multiforme.

Also in the cancer field, circulating EVs may carry potential biomarkers that could be highly valuable to accelerate and further improve the diagnosis and follow-up process for specific malignancies. In this review, we particularly focus on GBM brain tumors, the most prevalent, highly malignant glial tumor in the CNS which is frequently diagnosed only in later disease stages and is associated with a poor prognosis (164). Also in this neurological pathology, the intercommunicative role of EVs has been described in the bidirectional crosstalk between the GBM tumor and its microenvironment (165–167). The involvement of the complement system in GBM pathology is also illustrated by multiple reports and is reviewed by others (124, 168). In general, the complement system seems to play a role in several aspects of GB tumorigenesis, such as the maintenance and migration of glioma stem-like tumor niche cells, GB tumor angiogenesis and immune cell cross talk (124). Other key findings include the presence of complement deposits (C1q, C3, TCC, fB) in tumor tissue (169) and altered complement (C1q, fB) levels in serum (169).

For plasma EVs isolated from GBM patients, three independent proteomic analyses all indicated the enrichment for complement protein C3 compared to HC (148–150). Additionally, also enrichment for C1q, C4b and fH were reported in one of the indicated EV proteome studies (148, 149). Next to complement components, enrichment for other inflammatory and coagulation proteins characterize the overall inflammatory signature of GBM-plasma EVs across studies (148, 149). Strikingly, this inflammatory EV phenotype disappeared after tumor resection, which highlights the potential to use this signature to distinguish GBM tumor bearing patients from HC (149). Findings from GBM mouse model studies further support the growing potential of EV-associated complement components in GBM biomarker research. In a longitudinal study, serum samples for EV analysis were collected to monitor disease progression and therapeutic interventions (154). Here, complement proteins (C1rs, C1ra) were present within the list of deregulated proteins in both GBM 12 days after tumor induction (T1) and GBM 21 days after GL261 implantation (T2) (154). A second longitudinal study with a similar set-up, which analyzed the proteome of EVs from serum collected at baseline, pre-symptomatic (T1) and symptomatic stages (T2), detected upregulated levels of C1qa, C1s1 and C1ra in T1 and T2 stages versus baseline, while C4b was downregulated during T1 stage compared to baseline (155).


 4.7. Complement-containing EVs in ischemic stroke.

Besides neurodegenerative and neuroinflammatory diseases, complement proteins are also shown to play a role in the pathogenesis of (neuro)vascular disorders such as atherosclerosis and IS (123, 170). On the one hand, the lectin and alternative complement pathways as well as C3a and C5a binding to their receptors, are implicated in secondary brain tissue injury (123, 170). For example, after a cerebral ischemic event, C3aR and C5aR expression was activated on endothelial cells, glial cells and leukocytes, which may promote inflammatory and/or repair processes at ischemic sites by regulating glial cell activation and chemotaxis (171, 172). Also, the therapeutic potential of modulated complement activation has been illustrated by the fact that modulation or inhibition of complement activation can effectively reduce ischemic brain injury (173, 174). Also, increased levels of C1q and the C1r-C1s-C1inhibitor complex are associated with poor cardiovascular outcomes (175, 176). On the other hand, complement factors including C3a and C5a are also important mediators of neurogenesis and neural plasticity during cerebral ischemia (177, 178). For further extensive reading about the involvement of complement in IS, we refer to reviews written by others (123, 170). In literature, the role of EVs in IS and their potential to transfer information about post-IS processes involving tissue damage and repair have been extensively reviewed as well (179–181). Therefore, linking EVs and complement proteins is an interesting strategy for EV-biomarker identification in IS.

For IS, two proteomic studies on blood-derived EVs were conducted (146, 147). In the first Japanese study with small sample size, four proteins among which C1q subunit B and C1r subunit were significantly enriched in serum EVs from patients who developed symptomatic stroke compared to the HC (146). An important remark here is that the serum samples for EV-proteome analysis obtained in this study were collected during regular health check-ups and not nearby the moment of IS itself, and the diagnosis of IS was based on questionnaires which may imply measurement errors. The second study investigated EV proteome profiles of a larger cohort of IS patients, subdivided in subcortical (SC) and cortical-subcortical (CSC) IS patients, in which serum samples were collected within the first 24h post-IS (147). Here, it was discovered that the C1q A chain protein was specifically present in serum EVs as well as serum-derived NEVs from CSC-IS patients (147). Remarkably, C3 was abundantly present in serum EVs and serum-derived NEVs of CSC- and SC-IS patients as well as HC (147).



 5. Discussion.

Despite the high number of studies investigating complement proteins in the blood and CSF of AD and MS patients, there is currently no clear consensus on their clinical applicability as biomarker. Possible explanations for the high variability across studies include small patient cohorts, different patient inclusion/exclusion criteria or diagnostic parameters and the use of various methods to analyze complement content. Indeed, different complement analysis tools with variable sensitivity and specificity are implemented across biomarker studies to measure complement proteins, including western blot, ELISA, proteomics and multi-array immunoassays. Even when the same detection method for complement components was implemented, variation still arises due to the usage of different complement antibodies or the way samples were prepared for analysis. Moreover, sample collection and analysis should be further standardized for biomarker research and application. Overall, a limited number of studies could show a statistically significant correlation between the level of (a) certain complement protein(s) and disease parameter(s), but the concerning correlations are only described by single studies. In the future, it is required to repeat these studies with bigger patient cohorts to confirm these correlations. However, complement dysregulation is definitely not restricted to one particular CNS disease and almost all complement proteins seem to be affected. Therefore, it is unlikely that free complement components alone will be valuable as biomarkers to distinguish between CNS diseases. Nevertheless, they can still be valuable for supporting the diagnostic process, for example by representing a part of the biomarkers that change within a certain disease instead of considering them as secluded biomarkers for disease diagnosis, progression and response to treatment.

Proteins captured inside or at the surface of EVs as biomarkers have several advantages over free proteins. For example, EVs are stable and protect their cargo from degradation. Interestingly, the cellular source of EVs can be determined by detection of cell-specific markers present on or inside EVs. Finally, EVs are carriers of disease specific signatures because they mimic the status of their cell of origin. This is not only an advantage for diagnostic purposes, but also allows to gain more insights into the underlying disease mechanisms. For example, AD biomarkers are difficult to analyze in peripheral biofluids, while brain-derived EVs can be isolated from peripheral sources by making use of EV enrichment via cell type specific markers on EVs (e.g., GLAST, L1CAM). However, before being able to implement EVs as clinical biomarker platform, EV isolation and quality control procedures should be further standardized. Moreover, the knowledge about complement-containing EVs is still limited and until today, no effective correlation studies to link complement-EV levels with disease characteristics have been conducted yet. Notably, as most research on complement EV content is based on proteomic analyses, complement proteins can be detected inside EVs. However, it is possible that the measured complement proteins are only associated with the EVs at their outside instead of being a real part of their cargo. In conclusion, shifting the focus to complement-containing EVs as potential biomarkers for neuroinflammatory and neurodegenerative diseases seems very promising, but further research is still needed to reveal its true value.
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Objectives

C1s activation is associated with the pathogenesis of various diseases, indicating the potential value of C1s activation detection in clinic. Here we aimed to establish fluorescence resonance energy transfer (FRET)-based immunoassay for the quantitative detection of activated C1s in serum.


Methods

FRET-based fluorogenic peptides, sensitive to the enzymatic activity of activated C1s, were prepared and labeled with the fluorophore ortho-aminobenzoic acid (Abz) and quencher 2,4-dinitrophenyl (Dnp), and then were further selected depending on its Kcat/Km value. C1s in the samples was captured and separated using anti-C1s-conjugated magnetic microbeads. Next, enzymatic activity of activated C1s in samples and standards was examined using fluorescent quenched substrate assays. Limit of detection (LOD), accuracy, precision, and specificity of FRET-based immunoassay were also investigated.


Results

This method presented a linear quantification range for the enzymatic activity of activated C1s up to 10 μmol min-1 mL-1 and LOD of 0.096 μmol·min-1·mL-1 for serum samples. The recovery of the method was in the range of 90% ~ 110%. All CV values of the intra-analysis and inter-analysis of three levels in samples were less than 10%. The cross-reaction rates with C1r enzyme, MASP1, and MASP2 were less than 0.5%. No significant interferences were found with bilirubin (0.2 mg mL-1), Chyle (2000 FTU), and haemoglobin (5 mg mL-1), but anticoagulants (EDTA, citrate and heparin) inhibited the enzymatic ability of activated C1s. Thus, this established method can be used for the determination of active C1s in human serum samples in the concentration interval of 0.096-10.000 μmol min-1 mL-1.


Conclusions

One anti-C1s-based FRET immunoassay for activated C1s detection in serum samples were established, and it will be useful to explore the role of C1s activation in the pathogenesis, diagnosis and treatment in complement-related diseases.




Keywords: complement, C1s, FRET, C4, C2, immunoassay

1  Introduction

Complements are natural immune molecules that serve as the first line-of-defence in the immune response (1–3). In the physiological state, complement molecules are quiescent. In the adaptive and innate immune states, complement molecules are sequentially activated, which then further promote the immune response. For decades, studies have shown that the activation of the complement system is associated with the onset, progression, and prognosis of various diseases, such as novel coronavirus infection, tumours, and autoimmune diseases (1–4). Up to now, three complement activation pathways have been identified, including the classical pathway, alternative pathway, and mannose-binding lectin pathway. Activation of the complement pathways requires soluble complement molecules, cell membrane receptors, or regulatory molecules. Complement-related biomarkers can be monitored to predict disease progression.

C1 is a multimolecular protease that triggers the activation of the classical pathway, which functions in antimicrobial host defence, immune tolerance, and recognition of abnormal structures. The C1 complex is a Ca2+-dependent tetramer, which comprises two copies of two proteases, C1r and C1s, and a recognition protein, C1q (C1qr2s2) (5). C1q mediates the binding of C1 to the target molecule, thereby inducing the activation of C1r, which converts the proenzyme C1s specifically to cleave C2 and C4 (6). The function of the classical complement system largely depends on the activation of the subcomponent C1s (7). Therefore, quantitative detection of active C1s can help to understand the exact role of classical pathway activation in the pathogenesis of complement-associated diseases.

Indeed, C1s play important roles in maintaining homeostasis and onset of certain diseases. In particular, C1s mutations are associated with rare genetic diseases, infectious susceptibility and autoimmune disorders. Ongoing studies also have indicated that the aberrant activation of C1s contributes to the onset of autoimmune and infectious diseases, and even cancers (8, 9). In recent years, inhibitors and monoclonal antibodies against C1s have been explored in several clinical trials. It is noteworthy that the FDA have approved the C1s monoclonal antibody Sutimlimab (sutimlimab-jome; ENJAYMO™) for the treatment of cold lectin disease (CAD) in February 2022 (10). Therefore, clinical evaluation of C1s activation may serve as a novel potential clinic biomarker especially for diagnosis, prognosis evaluation, and even for the selection of individualized therapies against activated C1s in diseases (11). For the detection of C1s, various methods have been established, including immunohistochemical analysis, immunoblotting (12), immunofluorescence staining (13), bilateral diffusion (14), gelatin zymography (15), LC-MS/MS (16) and ELISA (17). These methods can detect both natural and active complement molecules, but can not effectively distinguish whether C1s are in an active or inactive state. As the complement system is only functional when activated in cascade, it is particularly important to detect whether these complement components are activated or not.

Fluorescence resonance energy transfer (FRET)-based immunoassays exploit the distance-dependent transfer of resonance energy from an excited donor fluorophore to a proximal ground-state acceptor fluorophore (18, 19). The spectral properties of the FRET donor-acceptor complex enable direct detection of the acceptor emission without a separation step from the unbound partners (18, 19). The development of homogeneous FRET-based immunoassays contributes to quick and highly specific on-site detection of protein biomarkers for clinical molecular diagnostics of cancers (20, 21) and autoimmune diseases (22). Based on the specific cleavage of C2 and C4 proteins by the active C1s (23), we currently designed the FRET-based peptide that could be cleaved by the active C1s, which conjugated with magnetic microbeads. This study aimed to establish a quantitative immunoassay for the detection of active C1s in serum samples (Figure 1).



Figure 1 | Quantitative FRET immunoassay of the activated C1s based on the capture of anti-C1s antibody: (A) MNP or Beads were precoated with antibody against activated C1s and then added into wells; (B) Activated C1s standard or samples were added and then specifically combined with MNP-labelled anti-C1s antibody; (C) Substrate peptide was added and then cleaved by activated C1s; (D) Fluorescence intensity from Abz on the substrate fragment was monitored by a microplate reader, and the enzymatic ability of activated C1s was quantitatively analysed. Abz, ortho-aminobenzoic acid; MNP, magnetic nanoparticles; FRET, fluorescence resonance energy transfer.




2  Materials and methods

2.1  Materials

2.1.1  Reagents and instruments

Buffer solution used in this study included phosphate-buffered saline (PBS) (0.137 M NaCl, 0.0027 M KCl, 0.01 M Na2HPO4, 0.002 M KH2PO4, pH 7.4); Tris buffer (0.05 M Tris, 0.15 M NaCl, 0. 2% (w/v) PEG 8000); assay buffer (50 mM Tris, 250 mM NaCl, pH 8.0); binding buffer (0.1 M MES buffer, pH 5.0); washing buffer (TBS with 0.05% Tween 20); and blocking buffer (0.05 M Tris with 1.0% BSA and 0.05% Tween 20). In addition, Tris buffer with 0.05% Tween 20 and BSA was used as the desired buffer. A Synergy HT Multifunction Microplate Reader was purchased from BioTek (Winooski, VT, USA).

Carboxyl-coated magnetic beads (1 μm) were purchased from Merck (Whitehouse Station, NJ, USA). C1s enzyme (A104, activated C1s, double-chain C1s) and C1r enzyme (A102, activated C1r, double-chain C1r) were purchased from CompTech (Tyler, TX, USA). MASP1 (H00005648) and MASP2 (H00010747) were purchased from Abnova (Taipei City, Taiwan, China). C1r, MASP1, and MASP2 were diluted in PBS with concentrations of 660 μg·mL-1, 5000 μg·mL-1, and 5000 μg·mL-1, respectively.

Interference Check A Plus A Kit (ZG0501) was obtained from Sysmex (Kobe, Japan). C1s ELISA assay kit was purchased from RapidBio Systems (Catalog NO: 6141000964; Calabasas, CA, USA). Anti-C1s antibody was screened in-house developed, and then sequenced and genetically engineered with CHO system by Biointron (Taizhou, China). N-Carbobenzyloxy-Lys-thiobenzyl ester (Z-K-SBzl) (M-1300) was purchased from Bachem (Bubendorf, Switzerland). 5,5’-dithio-(bis-2-nitrobenzoic acid) (DTNB) (D-8130) was purchased from Sigma-Aldrich. 1-Ethyl-3-[3-dimethylaminopropyl] carbidedimide hydrochloride (EDC) (22980) was purchased from Thermo Fisher Scientific (Cleveland, OH, USA).


2.1.2  Patients enrolment and sample collection

Total 20 patients with primary diagnosis of rheumatoid arthritis (RA) and 20 healthy individuals matched for sex and age (± 10 years) were enrolled. The diagnosis of RA was in accordance with the 2010 American College of Rheumatology (ACR)-European League Against Rheumatism (EULAR) classification criteria for rheumatoid arthritis.

Venous blood was collected by antecubital venepuncture from participants. Serum and plasma samples treated with different anticoagulants (citrate, EDTA, or heparin) were collected and stored at -80°C before use. This study is complied with all relevant national regulations and institutional policies, and is in accordance with the tenets of the Helsinki Declaration (as revised in 2013). This study has been approved by the Ethics Committee of Taizhou People’s Hospital (KY2020-184-01). Informed consent was obtained from each subject.



2.2  Design and preparation of peptide substrates

Substrate candidates were designed based on that active C1s cleave complement components C2 and C4 (24, 25). Three peptide substrates, namely, peptide 1 (GLQRALEI), peptide 2 (SLGRKIQI) and peptide 3 (GYLGRSYKVG) were finally selected for further optimization as previously described (25). The substrate library peptides were synthesized with a purity of greater than 97.43% by Scipeptide (Shanghai, China). Next, FRET-based fluorogenic peptides were prepared with the fluorophore ortho-aminobenzoic acid (Abz) and quencher 2,4-dinitrophenyl (Dnp).

The activity of active C1s on the fluorogenic peptides was firstly studied. Here, 2.5 μL of active C1s (100 μg/mL) (A104, CompTech. Tyler, TX, USA) was added to each well containing the individual peptides with different concentrations (0, 4.72, 9.44, 18.88, 37.75, 75.5, 150, and 300 μM). The reaction system was supplemented with Tris buffer in a volume of 100 μL. Fluorescent intensity was monitored using a microplate reader (BioTek, Winooski, VT, USA) every 5 mins for 2 h at 37°C. The activity of C1s on the individual substrate was monitored based on the alterations of the fluorescence of Abz at excitation wavelength of 360/40 nm and emission wavelength of 460/40 nm. Subsequently, the relationship between the substrate concentration and reactivity was fitted by the Michaelis-Menten equation. Vmax and Km values of the samples were calculated. Then, Kcat was calculated using the formula Kcat = Vmax/molecular weight. The peptide with the highest Kcat/Km value was selected as the candidate substrate for further experiments.


2.3  Preparation of anti-C1s antibody-conjugated magnetic microbeads

Firstly, the quality of anti-C1s was characterized by using polyacrylamide gel electrophoresis and size exclusion chromatography-high performance liquid chromatography (SEC-HPLC) (Supplementary Figure 1). Moreover, the binding capacities of anti-C1s with active C1s, C1(C1q2C1r2C1s) and C1s zymogen were analyzed using ELISA. The data showed that Anti-C1s had capability to bind all three C1s forms, but it had stronger binding with active C1s than C1 and C1s zymogen. There no difference between C1 and C1s zymoger to bind with anti-C1s(Supplementary Figure 2). Next, anti C1s-conjugated magnetic microbeads were prepared using carboxyl-coated magnetic beads and anti-C1s antibody according to the manufacturer’s instructions. Approximately 10 mg magnetic microbeads were washed in binding buffer three times before using. The recombinant anti-C1s monoclonal antibody (200 μg) was mixed with the magnetic microbeads, followed by gentle agitation and incubation for 15 min. Then, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) was used as the couplant. In detail, 500 μg of the couplant was added into 50 mg microbeads, mixed gently via vortexing, and incubated for 1 h. The mixture was next added with 1 mL of binding buffer, and further incubated at room temperature. Next, the beads were washed three times 3 h after the incubation, followed by resuspending in 1 mL of Tris buffer with the desired buffer and storing at 4°C. Before use in the assay, microbeads were washed, magnetically separated and aspirated.


2.4  Enzymatic hydrolysis of colorimetric peptide substrates by C1s

The activity of recombinant human complement C1s protein was measured using N-carbobenzyloxy-Lys-thiobenzyl ester (Z-Lys-SBzl) in the presence of 5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB) as described previously (26). The specific enzymatic activity of C1s was calculated as follows:

	

where ⋄ represented adjusted for the substrate blank; □ represented an extinction coefficient of 13260 M-1·cm-1; and △ represented a path correction of 0.320 cm, respectively.

Our prior data showed that the activity of 1 μg of the C1s standard used in the experiments was 0.0534 μmol/min. Bound with anti-C1s had no obviously negative effects on the enzymatic capacity of active C1s (Supplementary Figure 3).


2.5  Serum and plasma C1s measured by ELISA

C1s levels in serum and plasma samples were detected using an ELISA kit according to the manufacturer’s instructions. Serum and plasma samples were diluted in dilution buffer. Briefly, 50 μL of human complement C1s standard or diluted samples were added into each well and incubated with 100 μL of horseradish peroxidase (HRP)-labelled C1s antibody. The plate was sealed and incubated at 37°C for 1 h. The microplate was washed three times with wash buffer manually. Then, 100 μL of a mixture of chromogen solution A and solution B was added to each well, and then the plate was incubated at 37°C for 15 min in the dark. The absorbance of each well was read at a wavelength of 450 nm within 15 min after 50 μL of stop solution was added to each well and gently mixed. A standard curve was generated by plotting the absorbance of standards on the X-axis against the concentrations of C1s (0, 5, 10, 20, 40, and 80 μg/mL) on the Y-axis. Then the concentrations of C1s in serum and plasma samples were calculated according to the standard curve.


2.6  Fluorescent quenched substrate assays for C1s activity on chromogenic peptides

The enzymatic activity of C1s in the samples was measured. Activated C1s standards or samples were sequentially diluted 10-fold into PBS. then added to the wells (100 μL per well) of a 96-well microtiter plate. A constant amount of anti-C1s antibody-conjugated magnetic microbeads (10 mg/mL, 30 μL per well) were added to each well of the microtiter plate and agitated at room temperature for 10 minutes. The beads were washed with 200 μL of PBS for three times, magnetically separated, and resuspended in 90 μL of Tris buffer. Next, 10 μL of chromogenic peptide (1 μg/mL) was added to each well and mixed adequately. The fluorescence of each well was determined immediately.


2.7  Optimal reaction time and standard curve

To determine the optimal reaction time, the reaction was performed with 10 μL of chromogenic peptide 3 (1 μg/mL) and activated C1s with different concentrations (0.625, 1.25, 2.5, 5, and 10 μmol·min-1·mL-1). The standard curve was prepared with the activated C1s standards (10, 5, 2.5, 1.25, 0.625, and 0 μmol min-1 mL-1). The activity of the C1s standards was set on the X-axis, and the detected fluorescence intensities were set on the Y-axis. The linear least square method was used to fit these log data to prepare the standard curve, which was used to calculate the C1s enzymatic activity in the samples.


2.8  Limit of detection, accuracy, precision, and specificity

To confirm LOD, the reaction was carried out under optimal conditions. The fluorescence intensity was repeatedly examined in the absence of activated C1s. For the accuracy of the optimal method, the relative recoveries were examined. Human serum samples were spiked with activated C1s standard solutions (2.671, 2.671, and 5.342 μmol·min-1·mL-1) with a volume ratio of 1:1. The relative recovery rate was calculated. The intraday repeatability and interday reproducibility were examined, and the coefficients of variation (CVs) were calculated. For clinical samples, complement analogues in serum, such as C1r, MASP1, and MASP2 may interfere with the detection of C1s activity. Therefore, C1r, MASP1, and MASP2 were assayed for cross reactivity. Then, the cross-reaction rates were calculated using the following formula: the cross-reactivity (%) = (measured concentration/original concentration) × 100%.


2.9  Statistical analysis

GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA, USA) was used to analyze the relationship between the substrate concentration and reactivity based on the Michaelis-Menten equation. SigmaPlot 12.0 software was used for the statistical analyses (Systat Software Inc., San Jose, CA). A paired t-test was used to analyse the samples of the two groups, and one-way ANOVA was used to test for differences among at least three groups. P < 0.05 was considered statistically significant.



3  Results

3.1  Optimization of peptide substrates

To select the optimal peptide substrate of active C1s for fluorescent quenched substrate assay, the kinetic parameters for C1s-mediated cleavage of the three candidate peptides were detected. Michaelis-Menten curves were generated, where initial velocity (V0) was plotted against substrate peptide 1 (Figure 2A), peptide 2 (Figure 2B), and peptide 3 (Figure 2C). The specificity for cleavage of substrate peptide 1, peptide 2, and peptide 3 by activated C1s were shown in Figure 2D. Kcat/Km value of peptide 3 was obviously higher than that of peptide 1 and peptide 2 (P < 0.001). However, Kcat/Km values were not significantly different between peptide 1 and peptide 2 (P = 0.846). Thus, peptide 3 was selected as the candidate substrate peptide for developing FRET-based fluorescent substrate peptide.



Figure 2 | Kinetic analysis of human active C1s on cleavage of synthetic peptide substrates. Michaelis-Menten curves were generated where velocity (vo) was plotted against the concentrations of (A) peptide 1, (B) peptide 2, and (C) peptide 3; (D) Kcat/Km values of the proteolytic activity of C1s on three peptide substrates. Data are presented as the means ± standard deviation (n = 3). P-values were calculated by one-way ANOVA.




3.2  Determination of optimal reaction time and generation of standard curve

For determination of optimal reaction time, fluorescence intensity was recorded within 0-90 min (Figure 3A). Fluorescence intensity increased with the reaction time extended. Simultaneously, the fluorescence intensity was strongly increased by activated C1s with high enzyme activity. The correlation was preserved within 20-80 min by quadratic regression analysis. The R2 values of four reaction times were 0.984 ± 0.0114 (20 min), 0.993 ± 0.005 (40 min), 0.996 ± 0.003 (60 min), and 0.983 ± 0.005 (80 min), respectively (Table 1). As the R2 value at 60 minutes was closer to 1, this time was finally set as the optimal reaction endpoint. The standard curve of fluorescence and C1s activity was generated (Figure 3B). The following equation was obtained: Y = 49.418X2 + 1120.4X - 42.3 (R2 = 0.9985). Figure 3B showed that the fluorescence intensity increased with increasing C1s activity up to 10 μmol·min-1·mL-1.



Figure 3 | Optimization of the reaction time and generation of standard curve. (A) The optimum reaction time was ascertained in the presence of chromogenic peptide 3 (10 μL, 1 μg/mL). Fluorescence intensity was recorded at the indicated time; (B) Plot of standard curves were generated against activated C1s with different concentrations (0.625, 1.25, 2.5, 5, and 10 μmol·min-1·mL-1).



Table 1 | The R2 value at various reaction times (n = 4).




3.3  Determination of LOD

LOD was determined under optimal condition. The fluorescence intensity was repeatedly detected 20 mins for the reaction after the magnetic microbeads-labelled anti-C1s antibody was added with substrate peptide 3 in the absence of activated C1s. The LOD for activated C1s was 0.096 μmol·min-1·mL-1 in this immunoassay.


3.4  Accuracy and precision

Accuracy and precision of the method were then evaluated through recovery and repeatability. Prior to spiking, the activity of activated C1s in human serum samples was 0.246, 1.985, and 1.966 μmol·min-1·mL-1, respectively. Table 2 showed that the recovery rates were 90.38%, 104.87%, and 90.34%, which was acceptable for the potential application of method in C1s detection in clinical samples. The intraday repeatability and interday reproducibility were examined. The results of intraday and interday assays were shown in Table 3. The CVs of repeatability and reproducibility were less than 10%, which clearly indicated an acceptable precision.

Table 2 | Relative recovery of C1s obtained from human serum samples spiked with C1s of different activities.



Table 3 | Precision tests of C1s activity assay.




3.5  Specificity

The cross-reaction rates of the C1r enzyme, MASP1 and MASP2 were all less than 0.5% with a rate of 0.15%, 0.04%, and 0.04%, respectively (Table 4). The cross-reaction with C1r enzyme, MASP1, and MASP2 was not significant, suggesting that the assay can specifically measure activated C1s in serum samples with high specificity. Cross-reactivity has been checked for C1r, MASP-1, MASP-2 (Table 4). The cross-reactivity measured for C1r seems quite high as compared to the others. This may be due to certain C1s contaminant in the C1r sample, which would contribute to the immunocapture and measured activity. Moreover, bilirubin, chyle, and haemoglobin in the clinical samples may potentially interfere with the assay for C1s activity. Therefore, the interference tests were further performed with activated C1s standard solutions at low, medium and high concentrations and interference substances including bilirubin (0, 0.06, 0.14, and 0.20 mg·mL-1), chyle (0, 600, 1400, and 2000 FTU), and haemoglobin (0, 1.5, 3.5, and 5 mg·mL-1). None of these interferents significantly affected the assay of C1s activity (Table 5).

Table 4 | Cross-reactivity of C1s activity assay.



Table 5 | Interference of C1s activity assay by bilirubin, chyle and hemoglobin (n = 4).




3.6  Effects of anticoagulants on activated C1s detection

Anticoagulants are required for blood collection and isolation to inhibit blood clotting. It is unclear whether anticoagulants used during blood collection interfere with the cleavage of substrate peptide by activated C1s. Figure 4A showed that the enzymatic activities of complement C1s were significantly decreased after EDTA (P < 0.0001) or heparin (P < 0.01) treatment. Although the p values between citrate and serum was less significant (P > 0.05), citrate treatment also showed some degree suppressive effects on the cleavage of C1s in plasma samples. The total protein levels of C1s were also detected by ELISA, and the data in Figure 4B showed that no significant differences in C1s contents between serum and three anticoagulants-treated groups (P > 0.05). Next, to confirm the effects of anticoagulants on the enzymatic activities of activated C1s, the activated C1s standard solutions (25 pmol·min-1·μg-1) were treated with EDTA (1.5 mg·mL-1), citrate (109 mmol·L-1), and heparin (15 IU·mL-1). The data in Figure 4C showed that the enzymatic abilities of C1s were suppressed by EDTA (26.54%) (P < 0.001), citrate (55.27%) (P < 0.01), and heparin (36.4%) (P < 0.01). Thus, these data demonstrated that the assayed anticoagulants, especially EDTA, significantly suppressed the enzymatic activity of activated C1s in the clinical samples.



Figure 4 | Effects of anticoagulants on FRET-based immunoassay for activated complement C1s detection. (A) Enzyme activity of complement C1s in serum and plasma samples by FRET-based immunoassay; (B) Protein contents of C1s in serum and plasma samples by ELISA; Human blood samples (n = 18) were collected with EDTA, citrate and heparin as anti-agglutinins. (C) Activated C1s standard solutions assayed by FRET-based immunoassay after treatment with EDTA, citrate and heparin; Data are presented as the means ± standard deviation (n = 3). ns, P>0.05; **P<0.01; ***P<0.001; P<0.0001. P-values were calculated by one-way ANOVA.




3.7  Determination of activated C1s in clinical serum samples

Next, we investigated the reference activity range of activated C1s in the healthy individuals by the established FRET-based immunoassay. A total of 306 healthy individuals were included in the analysis, and the corresponding serum samples were collected for the quantitative analysis of C1s activity. The obtained results were shown in Figure 5 and Table 6. The minimum and maximum values of the C1s activity in the detected samples were 0.165 and 2.547 μmol·min-1·mL-1. The mean value and standard deviation were 1.023 μmol·min-1·mL-1 and 0.422 μmol·min-1·mL-1. The central 94.77% healthy individuals (290/306) were detected with activated C1s in the range of 0.26 and 1.90 μmol·min-1·mL-1, indicating that the reference range of activated C1s assayed by FRET-based immunoassay was 0.26-1.90 μmol·min-1·mL-1. However, this reference range was obtained based on a small sample cohort. In future studies, the sample size will be expanded and the significance of the established FRET-based immunoassay will be explored in a variety of diseases.



Figure 5 | Distribution of the activated complement C1s activity in serum from healthy individuals. The activity of C1s was analysed by FRET-based immunoassay. n = 306.



Table 6 | Reference interval of activated C1s in healthy individuals (n=306).




3.8  Determination of active C1s in serum samples from patients with RA

The serum samples of 20 patients with RA and 20 healthy participants were measured. The results showed that the active C1s in the serum samples from patients with RA was significantly increased compared to that of the control group (P < 0.05) (Figure 6).



Figure 6 | The levels of active C1s in serum of patients with RA. Data are presented as the means ± standard deviation (each group: n = 20). P = 0.0219 by t test.





4  Discussion

The detection methods for C1s reported include bilateral diffusion (14), ELISA, gelatin zymography (15) and LC-MS/MS (16). However, bilateral diffusion, gelatin zymography, and LC-MS/MS techniques only enable qualitative or semi-quantitative analysis. The accuracy of the results is poor and the CV values are highly variable as the ELISA plate need to be repeatedly cleaned during the assay. More notably, these methods only measure the level of C1s protein and are unable to distinguish between C1s being in the active or inactive state. C1s are normally presented in vivo as zymogens and exert enzymatic activity when activated by C1r. Therefore, accurate determination of activated C1 activity is particularly important for understanding the exact role of C1 in physiological and pathological conditions in humans and mammals.

A previous study had determined the active status of C1s exploiting the characteristic of C1s cleaved into C2 and C4 (23). Unfortunately, the procedure of this method is cumbersome to perform. Additionally, this method shows limited specificity as the targets C4 and C2 molecules can also be cleaved by MASP2. In certain cases, DTNB was employed to measure the activity of recombinant C1s (27). Unfortunately, DTNB also serves as a substrate for granzyme H (26). Thus, DTNB are not suitable for measuring C1s activity in a specific manner. The assessment of complement function has been designed based on the regulatory effects of C1 inhibitor on the proteases of the C1 complex (C1r and C1s) (28). However, this method is not sufficient because it not only relies on the convenient spectrophotometric measurement of the active C1s, but also the activated C1r. Thus, it could be used for C1INH detection, but it is not available for active C1s assay due to lack of specificity.

The subcomponent C1s in the serum acts as the pro-enzymic form and is responsible for the activation of components C2 and C4 (29–31). Based on this functional mechanism, the unique serine protease activity of activated C1s, which can specifically cleave the target proteins C2 and C4, was combined with FRET technology to detect C1s activity. Here, specific peptides were designed considering that active C1s catalyzes the cleavage of C2 between R243 and K244 (peptide 1), and C4 between R756 and A757 (peptide 2) (24, 25). Next, FRET-based fluorogenic peptides 3 were synthesized, and the activity of active C1s was indicated by calculating the Kcat/Km value. The results showed that the Kcat/Km values of peptide 3 were significantly higher than the values of peptide 1 and peptide 2. FRET-based peptide 3 was selected as a candidate substrate for the detection of active C1s in serum samples. The active C1s in the system cleave the substrate peptides, and then Abz would no longer be quenched by Dnp. Consequently, chromogenic peptide could emit detectable fluorescence signals. However, if active C1s are absent in the system, the substrate peptides remain intact and the distance between Abz and Dnp is 10-100 angstroms (Å). Therefore, Dnp quenches the fluorescence emitted by Abz, and the fluorescence could not be detected. The fluorescence intensity based on FRET is strongly related to the activity of active C1s (Figure 1).

It is noteworthy that MASP-2 is another key enzyme that can cleave C4 and C2 to assemble C3 convertase (C4b2a), which may interrupt the specificity in clinical samples (32). Also within the realm of possibility is the fact that the selected substrate peptide 3 can be cleaved by other protease. Hence, in this study, magnetic microbeads were conjugated with recombinant C1s-specific antibody that could specifically capture active C1s, and this complex can be magnetically separated from the interfering mediums. Subsequently, we established a FRET-based immunoassay to detect active C1s, which showed low detection limits, good correlation, wide linearity range and acceptable recoveries (Figures 1, 2). In particular, this assay method we developed is effective in avoiding interference from bilirubin, chyle and haemoglobin. As for the intra-assay CV, it has been indicated that the intra-assay CV for assaying the activity of the classical pathway, alternative pathway, and mannose-binding lectin ranged between 35% and 99%, while the CVs of the two controls for C1INH activity were 43% and 28%, respectively (33). These results indicate that there are uncertain influences in the current assays for complement activity and single complement component. In the present study, we controlled the CVs of repeatability and reproducibility of active C1s within 10%.

The C1 complex is a calcium-dependent complex composed of three distinct subcomponents (34). Both EDTA and citrate can bind calcium ions, and little is known about the effects of these anticoagulants on the activity of classic complement pathway initiated by the C1 complex. In our study, we observed that heparin, EDTA, and citrate significantly reduce the activity of classical, alternative and mannose-binding lectin pathways, with only about 50% of classic complement pathway activity in plasma treated with anticoagulants (heparin, EDTA, and citrate) compared to complement activity in serum (Figure 4). Another study showed that C1 hemolytic activity was significantly reduced in a dose-dependent manner in both EDTA- and citrate-treated samples. Subsequent hemolytic activity of C1 could not be restored even after recalcification (35). Ca2+ binding is the premise of C1s activation, which indicates that Ca2+ also plays an important role in regulating C1s function. Actually, C1s zymogen and active C1s with catalytic ability have comparable binding valence to Ca2+ and similar affinity. This binding causes the generation of a dimeric molecule of 6.0s from a 4.5s monomer, which is a dimerization reaction that appears to primarily involve the chain of each monomer, presumably with these two Ca2+ binding sites located on the A chain of the C1s dimer (34). Heparin is another anticoagulant frequently available in clinical practice, which has been proved to affect C1s activity by binding to the SP domain of C1s and facilitating C1s biding to C1IHN (36, 37). Recently, our preliminary data showed that heparin or EDTA can significantly inhibit C1s activity in plasma compared to serum. Furthermore, no differences in C1 protein levels were observed in samples treated with heparin, EDTA or citrate, respectively.

RA is an autoimmune disease. It has been shown that the activation of the classical pathway is present in the serum of patients with RA (38). Moreover, serum samples from RA showed significantly elevated levels of C5b6789 (39). Assayed with our established method, active C1s in the serum samples is significantly elevated, suggesting activation of the classical pathway in patients with RA (Figure 6).

In summary, we established a FRET-based immunoassay to detect active C1s. This method is suitable for the detection of active C1s in serum samples within the reference range. In complement-related diseases, the levels of active C1s in serum are fundamental information for the diagnosis and treatment of diseases as well as for the study of its pathogenesis.
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Antibodies to red blood cells (RBCs) may hemolyze erythrocytes via Fc-mediated phagocytosis or complement-dependent. Complement activation on RBCs can be detected by C3d-direct antiglobulin test (DAT), which is the only test in immune hematology that directly targets complement. However, a positive DAT with anti-C3d cannot distinguish between C3b-mediated extravascular hemolysis, C5b-C9-mediated intravascular hemolysis and C5b-C8-mediated eryptosis. Furthermore, DAT is not suitable to estimate the strength of hemolysis. Autoimmune hemolytic anemia (AIHA) is a rare disease that is caused by autoantibodies to red blood cells that is divided in warm AIHA and in cold agglutinin disease (CAD). The causative antibodies in CAD and sometimes in warm AIHA are from the IgM class. Depending on strength of complement activation they can induce extravascular hemolysis, intravascular hemolysis and eryptosis. We studied the three types of hemolysis by use of sera from patients with CAD under various conditions. We found that additionally to the routinely applied C3d-DAT, indirect tests for complement activity (free hemoglobin and Annexin V-binding to phosphatidylserine-exposing RBCs) should be used to determine the portion of extravascular, intravascular and eryptotic hemolysis. Eryptotic hemolysis may have a significant share in clinical relevant CAD or IgM warm AIHA, which should be considered for successful treatment.
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Introduction

The complement system is part of the innate immune system that serves mainly the clearance of apoptotic cells and the pathogen elimination. It can be launched via three distinct pathways, named classical, lectin and alternative pathway (1) that converge on the formation of an enzyme complex capable to convert complement component C3 into active products C3a and C3b (2). C3b binds to the C3 convertase to form C5 convertase which cleaves C5 into C5a and C5b. C5b recruits complement components C6, C7, C8 and C9 which ultimately form the membrane-attack complex (MAC) (1).

The alternative pathway is permanently activated by spontaneous hydrolysis that converts C3 finally into C3a and C3b (tick-over). RBCs are susceptible to complement attacks. Complement activation on RBC surface is regulated by two GPI-anchored proteins: CD55 (decay accelerating factor, DAF) that increases the removal of the complement complex C3 convertase, and CD59 (membrane inhibitor of reactive lysis, MIRL) that inhibits C9 binding to C5b, C6, C7 and C8, hence inhibiting the formation of the MAC. Due to a mutation in the X-linked phosphatidylinositol glycan class A (PIG-A) gene and subsequent deficiency in glycosylphosphatidylinositol (GPI) anchor, these GPI-linked proteins are absent or minimally expressed on paroxysmal nocturnal hemoglobinuria (PNH) blood cells (3).

Antibodies to red blood cells (RBCs) may be either allogeneic or autologous. They usually belong either to the IgG class (e.g. anti-D, warm autoantibodies) or IgM class (isoagglutinins: Anti-A, Anti-B or cold autoantibodies). Most antibodies are capable to activate complement (IgM, IgG1, IgG3) via the classical pathway, however, strength of activation is different with hexameric IgM > pentameric IgM >> IgG3 > IgG1 >> IgG2. Some antibody (sub)classes do not activate complement via the classical pathway (IgG4, IgA) (4).

Autoimmune hemolytic anemias (AIHA) are rare diseases caused by autoantibodies (aabs) against RBCs. These disorders are diagnosed on the basis of evidence of hemolysis in combination with characteristic serological findings, especially the direct antiglobulin test (DAT). This test is used to detect antibodies on RBCs and to identify their immunoglobulin class. The majority of cases of AIHA are mediated by warm-reactive autoantibodies, i.e., antibodies displaying optimal reactivity with human RBC at 37°C and which are usually of the IgG immunoglobulin class (5). In contrast, autoantibodies in cold agglutinin disease (CAD) are usually from IgM class directed typically against I/i carbohydrate antigens. Their thermal amplitude, i.e. the highest temperature they agglutinate RBCs, is usually below 32°C and their maximal reactivity is at 4°C (6). AIHAs can be either idiopathic or secondary due to a variety of diseases like leukemia, systemic lupus erythematosus, lymphoproliferative disorders, infections (7).

The pathogenic role of autoantibodies depends on their immunoglobulin class, subclass, thermal amplitude, as well as affinity and efficiency in activating complement (8).

IgG aabs in warm AIHA usually activate complement to C3b, leading to Fc-mediated phagocytosis (mostly in spleen) or C3b-mediated phagocytosis (mostly in the liver). Complement degradation also plays a key role in complement regulation. C3b is converted into iC3b within 1 min and in about 10 min further degraded into C3d, which no longer fixes complement, nor does it serve as an opsonin (2). C3d is fixed stably to RBCs by a molecular binding and is thus a marker of earlier complement activation.

In contrast to the aforementioned so-called extravascular hemolysis, intravascular hemolysis requires complete complement activation until the membrane attack complex. This can usually only be achieved with IgM antibodies, although there are reports of IgG-mediated intravascular hemolysis.

A single IgM molecule is capable of activating C1q (9). C1 can be activated already below 15°C, however, C4 needs temperatures above 18°C for activation (10). The C2/C4 complex, which is important for C3 activation, is unstable at elevated temperatures. Additionally, a large number of activated C3 and C5 (about 90000 molecules) are required for lysis (10). This explains why most patients with CAD have only a chronic mild (extravascular) hemolysis, since the thermal amplitude of IgM aabs is often below 20°C and the complement system is not fully activated. On the other hand, CAD patients with thermal amplitudes above 30°C or patients with warm IgM-AIHA may have severe or even fatal intravascular hemolysis (11).

Whereas intravascular and extravascular hemolysis have been known for a long time a third form of hemolysis, eryptosis, has only recently been considered to be a significant contributor to AIHA when IgM is involved (12). Eryptosis, the suicidal death of RBCs, resembling the apoptosis of nucleated cells has been described to occur in a variety of diseases (13, 14). Its hallmark is the breakdown of phosphatidylserine (PS) -asymmetry upon Ca2+ influx into RBCs. Phosphatidylserine- exposure can be easily accessed by annexin V-binding (15). We gave evidence of eryptosis in 7 of 13 patients with IgM warm AIHA and all patients with significant CAD (12). We could further show that IgM-mediated eryptosis requires complement (16). Incubation with fresh serum from CAD patients can induce eryptosis in donor O RBCs. This can be abolished by serum heat inactivation (i.a.) or EDTA addition prior to incubation with O RBCs. Furthermore, eryptosis is also suppressed strongly by adding anti-C5 (Eculizumab ®) or partially with anti-C8 but is increased with anti-C9. Incubation of O RBCs with heat-inactivated patients serum and single complement factor-deficient sera (C5, C6, C7, C8 or C9-deficient) revealed that eryptosis (exposure of PS at the surface of RBCs) is increased gradually in the sublytic terminal complexes to reach a maximum at the C5b-8 stage (16). The significance of eryptosis to AIHA is not yet clear, since eryptotic cells are quickly removed from circulation by phagocytosis (15). Thus, eryptotic RBCs mostly have the same fate as C3b-opsonized RBCs, all these cells undergo extracellular hemolysis. However, since classical IgG- or C3b-mediated extravascular hemolysis or eryptosis require different therapies, a more thorough differentiation may be beneficial. Therefore, we used sera from three different patients with clinically relevant CAD to further investigate the influence of IgM aab on donor RBCs under different conditions (temperature, titer, complement concentration) looking for signs of intravascular hemolysis (free hemoglobin), eryptosis (Annexin V-binding to externalized PS) and extravascular hemolysis (using C3d as a surrogate for C3b). All three hemolysis pathways usually run in parallel under physiological conditions, but to different extents depending on titer, temperature and complement factor concentration.



Materials and methods


Samples and reagents

Serum and EDTA samples were from three patients with clinically relevant AIHA of cold type (12). Fresh O RBCs and serum from healthy blood donors were used in the incubation experiments and as controls and source of complement, respectively. To diminish individual variability, fresh serum from three donors were pooled before use. This study was approved by the local Ethics Committee with registration number EA2/058/12.



Direct antiglobulin test (DAT), eluates, antibody titers and thermal amplitude

Routine diagnostic tests were performed with EDTA samples in our immunohematological reference laboratory as described before for monospecific DAT, eluates and thermal amplitude (17, 18). Antibody titers were performed at 4°C.



Hemolysis experiments

A typical experiment was performed by incubation of 20 µl donor RBCs (blood group O) with a total of 400 µl of a 1:10 mixture of patient’s serum with fresh donor serum as a source of complement or, if applicable, heat-inactivated donor serum, as indicated. The proportion of patient’s serum to donor serum was 1:10 to insure similar complement concentrations in parallel experiments. Incubation time and temperature was generally 48 hours at 20°C. 48 h was found to be the optimal time for measuring eryptosis after induction with patients serum (12). In thermal amplitude experiments, cells were incubated 4 hours at the indicated temperature, reaction was stopped by addition of EDTA and samples stored 48 hours at 4°C. The supernatant was then separated for determination of free hemoglobin and cells were washed carefully three times at 37°C to avoid sheer stress as a cause of RBC damage.



Free hemoglobin

300 µl of supernatant from the hemolysis experiment were mixed with 1,2 ml hemoglobin buffer (Hämoglobinreagenz, Bioanalytic GmbH, Freiburg Germany) according to the manufacturers recommendation. After 5 min. incubation at room temperature cyanohemoglobin was measured in a Hitachi photometer (wavelength 671 nm).



Complement factor C3d on donor RBCs (C3d-DAT)

Twenty-five µl of anti-C3d (diluted 1:40, from DAKO, Agilent Technologies, St. Clara, USA) were added to 50 µl of warm washed O RBCs from hemolysis experiments and examined for agglutination using the buffered gel card (ID-card “NaCl, Enzyme Test and Cold Agglutinins” Bio-Rad, Cressier sur Morat, Switzerland) (18). As a control for autoagglutination RBCs were centrifuged without anti-C3d.



Flow cytometry

Eryptosis was measured as previously described (12). Annexin V-binding to extracellular exposed PS was used as a marker of eryptosis. Briefly, 5 µl of washed RBCs from hemolysis experiments were diluted in 200 µl Annexin V-binding buffer (BD Biosciences, Heidelberg, Germany). Therefrom 5 µl of RBCs were added to 5 µl of PE-(phycoerythrin) Annexin V in 45 µl of Annexin V-binding buffer (BD Biosciences, Heidelberg, Germany). After incubation at room temperature for 15 min, the mixture was diluted with 450 µl of Annexin V-binding buffer and analysed by flow cytometry (MACSQuant® Flow Cytometer, Miltenyi Biotech, Germany). At least 20 000 events were collected for each sample. Data were analyzed using the FlowJo® software (FlowJo, LLC; USA) and the percentage of PE-Annexin V positive cells compared to the negative controls were calculated. A positive control was generated by incubation of 5 μL RBCs in 200 μL of a HEPES-buffered Ringer’s solution with the Ca2+ ionophore ionomycin (1 μmol L−1).



Statistics

For each data point 2-5 experiments were performed. Data are expressed as arithmetic means ± standard error of the mean (SEM) and statistical analysis was performed using IBM SSPS statistics software v24. Significance between two groups (patient vs. negative control) was determined using unpaired student’s T test with probabilities of P < 0.05 considered statistically significant.




Results


DAT, eluates, antibody-titers and thermal amplitude

All three patients had a typical serological picture of a cold agglutinin disease. Monospecific DAT was strongly positive only with anti-C3d; with anti-IgM, anti-IgG, anti-IgA it was negative. Eluates were negative. In the serum, cold agglutinins with I-specificity were found with a thermal amplitude of 35° (P1), 28° (P2) and 22°C (P3), respectively. The aabs-titers found at 4°C were 1024 in P1 and P2, and 512 in P3.



Intravascular hemolysis, extravascular hemolysis and eryptosis occur simultaneously

Initially, patients’ sera were diluted with fresh donor serum (1:10), as a source of complement and added to donor cells at 20°C for 48 h. As a control RBCs were treated with donor serum. Experiments were performed in triplicate (Figure 1). RBCs treated with serum of either patient showed a strong C3d-load (positive C3d-DAT). Since C3d results from a quick degradation of C3b within approximately 11 minutes (2), it may be considered as a substitute for potential C3b-mediated extravascular hemolysis. However, it is not clear how large the share of ingested C3b-RBCs compared to C3d-RBCs is, since it may depend heavily on patients’ macrophage count and activity. C3d was not found on RBCs from control experiments. Similarly, free hemoglobin (fHb) was detectable in the supernatant of all experiments with patient sera, giving evidence of intravascular hemolysis. Serum of patient 3 generated less free hemoglobin, which corresponds to its lower thermal amplitude. Annexin V-binding to externalized phosphatidylserine (PS+ RBCs) as a marker for eryptosis was elevated in all patients’ experiments and again sera from patient 1 and 2 produced stronger eryptosis than serum from patient 3. These results show that all three forms of hemolysis occur simultaneously and the thermal amplitude may play a significant role for intravascular hemolysis and eryptosis.




Figure 1 | Hemolysis parameter from incubation of O RBCs with patients’ sera (dilution 1:10 with fresh AB serum, 48 hours at 20°C), (A) free Hemoglobin (fHb), (B) direct antiglobulin test with anti-C3d (C3d-DAT, reaction strength: 0 no agglutination, 1 weak, 2 moderate, 3 strong, 4 very strong), (C) Annexin V-binding to phosphatidylserine- exposing RBCs (PS+RBCs); arithmetic means ± SEM. Five replicate experiments have been performed. *** statistically highly significant (p < 0,001), ** very significant (p < 0,01) vs negative control. (D) Scatter plots showing PE Annexin V-binding to O RBCs after incubation with serum from Patients P1-P3, NC negative control (AB serum), PC positive control (incubation of RBCs with ionomycine).





Thermal amplitude is of main significance for the type of hemolysis

To further elucidate the role of the thermal amplitude, we performed experiments at different temperatures (Figure 2A). Free hemoglobin was strongly increased at 20°C and 26°C in all cases but at 32°C it could only be detected to a much lesser extent with sera of patients 1 and of patient 2. Free hemoglobin was not elevated with serum from patient 3 at this temperature. Annexin V-binding was found to be highest in all cases at 20°C; at 26°C it was substantially lower but still elevated. At 32°C, eryptosis was only strongly detectable in experiment with serum from patient 1. C3d was bound strongly at all temperatures.




Figure 2 | (A) Hemolysis parameter from incubation of O RBCs with patients’ sera (dilution 1:10 with fresh AB serum, 4 hours at different temperatures): top C3d-DAT (reaction strength: 0 no agglutination, 1 weak, 2 moderate, 3 strong, 4 very strong), left free Hemoglobin (fHb), right Annexin V-binding to phosphatidylserine- exposing RBCs (PS+RBCs). Three replicate experiments have been performed. *** statistically highly significant (p < 0,001), ** very significant (p < 0,01), * significant (p < 0,05) vs negative control. (B) Hemolysis parameter from incubation of O RBCs with patients’ sera (at different dilutions 1:10, 1:100, 1:1000 with fresh AB serum, 48 hours at 20°C): top C3d-DAT (reaction strength: 0 no agglutination, 1 weak, 2 moderate, 3 strong, 4 very strong), left free Hemoglobin (fHb), right Annexin V-binding to phosphatidylserine- exposing RBCs (PS+RBCs). Three replicate experiments have been performed.





Variation of the antibody concentration

In the next experiments, patients’ serum was used at different dilutions ranging from 1:10 to 1:1000 for incubation with O RBCs at room temperature (Figure 2B). Sera of all patients induced hemolysis, eryptosis and complement deposition at RBCs at a titer of 10. At a dilution of 1:100, free hemoglobin and Annexin V-binding were detected only with patients’ sera 1 and 2. At a dilution of 1:1000 only C3d-deposition was detected after incubation with all patients’ sera, indicating that at this dilution only extravascular hemolysis may take place.



Complement variation

To analyze the effect of disposable complement on the three types of hemolysis, fresh serum as a source of complement was mixed with heat-inactivated serum at different ratios, added to patients’ serum 10:1 and used for incubation with O RBCs for 48 h at 20°C. As expected, free hemoglobin and Annexin V-binding to RBCs decreased with lower concentration of fresh serum, indicating decreasing intravascular hemolysis and eryptosis. C3d-binding was strong as shown by DAT. Unexpectedly, using more than 90% heat-inactivated serum with aab from P1, but not P2 and P3 led to a very strong agglutination of O RBCs and made measurement of PE-Annexin V in flow cytometry impossible, since it was difficult to separate the RBCs without damaging them to much.




Discussion

Intravascular hemolysis and extravascular hemolysis due to alloantibodies or autoantibodies (aab) to RBCs are known since many years. Whereas the first is caused by the membrane attack complex (C5b-C8) induced mostly by IgM antibodies, the latter is either elicited by IgG antibodies alone or by complement component C3b that is bound to RBCs following antibody (IgG/IgM) contact. In contrast, eryptosis as a cause of aab-mediated hemolysis has been shown first a few years ago by our group (12). Lately, we found that sublytic terminal component complexes (especially C5b-C8) are responsible for IgM-mediated eryptosis (16). Interestingly, more than 40 years ago, independent groups found a C5b-C8 or C8-mediated hemolysis that differed in its mechanism from the already known intravascular hemolysis (19, 20). They found that C5b-C8 or C8-mediated hemolysis (like the later found eryptosis) was delayed for several hours, whereas intravascular hemolysis occurred instantaneously. In this work, we measured all three types of hemolysis during experiments in vitro using IgM-aab from patients with cold agglutinin disease.

Though our data is relatively small, due to the rarity of this disease, it still suggests that all three types of hemolysis may occur simultaneously. This is an important finding, since eryptotic cells are either rapidly removed from circulation by macrophages (extravascular hemolysis) or undergo membrane blebbing, cell shrinkage, membrane fragility and finally intravascular hemolysis (14). Thus, eryptotic cells in circulation are usually underestimated. In our in vitro experiments, eryptotic cells represent up to more than 10% of the O RBCs with patients’ sera diluted tenfold. However, since eryptosis may require specific therapy, as we have already shown by use of erythropoietin (12), it is recommendable to determine eryptotic cells in IgM warm autoimmune hemolytic anemia (AIHA) or cold agglutinin disease (CAD).

Moreover, our data confirm that thermal amplitude is the pivotal feature in patients with CAD as can be seen in Figure 2A in the difference between Patients 1 and 2 vs. 3. In case of patients 2 and 3, free hemoglobin as a marker of intravascular hemolysis and Annexin V-binding as a marker of eryptosis were detectable even above the thermal amplitude that was measured by agglutination. Patient 1 had a thermal amplitude of more than 32°C, therefore we cannot make a statement about this case. Another noticeable point is the fact that free hemoglobin remained pretty much unchanged comparing 20°C and 26°C, whereas eryptosis was substantially lower. This may be explained by the fact that the strength of complement system is dependent from temperature. A more activated complement system may promote intravascular hemolysis (C5b-C9, MAC) at the expense of eryptosis (C5b-C8) as long as the IgM aab are sufficiently bound. Agglutination of CAD is weakening with rising temperatures, therefore there is an oppositional effect of complement activation and antibody binding to RBCs. Likewise, the similar amount of PS-exposing RBCs at 26°C and 32°C in the experiment with serum from P1 may be explained by stronger complement activation compensating weaker aab binding. The C3d-load of RBCs did not change with temperature. The fact that IgM aab bind at least for a short time even at core-temperature (37°) has been shown before and was used as an explanation for the mild hemolysis that occurred in some patients even in hot summer months (21).

In the next set of experiments, we compared different antibody dilutions (Figure 2B). As expected, both, fHb and PS+RBCs declined with dilution of the aab. At a dilution of 1:1000 only C3d could be detected on the O RBCs. At this titer only very few IgM aab may attach to the RBCs, however it was shown before that one IgM molecule is suffient to bind one C1 molecule (9).

What seems more interesting, is that even in a 100 fold dilution of aab there is still a remarkable intravascular hemolysis and eryptosis detectable by using sera from patient 1 and 2. This may explain why even when the beneficial effect of rituximab (anti-CD20) has been shown in two recent prospective trials, the partial response rate was about 50% and only few complete remissions could be seen (22).

In a final experiment, the amount of fresh donor serum as a source of complement was varied (Figure 3). A replacement of 50% fresh serum with heat-inactivated serum seems to have a rather huge effect on free hemoglobin (intravascular hemolysis) and Annexin V-binding (eryptosis). This result hints to complement inhibition as an effective therapeutic option in clinical relevant CAD/AIHA as is currently done with the newly emerged C1s-antibody (sutimlimab®) (23). At 33% fresh serum complement (by dilution with heat-inactivated serum 1:2) or below only a C3d-positive DAT (extravascular hemolysis) is detectable.




Figure 3 | Hemolysis parameter from incubation of O RBCs with patients’ sera (dilution 1:10) with a mixture of fresh AB serum and heat-inactivated (i.a.) AB serum, 48 hours at 20°C): 1:0 only fresh AB-serum, 1:1 50% fresh, 50% i.a. AB serum, 1:2 34% fresh, 66% i.a. AB serum, 1:9 10% fresh, 90% i.a. AB serum. top C3d-DAT (reaction strength: 0 no agglutination, 1 weak, 2 moderate, 3 strong, 4 very strong), middle free Hemoglobin (fHb), bottom Annexin V-binding to phosphatidylserine- exposing RBCs (PS+RBCs). Three replicate experiments have been performed (with mixture 1:2 and 1:9: two replicate experiments). *** statistically highly significant (p < 0,001), ** very significant (p < 0,01), * significant (p < 0,05) vs negative control.



As a conclusion, all three forms of hemolysis are detectable together in patients with clinically relevant cold agglutinin disease. In patients with a low thermal amplitude of 4°C only some extravascular hemolysis may occur, but the general importance of the thermal amplitude could be clearly shown, especially the fact that strong complement activation to sublytical complement complexes or the membrane attack complex can be seen above the thermal amplitude determined by agglutination. Therefore avoidance of exposure to the cold is the main therapeutic approach in these patients. Medical treatment is difficult, which is also shown in this work, by demonstrating a remarkable residual fHb and eryptosis at substantially lowered aab titers and substitutive effects of intravascular hemolysis by eryptosis in case of lowered complement factors.

However, an accommodating combination of rituximab, erythropoietin or C1s-antibody (sutimlimab® (23) and in cases of severe life-threatening hemolysis C5-antibody (eculizumab®) may be beneficial in patients with difficult to control CAD.

Routine diagnosis in clinical relevant patients with cold agglutinin disease may be incomplete as it is done today. A positive C3d-DAT is valuable information to suspect IgM aab, however in patients with CAD as well as in our experiments reaction strength is mostly very high, without correlation to the clinical picture. Thermal amplitude may be the best routine parameter to estimate clinical relevance of cold agglutinins (21). Hemolysis parameter (lactat dehydrogenase, haptoglobin, bilirubin, hemoglobin) are mandatory and serum complement C3 and C4 levels may be helpful to assess a clinical picture (24). However, to get a better insight of IgM aab-induced complement activity and its caused types of hemolysis, our data indicate that free hemoglobin and eryptosis should be determined additionally.

Our findings on the three different types of immune hemolysis may apply beyond CAD, since eryptosis has been shown also for IgM-warm autoantibodies (12). In addition, we recently found strong eryptosis and intravascular hemolyis in a patient with sickle cell disease due to an irregular IgM alloantibody directed against the Lewis-Antigen Le(b) (unpublished data).
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Introduction

Comprehensive genetic analysis is essential to clinical care of patients with atypical haemolytic uremic syndrome (aHUS) to reinforce diagnosis, and to guide treatment. However, the characterization of complement gene variants remains challenging owing to the complexity of functional studies with mutant proteins. This study was designed: 1) To identify a tool for rapid functional determination of complement gene variants; 2) To uncover inherited complement dysregulation in aHUS patients who do not carry identified gene variants.



Methods

To address the above goals, we employed an ex-vivo assay of serum-induced C5b-9 formation on ADP-activated endothelial cells in 223 subjects from 60 aHUS pedigrees (66 patients and 157 unaffected relatives).



Results

Sera taken from all aHUS patients in remission induced more C5b-9 deposition than control sera, independently from the presence of complement gene abnormalities. To avoid the possible confounding effects of chronic complement dysregulation related to aHUS status, and considering the incomplete penetrance for all aHUS-associated genes, we used serum from unaffected relatives. In control studies, 92.7% of unaffected relatives with known pathogenic variants exhibited positive serum-induced C5b-9 formation test, documenting a high sensitivity of the assay to identify functional variants. The test was also specific, indeed it was negative in all non-carrier relatives and in relatives with variants non-segregating with aHUS. All but one variants in aHUS-associated genes predicted in-silico as likely pathogenic or of uncertain significance (VUS) or likely benign resulted as pathogenic in the C5b-9 assay. At variance, variants in putative candidate genes did not exhibit a functional effect, with the exception of a CFHR5 variant. The C5b-9 assay in relatives was helpful in defining the relative functional effect of rare variants in 6 pedigrees in which the proband carried more than one genetic abnormality. Finally, for 12 patients without identified rare variants, the C5b-9 test in parents unmasked a genetic liability inherited from an unaffected parent.



Discussion

In conclusion, the serum-induced C5b-9 formation test in unaffected relatives of aHUS patients may be a tool for rapid functional evaluation of rare complement gene variants. When combined with exome sequencing the assay might be of help in variant selection, to identify new aHUS-associated genetic factors.
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Introduction

Atypical haemolytic uremic syndrome (aHUS) is a rare but usually severe form of HUS which in the past resulted in end-stage kidney disease (ESKD) in up to two thirds of affected patients (1).

Mutations in genes that encode complement factor H (FH), factor I (FI), and factor B (FB), membrane-cofactor protein (MCP), C3 and thrombomodulin (THBD), and anti-FH antibodies have been found in 50-60% of patients with primary aHUS, documenting the crucial role of uncontrolled complement activation in the pathogenesis of the disease (2). Penetrance is incomplete for all aHUS-associated genes as documented by finding within pedigrees of several unaffected carriers (2).

The introduction of anti-complement therapy has dramatically improved the outcome of aHUS patients (3, 4). Eculizumab is a humanised anti-C5 antibody that blocks C5 cleavage into C5a and C5b. The latter participates in the assembly of the terminal C5b-9 membrane attack complex (MAC). Eculizumab inhibits the common final step of all complement pathways, while preserving upstream complement functions, such as opsonisation.

Ever since therapeutic complement inhibition was approved, speedy recognition of complement-dependent aHUS has become a major diagnostic issue. However, at present, the differential diagnosis of aHUS from other thrombotic microangiopathies (TMA) is essentially made after ruling out severe ADAMTS13 deficiency (thrombotic thrombocytopenic purpura, TTP), infection with Shiga-like toxin producing bacteria (STEC-HUS), or coexisting conditions assumed to be the etiologic disease factor (secondary HUS) (5). In addition, the duration and optimal dose of treatment are often debated, particularly given the extremely high costs of the drug (6). Results from a prospective multicentre study of eculizumab discontinuation in adult and paediatric aHUS patients (7) showed that carriers of a rare complement gene variant had an increased risk of relapse, and proposed that complement genetics could help selecting patients who will undergo eculizumab discontinuation.

Thus, a comprehensive genetic analysis is essential to clinical care for aHUS patients in order to confirm the diagnosis and guide treatment (8, 9). However, genetic testing still takes too long and fails to identify an underlying complement genetic abnormality in 40% of patients. In addition, the definition of the identified variants in complement genes as pathogenic or benign remains challenging and time-consuming, given the complexity of functional studies with recombinant or plasma purified mutants (9). As a result, a high number of variants are defined as variants of uncertain significance (VUS). The interpretation of aHUS-associated gene variants is further complicated by the fact that penetrance is largely incomplete; indeed, in over 90% of cases the variant is inherited from an unaffected parent and may be present in other unaffected relatives.

This study was designed based on two objectives: 1) To identify a tool for rapid functional determination of rare complement gene variants; 2) To find genetic forms of aHUS among patients without an identified gene variant in known disease-associated genes.

In order to address the above goals, we used a published ex vivo assay based on ADP-activated confluent human microvascular endothelial cells (HMEC-1) that are exposed to serum from carriers of aHUS-associated complement gene variants (10). This assay reproduces the 2-hit model of aHUS, according to which one or more gene abnormalities predispose to aHUS, but a trigger that perturbs endothelial cells is required for terminal complement activation on cell surface, and aHUS to occur (10).

We hypothesised that if a complement gene variant causes a genetic liability to complement dysregulation, this can be unmasked by measuring C5b-9 formation on endothelium incubated with serum from unaffected relatives who carry the gene variant. The latter will provide the advantage versus their proband of not having confounding complement-activating factors that are associated with the chronic aHUS status in their circulation. Carriers of variants with pathogenic significance will exhibit higher-than-normal serum-induced C5b-9 formation, whereas carriers of variants with no functional impact will have a negative test result.



Methods


Study participants

Participants were patients with primary aHUS and their available relatives, recruited from those included in the International Registry of Recurrent and Familial Haemolytic Uremic Syndrome/Thrombotic Thrombocytopenic Purpura (HUS/TTP) between 2008 and 2021. The Registry was established in 1996 at the Aldo e Cele Daccò Clinical Research Center for Rare Diseases (Ranica, Bergamo) (villacamozzi.marionegri.it/seu).

For this retrospective study we analysed all available samples from pedigrees with primary aHUS (n=60) for whom genetic data and serum samples were available, both from the probands and from the relatives. Sixty-six patients who met the inclusion criteria (probands, n=60; affected relatives, n=6) and 157 healthy relatives for a total of 223 subjects were studied. Among the probands, 14 have a familial history of the disease (Figure 1A and Supplementary Table 1).




Figure 1 | Serum from aHUS patients induces higher-than-normal C5b-9 formation on activated HMEC-1. (A) Distribution of rare complement gene variants among the 60 pedigrees. (B) Upper Panel, Endothelial surface area covered by C5b-9 staining after 2h incubation of ADP-activated HMEC-1 with serum (diluted 1:2 in test medium) from aHUS patients. Serum from aHUS patients was collected during the acute phase of the disease (n=16), or during remission (n=50), or during eculizumab treatment (n=4). Dotted lines are upper and lower limits of normal range. Lower Panel, Endothelial surface area covered by C5b-9 staining after 2h incubation of ADP-activated HMEC-1 with serum (diluted 1:2 in test medium) from aHUS patients. Serum from aHUS patients (n=4) was collected both during the acute phase of the disease and during the remission. Dotted lines are upper and lower limits of normal range. (C) Endothelial surface area covered by C5b-9 staining after 2h incubation of ADP-activated HMEC-1 with serum (diluted 1:2 in test medium) from aHUS patients who were in remission. aHUS patients were subdivided into carriers of pathogenetic variants (PV) in genes encoding fluid phase complement proteins (n=15), or pathogenetic variants (PV) in the MCP gene only (n=5), or VUS/LPV/LBV/BV (n=14) or non-carrier of rare variants (n=16). Dotted lines are upper and lower limits of normal range. The results are shown as the fold increase of stained surface area after incubation with aHUS serum versus control pool of sera run in parallel. Points represent fold increase values of single subjects. Horizontal bars are mean ± SD values. *P<0.01 vs aHUS patients in acute phase, #P<0.05 vs aHUS in remission. PV, pathogenic variant; LPV, likely pathogenic variant; VUS, variant of uncertain significance; LBV/BV, likely benign/benign variant.



Patients were studied at different time points: 1) during the acute phase before any treatment (n=16); 2) while in remission, without treatment for >6 months (n=50); 3) in remission under standard eculizumab treatment for the patients (n=4) for whom only samples taken during eculizumab treatment were available. Four patients were studied both during the acute phase and while in remission (Supplementary Table 1). The samples used for this study were stored at Centro Risorse Biologiche (CRB) “Mario Negri”, Biobank “Malattie Rare e Malattie Renali”.

Diagnosis of HUS was made in patients who have had one or more episodes of microangiopathic haemolytic anaemia and thrombocytopenia, with haematocrit (Ht) <30%, haemoglobin (Hb) <10 g/dL, serum lactate dehydrogenase (LDH) >500 IU/L, undetectable haptoglobin, fragmented erythrocytes in the peripheral blood smear, and platelet count <150,000/μL, associated with acute renal failure (serum creatinine >1.3 mg/dL for adults, >0.5 mg/dL for children below 5 years of age and >0.8 mg/dL for children aged 5-10, and/or urinary protein/creatinine ratio >200 mg/g; or an increase in serum creatinine or the urinary protein/creatinine ratio >15% compared to baseline levels) (11). TTP was ruled out on the basis of ADAMTS13 activity >10% and no anti-ADAMTS13 antibodies.

Primary aHUS was diagnosed in HUS patients after ruling out both secondary underlying conditions and infections with Stx-E.Coli.

Stx-E.Coli infection was defined as the presence of stx and eae genes (by PCR) or Shiga-toxin (Vero cell assay) in the stool and/or antibodies anti Shiga-toxin (ELISA) and/or LPS O157, O26, O111, or O145 (ELISA) in serum. For patients, the Stx-E.Coli tests were processed centrally by the Food Safety, Nutrition and Veterinary Public Health Department, Istituto Superiore di Sanità, Rome, Italy.

Secondary aHUS was diagnosed in patients with underlying malignant hypertension, autoimmune diseases, other glomerulopathies, haematopoietic stem cell or solid organ transplantation, and cancer.

Full remission was defined as the normalisation of both haematological parameters (Ht >30% and Hb >10 g/dL and LDH <500 IU/L and platelets >150,000/μL) and renal function (serum creatinine <1.3 mg/dL for adults, <0.5 mg/dL for children below 5 years of age and <0.8 mg/dL for children aged 5-10; urinary protein/creatinine ratio <200 mg/g). Haematological remission in patients was defined as the normalisation of haematological parameters but with renal dysfunction.

The protocol was approved by the Ethical Committee of the Azienda Sanitaria Locale Bergamo, Italy. Participants or their legal guardians provided written informed consent.



Complement genetic abnormalities and anti-CFH autoantibodies

The screening of coding sequences of aHUS-associated genes (CFH, CFHR1, MCP, CFI, CFB, C3, THBD and DGKE) and candidate genes (CFHR2, CFHR3, CFHR4, CFHR5, and C5) was performed using amplicon-based next-generation sequencing (12). Rare functional variants (missense, nonsense, indel, or splicing variants) with minor allele frequency (MAF) <0.01 in Genome Aggregation Database (gnomAD, https://gnomad.broadinstitute.org/) were selected. Stop-gain, frameshift and splicing variants, and missense variants with published functional studies, were categorized as pathogenic variants (PV). The other variants were categorized as likely pathogenic (LPV), variants of uncertain significance (VUS), likely benign or benign, using guidelines from the American College of Medical Genetics and Genomics (ACMG) and from the KDIGO conference on aHUS and C3G (5, 13, 14). We also used the Combined Annotation Dependent depletion (CADD) version 1.6, which is a tool for scoring the deleteriousness of single nucleotide variants as well as insertion/deletion variants, which integrates multiple annotations into one metric (https://cadd.gs.washington.edu/info) (14, 15). We selected the PHRED-scaled C-score ranking; variants with CADD scores >10 were defined “potentially pathogenetic”. The search for genomic abnormalities that affect CFH and CFHR genes (16, 17) was undertaken using multiplex ligation-dependent probe amplification as reported (18). We also genotyped the CFH single-nucleotide polymorphisms (SNPs) (c.1-331C>T, rs3753394; c.184G>A, p.V62I, rs800292; c.1204C>T, p.H402Y, rs1061170; c.2016A>G, p.Q672Q, rs3753396; c.2237-543G>A, rs1410996; c.2808G>T, p.E936D, rs1065489) that define the disease risk haplotype CFH TGTGGT (known as CFH–H3 haplotype) and one SNP in MCP (rs7144, c.∗897T>C) that tags the risk MCPGGAAC haplotype (11, 19–21). Anti-FH autoantibodies were measured in plasma using ELISA (22).



Serum-induced C5b-9 deposition on HMEC-1

The assay was performed as described previously (6, 10), with minor modifications. The human microvascular endothelial cells (HMEC-1 cell line) were a gift from Dr Edwin Ades and Francisco J. Candal of CDC and Dr Thomas Lawley of Emory University, Atlanta, GA. As growth medium we used MCDB 131 (Gibco, Grand Island, NY) supplemented with 10% foetal bovine serum (Gibco), 10 µg/mL hydrocortisone, 100 U/mL penicillin, 100 µg/mL streptomycin, 2 mM glutamine (Gibco), and 50 µg/mL endothelial cell growth factor. For each experiment the procedure was standardized by plating the same number of cells (75.000) that were cultured for 96 hours and left in serum-free medium for 24 hours. Thereafter the integrity and confluence of the cell monolayer was checked at phase-contrast microscope. If a slide did not full-fill the criteria, it was discarded. Cells were washed 3 times with test medium (HBSS: 137 mM NaCl, 5.4 mM KCl, 0.7 mM Na2HPO4, 0.73 mM KH2PO4, 1.9 mM CaCl2, 0.8 mM MgSO4, 28 mM Trizma base pH 7.3, 0.1% dextrose; with 0.5% BSA) and activated with 10 µM ADP (Sigma) for 10 minutes. Thereafter cells were exposed for 2 hours to serum from patients or healthy relatives or healthy controls, 50% in test medium (HBSS with 0.5% BSA). HMEC-1 were then fixed in 3% paraformaldehyde, blocked with PBS with 2% BSA and stained with rabbit anti-human complement C5b-9 complex antibody (Calbiochem, catalog number 204903, 1h at room temperature, 1/200 final dilution) followed by FITC-conjugated secondary antibody (Jackson Immuno Research Laboratories, catalog number 111-095-144, 1h at room temperature, 1/50 final dilution). We have previously validated the rabbit anti-human C5b-9 antibody using the mouse monoclonal anti-human C9 antibody (W13-15, Hycult Biotech, 1h at room temperature, 1/50 final dilution) that recognizes human C9 neoantigen. Results of C5b-9 formation on ADP-activated HMEC-1 exposed to aHUS serum with the rabbit anti-human C5b-9 were comparable to those with the anti-human C9 antibody (23).

Sera from 10 different healthy blood donors were pooled and the pool was run in each experiment as a reference (100%) for C5b-9 staining. We also analysed single sera from additional controls (n=35), tested separately as independent samples. The 35 donors did not overlap with the 10 donors of the pool. For each of them we calculated the percentages of C5b-9 deposits vs. control serum pool to set the normal range (mean ± 2SD of the percentage of C5b-9 deposits of the single control sera vs. control serum pool: ADP-activated HMEC-1, 60-149%) (Supplementary Figure 1).

In addition, in each experiment, we added the serum from an aHUS patient that had shown a strong positivity on ADP-activated HMEC-1 in previous experiments, as positive control. As negative control, in random experiments we added sCR1 (an inhibitor of the classical, alternative and lectin pathway of complement activation, 150 µg/ml, R&D System) to the tested serum (Supplementary Figure 2).

We verified the integrity of the cell monolayer after exposure to serum samples in parallel slides in which cells were stained with May-Grunwald Giemsa.

The fluorescent staining on the endothelial cell surface was acquired using the Apotome Axio Imager Z2 (Zeiss) microscope. Fifteen fields, which were systematically digitised along the surface were acquired using a computer-based image analysis system. The nuclear staining with DAPI (4’,6-diamidino-2-phenylindole, Sigma-Aldrich) was used as guide to determine if a fluorescent area was on HMEC-1 surface. The operator discarded the fields where cell confluence was missing. The exposure time was constant. The area occupied by the fluorescent staining was evaluated with automatic edge detection using the built-in specific functions of the software Image J (NIH, Bethesda, MD), and calculated as pixel2 per field analysed (10). For each sample, 15 fields were analysed; the highest and the lowest values were discarded and the mean of pixel2 the other 13 fields was calculated. We expressed the results as the percentage of the staining compared to the pixel2 of the control serum pool (used as denominator), run in parallel (10). All the images were acquired, and the staining was calculated by the same operator (S.G.), who during the analysis was blinded about the nature of the samples. The results were confirmed by a second blinded operator (M.G.).

We previously documented (10) the good reproducibility of the assay at the concordance correlation test, by testing twice in different experiments the samples from several patients (10). As further check of good reproducibility of the assay, in the present study we performed biological replicates by analysing samples collected at 2 different time points in remission from 6 aHUS patients. As shown in Supplementary Figure 3, elevated C5b-9 formation on activated endothelial cells was confirmed in biological replicates.



Serum C3 and plasma sC5b-9 evaluation

For patients from which enough samples were available, we evaluated serum C3 and plasma sC5b-9 levels. Complement C3 was measured in serum by nephelometry. Normal ranges (defined as mean ± 2SD) for C3: 83-180 mg/dL, n=50. SC5b-9 levels were evaluated in EDTA plasma by MicroVue sC5b-9 Plus EIA (SC5b-9 Plus; Quidel). Normal range of plasma sC5b-9 in our laboratory: 127-400 ng/mL; n=50.



Statistical analysis

Comparisons of groups were performed with one-way analysis of variance (ANOVA).

Sensitivity of serum-induced C5b-9 formation (positive test: staining in pixel2 significantly higher in the test sample than in the control sample, run in parallel) was calculated as: number of test samples with positive test/samples with positive results + false negatives.

The GraphPad Prism 8.3.0 software was used for statistical analysis unless otherwise stated. P values of less than 0.05 were considered to be statistically significant.




Results


Serum from aHUS patients caused higher-than-normal C5b-9 formation on activated endothelial cells

A total of 66 patients with primary aHUS from 60 pedigrees (60 probands and 6 affected relatives Figure 1A) were analysed with the serum-induced C5b-9 formation test on ADP-activated HMEC-1. Consistent with previously published data (6, 10), sera from all patients with acute aHUS studied before therapy (plasma or eculizumab) (n=16) and sera from all but one patient studied while in remission without therapy for >6 months (n=50), induced higher-than-normal (263 ± 77%, and 238 ± 101%, respectively, >149% of normal human serum pool) C5b-9 formation on ADP-activated HMEC-1 (Figure 1B, upper panel). As shown in Figure 1B lower panel, results obtained with serum from patients studied both during acute phase and in remission (n=4) showed similarly elevated C5b-9 formation on activated endothelial cells.

In agreement with our previous work (10), only a fraction of patients showed circulating markers of complement activation, such as reduced serum C3 and increased plasma sC5b-9, both during the acute phase (reduced C3: 10/16; increased sC5b-9: 3/6) or during remission (reduced C3: 20/47; increased sC5b-9: 6/14) (Supplementary Table 1). These results are in line with the cell surface restricted complement activation that characterizes aHUS. Of note, no correlations were found between C3 serum levels and C5b-9 formation on HMEC-1 (Spearman’s coefficient of rank correlation: P=0.2095), and between sC5b-9 levels and C5b-9 formation on HMEC-1 (Spearman’s coefficient of rank correlation: P=0.2750).

C5b-9 formation on endothelial cells exposed to sera from the four aHUS patients on eculizumab treatment was in the control range (99 ± 17%) (Figure 1B, upper panel).

We then divided the 50 patients who were in remission and out of treatment, on the basis of their genetic background. We did not observe any significant difference in serum-induced C5b-9 formation among the following subgroups: 1) patients with known rare pathogenic variants (PV) that affect fluid phase proteins (288 ± 136%, n=15); 2) patients with only PV that affect the cell surface protein MCP (251 ± 122%, n=5); 3) patients with variants of uncertain significance/likely pathogenic/likely benign/benign variants (VUS/LPV/LBV/BV) (207 ± 63%, n=14); 4) patients without identified genetic or acquired complement abnormalities (215 ± 67%, n=16) (Figure 1C; Tables 1, 2A). None of the studied patients had anti-FH antibodies.


Table 1 | List of known rare pathogenic variants (PV) identified in aHUS patients.




Table 2A | List of rare likely pathogenetic variants (LPV), variants of uncertain significance (VUS) and benign and likely benign variants in genes encoding soluble proteins and identified in aHUS patients.




Table 2B | List of rare complement gene variants identified in unaffected aHUS relatives but not in probands.



Four out of 5 patients in remission with only MCP PVs also had one or two risk haplotypes in circulating complement factors, such as CFH (H3) and or CFHR1*B (Supplementary Table 1), which could contribute to complement dysregulation (20, 24).

Altogether, the above findings show that the test for C5b-9 formation on ADP-activated HMEC-1 with aHUS serum cannot provide enough information about the impact (if any) of the underlying genetic abnormalities on complement dysregulation on the cell surface.



Serum from unaffected relative carriers of complement pathogenic variants induces C5b-9 formation on activated endothelial cells

Among the 26 pedigrees with PV, we identified 14 PV in genes that encode circulating complement proteins or regulators (CFH, n=7; CFI, n=1; C3, n=1; CFHR1/CFH gene conversion, n=1; hybrid genes n=3, CFH/CFHR1 gene conversion n=1, Tables 1, 3) (25, 26). To evaluate the sensitivity of the ex vivo endothelial test to identify subjects carrying functional complement gene variants, we analysed serum from 41 healthy relatives who carried (from here on, unaffected relative carriers) the above PV, used as positive controls. Thirty-eight out of 41 carriers exhibited a higher-than-normal range (>149% of normal human serum pool) of serum-induced C5b-9 formation on ADP-activated HMEC-1 (208 ± 70%, n=41; Figure 2A) resulting in 92.7% sensitivity to identify carriers of a PV. In the same pedigrees, we were able to analyse 28 relatives who do not carry the above PV, who were used as negative controls. Serum from all of these subjects induced normal C5b-9 formation on endothelial cells (healthy relatives non-carrier of PV, 102 ± 20%, n=28; Figure 2A). We repeated the assay with serum from a subgroup of unaffected carriers (PV, n=3) or non-carriers (n=7) on unstimulated HMEC-1, and results showed normal C5b-9 formation with all sera (Supplementary Figure 4), confirming that the ex vivo assay can reproduce the “two hit” model of aHUS.


Table 3 | Results of C5b-9 test in unaffected family members who carry PV in genes encoding fluid phase proteins that segregate with the disease.






Figure 2 | Serum from unaffected relative carriers of PV induces higher than normal C5b-9 formation on HMEC-1. (A) Endothelial surface area covered by C5b-9 staining after 2h incubation of ADP-activated HMEC-1 with serum (diluted 1:2 in test medium) from either unaffected carriers of PV in genes encoding for fluid phase complement proteins (n=41), or from unaffected non-carriers of PV (n=28) or from unaffected carriers of PV in the MCP gene only (n=8). The results are shown as the fold increase of stained surface area after incubation with serum from unaffected carriers versus control pool of sera run in parallel. Points represent fold increase values of single subjects. Horizontal bars are mean ± SD values. Dotted lines are upper and lower limits of normal range. *P<0.0001 vs. unaffected carriers of PV. (B) Pedigree #267 of aHUS proband #875 (indicated by the arrow) with a PV in CFH p.S1191L. The same PV was found in his brother (affected, #871), his mother (#1268), his sister (#1269), his uncle (#1271) and his cousin (affected, #872). (C) Pedigree #1245 of aHUS proband #2037 (indicated by the arrow) with a pathogenic CFHR1/CFH hybrid gene (CFHR11-4-CFH22-23). The same hybrid was also found in his brother (#2269) and his nephews (#2444 and #2445). In each pedigree, the affected subjects are in black, healthy carriers of PV are identified with a black dot. The circles indicate females and the squares indicate males.



Results for 2 representative pedigrees are shown in Figure 2B (#267) and Figure 2C (#1245). The detailed clinical and family history of the 2 pedigrees are reported in the Supplementary Material.

In contrast, all but one unaffected relative carriers of PV only in the surface complement regulator MCP exhibited C5b-9 formation on ADP-activated HMEC-1 in the normal range (114 ± 27%, n=8 from 6 pedigrees) (Figure 2A and Table 4). Notably, the only unaffected MCP carrier showing higher than normal serum-induced C5b-9 formation also had the H3 haplotype, indicating a possible contribution of this haplotype in complement dysregulation, as we observed in affected MCP carriers.


Table 4 | Results of C5b-9 test in unaffected family members who carry PV in MCP segregating with the disease.





Serum-induced C5b-9 formation test in unaffected carriers helps with the functional characterisation of gene variants

Based on the results of the serum-induced C5b-9 formation test that we found with the carriers of PV, we used the same approach to characterise rare variants predicted to be LPV or VUS, or likely benign or benign in silico. In the probands from 28 pedigrees, we identified 30 rare variants – classified as LPV, VUS, likely benign, or benign – in aHUS-associated genes that encode soluble proteins (CFH, CFI, C3, CFB and CFHR1, Table 2A) or in candidate complement genes (C5, CFHR2, CFHR4 and CFHR5, Table 2A). For 22 variants we found at least one unaffected carrier relative, for a total of 27 relatives.

We found excessive C5b-9 formation on ADP-activated HMEC-1 in 18 of 27 relatives, indicating that they may have a genetic liability to complement dysregulation on the cell surface (Figure 3A; Table 5).


Table 5 | Results of C5b-9 formation test in family members who carry VUS/LPV/LBV or benign variants.



Specifically, the test was positive in 7 out of 8 (87.5%), 10 out of 16 (62.5%), 1 out of 1 and 0 out of 2 subjects with LPV, VUS, likely benign or benign variants, respectively. Notably, among subjects with VUS, all the 6 that exhibited a negative C5b-9 test had variants only in putative candidate genes (C5 and CFHR4). As observed with carriers of PV, when the assay with sera from unaffected carriers of LPV/VUS was repeated on unstimulated HMEC-1 (n=7), results showed normal C5b-9 formation for all subjects (Supplementary Figure 4).

Finally, in a few pedigrees with carriers of LPV (n=3) or VUS (n=4) that showed a positive test we could analyse sera from at least one non-carrier relative (Supplementary Table 2), all of which formed normal amount of C5b-9 on activated HMEC-1. To summarise, the results showed that all but one variants in aHUS-associated genes that were predicted in silico to be LPV, or VUS as well as a likely benign variant, were experimentally shown to be pathogenic. At variance, variants in putative candidate genes did not exhibit a functional effect in the C5b-9 test, with the only exception of a LPV in the CFHR5 gene that showed a positive test (Figure 3A).

We further predicted variant pathogenicity computationally using CADD, adjusting the CADD score threshold for pathogenicity to >10. As shown in Figure 3B, 10 of 14 variants in disease-associated genes exhibited concordance between CADD and the results of the C5b-9 test, in contrast with only 1 of 6 variants in putative candidate genes (Figure 3C).




Figure 3 | C5b-9 formation on HMEC-1 exposed to serum from unaffected relative carriers of rare complement gene variants. (A) Endothelial surface area covered by C5b-9 staining after 2h incubation of ADP-activated HMEC-1 with serum (diluted 1:2 in test medium) from carriers of variants likely pathogenic (LPV, n=8), of uncertain significance (VUS, n=16), likely benign (n=1), or benign (n=2). Results are shown as fold increase of stained surface area after incubation with serum from unaffected carriers versus control pool of sera run in parallel. Points represent fold increase values for single subjects. Dotted lines are upper and lower limits of normal range. (B) Breakdown of CADD computational predictions using a default score value cutoff >10 in disease-associated genes. (CADD ≤ 10: benign prediction; CADD > 10: pathogenic prediction) (C) Breakdown of CADD computational predictions using a default score value cutoff >10 in candidate genes. Red columns indicate variants with incorrect prediction; Blue columns indicate variants with correct predictions. (D) Endothelial surface area covered by C5b-9 staining after 2h incubation of ADP-activated HMEC-1 with serum (diluted 1:2 in test medium) from carriers of rare variants that do not segregate with aHUS (n=10). Results are shown as fold increase of stained surface area after incubation with serum from carriers of rare variants not segregating with aHUS versus control pool of sera run in parallel. Points represent fold increase values of single subjects. Dotted lines are upper and lower limits of normal range.



Among the 60 studied pedigrees we identified 7 rare variants that did not segregate with the disease (Table 2B), since they were present in unaffected relatives (n=10) but not in the probands. The C5b-9 test was negative in all of these subjects (Figure 3D), independently of their classification and CADD values (Table 6), supporting the potential of the test to differentiate between variants that do or do not have functional consequences on complement activation on the cell surface.


Table 6 | Results of C5b-9 formation test in family members who carry variants not segregating with the disease.



Finally, in 6 pedigrees the probands exhibited combined PV/LPV (family #52, Figure 4), or PV/VUS (family #390, and family #265, Figure 4), or combined VUS (family #1485, Figure 4), or combined LPV/likely benign variants (family #2880, Figure 4) or combined LPV/benign variants (family #412, Figure 4). The test was positive in unaffected carriers of the PV CFH p.V1197A and CFH c.3493+1G>A (Figure 4). The results of the C5b-9 test in unaffected carrier relatives indicated a functional pathogenic role for the CFH p.W978R LPV (CADD 25.6), the CFH p.N516K VUS (CADD 16.62), the C3 c.74+1delG>- VUS (CADD 23.6), the CFB p.N340Y VUS (CADD 13.6), the CFH c.2957-7A>G likely benign (CADD 26.3) and the CFHR5 p.E163Kfs10x LPV (CADD 22.7) (Figure 4). As for the CFI p.E554V VUS (CADD 25.4) in pedigree #265, the test was non-informative because we did not find an unaffected relative who carried this variant alone. However, it is likely non-functional since it did not segregate with the disease in this family because it was present in only one of the two affected subjects (Figure 4). The detailed clinical and family histories of the 6 pedigrees are reported in the Supplementary Material.




Figure 4 | Pedigrees with combined variants. Pedigree #052 of the proband #347. Genetic analysis revealed a pathogenic variant in CFH (p.V1197A) inherited from the father (#387, green) and also a LPV in CFH (p.W978R) inherited from the mother (#388, pink). Pedigree #390 of the aHUS proband #1052. Genetic analysis revealed a pathogenic variant in CFH (c.3493+1G>A) inherited from the mother (#1054, grey) and a rare VUS in CFH (p.N516K) inherited from the father (#1053, red). Pedigree #265 of proband #870 carrying a pathogenic variant in CFH (p.S1191L, light blue) inherited from the mother and also present in the maternal affected relative (#868). Genetic analysis in the proband also found a VUS in CFI (p.E554V, purple) inherited from the mother but absent in the maternal affected relative. Pedigree #1485 of proband #2314. Genetic analysis revealed a VUS in C3 (c.74+1delG) inherited from the father (#2437, blue) and a VUS in CFB (p.N340Y) inherited from the mother (#2438, orange). Arrows indicate probands, affected subjects are in black. Pedigree #2880 of the proband #4050. Genetic analysis revealed a LPV in C3 (p.G321V) inherited from the father (#4051, deep blue) and a likely benign variant in CFH (c.2957-7A>G) inherited from the mother (#4052, yellow). Pedigree #412 of the proband #1070. Genetic analysis revealed a benign variant in CFHR2 (p.T109A) inherited from the father (#2654, purple) and a LPV in CFHR5 (p.E163Kfs10x) inherited from the mother (#2583, brown). Arrows indicate probands, affected subjects are in black. The circles are used for female subjects and squares for male subjects.





Serum-induced C5b-9 formation test in trios of patients without variants in known genes may identify new genetic forms of aHUS

In 17 pedigrees we did not identify rare variants in disease-associated or candidate complement genes in the probands. To evaluate whether any of the above probands had inherited, from the unaffected parent, an unknown genetic abnormality predisposing to complement activation on the endothelial surface, we analysed C5b-9 formation in the probands and their parents (trios).

In 8 trios we found higher-than-normal range serum-induced C5b-9 formation, both in the probands (remission, n=8) and in their fathers (proband: 194 ± 26%; father: 197 ± 60%, Figure 5A). In contrast, the serum samples from the mothers caused normal C5b-9 formation on endothelial cells (117 ± 19%, Figure 5A). These results suggest that the probands inherited a genetic defect from the father. A representative trio is shown in Figure 5D (see clinical history in Supplementary Material).




Figure 5 | C5b-9 formation on activated HMEC-1 induced by serum from aHUS patients without identified mutations and from their parents. (A–C) Endothelial surface area covered by C5b-9 staining after 2h incubation of ADP-activated HMEC-1 with serum (diluted 1:2 in test medium) from aHUS patients without identified mutations (remission, n=16; acute, n=1) and their parents. Dotted lines are upper and lower limits of normal range. Results are shown as fold increase of stained surface area after incubation with serum from aHUS patients and their parents versus control pool of sera run in parallel. Points represent fold increase values of single subjects. Horizontal bars are mean ± SD values. *P<0.001, ***P<0.01, ****P<0.05 vs patient; ##P<0.01, ###P<0.05 vs other parent. (D) Pedigree #1124 of patient #1897 without identified mutations. (E) Pedigree #1998 of patient #3023 without identified mutations. Arrows indicate probands, affected individuals are in black. The circles indicate female subjects and the squares male subjects.



In 4 trios the sera from both the probands (remission, n=3; acute, n=1) and their mothers induced excessive C5b-9 formation on HMEC-1 (patient: 229 ± 51%; mother: 181 ± 22%; Figure 5B) indicating a genetic abnormality inherited from the mother. Consistent with this, in these trios the serum from the fathers induced normal C5b-9 formation on endothelial cells (94 ± 19%; Figure 5B). A representative trio is shown in Figure 5E (see clinical history in Supplementary Material).

Finally, in 5 trios both parents exhibited normal C5b-9 formation on ADP-activated HMEC-1, whereas the test was positive in all probands (remission, n=5) (patient: 237 ± 110%; father: 116 ± 15%; mother: 134 ± 12%, Figure 5C). For these trios, the results of the test did not allow us to determine whether the disease was associated with a de novo genetic abnormality, a recessive inheritance, or whether it was not genetically determined.




Discussion

By studying 223 subjects who belong to 60 aHUS pedigrees, here we show that the ex vivo assay based on serum-induced C5b-9 formation on activated HMEC-1 may represent a potential tool for a rapid evaluation of the functional impact of rare complement gene variants. In addition, we provide evidence that this assay could also be useful for uncovering inherited complement dysregulation in aHUS patients who do not carry variants in known disease-associated genes.

Genetic analysis using next-generation sequencing makes it possible to search for nucleotide variants in the whole complement gene set quickly and inexpensively. Nevertheless, some particularities of complement genes should be considered, including the high sequence homology between CFH and CFHRs genes (9), and additional techniques, such as MLPA, are often required to correctly identify the generation of structural variations in the Regulators of Complement Activation (RCA) gene cluster (27). Among the variants identified through genetic analyses in aHUS patients, only a subgroup can be defined as pathogenic with certainty, based on either published functional studies or a clear-cut effect on transcription/translation (9, 28). But we do not know the functional significance of a large majority of variants. This is an important issue, because knowing the real functional impact of gene variants is crucial to better understanding the pathogenesis of aHUS in each patient and can help confirm a diagnosis, guide patient management, inform prognosis, and reduce the need for invasive procedures (8, 9, 28, 29).

It is not easy to determine the functional meaning of a gene variant. In line with published guidelines (13) (https://www.acgs.uk.com/media/11631/uk-practice-guidelines-for-variant-classification-v4-01-2020.pdf), rare gene variants can be categorised – as pathogenic, likely pathogenic, variants of uncertain significance, likely benign and benign – based on criteria that include prevalence in healthy individuals (MAF), localisation within the gene and segregation with the disease, as well as in silico estimation of the influence of the variant on protein structure or function.

Recently, the capacity of in silico predictions to really establish whether or not a variant may be pathogenetic has been doubted, and this limitation applies particularly to gain-of-function variants in C3 and CFB genes (30, 31). Even the CADD tool, which scores the predicted deleteriousness of variants by integrating multiple annotations into one metric, often fails. In this regard, a study by Merinero et al. (32) described the functional characterisation of 28 new CFH gene variants. All 17 variants that were classified as pathogenic in silico were confirmed to be pathogenic in functional studies. However, among the 11 variants categorised as benign or VUS, 7 were found to be pathogenetic by functional studies, leading the authors to conclude that with the current algorithms’ prediction is unreliable, mainly in the case of variants categorised as benign or VUS. In a subsequent paper the same group further demonstrated the limitations of algorithms in predicting the pathogenicity of 105 CFH variants, concluding that functional studies are necessary (29).

Functional studies are complicated and time-consuming. In addition, each complement factor and regulator carriers out multiple and complex activities and several functional tests should be performed to obtain a clear picture of the impact of a given variant. In this regard, only 29 of the 79 VUS studied by Merinero et al. (29) turned out to alter FH expression or function as observed in 4 different functional in vitro tests. However, one cannot rule out the possibility that for any of the remaining variants, additional functional tests would have revealed a pathogenic impact on FH function.

With the goal of overcoming the above obstacles, here we decided to use the ex vivo serum-induced C5b-9 formation test on activated endothelium (10). Consistent with our published results (6, 10) the assay was always positive with serum from aHUS patients who were in remission, and it could not discriminate in patients between carriers and non-carriers of complement gene variants.

This finding may be related both to the presence of additional predisposing factors (such as the CFH H3 haplotypes) and to subclinical chronic disease activity associated with the presence in aHUS serum of heme, extracellular vesicles, ROS, or inflammatory cytokines that may favour the formation of C5b-9 on an activated endothelium (33–35).

We therefore changed our approach, based on two considerations. First, penetrance of aHUS is incomplete, as documented by the finding in aHUS families of numerous asymptomatic relatives who carry the same gene abnormality as the proband (24). In addition, the large majority of aHUS disease-associated variants are inherited from an unaffected parent (2, 36). Second, by studying a small number of relatives of aHUS patients, we previously found that sera from unaffected relatives carrying the same pathogenic variant as the proband caused higher-than-normal C5b-9 formation on endothelium (10), whereas sera from non-carrier relatives did not.

With these concepts in mind, and to overcome the confounding effect of aHUS status, here we performed the C5b-9 formation test in several aHUS pedigrees with at least one unaffected relative who shared with the proband a published functionally characterised variant. We found that almost 93% of unaffected relatives with pathogenic variants in circulating complement factors exhibited a positive serum-induced C5b-9 formation test, evidence of the test’s high sensitivity in identifying functional variants. The test in relatives showed that all non-carriers exhibited a negative C5b-9 formation test. In addition, all the unaffected relatives with rare complement gene variants that did not segregate with aHUS exhibited a negative serum-induced C5b-9 formation, indicating that the test was specific for identifying disease-relevant gene abnormalities. Based on the above results we then investigated whether the ex vivo C5b-9 formation test could be useful for better and more quickly characterising LPV, VUS and likely benign/benign variants.

Sera from all relatives but one who carry LPV in known disease-associated genes induced higher-than-normal C5b-9 formation. The CFH p.1182delins LPV was described previously in a family (37). Although no functional studies were performed, the variant may have profound effects on FH activity, since it causes the insertion of 12 extra amino acids in the SCR20, a domain that encompasses binding sites for C3b and polyanionic carbohydrates and is important for complement regulation on host surfaces (38–40). The CFH p.896_900 del and the p.W978R variants are located in SCR15 and SCR16, respectively, which belong to the central segment of the protein whose function is still poorly characterised (41, 42). As for the LPVs in C3 gene, the functional C5b-9 test was positive in carriers of the p.D61N. This is in line with its location in the MG1 domain, which participates in the formation of a key ring and may be crucial for the C3 structure–function relationships (43). The finding that serum from the unaffected carrier of the C3 p.G321V did not induce excessive C5b-9 formation on HMEC-1 suggested that this LPV does not have a functional effect.

The results from serum of the carrier of the LPV in the putative candidate CFHR5 gene may help to clarify the involvement of FHR5 in aHUS. Several authors have described potentially pathogenic CFHR5 variants in aHUS patients (44–48). On the other hand, Osborne et al. (30) failed to find a significant association between rare variants in CFHR5 and aHUS. Among the FHR proteins, only FHR5, like FH, has FI-dependent cofactor activity, leading to C3b inactivation, and C3 convertase decay accelerating activity (48), but these activities have been observed in the fluid phase only at higher than physiological concentrations (49, 50). On the other hand, FHR5 has been shown to specifically interact with C3b, heparin and other cellular and extracellular ligands through its central SCR3-7, suggesting it may carry out local cell and tissue activity (48). The present data showing that serum from the subject carrying the CFHR5 p.E163Kfs10x variant – which causes protein truncation in SCR3 – induced excessive C5b-9 formation on the endothelial cell surface, supports the hypothesis that FHR5 might regulate complement at the endothelial cell surface.

Notably, all relatives with VUS in aHUS-associated genes had a positive C5b-9 formation test, whereas the assay was negative for carriers of VUS only in putative candidate genes (CFHR4, and C5). The latter results do not support the hypothesis that VUS we found in candidate genes play a role in inducing complement dysregulation on endothelium. However, other functional studies should be performed before completely ruling out the possibility that these VUS have a role in aHUS pathogenesis.

Consistent with the previous report by Merinero et al. (32) that documented the pathogenicity of 4 CFH variants categorised as benign, the unaffected relative from our cohort who carries a likely benign CFH variant was positive in the C5b-9 formation test. Altogether, the present results and other published data (29, 32) confirm that in silico predictions might be unreliable in the case of benign or likely benign variants.

The C5b-9 assay in parents was particularly helpful in defining the relative functional effect of rare variants in pedigrees in which the proband carried more than one genetic abnormality. Thus, in two pedigrees both variants that the proband inherited from either parent were associated with ex vivo complement activation on the endothelium, whereas in two other pedigrees only one variant appeared to be functional. Notably, in one of the latter pedigrees the proband inherited a C3 LPV from the father and a likely benign variant in CFH from the mother. The test reversed the in silico prediction; indeed, serum from the mother was positive in the C5b-9 test, while a negative result was found with serum from the father with the LPV.

Finally, the C5b-9 test allowed us to unmask in a few patients without rare variants – either in disease-associated or in candidate genes – a genetic liability inherited from unaffected parents. This applied to pedigrees in which either the father or the mother had a positive test, revealing the presence of a genetic abnormality predisposing to complement dysregulation. In one pedigree, the maternal inheritance of the unknown genetic factor was confirmed by the positive test in the maternal aunt.

Exome sequencing has proven to be a rapid and cost-effective way of discovering causative genes and has been useful in identifying mutations involved in rare Mendelian diseases (51). However, pitfalls and hurdles remain, including the difficulty of selecting from among a huge number of rare, potentially causative variants in several genes. This issue is further amplified by the oligogenic nature and incomplete penetrance of aHUS, particularly in non-familial cases. Combining exome sequencing with results from C5b-9 tests in parents as well as in informative, unaffected relatives could help researchers select variants and possibly identify new genetic factors that predispose to aHUS.

The C5b-9 formation test in unaffected relatives described here has some limitations that should be considered. First, while the assay catches abnormalities in soluble complement proteins that are present in serum, it is not informative regarding the functional effects of rare variants in complement regulatory proteins expressed on the cell membrane, such MCP or THBD, since HMEC-1 cells express the wild-type proteins. To overcome this limitation, we are working to obtain endothelial cells from iPSC derived from PBMC from patients and unaffected relatives with MCP or THBD variants that will be used as target cells in the C5b-9 formation test. In addition, the test was not conclusive in pedigrees without identified variants with negative C5b-9 results in both parents. In these cases, the question of whether the disease in the proband was associated with a de novo genetic abnormality or a recessive inheritance or was not genetically determined remained open.

In conclusion, the results of this study provide evidence that the serum-induced C5b-9 formation test performed in unaffected relatives of aHUS patients may be a tool for rapidly obtaining important information about the functional consequences of rare complement gene variants. When combined with exome sequencing the assay might be of help in guiding variant selection, to identify new aHUS-associated genetic factors. Genetic studies in rare diseases are often complicated by incomplete penetrance. In addition, the progressive decrease of average size of families, at least in Europe and Western countries, lowers the probability to find familial cases. The approach of using disease-relevant assays in relatives to extend the number of informative subjects, could be applied to other rare diseases to help variant selection and characterization, while limiting the hurdle of recruiting large cohorts of patients.
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Introduction

Diabetic retinopathy (DR) and age-related macular degeneration (AMD) are leading causes of visual impairment and blindness in people aged 50 years or older in middle-income and industrialized countries. Anti-VEGF therapies have improved the management of neovascular AMD (nAMD) and proliferative DR (PDR), no treatment options exist for the highly prevalent dry form of AMD.



Methods

To unravel the biological processes underlying these pathologies and to find new potential biomarkers, a label-free quantitative (LFQ) method was applied to analyze the vitreous proteome in PDR (n=4), AMD (n=4) compared to idiopathic epiretinal membranes (ERM) (n=4). 



Results and discussion

Post-hoc tests revealed 96 proteins capable of differentiating among the different groups, whereas 118 proteins were found differentially regulated in PDR compared to ERM and 95 proteins in PDR compared to dry AMD. Pathway analysis indicates that mediators of complement, coagulation cascades and acute phase responses are enriched in PDR vitreous, whilst proteins highly correlated to the extracellular matrix (ECM) organization, platelet degranulation, lysosomal degradation, cell adhesion, and central nervous system development were found underexpressed. According to these results, 35 proteins were selected and monitored by MRM (multiple reaction monitoring) in a larger cohort of patients with ERM (n=21), DR/PDR (n=20), AMD (n=11), and retinal detachment (n=13). Of these, 26 proteins could differentiate between these vitreoretinal diseases. Based on Partial least squares discriminant and multivariate exploratory receiver operating characteristic (ROC) analyses, a panel of 15 discriminatory biomarkers was defined, which includes complement and coagulation components (complement C2 and prothrombin), acute-phase mediators (alpha-1-antichymotrypsin), adhesion molecules (e.g., myocilin, galectin-3-binding protein), ECM components (opticin), and neurodegeneration biomarkers (beta-amyloid, amyloid-like protein 2).





Keywords: age-related macular degeneration, biomarkers, complement and coagulation cascades, extracellular matrix, neurodegeneration, proliferative diabetic retinopathy, retinal detachment, vitreous proteomics



Introduction

Despite improvements in the prevention and control of ocular diseases in the past 30 years, the public health burden associated to visual impairment and blindness is expected to increase due to the growth and aging of the world population and the increase in the prevalence of chronic diseases such as diabetes mellitus (1, 2). Diabetic retinopathy (DR) and age-related macular degeneration (AMD) are leading causes of visual impairment and blindness in middle-income and industrialized countries and, therefore, they are considered priority eye diseases by World Health Organization (3). DR is a microvascular complication that develops in patients with diabetes (4). In the non-proliferative stage, microvascular changes such as microaneurysms, basement membrane thickening, and loss of pericytes occur in response to hyperglycemia, but increasing evidence suggests that microvascular changes may be preceded by neuroglial degeneration. Proliferative diabetic retinopathy (PDR) is led by retinal ischemia, which combined with an imbalance in the levels of inflammatory and pro-angiogenic cytokines can trigger intra-retinal and intravitreal neovascularization (NV) (1, 4, 5). AMD is a multifactorial disease characterized by the loss of central vision due to the degeneration of photoreceptors and retinal pigment epithelium (RPE) (6, 7). In an early phase, AMD is characterized by the accumulation of yellowish deposits (drusen) underneath the retina but it can further progress to late AMD, recognized either by progressive atrophy of RPE (Dry AMD), non-neovascular intraretinal exudation, or macular neovascularization (MNV) (6, 8). Approximately 10-15% of all AMD patients develop neovascular AMD (nAMD) (9, 10), which includes type 1 macular NV (occult choroidal NV), type 2MNV (classic choroidal NV), and type 3 macular NV (11, 12).

Vascular Endothelial Growth Factor (VEGF) signaling plays a key role in vascular development and stimulation of ocular angiogenesis (13, 14). For this reason, anti-VEGF drugs, which include ranibizumab, aflibercept, bevacizumab, brolucizumab, and the recently FDA-approved faricimab (15), were established as first-line therapy for the management of diabetic macular edema (16), PDR (17, 18) and nAMD (19, 20). Nevertheless, anti-VEGF therapy requires frequent and costly intravitreal injections and has been associated with local side effects (e.g., endophthalmitis, cataracts, retinal detachment, vitreous hemorrhage, and increased ocular pressure) (1, 21). Furthermore, some patients exhibit only a moderate to poor response after continued intensive anti-VEGF treatment (22, 23). Although several therapeutic strategies have shown significant potential in preclinical studies and clinical trials (24–26), therapies for dry AMD are still commercially unavailable and its management relies on regular follow-up evaluation, the prevention of risk factors, and increased intake of vitamins and antioxidants (8, 24). Therefore, a better knowledge of the pathological mechanisms underlying the disease onset or progression could be helpful to explore effective therapeutic alternatives for the management of these proliferative eye diseases.

So far, the characterization of the proteome of the vitreous humor in DR/PDR has contributed extensively to the identification of target pathways and candidate biomarkers for its diagnosis and treatment (27–30). However, the validation of these potential biomarkers in a larger number of samples, essential for assessing their relevance in clinical practice, is frequently unaccomplished (31). On the other hand, few studies have focused on the characterization of vitreous proteomics in AMD (32–34). To elucidate the underlying pathological mechanisms, we have applied a label-free quantitative (LFQ) proteomics approach for the understanding of the vitreous proteome in PDR and AMD compared to idiopathic epiretinal membranes (ERM) samples. A scheduled multiple reaction monitoring (MRM) method was designed for potential biomarker verification in a larger cohort of human vitreous samples.



Materials and methods


Collection of vitreous samples by pars plana vitrectomy

Vitreous samples were collected at the Ophthalmology Service of Leiria-Pombal Hospital, Portugal, as previously described (35), according to a protocol approved by the hospital ethics committee (Code: CHL-15481). All patients included in this study gave their informed consent, which adhered to the tenets of the Declaration of Helsinki. Vitreous samples were collected in sterile cryogenic vials at the beginning of pars plana vitrectomy by aspiration into a 2 mL syringe attached to the vitreous cutter. Upon collection, vitreous samples were placed immediately on ice and frozen at -80°C until further analysis. The medical history of the patients was assessed to confirm the diagnosis, baseline characteristics, and associated diseases. Demographic characteristics, including age and gender, and the description of corresponding vitreous samples are summarized in Table 1 (more details in Supplementary Table 1). Samples from patients subjected to intraocular surgeries or intravitreal drug treatments in the previous 3 months were excluded from the study. Most patients underwent surgery for ERM removal due to the marked decrease in visual acuity. For label-free proteomic analysis, 12 patients (7 women and 5 men) diagnosed with PDR (n=4), dry AMD (n=4), and ERM (n=4) were selected. Older patients or with other serious illnesses associated (e.g., neoplasia) were removed from the study. For MRM, a larger cohort (n=65) was used, including some of the samples previously analyzed in the LFQ experiment. MRM experiments were performed on vitreous samples from patients with ERM (n=21), DR/PDR (n=20), AMD (n=11), and rhegmatogenous retinal detachment (RRD) with and without proliferative vitreoretinopathy (PVR) (n=13). Finally, 27 patients were selected for Western Blot (WB) analysis, including patients with ERM (n=5), PDR (n=9), AMD (n=6), and RRD (n=7), from which 3 patients have PVR.


Table 1 | Demographic characteristics of patients involved in the study and description of corresponding vitreous samples collected via pars plana vitrectomy.





Preparation of vitreous samples

Vitreous samples were centrifuged at 18400 x g for 15 min at 4°C and supernatant protein concentration was determined using Pierce 660 nm protein assay (Thermo Fisher Scientific, Massachusetts, USA; RRID : SCR_008452), according to manufacturer’s instructions. For the removal of high-abundant proteins, High Select™ Top14 Abundant Protein Depletion Mini Spin Columns (Thermo Fischer Scientific, Massachusetts, USA; RRID : SCR_008452) were used. Briefly, 300 µl of sample (400 µg of protein) was homogeneously mixed with the resin and incubated for 10 min at room temperature. Depleted vitreous samples were recovered by centrifugation at 1000 x g for 2 min and concentrated using Nanosep® Centrifugal Devices 10K (Pall, Madrid, Spain). Then, samples were solubilized with loading sample buffer, denaturized at 60 °C for 10 min, loaded, and concentrated in a 12% SDS-PAGE gel. After Quick Coomassie staining, protein bands were manually excised, cut into cubes (1 mm2), and placed in 96-well plates. In-gel tryptic digestion was performed automatically in a Proteineer DP robot (Bruker Daltonics, Bremen, Germany), as previously described (36). Tryptic peptides were extracted by adding 1% formic acid in 50% acetonitrile, collected from wells, dried by speed-vacuum centrifugation, and frozen at -20°C until further processing.



LC-MS/MS quantitative analysis

LC-MS/MS analyses were performed using a nanoLC Ultra 1D plus (Eksigent Technologies, AB SCIEX, Foster City, CA) coupled to a SCIEX TripleTOF 5600 Mass Spectrometer System (RRID : SCR_018053) via a Nanospray III source. Tryptic peptides were solubilized using solvent A (2% acetonitrile [ACN] in water, 0.1% FA) and the concentration was determined using Thermo Fisher Qubit fluorimeter (RRID : SCR_018095), according to manufacturer’s instructions. Tryptic peptides (1 µg) were loaded on a C18 Acclaim PepMap™ 100 trapping column (Thermo Scientific, 100 µm I.D. × 2 cm, 5 µm particle diameter, 100 Å) using solvent A at 2 µL/min and, after desalting, switched online with an Acquity UPLC® M-Class Peptide BEH C18 analytical Column (Waters, 75 µm × 15 cm, 1.7 µm, 130 Å). Peptides were fractionated at a flow rate of 250 nL/min in a 250 min gradient with increasing concentrations of ACN (2% to 90%). TripleTOF 5600 system was operated in positive ion mode as follows: ion spray voltage 2300 V, curtain gas (CUR) 35, interface heater temperature (IHT) 150°C, ion source gas 1 (GS1) of 25, and declustering potential (DP) of 100 V. Data were acquired in information-dependent acquisition (IDA) mode with Analyst®TF 1.7 Software (SCIEX, USA; RRID : SCR_015785). IDA parameters were: survey scan in the mass range of 350–1250 m/z, accumulation time 250 ms, followed by MS2 spectrum accumulation for 100 ms (100–1800 m/z) in a cycle of 4.04 sec. MS/MS fragmentation criteria were: ions in the 350-1250 m/z range with a charge state of 2–5 and an abundance threshold greater than 90 counts. Dynamic exclusion was set to 15s. IDA rolling collision energy (CE) parameter script was used to control the CE.



Bioinformatics and statistical analysis

MaxQuant 1.6.5.0 (RRID : SCR_014485) was used to generate peak lists from raw files, peptide and protein identification after database search, and for LFQ intensity-based absolute quantification (iBAQ). Andromeda search engine was used to search the acquired MS/MS spectra against the UniProtKB Homo sapiens database (20418 reviewed protein sequences). Search parameters were set as follows: carbamidomethyl (C) as a fixed modification, oxidation (M), acetyl (Protein N-term), Gln→pyro-Glu and, Glu→pyro-Glu as variable modifications, trypsin/P as protease allowing up to 2 missed cleavages. Precursor mass tolerances were set at 20 ppm and the fragment mass tolerance at 0.01 Da. Proteins identified only with modified peptides (“only by site”), reversed sequences, and potential contaminants were removed. For LFQ, multiplicity was set at 1, LFQ min ratio counts at 2, and the options “iBAQ” and “match between runs” (time window of 0.7 min and alignment of 20 min) were selected. False discovery rate (FDR) of peptides and proteins was set at 1%. Additionally, mgf. files were generated using PeakView® Software (AB SCIEX, RRID : SCR_015786) and searched using Mascot v.2.2.04 (RRID : SCR_014322) against the homo sapiens UniProtKB reviewed database, as described above. Search parameters were identical to those previously described but peptide mass tolerance and MS/MS fragment tolerance were set to 25 ppm and 0.05 Da, respectively. FDR of ≤1% at the peptide level was assessed by applying a target-Decoy approach. Decoy sequence database contained reversed shuffled peptide sequences (37).

The protein normalized intensity lists of the 12 vitreous samples from PDR (n=4), nAMD (n=4), and ERM (n=4) groups were processed using Perseus 1.6.10.0 (RRID : SCR_015753). The normalized intensity was calculated by dividing the intensity of each protein by the sum of the intensity of all proteins detected in that sample and multiplying it by the median of the sum of the intensity of all proteins detected in vitreous samples. Depleted proteins, potential contaminants, reversed and proteins only identified by site were removed. Data were logarithmized (Log2), filtered by valid values (min 70% of valid values), and missing values were imputed with random numbers from a normal distribution (width=0.3, shift=1.8). Multi-scatter plots and histograms were applied to evaluate data quality. Post-hoc tests, hierarchical clustering, principal component analysis (PCA), and two-sample t-tests were performed for differentiating the three groups in terms of protein expression based on intensity differences. A permutation-based method was used to correct for multiple hypothesis testing with the number of randomizations set to 250 and an FDR<5%. Differentially expressed proteins were analyzed using DAVID (RRID : SCR_001881) (38), and ClueGO 2.5.7 (RRID : SCR_005748) (39) for functional enrichment based on gene ontology (GO) analyses and pathways/reactions (KEGG (RRID : SCR_012773) and Reactome (RRID : SCR_003485)). Protein-protein association networks were assessed using the online tool STRING 11 (RRID : SCR_005223), with high confidence (0.75), based on the molecular action (40).



Verification by multiple reaction monitoring

Proteotypic peptide transitions for MRM-based targeted proteomics analysis were selected using Skyline v. 19.1.0.193 (RRID : SCR_014080). MRM assays were performed in an Eksigent nanoLC Ultra 1D plus system (AB SCIEX, Foster City, CA) coupled to a SCIEX 5500 QTRAP 5500 Mass Spectrometer (RRID : SCR_020517)via a Nanospray III source. A scheduled method was designed for the relative quantitation of 35 proteins, using 2-3 proteotypic peptides per protein and 3-4 transitions per peptide (332 transitions in total). The Homo sapiens UniProtKB reviewed database was used as background proteome. The selected enzyme was trypsin/P [KR |-] and peptide parameters were set to: a length range of 8 to 25 amino acids, 2+ and 3+ charged, no missed cleavages, and potentially modified residues such as methionine (Met, M) and cysteine (Cys, C). When possible, peptides were selected to cover distinct regions of the protein sequence. As described above, 10 µg of non-depleted vitreous samples were loaded on an SDS-PAGE gel and in-gel digested. Peptide concentration was determined using Thermo Fisher Qubit fluorimeter (RRID : SCR_018095), according to manufacturer’s instructions, and 1 µg of tryptic peptides was loaded onto a C18 Acclaim PepMapTM 100 column (Thermo Scientific, 300 µm I.D. × 5 cm, 5 µm particle diameter, 100 Å) using solvent A (2%B ACN, 0.1% formic acid in water) at 2 µL/min. After desalting, the trap column was switched online with a C18 BioSphere column (Nano-separations, 75 µm I.D. × 15 cm, 3 µm particle diameter, 120 Å) and peptides were fractionated in a 30 min gradient (4 to 90% of 100% ACN, 0.1% formic acid) at 300 nL/min, followed by 15 min of equilibration to initial conditions. The 5500 QTRAP system was operated in positive polarity and MRM scan mode, with an ion spray voltage of 2800 V, IHT of 150 °C, CUR of 20, GS1 of 25, medium collision gas, and DP of 80 V. Scheduled mode was enabled and detection window set at 300 sec. Collision energy and expected retention time for each transition were defined in Skyline. Beta-galactosidase standards and a pool of vitreous samples were injected alternately with the vitreous samples to monitor oscillations in the MS signal and in the retention time. Raw MS data were imported into Skyline and the automatically selected transition peaks were manually revised considering the retention time and the intensity distribution of the selected transitions. The total area of each protein was calculated by summing the area of the respective peptides (calculated as the sum of all peptide transitions). To correct the fluctuations in MS signal over time, the calculated total area of each protein was normalized by dividing it by the total area of digested beta-galactosidase (injected between each batch) and multiplying by the median. Statistical analysis by one-way ANOVA (Tukey’s HSD) and post-hoc tests and multivariate statistical analyses were performed using Metaboanalyst v5.0 (RRID : SCR_015539) (41). Partial least squares discriminant analysis (PLS-DA) was used to build a predictive model to define a panel of discriminatory biomarkers of vitreoretinal diseases. The predictive ability (Q2), R-Squared (R2), and accuracy of the model were calculated via cross-validation to define the optimal number of components for classification. Classical univariate and multivariate exploratory receiver operating characteristic (ROC) analyses were performed to evaluate the diagnostic potential of discriminatory proteins between the disease groups. ROC curves were generated in multivariate exploratory analyses by Monte-Carlo cross-validation using balanced sub-sampling, in which two-thirds of the samples are used to evaluate the feature importance. For model building, PLS-DA was defined as classification method and PLS-DA built-in as the feature ranking method, while the number of latent variables was defined to 2.



Western blotting assays

For western blot analysis, equal amounts of proteins (15 µg) were separated by SDS-PAGE and transferred to a PVDF membrane using the Trans-Blot Turbo™ Transfer System (Bio-Rad Laboratories, Hercules, CA, USA). After blocking with 5% of powdered milk in 0.1% Tween-20, membranes were incubated overnight at 4°C with distinct antibodies in 5% of BSA. These included 1:3000-diluted polyclonal rabbit anti-human chromogranin-A (CHGA) antibody (Agilent Cat# A0430, RRID : AB_2847855), 1:500-diluted polyclonal rabbit anti-tissue inhibitor of metalloproteinase inhibitor 2 (TIMP2) antibody (Abcam Cat# ab74216, RRID : AB_1271228), 1:1000-diluted monoclonal mouse anti-β-Amyloid (APP) antibody (Sigma-Aldrich Cat# A5213, RRID : AB_476742), and 1:500-diluted monoclonal mouse anti-cystatin C (CYTC) antibody (sc-515732; Santa Cruz Biotechnology). Thereafter, PVDF membranes were incubated with a 1:10000 dilution of anti-mouse IgG (Fab specific)–Peroxidase antibody (Sigma-Aldrich Cat# A3682, RRID : AB_258100) or anti-Rabbit IgG (whole molecule)–Peroxidase antibody (Sigma-Aldrich Cat# A0545, RRID : AB_257896). Protein bands were visualized using the Clarity Western ECL Substrate (Biorad, Hercules, CA, USA). Band detection and relative quantification were performed using Image lab 5.0 software (Biorad, Hercules, CA, USA, RRID : SCR_014210). Statistical analyses (Kruskal-Wallis tests, q-value<0.05) were performed using GraphPad Prism (RRID : SCR_002798).




Results


Vitreous proteome in diabetic retinopathy and age-related macular degeneration

For the discovery phase, LFQ quantitative proteomics was applied to analyze the proteome of vitreous collected from patients with DR (n=4), dry AMD (n=4), and ERM (n=4). Using two different strategies for protein database search, a total of 680 proteins were identified, of which 586 proteins were identified by MASCOT and 580 proteins by MaxQuant (corresponding to 474 protein groups) (Supplementary Table 2). The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (42) partner repository with the dataset identifier PXD038285. An average of 366 ± 31 protein groups was identified in control ERM vitreous, 361 ± 46 protein groups in dry AMD, and 310 ± 14 protein groups in PDR. A total number of 195 protein groups were detected in all the samples. Multiple scatter plots (Supplementary Figure 1) were applied to assess data reproducibility and correlation within and between disease groups and showed high data reproducibility. The best correlation values between replicates and within groups was found for PDR samples (average 0.89 ± 0.02), but samples from dry AMD and ERM groups also showed good correlation values within groups (average 0.87 ± 0.05). Sample correlation was higher within than between groups, except for the dry AMD group. One of the samples collected from a patient with dry AMD (VH 219) showed a poorer correlation (< 0.8) with other dry AMD samples and a higher correlation with samples from the PDR group (> 0.87). For this reason, this sample was removed from quantitative analysis, improving within-group Pearson correlation values from an average of 0.84 ± 0.06 to 0.90 ± 0.01 (Supplementary Figure 1).

Subsequently, post-hoc tests and hierarchical clustering were performed to differentiate the three groups in terms of protein expression based on intensity differences. Post-hoc tests revealed that 96 proteins are differentially expressed among the three disease groups. Specifically, 83 and 79 proteins differed between PDR and ERM or between PDR and dry AMD groups, respectively (Supplementary Table 3). Hierarchical clustering analysis of these 96 proteins is represented in a heatmap based on their intensities normalized to log base 2 (Figure 1A). Figure 1A reveals that most of these proteins are downregulated in PDR compared to ERM and dry AMD groups (blue cluster), except for a small cluster (orange cluster) composed mainly of complement (C5, C2, CFH) and coagulation factors such as prothrombin (THRB), among other proteins. Only inter-alpha-trypsin inhibitor heavy chain H3 (ITIH3) differentiates the dry AMD from ERM control samples in hierarchical clustering, as represented in a pink cluster (Figure 1A). These proteins were compared with those found differentially expressed in vitreous from DR and AMD in previous proteomics studies (Supplementary Table 3). Furthermore, multiple t-tests with an FDR cutoff of 5% were performed to identify differentially expressed proteins in PDR versus dry AMD and PDR versus ERM (Figures 1B, C and Supplementary Table 3). We found 118 significantly regulated proteins (17 up- and 101 down-) and 95 proteins (10 up- and 85 down-) in PDR relative to the ERM and dry AMD groups, respectively. Most of the proteins (5 up- and 76 down-regulated proteins) differentiated between PDR and either of the two other diseases, but 14 and 37 proteins were unique to the comparison with the dry AMD and ERM groups, respectively. Fetuin-B, keratin, type II cytoskeletal 2 epidermal, and serum amyloid P-component showed the highest levels of expression in PDR (FDR<0.001), while the more significant down-regulated proteins were protein CREG1, neural cadherin (CADH2), galectin-3-binding protein (LGALS3BP), Putative phospholipase B-like 2, and CYTC. LGALS3BP and CYTC were also significantly downregulated in PDR versus dry AMD, as well as cathepsin Z (CATZ), spondin-1 (SPON1), and tenascin-R (TNR). Complement C2 (C2) showed the most statistically significant change in the PDR group compared to dry AMD with an FDR lower than 0.001 (Figure 1C). Other complement factors (e.g., CFB, C8B), acute-phase response proteins (e.g., alpha-2-antiplasmin), and proteins related to lysosomal degradation (e.g., alpha-N-acetylgalactosaminidase, Prosaposin, Cathepsin L1) and ECM organization (metalloproteinase inhibitor 1 [TIMP1]) showed differential expression only in PDR compared to ERM. Although some proteins such as ProSAAS, neurosecretory protein VGF, or phosphoglycerate mutase 1 were exclusively detected in dry AMD samples, no differential proteins were found compared to ERM controls with an FDR<5%.




Figure 1 | (A) Heatmap representing the intensities normalized to log base 2 and analyzed by hierarchical clustering of 96 proteins found differentially expressed among the three disease groups in posthoc tests. Hawaii plots display the proteins found up-regulated (blue-green) and down-regulated (orange) in proliferative diabetic retinopathy (PDR) compared to patients with (B) epiretinal membranes (ERM) and with (C) dry age-related macular degeneration (dry AMD).





Functional enrichment of differentially expressed proteins

To gain insights into the biological roles and pathways of the differentially expressed proteins, these were analyzed using bioinformatics tools such as DAVID, ClueGo (Cytoscape app), and STRING. Functional enrichment indicates that proteins underexpressed in PDR are highly correlated and share common biological processes/pathways such as extracellular matrix (ECM) disassembly and organization, platelet degranulation, lysosomal degradation, cell adhesion, and central nervous system development (e.g., regulation of axon regeneration) (Figures 2A, B and Supplementary Table 4). Some of these underexpressed proteins, including beta-hexosaminidase (HEXA, HEXB) and N-acetylglucosamine-6-sulfatase (GNS), are involved in chondroitin sulfate and keratan sulfate catabolic processes (Figure 2C). Furthermore, some of the proteins involved in these processes also participate in cell adhesion and ECM organization (e.g, brevican core protein [BCAN] and neurocan core protein [NCAN]) or are themselves ECM components such as prolargin. In turn, proteins related to acute-phase responses and fibrin clot formation are only found upregulated in PDR compared to ERM, whereas complement and coagulation proteins are up-regulated in PDR in both comparisons. According to GO classification for molecular function (Figure 2D), both up- and downregulated proteins in PDR have serine-type endopeptidase activity (7.0- and 6.0-fold enrichment), serine-type endopeptidase (18.5- and 17.6-fold) and metalloendopeptidase inhibitor activities (46.7- and 35.6-fold), or binding function (e.g., heparin and calcium). On the other hand, down-regulated proteins have serine-type carboxypeptidase activity (32.0- and 54.2-fold) and/or binding functions or are ECM structural constituents (13.4- and 14.2-fold). According to GO classification for cellular components (Figure 2E), most of the differentially expressed proteins are localized extracellularly and, notoriously, many of them are associated with extracellular exosomes (87 proteins). A significant part of downregulated proteins in PDR compared to ERM and dry AMD are in the basement membrane (13.7- and 7.3-fold enrichment), the lysosomal lumen (25.4- and 33.9-fold enrichment), and secretory vesicles, such as platelet dense granule (44.1 and 41.1-fold enrichment), whereas overexpressed proteins are mainly blood microparticles. Many of the proteins found underexpressed in PDR compared to ERM and dry AMD are related to ECM with fold enrichment of 11.0 and 9.7, respectively. Although less significant, many underregulated proteins are localized in the neuronal cell body, axons, node of Ranvier, perineuronal nets, and postsynaptic membranes.




Figure 2 | Functionally grouped network of enriched categories generated in ClueGO (Cytoscape app) for the proteins found differentially expressed in proliferative diabetic retinopathy (PDR) compared to patients with (A) epiretinal membranes (ERM) and with (B) dry age-related macular degeneration (dry AMD). These proteins were also classified according to gene ontology (GO) terms using DAVID Bioinformatics tool and ClueGo for (C) biological process, (D) molecular function, and (E) cellular component with the darkest colors representing proteins differentially expressed in PDR versus ERM, and lightest colors representing proteins differentially expressed in PDR versus dry AMD.



Differentially expressed proteins were collated using the DAVID bioinformatics tool (Supplementary Table 4). Proteins involved in pathways such as complement and coagulation cascades, lysosomal degradation, ECM organization, and regulation of inflammatory response, were found associated with type 2 diabetes and macular edema, whereas the pigment epithelium-derived factor (PEDF) and serine protease HTRA1 were found specifically related to DR. These two proteins, as well as complement components (e.g., CFH, C2), regulators of complement cascades (clusterin (CLU)) and amyloidosis proteins (amyloid-beta precursor protein [APP], CYTC3) are also associated to macular degeneration and pathological processes, such as choroidal neovascularization, geographic atrophy, and retinal drusen.

In addition, STRING was used to generate high-confidence (0.70) protein-protein interaction networks between the 118 and 95 differentially expressed proteins in PDR versus ERM (Figure 3A) and PDR versus dry AMD, respectively (Figure 3B). Some biological processes/pathways stand out in both analyses, including multicellular organism and nervous system development, myeloid leukocyte activation, regulation of proteolysis, and cell adhesion, as well as proteins associated with lysosomes. These data reinforce that ECM organization, complement and coagulation cascades, and inflammatory responses are relevant in these diseases. Specific pathways/terms such as regulation of insulin-like growth factor (IGFs) transport and uptake by insulin-like growth factor binding proteins (IGFBPs), amyloidosis, neurodegeneration, metabolism of angiotensinogen to angiotensin, post-translational modifications (e.g., phosphorylation), and regulation of Wnt signaling and MAPK cascades were also found associated to differentially expressed proteins. Remarkably, several proteins, including APP, CLU, CYTC, CATZ, osteopontin (OSTP), TIMP2, and lecticans (e.g., NCAN and BCAN), play key roles in multiple pathways, as seen in Figure 3.




Figure 3 | Protein-protein interaction network between (A) 118 differentially expressed proteins in proliferative diabetic retinopathy (PDR) versus epiretinal membranes (ERM), and (B) 95 differentially expressed proteins in PDR versus dry age-related macular degeneration based on molecular action with high confidence (0.70). Some biological processes/pathways stand out in both interaction networks, including complement and coagulation cascades, lysosomal degradation, cell adhesion, extracellular matrix organization, multicellular organism, and nervous system development, among others, as represented by colored nodes.





Selection of potential biomarkers for verification by multiple reaction monitoring

Several potential biomarkers were selected for further verification by targeted proteomics (MRM). Selection was performed according to their statistically significant differential expression levels found in the discovery phase (LFQ experiment), their interaction with other proteins as described in STRING interaction network, and the pathways in which they are involved. Among the selected biomarkers there are proteins involved in complement and coagulation cascades, amyloidosis, ECM organization, cell adhesion, and lysosomal enzymes, among others (Supplementary Table 5.1). Selection criteria considered the number of unique (specific) peptides detected for each protein and the signal-noise ratio in the fragmentation spectrum to increase the probability to detect the proteins by MRM in non-depleted vitreous samples. Some of the biomarkers reported in previously published proteomics studies, such as alpha-1-antitrypsin (A1AT), were also considered. A1AT, which was depleted in the discovery phase, is an acute-phase protein highly abundant in vitreous that was selected as a potential biomarker according to previous studies performed in AMD (32), RD/PVR (43–45), and DR/PDR (43, 46–50). Some of the biomarkers selected from proteins found differentially expressed here were reported in our previous study (51), including retinoschisin (XLRS1) and LGALS3BP. Both were found upregulated in rhegmatogenous retinal detachment (RRD) compared to ERM, while coagulation factor IX (F9) and complement components C8 chain (C8) and C2 were found down-regulated. Alpha-1-antichymotrypsin (AACT) and complement component C9 (C9), non-reported as differential in the present study, were also considered for verification. Therefore, a group of patients with RRD, without and with PVR, were included in this verification. MRM experiments were performed on vitreous samples from patients with ERM (n=21), DR/PDR (n=20), AMD (n=11), and RRD/PVR (n=13). The final scheduled MRM method including the list of potential biomarkers and the corresponding peptides and transitions monitored, as well as other parameters, is detailed in the Supplementary Table 5.1.

Of the 35 proteins analyzed, MRM results for TIMP2 and CHGA were not considered for quantitation due to the poor-quality quantitative data. CHGA was undetected in many samples, whereas in the case of TIMP2 only a peptide could be detected with few transitions. However, these proteins were analyzed by WB analysis (Supplementary Figure 3). CHGA was found downregulated by LFQ in patients with PDR compared to dry AMD and ERM, but this result could not be confirmed by WB analysis. In opposition to the LFQ results, MRM analysis showed that TIMP2 levels are increased in PDR compared to ERM and AMD groups. Additionally, TIMP2 levels are significantly lower in RRD/PVR group, and it was not even detected in two samples (HV 500 and HV 785).



Evaluation of discriminatory biomarkers of vitreoretinal diseases

One-way ANOVA, post-hoc tests, and classical univariate ROC curve analyses were performed in MetaboAnalyst to evaluate the potential of the candidate biomarkers to discriminate between the different vitreoretinal diseases understudy (Supplementary Table 5, Figure 4A). One-way ANOVA and post-hoc tests showed that 26 out of the 35 analyzed proteins were verified as differential between the different groups. ROC analysis of PEDF, A1AT, and NUCB1 showed that these biomarkers also have the power to discriminate between groups accordingly, but they show more modest area under the curve (AUC) values compared to other biomarkers (0.7<AUC<0.8, p-value<0.05). Furthermore, correlation analysis showed that there is a strong correlation between the levels of these candidate biomarkers, standing out of 4 correlation clusters (Supplementary Table 5.5; Figure 4B).




Figure 4 | Statistical analysis of candidate vitreous biomarkers analyzed by multiple reaction monitoring was performed by MetaboAnalyst5.0 (A) One-way ANOVA plot with the more statistically relevant biomarkers highlighted with different orange grades (stronger colors represent more significant p-values). (B) Heatmap showing the correlation between different candidate biomarkers. (C–H) Results of univariate biomarker analysis of the top six candidate biomarkers in one-way ANOVA analysis, including the ROC curves for statistically significant comparisons between groups and respective box plots. Data is presented in the box plots as median ± SD and the statistical analysis was performed by two-sample t-tests, with the symbol asterisk determining the statistical significance. *p-value<0.05, ** p-value<0.01, ***q-value<0.001, and ****q-value≤ 0.0001.



Among all quantified proteins, LGALS3BP, AACT, and OPTC showed the highest potential to differentiate between groups with AUC>0.85 (ANOVA p-value<0.0001), as seen in Figures 4C–E. The high levels of LGALS3BP found in RRD groups by MRM analysis confirms our previous data (51). Therefore, this biomarker candidate could distinguish proficiently RRD patients from the other disease groups (0.8>AUC>0.99, p-value< 5,00E-03). The LGALS3BP downregulation in DR compared to ERM and AMD has also been confirmed, allowing this candidate biomarker to distinguish this disease from ERM (AUC=0.83, p-value=1.02E-04) and AMD (AUC=0. 80, p-value=4.61E-03). AACT was found to be upregulated in RRD compared to ERM, in contrast with our previous iTRAQ results (51). The highest levels of AACT were found in the RRD group, discriminating this group from the others with high efficiency, especially from ERM (AUC=0.93, p-value=6.94E-06) and AMD (AUC=0.92, p-value=4.55E-05). The downregulation of OPTC in DR compared to both AMD and ERM was also verified. OPTC allowed to efficiently differentiate DR (AUC≥0.85, p-value ≤ 1.23E-04) and less efficiently AMD (AUC≥0.73, p-value ≤ 0.05) from ERM/RRD. Furthermore, the correlation heatmap (Figure 4B) shows that OPTC levels correlate inversely with coagulation and complement components (cluster 2). However, OPTC correlated directly with other proteins that were also verified as downregulated in DR (cluster 3). The last ones include carboxypeptidase E (CBPE), CYTC, and the extracellular superoxide dismutase [Cu-Zn] (SOD3), as well as vitreous antiangiogenic factors (PEDF), lysosomal enzymes (GNS), and cell adhesion factors (CADH2, XLRS1, and CSTN1). All these proteins were capable of differentiating DR from ERMs (AUC≥0.71, p-value ≤ 0.05), whereas PEDF, CYTC, XLRS1, and SOD3 also can discriminate patients with DR from RRD (AUC≥0.75, p-value ≤ 2.15E-02). Indeed, SOD3 showed to be one of the more efficient biomarkers in distinguishing DR from ERM/RRD groups (0.82≤AUC ≤ 0.84; p-value ≤ 1.41E-02) and one of the few biomarkers to differentiate AMD from ERM (AUC=0.84, p-value=9.33E-04).

Also related to cluster 3, the downregulation of several adhesion molecules in PDR compared to ERM/AMD was confirmed by MRM, except for neurexin-3 (NRX3A), whose PDR levels were higher than in ERM (Supplementary Table 5.2). NRX3A, along with SOD3 and OPTC, is unique in its ability to differentiate between AMD and ERM groups (AUC=0.75, p-value=1.51E-02). Several adhesion molecules are capable to discriminate between DR and ERM (Supplementary Table 5.4) but CDH2, calsyntenin-1 (CSTN1), and LGALS3BP showed better efficacy with AUCs higher than 0.76 (p-value<1.00E-02). In turn, CSTN1 and LGALS3BP showed a great potential to differentiate between DR and AMD with AUC of 0.81 (p-value=1.16E-03) and 0.80 (p-value=1.57E-03), respectively. In turn, the lowest SPON1 levels were detected in the RRD group, confirming this protein as a good discriminatory biomarker when compared to AMD (AUC=0.81, p-value=6.46E-03) and ERM groups (AUC=0.80, p-value=7.65E-03), but not from DR. MRM analysis could not confirm the downregulation of OSTP in DR, but distinguished RRD from DR very efficiently (AUC=0.87, p-value=1.63E-04).

The upregulation of several complement and coagulation components was confirmed in DR versus ERM and AMD, which allows differentiate DR from the other disease groups with high sensitivity and specificity (AUC≥0.69, p-value<0.05). Furthermore, the levels of these components correlated positively (cluster 1, Figure 4B). However, correlation was negative (correlation value<-0.7, p-value<1.00E-04) with CSTN1, CBPE, GNS, and A4 levels (cluster 2, Figure 4B). In fact, these factors can only distinguish between RD and other pathologies. C6, CFH, and C5 showed more efficiency to differentiate between DR and ERM, with AUC≥0.83 (p-value ≤ 1.00E-03), but CFH was not capable to differentiate DR from the other groups. On the other hand, we could not confirm the previously reported downregulation of C8B, C9, and F9 in RRD (51) in comparison to ERM/AMD, but these differences are significant when compared to DR, allowing to differentiate them (AUC≥0.75, p-value<0.05). THRB discriminated very efficiently patients with DR from RRD (AUC=0.90, p-value=3.75E-05), whilst coagulation factor IX (F9) distinguished reliably patients with DR from AMD (AUC=0.87, p-value=5.64E-04) and RRD (AUC=0.80, p-value= 1,35E-03). Although the levels of most of the complement and coagulation components are very similar in these two pathologies, DR and AMD groups could be distinguished with AUC≥0.76 (p-value≤ 0.05) by several proteins, including F9, THRB, C5, and C3.

Another small cluster is related to proteins associated with amyloidosis (Figure 4). Downregulation of CYTC, APP, and amyloid-like protein 2 (APLP2) was confirmed by MRM (Supplementary Table 5, Figure 5). Noticeably, changes in expression levels of APP and APLP2 are quite similar, showing a high correlation value (Pearson correlation=0.80). The highest levels were found in AMD, and this difference is highly significant when compared with DR and RRD groups, where the levels are the lowest. The analysis of CYTC by MRM confirmed its statistically significant downregulation in DR samples compared to ERM and AMD groups, as well as to RRD. APP, CYTC, and APLP2 discriminate efficiently DR from ERM (AUC≥0.78, p-value<1.00E-03) and AMD (AUC≥0.75, p-value<0.05). CYTC is capable to differentiate RRD from DR (AUC=0.82, p-value=4.53E-03), whereas APLP2 differentiated this group from ERM (AUC=0.72, p-value=7.16E-03) and AMD samples (AUC=0.84, p-value=1.36E-02). APP and CYTC expression levels were also confirmed by WB analysis (Figure 5 and Supplementary Figures 3), showing the downregulation of both proteins in PDR compared to AMD, but not to ERM controls. Interestingly, the APP precursor was not detected in WB analysis but two bands corresponding to APP fragments, a strong band at 25 kDa (APP fragment), and a faint band between 48 kDa and 63 kDa (Supplementary Figure 3.1).




Figure 5 | Comparison of the results of the analysis of (A) cystatin-C (Cs13) and amyloid-beta (APP) by label-free quantitation (LFQ), multiple reaction monitoring (MRM), and western blot (WB), and respective ROC curves.



Considering these results, partial least squares discriminant analysis (PLS-DA) was used to build a predictive model to define a panel of discriminatory biomarkers of vitreoretinal diseases. Using this strategy, a panel of fifteen candidate biomarkers was defined (Figure 6A). PLS-DA model showed high predictive ability (Q2) and accuracy (Figure 6C). According to 3D PCA, this biomarker panel is capable to separate all vitreoretinal conditions, although this separation is more evident for RRD group (Figure 6B). Furthermore, multivariate Exploratory ROC analysis were performed to assess the sensitivity/specificity of this panel of biomarkers (Figure 6D). In all comparisons between groups, the use of all 15 proteins from the panel provides the best predictive accuracy, although this value (>90%) is better when RRD group is compared with the other (Supplementary Figures 4). Multivariate ROC curves showed a very good sensitivity/specificity for all comparisons but the best results were obtained for RRD group compared with ERM (AUC=0.996), DR (AUC=0.97), and AMD (AUC=0.968) (Figure 6D).




Figure 6 | (A) The plot of the top fifteen candidate biomarkers according to the partial least squares discriminant analysis (PLS-DA) model. (B) 3D principal component analysis (PCA) plot shows the separation between disease groups based on the top fifteen candidate biomarkers panel (C) Barplot representing the values of predictive ability (Q2), R-Squared (R2), and accuracy calculated for the PLS-DA model in the cross-validation analysis. (D) Combined ROC curves showing the results of multivariate receiver operating characteristics for the panel of 15 candidate biomarkers, including the area under the curve (AUC) and the confidence intervals (95% Cl) for each comparison between different disease groups.






Discussion

The study of the vitreous proteome has gained increasing interest to understand the pathophysiological mechanisms underlying eye diseases. Many researchers have contributed to the characterization of the human vitreous proteome in diverse pathologies, such as DR (27–30), AMD (32–34), RRD (51–55), PVR (44, 45, 56, 57), and ERM (58–62). Although the study of the vitreous proteome promises to elucidate some of the pathogenic mechanisms underlying vitreoretinal diseases, the demand for reliable vitreous biomarkers has not yet been met (63, 64). Therefore, the validation of the proposed biomarkers in a large number of samples could be decisive to assess their relevance in clinical practice (31). In this work, an LFQ-based method was applied first in the discovery phase to compare the vitreous proteome in patients affected with PDR, dry AMD, and ERM with the aim of unraveling the pathophysiological mechanisms of these diseases. This approach allowed us to identify 118 proteins differentially expressed (17 up- and 101 down-) in PDR compared to ERM patients, whereas 95 proteins (10 up- and 85 down-) were found differentially expressed in PDR compared to nAMD patients. Functional enrichment analyses suggested that proteins up-regulated in PDR are mainly associated with immune system biological processes such as complement, coagulation cascades, and acute-phase responses. On the contrary, the analysis of downregulated proteins shows that vitreous from ERM and nAMD compared to PDR patients are enriched in adhesion and neuronal proteins, lysosomal proteases, and other proteolytic enzymes, as well as in ECM components. In turn, no significant differences were observed comparing the vitreous of patients with AMD and ERM (only ITIH3 differentiates these diseases), suggesting that these diseases share common pathophysiological mechanisms. Moreover, one of the dry AMD samples correlated more strongly with PDR samples rather than with samples of its own pathological group. This suggests that, at an earlier stage, AMD pathogenesis could share common molecular mechanisms with ERM, but after progressing to a proliferative etiology, it partially resembles PDR. Our assumption is that differences found in the vitreous proteome could be considered as a source of potential biomarkers for better stratification of eye diseases. Consequently, we selected several candidate biomarkers for further verification by MRM-based targeted proteomics. From the initial list of 35 candidate biomarkers, MRM verified 26 proteins involved in diverse biological processes and with the potential to differentiate between the disease groups.

The low levels of complement and coagulation cascades in the eye are characteristic of its immune-privileged status, contributing to retinal homeostasis and integrity (65–67). Chronic activation of complement and coagulation pathways has been implicated in a variety of pathophysiological features, including increased vascular permeability (68, 69), loss and activation of choriocapillaris endothelial cells (70, 71), inflammation (71, 72), and loss of photoreceptors (66). From the first experiments using quantitative proteomics techniques, several complement components have been reported to be upregulated in DR/PDR (Supplementary Table 3.3) (34, 47, 48, 73–75). Although the exact role of complement and coagulation cascades in DR remains unclear, some studies have suggested that there is dysregulation and activation of the alternative pathway (76, 77). Likewise, the activation of the complement was reported in RD/PVR (44, 45, 52, 78, 79), as well as its involvement in pathological processes, such as increased vascular permeability, endothelial cell proliferation, migration, RPE atrophy, reactive gliosis, and loss of photoreceptor outer segments (45, 66). On the other hand, genetic studies strongly support the association between complement components (e.g., CO3, CFH, and CFB) and the risk for AMD (80–82). Therefore, modulation of the complement system could represent a therapeutic alternative to target ocular inflammation in AMD disease (83). However, few quantitative studies in nAMD vitreous have reported changes in complement-specific factors (34). We show here that several complement and coagulation components are significantly up-regulated in DR/PDR and AMD, reinforcing their role in these diseases. Our LFQ approach showed that complement factors such as C2 and CFH are up-regulated in PDR compared to AMD in the LFQ experiment, but this difference could not be confirmed when a larger set of samples were analysed by MRM. Schori and co-workers also reported the enrichment of complement cascade components in PDR vitreous but found reduced levels of CFH in nAMD (34). These results suggest that these complement factors increase gradually in vitreous as the disease progresses from a non-proliferative to a proliferative etiology. Indeed, higher levels of complement and coagulation factors were detected in severe forms of DR and AMD associated with neovascularization, fibrovascular proliferation, vitreous-macular traction syndrome, macular edema, and vitreous hemorrhage. In contrast, complement C1s subcomponent was found to be downregulated in PDR compared to ERM/dry AMD in LFQ, as well as lower levels of complement factor D (previously reported to be up-regulated in DR/PDR (34, 48, 74)) and complement factor I were found in PDR compared to ERM and dry AMD, respectively. Some complement and coagulation proteins had been already detected as downregulated in RRD/PVR compared to other pathologies under study as described by our group (51) and other research groups (52, 54). It has been suggested that the intravitreal levels of complement and coagulation factors increase in RRD as the disease progresses to PVR (51) due to the increased influx of plasma proteins into the retina and vitreous cavity as a result of the breakdown of the blood-retinal barrier (84, 85). Although the number of samples is insufficient to assess the statistical differences between vitreous from RRD and PVR patients, the highest levels of complement and coagulation components were found in a patient with re-detachment associated with PVR. Therefore, the increase of these proteins in vitreous is non-specific for a particular disease but could be a suitable predictor of its progression to a proliferative etiology.

However, the role of complement and coagulation cascades in vitreoretinal diseases could be more complex, as they may be involved in pathological processes shared by DR/PDR, AMD, and RRD/PVR, as recently reviewed by our group (86). In healthy neurosensory tissues, activated complement components can act as neurotrophic and anti-inflammatory factors, promoting cell survival and tissue remodeling. Nonetheless, unrestricted activation of complement cascades may cause direct damage to retinal tissue, as well as the recruitment of immune cells, thus contributing to inflammation and neurodegeneration (87). In this work, we report a significant number of adhesion molecules, nervous system development proteins, and ECM components up-regulated in dry AMD and ERM (cluster 3, Figure 4B), reinforcing the well-known neurodegenerative nature of these pathologies (33, 59, 61, 62), Interestingly, many of them were found to be inversely correlated with coagulation and complement components (cluster 2, Figure 4B). OPTC was one of the ECM components found downregulated in PDR and validated by MRM and it differentiated very efficiently DR and AMD from ERM/RRD. This glycoprotein is highly abundant in vitreous where it exerts its anti-angiogenic activity by regulating the adhesion characteristics of ECM components through its competitive binding to collagen, inhibiting endothelial cell interactions, and preventing the strong adhesions required for pro-angiogenic signalling (88). The downregulation of OPTC had already been reported in PDR in comparison to healthy and surrogate controls (50, 75, 89). Similarly, lower levels of OPTC were observed in patients with nAMD, with levels being lower in patients with more advanced degrees of CNV (33). The decrease of the levels of OPTC in vitreous, which was verified both in PDR and AMD groups, might conduce to an angiogenic environment in the eye. This hypothesis was reinforced by the downregulation of PEDF, whose levels were closely related to those of OPTC, in PDR compared to ERM and AMD, although we only confirmed this result in DR vs ERM. PEDF is mainly secreted by the RPE and is a potent inhibitor of angiogenesis, although it participates in other processes such as neuronal differentiation in retinoblastoma cells, inhibits retinal inflammation, and protects retinal neurons from light-induced damages, oxidative stress, and glutamate excitotoxicity (90, 91). PEDF levels in the vitreous of patients are controversial as they are not consistent across studies in PDR (47, 49, 50, 73, 89, 92–94) and nAMD (33, 95, 96). Nevertheless, the antiangiogenic and neurotrophic activities of PEDF are not only controlled by its expression levels, but also by changes in the phosphorylation levels (97, 98), which could explain these discrepancies. Another protein found positively correlated with the levels of OPTC and PEDF is SOD3, an enzyme with antioxidant activity. It was found downregulated both in the discovery phase and MRM verification in all disease groups compared to ERM controls, but these changes were more significant when we compared DR/PDR and ERM. It has been suggested that SOD3 is locally sequestered in vitreous ECM through binding to heparan sulfate proteoglycans (e.g., heparin), in areas of oxidative stress to protect retina and neighboring structures from superoxide radical-induced damages (99). Impaired redox balance in vitreous has been implicated in DR, AMD, and PVR, as reviewed recently by our group (100). Although SOD3 exerts its protective effect by removal of superoxide radicals, it has been suggested that it also promotes the survival of starving photoreceptor cells by enhancing glucose availability (101), stabilizing the retinal vasculature and reducing vessel leakage through the stabilization of hypoxia-inducible factors (102). Other proteins that belong to cluster 3 are cell adhesion factors. Our MRM results confirmed the up-regulation in AMD and ERM of proteins involved in neuronal cell adhesion (CSTN1, CDH2, SPON1), retinal cell-cell adhesion (XLRS1), and integrin-mediated cell adhesion (LGALS3BP), suggesting that these proteins are potential biomarkers to discriminate between DR and the other disease groups. In particular, LGALS3BP differentiated very efficiently all the disease groups, with the highest levels found in RRD/PVR and the lowest in PDR, as previously reported (44, 51, 75). Cell adhesion molecules participate in a wide number of biological processes in central nervous system development and retina, including neurogenesis, neuronal cell migration, and differentiation, formation and regeneration of axons, and formation of synapses and complex of glial networks synapse (103, 104). The role of adhesion molecules is supported by ECM that provides a scaffolding via ECM–integrin-binding for cell migration (105). Besides controlling basic cellular activities (106, 107), ECM remodeling modulates pathological features of vitreoretinal diseases like neovascularization (108, 109), inflammation (110, 111), and fibrosis (112, 113). ECM degradation mediated by metalloproteinases (MMPs) provides scaffolding areas that enable cell adhesion and migration, but also promotes changes in the bioavailability of factors sequestered in ECM, including growth factors, chemoattractant, and other signaling molecules (106, 108, 109). We found both MMP2 and TIMP2 downregulated in PDR compared to ERM and dry AMD. In turn, TIMP1 was found downregulated in PDR with respect to ERM, but not with dry AMD. In the most extreme cases, some of these molecules were not even detected in several PDR vitreous samples. However, western blot analysis could detect higher levels of TIMP2 in DR/PDR and AMD groups. It has been suggested that TIMP2 is constitutively expressed in the human retina in physiological conditions, but its expression levels change in response to a pathological stimulus (114). Zou and co-workers have reported that TIMP2 is downregulated in PDR but treatment with ranibizumab increases its expression levels, confirming its relevance as an inhibitor of angiogenesis (75). OSTP is a matricellular protein, acting both as a soluble cytokine or as an immobilized ECM compound that mediates cell migration, cell-matrix adhesion, and survival of many cell types, inflammatory responses, angiogenesis, and tissue remodeling (115, 116). OSTP was found downregulated in PDR in the discovery phase, in agreement with previous reports (34, 75, 89). However, these results were only partially confirmed by MRM, where the levels were only found downregulated in DRR/PVR group. Higher intravitreal levels of OSTP have been reported in PDR compared to RD, especially in patients with active PDR, suggesting a role of these proteins in angiogenesis (117).

Another small cluster of proteins (cluster 4, Figure 4B) that suggest the role of neurodegeneration in these retinal diseases are APP and related proteins (e.g., CYTC, CLSTN1, SPP1, APLP2). They form a cluster of interacting proteins that integrate multiple pathways, both in the protein-protein interaction network (Figure 3) and correlation heatmap (Figure 4B). APP is a membrane glycoprotein produced by retinal ganglion cells and the RPE that is important for neurite growth, neuronal adhesion, and axonogenesis. APP processing results in the accumulation of amyloid fragments in the eye, in particular in drusen, which have been associated with neurodegeneration in retinal diseases such as AMD and glaucoma (118–120). The increased phagocytic capacity of microglia and the expression of APP degrading enzymes have been suggested to contribute to the amyloid-beta clearance in physiological conditions. Notwithstanding, the neurotoxicity associated with the generation of APP peptides seems to be mediated by its intralysosomal accumulation through macroautophagy, and consequent lysosomal membrane permeabilization, promoting the neuroinflammation by the induction of pro-inflammatory cytokines and NLRP3 inflammasome (121–123). Furthermore, APP peptides can induce mitochondrial dysfunction, oxidative stress, the activation of the complement cascade, and changes in the vascular endothelium in the retina (120, 124). In this work, APP and APP-like proteins (e.g., APLP2) were found upregulated in AMD in comparison to DR/PDR, PDR, and RRD/PVR, and the results were verified by MRM. Several authors reported the underexpression of these proteins in PDR (34, 47, 48, 75), whereas Yu and co-workers detected them in moderate but not in severe PVR or healthy controls (44), confirming our data. Considering that APP is an integral membrane protein, we suggest that these quantitative results might correspond to APP fragments. This hypothesis was confirmed by WB analysis. Two bands corresponding to putative APP fragments were detected, a faint band between 48 kDa and 63 kDa and an intense band at 25 kDa that might correspond, respectively, to amyloid fragments such as Aβ40 and Aβ42 (125) and c-terminal fragments from APP resultant from proteolytic processing (126). This APP fragment (25 KDa) was highly abundant in vitreous from AMD patients, pointing to a potential biomarker of neurodegenerative vitreoretinal diseases. Associated with amyloidosis, Cs13 was also found upregulated in AMD compared to DR, but higher levels were found in RRD. Cs13 is a potent inhibitor of lysosomal and extracellular cysteine proteinases ubiquitously expressed by all mammalian tissues and present in all body fluids. In the eye, it is particularly abundant in RPE (127). Mutations in CST3 genes were associated with an increased risk of developing nAMD (128) and hereditary cerebral haemorrhage with amyloidosis (129). Mutant variants of CST3 form deposits with APP peptides in senile plaques and arteriolar walls in the brain of AD patients, suggesting a role in amyloidosis (127, 128). On the other hand, it has been suggested the involvement of CST3 in several neuroprotective mechanisms by inhibition of cysteine proteases and induction of autophagy, induction of neurogenesis, and inhibition of oligomerization and amyloid fibril formation (130). Another interesting outcome from our study was the high levels of CST3 found in DRR/PVR, which was previously reported by Yu and co-workers (44). To our knowledge, there are no studies regarding the role of CST3 in RRD/PVR, but some evidence indicates that it inhibits the epithelial-mesenchymal transition, a clinical feature of PVR that occurs in RPE cells, in mammary epithelial cells (131).



Conclusion

The characterization of the vitreous humor proteome is essential for the elucidation of the molecular mechanisms underlying ocular pathologies. Nevertheless, most potential biomarkers described to date have not been validated in a large cohort, limiting their utility in clinical practice. We have applied an LFQ-based method to analyze the vitreous proteome in PDR and AMD compared to ERM. Our findings agree with previous results and reinforce the involvement of complement and coagulation cascades in the pathogenesis of PDR and nAMD. However, our findings suggest that these proteins are not specific biomarkers of any of these pathologies, but suitable predictors instead of their progression to a proliferative etiology. In addition, a significant number of adhesion molecules, nervous system development proteins, lysosomal proteins, and ECM components were found up-regulated in dry AMD and ERM, reinforcing the neurodegenerative nature of these pathologies. This indicates that the use of vitreous from patients with ERM (or other pathologies such as macular holes) as surrogate control should be taken carefully. Although functional analysis did not highlight proteins related to angiogenesis, the downregulation of anti-angiogenic factors such as OPTC and PEDF in PDR and AMD might suggest that the vitreous humor in these pathologies could be being transformed in an environment prone to angiogenic processes. An interesting outcome of our results is the central role of APP in neurodegeneration as it integrates multiple pathways, emphasizing the multifactorial nature of these diseases. Our analysis provided a list of biomarkers with the potential to discriminate between several vitreoretinal diseases, including DR/PDR, AMD, DDR/PVR, and ERM. According to ROC curves, complement and coagulation components (C2 and prothrombin), acute-phase mediators (AACT), adhesion molecules (e.g., myocilin, LGALS3BP), ECM component (OPTC), and neurodegeneration biomarkers (APP and amyloid-like protein 2) are the most efficient discriminators between different disease groups. In conclusion, our study illuminates some of the mechanisms underlying PDR and AMD and provides potential biomarkers in vitreous. These proteins could be assessed in samples obtained as part of the clinical routine for the prognosis of the disease and the response to treatment. In addition, they could be potential target candidates for the development of new pharmaceutical drugs.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



Ethics statement

The studies involving human participants were reviewed and approved by Affiliation: Ophthalmology Service of Leiria-Pombal Hospital, Portugal. Code of protocol approved by the hospital ethics committee: CHL-15481. The patients/participants provided their written informed consent to participate in this study.



Author contributions

The experiments were conceptualized and designed by FS, SC, CT, and AP. JS performed pars plana vitrectomy and assisted JM in the storage of vitreous samples and collection of information about the patients. FS, SC, CC, and AP conduct the experiments and analyzed the data. FS and SC were responsible for data curation. FS prepared the original draft and SC, JM, LP, CT, and AP reviewed the manuscript. This worked was supervised by LP, CT, and AP. All authors contributed to the article and approved the submitted version.



Funding

FS acknowledges a doctoral fellowship [SFRH/BD/112526/2015] from FCT. This project was supported by the University of Beira Interior— Health Sciences Research Centre (CICS-UBI) supported by FEDER funds through the POCI—COMPETE 2020—Operational Programme Competitiveness and Internationalisation in Axis I—Strengthening research, technological development, and innovation Project (POCI-01- 0145-FEDER-007491) and by CICS-UBI projects UIDB/00709/2020 and UIDP/00709/2020, financed by national funds through the Portuguese Foundation for Science and Technology/MCTES.  This work was also supported by the Applied Molecular Biosciences Unit-UCIBIO which is financed by national funds from FCT/MCTES (UID/ Multi/04378/2019). CNB-CSIC proteomics lab is a member of Proteored, PRB2-ISCIII and is supported by grant PT13/0001, of the PE I +D+i 2013–2016, funded by ISCIII and FEDER.



Acknowledgments

The authors acknowledge CICS-UBI researchers Daniela Talhada, Catarina Ferreira, Telma Quintela, Catarina Duarte, and Elisa Cairrão for providing some of the antibodies used in the validation of biomarkers by western blot. 



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1107295/full#supplementary-material



References

1. Duh, EJ, Sun, JK, and Stitt, AW. Diabetic retinopathy: current understanding, mechanisms, and treatment strategies. JCI Insight (2017) 2:1–13. doi: 10.1172/jci.insight.93751

2. Wong, WL, Su, X, Li, X, Cheung, CMG, Klein, R, Cheng, CY, et al. Global prevalence of age-related macular degeneration and disease burden projection for 2020 and 2040: A systematic review and meta-analysis. Lancet Glob Heal (2014) 2:e106–16. doi: 10.1016/S2214-109X(13)70145-1

3. Yoshida, S, Nakama, T, Ishikawa, K, Nakao, S, Sonoda, K, and Ishibashi, T. Periostin in vitreoretinal diseases. Cell Mol Life Sci (2017) 74:4329–37. doi: 10.1007/s00018-017-2651-5

4. Wang, W, and Lo, ACY. Diabetic retinopathy: Pathophysiology and treatments. Int J Mol Sci (2018) 19:1–14. doi: 10.3390/ijms19061816

5. Kusuhara, S, Fukushima, Y, Ogura, S, Inoue, N, and Uemura, A. Pathophysiology of diabetic retinopathy: The old and the new. Diabetes Metab J (2018) 42:364–76. doi: 10.4093/dmj.2018.0182

6. Ardeljan, D, and Chan, CC. Aging is not a disease: Distinguishing age-related macular degeneration from aging. Prog Retin Eye Res (2013) 37:68–89. doi: 10.1016/j.preteyeres.2013.07.003

7. Lim, LS, Mitchell, P, Seddon, JM, Holz, FG, and Wong, TY. Age-related macular degeneration. Lancet (2012) 379:1728–38. doi: 10.1016/S0140-6736(12)60282-7

8. Apte, RS. Age-related macular degeneration. N Engl J Med (2021) 385:539–47. doi: 10.1056/NEJMcp2102061

9. Gehrs, KM, Anderson, DH, Johnson, LV, and Hageman, GS. Age-related macular degeneration - emerging pathogenetic and therapeutic concepts. Ann Med (2006) 38:450–71. doi: 10.1080/07853890600946724

10. Jager, RD, Mieler, WF, and Miller, JW. Age-related macular degeneration. N Engl J Med (2008) 358:2606–17. doi: 10.1056/NEJMra0801537

11. Spaide, RF, Jaffe, GJ, Sarraf, D, Freund, KB, Sadda, SR, Staurenghi, G, et al. Consensus nomenclature for reporting neovascular age-related macular degeneration data: Consensus on neovascular age-related macular degeneration nomenclature study group. Ophthalmology (2020) 127:616–36. doi: 10.1016/j.ophtha.2019.11.004

12. Sharma, A, Parachuri, N, Kumar, N, Bandello, F, Kuppermann, BD, Loewenstein, A, et al. Terms non-exudative and non-neovascular: awaiting entry at the doors of AMD reclassification. Graefe’s Arch Clin Exp Ophthalmol (2021) 259:1381–3. doi: 10.1007/s00417-021-05164-6

13. Amadio, M, Govoni, S, and Pascale, A. Targeting VEGF in eye neovascularization: What’s new?: a comprehensive review on current therapies and oligonucleotide-based interventions under development. Pharmacol Res (2016) 103:253–69. doi: 10.1016/j.phrs.2015.11.027

14. Mesquita, J, Castro-de-Sousa, JP, Vaz-Pereira, S, Neves, A, Passarinha, LA, and Tomaz, CT. Vascular endothelial growth factors and placenta growth factor in retinal vasculopathies: Current research and future perspectives. Cytokine Growth Factor Rev (2018) 39:102–15. doi: 10.1016/j.cytogfr.2017.11.005

15. Heier, JS, Khanani, AM, Quezada Ruiz, C, Basu, K, Ferrone, PJ, Brittain, C, et al. Efficacy, durability, and safety of intravitreal faricimab up to every 16 weeks for neovascular age-related macular degeneration (TENAYA and LUCERNE): two randomised, double-masked, phase 3, non-inferiority trials. Lancet (2022) 399:729–40. doi: 10.1016/S0140-6736(22)00010-1

16. Zhang, W, Qu, X, Chen, B, Snyder, M, Li, B, Tang, Y, et al. Aflibercept, bevacizumab, or ranibizumab for diabetic macular edema: Two-year results from a comparative effectiveness randomized clinical trial. Ophthalmology (2016) 133:48–61. doi: 10.1161/CIRCULATIONAHA.115.017472.Critical

17. Zhao, Y, and Singh, RP. The role of anti-vascular endothelial growth factor (anti-VEGF) in the management of proliferative diabetic retinopathy. Drugs Context (2018) 7:1–10. doi: 10.7573/dic.212532

18. Arrigo, A, Aragona, E, and Bandello, F. VEGF-targeting drugs for the treatment of retinal neovascularization in diabetic retinopathy. Ann Med (2022) 54:1089–111. doi: 10.1080/07853890.2022.2064541

19. Schmidt-Erfurth, U, Kaiser, PK, Korobelnik, J-F, Brown, DM, Chong, V, Nguyen, QD, et al. Intravitreal aflibercept injection for neovascular age-related macular degeneration. Ophthalmology (2014) 121:193–201. doi: 10.1016/j.ophtha.2013.08.011

20. Tadayoni, R, Sararols, L, Weissgerber, G, Verma, R, Clemens, A, and Holz, FG. Brolucizumab: A newly developed anti-VEGF molecule for the treatment of neovascular age-related macular degeneration. Ophthalmologica (2021) 244:93–101. doi: 10.1159/000513048

21. Bressler, SB, Almukhtar, T, Bhorade, A, Bressler, NM, Glassman, AR, Huang, SS, et al. Repeated intravitreous ranibizumab injections for diabetic macular edema and the risk of sustained elevation of intraocular pressure OR the need for ocular hypotensive treatment. JAMA Ophthalmol (2015) 133:589–97. doi: 10.1001/jamaophthalmol.2015.186

22. Gonzalez, VH, Campbell, J, Holekamp, NM, Kiss, S, Loewenstein, A, Augustin, AJ, et al. Early and long-term responses to anti–vascular endothelial growth factor therapy in diabetic macular edema: Analysis of protocol I data. Am J Ophthalmol (2016) 172:72–9. doi: 10.1016/j.ajo.2016.09.012

23. Wykoff, CC, Brown, DM, Maldonado, ME, and Croft, DE. Aflibercept treatment for patients with exudative age-related macular degeneration who were incomplete responders to multiple ranibizumab injections (TURF trial). Br J Ophthalmol (2014) 98:951–5. doi: 10.1136/bjophthalmol-2013-304736

24. Cabral De Guimaraes, TA, Daich Varela, M, Georgiou, M, and Michaelides, M. Treatments for dry age-related macular degeneration: Therapeutic avenues, clinical trials and future directions. Br J Ophthalmol (2022) 106:297–304. doi: 10.1136/bjophthalmol-2020-318452

25. Samanta, A, Aziz, AA, Jhingan, M, Singh, SR, Khanani, AM, and Chhablani, J. Emerging therapies in nonexudative age-related macular degeneration in 2020. Asia-Pacific J Ophthalmol (2021) 10:408–16. doi: 10.1097/APO.0000000000000355

26. Thomas, CN, Sim, DA, Lee, WH, Alfahad, N, Dick, AD, Denniston, AK, et al. Emerging therapies and their delivery for treating age-related macular degeneration. Br J Pharmacol (2022) 179:1908–37. doi: 10.1111/bph.15459

27. Nawaz, IM, Rezzola, S, Cancarini, A, Russo, A, Costagliola, C, Semeraro, F, et al. Human vitreous in proliferative diabetic retinopathy: Characterization and translational implications. Prog Retin Eye Res (2019) 109:110–9. doi: 10.1016/j.preteyeres.2019.03.002

28. Csősz, É, Deák, E, Kalló, G, Csutak, A, and Tőzsér, J. Diabetic retinopathy: Proteomic approaches to help the differential diagnosis and to understand the underlying molecular mechanisms. J Proteomics (2017) 150:351–8. doi: 10.1016/j.jprot.2016.06.034

29. Weber, SR, Zhao, Y, Gates, C, Ma, J, da Veiga Leprevost, F, Basrur, V, et al. Proteomic analyses of vitreous in proliferative diabetic retinopathy: Prior studies and future outlook. J Clin Med (2021) 10:2309. doi: 10.3390/jcm10112309

30. Youngblood, H, Robinson, R, Sharma, A, and Sharma, S. Proteomic biomarkers of retinal inflammation in diabetic retinopathy. Int J Mol Sci (2019) 20:4755. doi: 10.3390/ijms20194755

31. Monteiro, JP, Santos, FM, Rocha, AS, Castro-de-Sousa, JP, Queiroz, JA, Passarinha, LA, et al. Vitreous humor in the pathologic scope: Insights from proteomic approaches. Proteomics - Clin Appl (2015) 9:187–202. doi: 10.1002/prca.201400133

32. Koss, MJ, Hoffmann, J, Nguyen, N, Pfister, M, Mischak, H, Mullen, W, et al. Proteomics of vitreous humor of patients with exudative age-related macular degeneration. PLos One (2014) 9:1–11. doi: 10.1371/journal.pone.0096895

33. Nobl, M, Reich, M, Dacheva, I, Siwy, J, Mullen, W, Schanstra, JP, et al. Proteomics of vitreous in neovascular age-related macular degeneration. Exp Eye Res (2016) 146:107–17. doi: 10.1016/j.exer.2016.01.001

34. Schori, C, Trachsel, C, Grossmann, J, Zygoula, I, Barthelmes, D, and Grimm, C. The proteomic landscape in the vitreous of patients with age-related and diabetic retinal disease. Invest Ophthalmol Vis Sci (2018) 59:31–40. doi: 10.1167/iovs.18-24122

35. Mesquita, J, Castro de Sousa, J, Vaz-Pereira, S, Neves, A, Tavares-Ratado, P, M. Santos, F, et al. VEGF-b levels in the vitreous of diabetic and non-diabetic patients with ocular diseases and its correlation with structural parameters. Med Sci (2017) 5:17. doi: 10.3390/medsci5030017

36. Sorokin, DY, Messina, E, Smedile, F, Roman, P, Damsté, JSSS, Ciordia, S, et al. Discovery of anaerobic lithoheterotrophic haloarchaea, ubiquitous in hypersaline habitats. ISME J (2017) 11:1245–60. doi: 10.1038/ismej.2016.203

37. Käll, L, Storey, JD, MacCoss, MJ, and Noble, WS. Assigning significance to peptides identified by tandem mass spectrometry using decoy databases. J Proteome Res (2008) 7:29–34. doi: 10.1021/pr700600n

38. Jiao, X, Sherman, BT, Huang, DW, Stephens, R, Baseler, MW, Lane, HC, et al. DAVID-WS: A stateful web service to facilitate gene/protein list analysis. Bioinformatics (2012) 28:1805–6. doi: 10.1093/bioinformatics/bts251

39. Bindea, G, Mlecnik, B, Hackl, H, Charoentong, P, Tosolini, M, Kirilovsky, A, et al. ClueGO: A cytoscape plug-in to decipher functionally grouped gene ontology and pathway annotation networks. Bioinformatics (2009) 25:1091–3. doi: 10.1093/bioinformatics/btp101

40. Szklarczyk, D, Gable, AL, Lyon, D, Junge, A, Wyder, S, Huerta-Cepas, J, et al. STRING v11: Protein-protein association networks with increased coverage, supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res (2019) 47:607–13. doi: 10.1093/nar/gky1131

41. Pang, Z, Zhou, G, Ewald, J, Chang, L, Hacariz, O, Basu, N, et al. Using MetaboAnalyst 5.0 for LC–HRMS spectra processing, multi-omics integration and covariate adjustment of global metabolomics data. Nat Protoc (2022) 17:1735–61. doi: 10.1038/s41596-022-00710-w

42. Perez-Riverol, Y, Bai, J, Bandla, C, García-Seisdedos, D, Hewapathirana, S, Kamatchinathan, S, et al. The PRIDE database resources in 2022: a hub for mass spectrometry-based proteomics evidences. Nucleic Acids Res (2022) 50:D543–52. doi: 10.1093/nar/gkab1038

43. Shitama, T, Hayashi, H, Noge, S, Uchio, E, Oshima, K, Haniu, H, et al. Proteome profiling of vitreoretinal diseases by cluster analysis. Proteomics - Clin Appl (2008) 2:1265–80. doi: 10.1002/prca.200800017

44. Yu, J, Liu, F, Cui, SJ, Liu, Y, Song, ZY, Cao, H, et al. Vitreous proteomic analysis of proliferative vitreoretinopathy. Proteomics (2008) 8:3667–78. doi: 10.1002/pmic.200700824

45. Yu, J, Peng, R, Chen, H, Cui, C, and Ba, J. Elucidation of the pathogenic mechanism of rhegmatogenous retinal detachment with proliferative vitreoretinopathy by proteomic analysis. Investig Ophthalmol Vis Sci (2012) 53:8146–53. doi: 10.1167/iovs.12-10079

46. Nakanishi, T, Koyama, R, Ikeda, T, and Shimizu, A. Catalogue of soluble proteins in the human vitreous humor: Comparison between diabetic retinopathy and macular hole. J Chromatogr B Anal Technol BioMed Life Sci (2002) 776:89–100. doi: 10.1016/S1570-0232(02)00078-8

47. Gao, B-B, Chen, X, Timothy, N, Aiello, LP, and Feener, EP. Characterization of the vitreous proteome in diabetes without diabetic retinopathy and diabetes with proliferative diabetic retinopathy. J Proteome Res (2008) 7:2516–25. doi: 10.1021/pr800112g

48. Loukovaara, S, Nurkkala, H, Tamene, F, Gucciardo, E, Liu, X, Repo, P, et al. Quantitative proteomics analysis of vitreous humor from diabetic retinopathy patients. J Proteome Res (2015) 14:5131–43. doi: 10.1021/acs.jproteome.5b00900

49. Kim, SJ, Kim, SJ, Park, J, Lee, HK, Park, KS, Yu, HG, et al. Differential expression of vitreous proteins in proliferative diabetic retinopathy. Curr Eye Res (2006) 31:231–40. doi: 10.1080/02713680600557030

50. Wang, H, Feng, L, Hu, J, Xie, C, and Wang, F. Differentiating vitreous proteomes in proliferative diabetic retinopathy using high-performance liquid chromatography coupled to tandem mass spectrometry. Exp Eye Res (2013) 108:110–9. doi: 10.1016/j.exer.2012.11.023

51. Santos, F, Gaspar, L, Ciordia, S, Rocha, A, Castro e Sousa, J, Paradela, A, et al. iTRAQ quantitative proteomic analysis of vitreous from patients with retinal detachment. Int J Mol Sci (2018) 19:1–22. doi: 10.3390/ijms19041157

52. Wu, Z, Ding, N, Yu, M, Wang, K, Luo, S, Zou, W, et al. Identification of potential biomarkers for rhegmatogenous retinal detachment associated with choroidal detachment by vitreous iTRAQ-based proteomic profiling. Int J Mol Sci (2016) 17:1–17. doi: 10.3390/ijms17122052

53. Gaspar, LM, Santos, FM, Albuquerque, T, Castro-de-Sousa, JP, Passarinha, LA, and Tomaz, CT. Proteome analysis of vitreous humor in retinal detachment using two different flow-charts for protein fractionation. J Chromatogr B (2017) 1061–1062:334–41. doi: 10.1016/j.jchromb.2017.07.049

54. Öhman, T, Gawriyski, L, Miettinen, S, Varjosalo, M, and Loukovaara, S. Molecular pathogenesis of rhegmatogenous retinal detachment. Sci Rep (2021) 11:1–15. doi: 10.1038/s41598-020-80005-w

55. Luo, S, Xu, H, Yang, L, Gong, X, Shen, J, Chen, X, et al. Quantitative proteomics analysis of human vitreous in rhegmatogenous retinal detachment associated with choroidal detachment by data-independent acquisition mass spectrometry. Mol Cell Biochem (2022) 477:1849–63. doi: 10.1007/s11010-022-04409-0

56. Roybal, CN, Velez, G, Toral, MA, Tsang, SH, Bassuk, AG, and Mahajan, VB. Personalized proteomics in proliferative vitreoretinopathy implicate hematopoietic cell recruitment and mTOR as a therapeutic target. Am J Ophthalmol (2018) 186:152–63. doi: 10.1016/j.ajo.2017.11.025

57. Yu, J, Peng, R, Chen, H, Cui, C, Ba, J, and Wang, F. Kininogen 1 and insulin-like growth factor binding protein 6: Candidate serum biomarkers of proliferative vitreoretinopathy. Clin Exp Optom (2014) 97:72–9. doi: 10.1111/cxo.12088

58. Mandal, N, Kofod, M, Vorum, H, Villumsen, J, Eriksen, J, Heegaard, S, et al. Proteomic analysis of human vitreous associated with idiopathic epiretinal membrane. Acta Ophthalmol (2013) 91:333–4. doi: 10.1111/aos.12075

59. Pollreisz, A, Funk, M, Breitwieser, FP, Parapatics, K, Sacu, S, Georgopoulos, M, et al. Quantitative proteomics of aqueous and vitreous fluid from patients with idiopathic epiretinal membranes. Exp Eye Res (2013) 108:48–58. doi: 10.1016/j.exer.2012.11.010

60. Yu, J, Feng, L, Wu, Y, Wang, H, Ba, J, Zhu, W, et al. Vitreous proteomic analysis of idiopathic epiretinal membranes. Mol Biosyst (2014) 10:2558–66. doi: 10.1039/c4mb00240g

61. Öhman, T, Tamene, F, Göös, H, Loukovaara, S, and Varjosalo, M. Systems pathology analysis identifies neurodegenerative nature of age-related vitreoretinal interface diseases. Aging Cell (2018) 17:e12809. doi: 10.1111/acel.12809

62. Sun, C, Zou, H, Yang, Z, Yang, M, Chen, X, Huang, Y, et al. Proteomics and phosphoproteomics analysis of vitreous in idiopathic epiretinal membrane patients. Proteomics – Clin Appl (2022) 16:2100128. doi: 10.1002/prca.202100128

63. Rocha, AS, Santos, FM, Monteiro, JP, Castro-de-Sousa, JP, Queiroz, JA, Tomaz, CT, et al. Trends in proteomic analysis of human vitreous humor samples. Electrophoresis (2014) 35:2495–508. doi: 10.1002/elps.201400049

64. Angi, M, Kalirai, H, Coupland, SE, Damato, BE, Semeraro, F, and Romano, MR. Proteomic analyses of the vitreous humour. Mediators Inflammation (2012) 2012:1–7. doi: 10.1155/2012/148039

65. Mukai, R, Okunuki, Y, Husain, D, Kim, CB, Lambris, JD, and Connor, KM. The complement system is critical in maintaining retinal integrity during aging. Front Aging Neurosci (2018) 10:15. doi: 10.3389/fnagi.2018.00015

66. Sweigard, JH, Matsumoto, H, Smith, KE, Kim, LA, Paschalis, EI, Okonuki, Y, et al. Inhibition of the alternative complement pathway preserves photoreceptors after retinal injury. Sci Transl Med (2015) 7:21–4. doi: 10.1126/scitranslmed.aab1482

67. Clark, SJ, and Bishop, PN. The eye as a complement dysregulation hotspot. Semin Immunopathol (2018) 40:65–74. doi: 10.1007/s00281-017-0649-6

68. Gao, BB, Clermont, A, Rook, S, Fonda, SJ, Srinivasan, VJ, Wojtkowski, M, et al. Extracellular carbonic anhydrase mediates hemorrhagic retinal and cerebral vascular permeability through prekallikrein activation. Nat Med (2007) 13:181–8. doi: 10.1038/nm1534

69. Abdulaal, M, Haddad, NMN, Sun, JK, and Silva, PS. The role of plasma kallikrein-kinin pathway in the development of diabetic retinopathy: Pathophysiology and therapeutic approaches. Semin Ophthalmol (2016) 31:19–24. doi: 10.3109/08820538.2015.1114829

70. Whitmore, SS, Sohn, EH, Chirco, KR, Drack, AV, Stone, EM, Tucker, BA, et al. Complement activation and choriocapillaris loss in early AMD: Implications for pathophysiology and therapy. Prog Retin Eye Res (2015) 45:1–29. doi: 10.1016/j.preteyeres.2014.11.005

71. Skei, JM, Fingert, JH, Russell, SR, Stone, EM, and Mullins, RF. Complement component C5a activates ICAM-1expression on human choroidal endothelial cells. Investig Ophthalmol Vis Sci (2010) 51:5336–42. doi: 10.1167/iovs.10-5322

72. Bastiaans, J, Van Meurs, JC, Van Holten-Neelen, C, Nijenhuis, MSTe, Kolijn-Couwenberg, MJ, Van Hagen, PM, et al. Factor xa and thrombin stimulate proinflammatory and profibrotic mediator production by retinal pigment epithelial cells: A role in vitreoretinal disorders? Graefe’s Arch Clin Exp Ophthalmol (2013) 251:1723–33. doi: 10.1007/s00417-013-2335-2

73. García-Ramírez, M, Canals, F, Hernández, C, Colomé, N, Ferrer, C, Carrasco, E, et al. Proteomic analysis of human vitreous fluid by fluorescence-based difference gel electrophoresis (DIGE): a new strategy for identifying potential candidates in the pathogenesis of proliferative diabetic retinopathy. Diabetologia (2007) 50:1294–303. doi: 10.1007/s00125-007-0627-y

74. Minamoto, A, Yamane, K, and Yokoyama, T. Proteomics of vitreous fluid. In:  V Thongboonkerd, editor. Proteomics of human body fluids. Totowa, NJ, New Jersey: Humana Press (2007). p. 495–507. doi: 10.1007/978-1-59745-432-2_23

75. Zou, C, Han, C, Zhao, M, Yu, J, Bai, L, Yao, Y, et al. Change of ranibizumab-induced human vitreous protein profile in patients with proliferative diabetic retinopathy based on proteomics analysis. Clin Proteomics (2018) 15:1–10. doi: 10.1186/s12014-018-9187-z

76. Mandava, N, Tirado-Gonzalez, V, Geiger, MD, Patnaik, JL, Frazer-Abel, A, Lynch, AM, et al. Complement activation in the vitreous of patients with proliferative diabetic retinopathy. Investig Opthalmology Vis Sci (2020) 61:39. doi: 10.1167/iovs.61.11.39

77. Shahulhameed, S, Vishwakarma, S, Chhablani, J, Tyagi, M, Pappuru, RR, Jakati, S, et al. A systematic investigation on complement pathway activation in diabetic retinopathy. Front Immunol (2020) 11:154. doi: 10.3389/fimmu.2020.00154

78. Luo, S, Chen, Y, Yang, L, Gong, X, and Wu, Z. The complement system in retinal detachment with choroidal detachment. Curr Eye Res (2022) 47:809–12. doi: 10.1080/02713683.2022.2038634

79. Chen, G, Li, T, Zheng, Q, Hou, J, Tang, S, and Li, W. Differential expression and significance of complement C4b and transthyretin in proliferative vitreoretinopathy. Chin J Ophthalmol (2011) 47:726–31.

80. Toomey, CB, Johnson, LV, and Bowes Rickman, C. Complement factor h in AMD: Bridging genetic associations and pathobiology. Prog Retin Eye Res (2018) 62:38–57. doi: 10.1016/j.preteyeres.2017.09.001

81. Loyet, KM, DeForge, LE, Katschke, KJ, Diehl, L, Graham, RR, Pao, L, et al. Activation of the alternative complement pathway in vitreous is controlled by genetics in age-related macular degeneration. Investig Ophthalmol Vis Sci (2012) 53:6628–37. doi: 10.1167/iovs.12-9587

82. de Jong, S, Gagliardi, G, Garanto, A, de Breuk, A, Lechanteur, YTE, Katti, S, et al. Implications of genetic variation in the complement system in age-related macular degeneration. Prog Retin Eye Res (2021) 84:100952. doi: 10.1016/j.preteyeres.2021.100952

83. Park, DH, Connor, KM, and Lambris, JD. The challenges and promise of complement therapeutics for ocular diseases. Front Immunol (2019) 10:1007. doi: 10.3389/fimmu.2019.01007

84. Cunha-Vaz, J. The blood–retinal barrier in retinal disease. Eur Ophthalmic Rev (2009) 03:105. doi: 10.17925/eor.2009.03.02.105

85. Campochiaro, PA, Bryan, JA, Conway, BP, and Jaccoma, EH. Intravitreal chemotactic and mitogenic activity: Implication of blood-retinal barrier breakdown. Arch Ophthalmol (1986) 104:1685–7. doi: 10.1001/archopht.1986.01050230123046

86. dos Santos, FM, Ciordia, S, Mesquita, J, de Sousa, JPC, Paradela, A, Tomaz, CT, et al. Vitreous humor proteome: unraveling the molecular mechanisms underlying proliferative and neovascular vitreoretinal diseases. Cell Mol Life Sci (2023) 80.1:1–28. doi: 10.1007/s00018-022-04670-y

87. Kawa, MP, Machalinska, A, Roginska, D, and Machalinski, B. Complement system in pathogenesis of AMD: Dual player in degeneration and protection of retinal tissue. J Immunol Res (2014) 2014:1–12. doi: 10.1155/2014/483960

88. Le Goff, MM, Sutton, MJ, Slevin, M, Latif, A, Humphries, MJ, and Bishop, PN. Opticin exerts its anti-angiogenic activity by regulating extracellular matrix adhesiveness. J Biol Chem (2012) 287:28027–36. doi: 10.1074/jbc.M111.331157

89. Balaiya, S, Zhou, Z, and Chalam, KV. Characterization of vitreous and aqueous proteome in humans with proliferative diabetic retinopathy and its clinical correlation. Proteomics Insights (2017) 8:1–10. doi: 10.1177/1178641816686078

90. Park, K, Jin, J, Hu, Y, Zhou, K, and Ma, J-XX. Overexpression of pigment epithelium-derived factor inhibits retinal inflammation and neovascularization. AJPA (2011) 178:688–98. doi: 10.1016/j.ajpath.2010.10.014

91. Barnstable, CJ, and Tombran-Tink, J. Neuroprotective and antiangiogenic actions of PEDF in the eye: Molecular targets and therapeutic potential. Prog Retin Eye Res (2004) 23:561–77. doi: 10.1016/j.preteyeres.2004.05.002

92. Simó, R, Higuera, M, García-Ramírez, M, Canals, F, García-Arumí, J, and Hernández, C. Elevation of apolipoprotein a-I and apolipoprotein h levels in the vitreous fluid and overexpression in the retina of diabetic patients. Arch Ophthalmol (2008) 126:1076–81. doi: 10.1001/archopht.126.8.1076

93. Wang, H, Feng, L, Hu, J, Xie, C, and Wang, F. Characterisation of the vitreous proteome in proliferative diabetic retinopathy. Proteome Sci (2012) 10:1–11. doi: 10.1186/1477-5956-10-15

94. Duh, EJ, Yang, HS, Haller, JA, De Juan, E, Humayun, MS, Gehlbach, P, et al. Vitreous levels of pigment epithelium-derived factor and vascular endothelial growth factor: Implications for ocular angiogenesis. Am J Ophthalmol (2004) 137:668–74. doi: 10.1016/j.ajo.2003.11.015

95. Huber, M, and Wachtlin, J. Vitreous levels of proteins implicated in angiogenesis are modulated in patients with retinal or choroidal neovascularization. Ophthalmologica (2012) 228:188–93. doi: 10.1159/000339952

96. Holekamp, NM, Bouck, N, and Volpert, O. Pigment epithelium-derived factor is deficient in the vitreous of patients with choroidal neovascularization due to age-related macular degeneration. Am J Ophthalmol (2002) 134:220–7. doi: 10.1016/S0002-9394(02)01549-0

97. Maik-Rachline, G, and Seger, R. Variable phosphorylation states of pigment-epithelium-derived factor differentially regulate its function. Blood (2006) 107:2745–52. doi: 10.1182/blood-2005-06-2547

98. Maik-Rachline, G, Shaltiel, S, and Seger, R. Extracellular phosphorylation converts pigment epithelium-derived factor from a neurotrophic to an antiangiogenic factor. Blood (2005) 105:670–8. doi: 10.1182/blood-2004-04-1569

99. Wert, KJ, Velez, G, Cross, MR, Wagner, BA, Teoh-Fitzgerald, ML, Buettner, GR, et al. Extracellular superoxide dismutase (SOD3) regulates oxidative stress at the vitreoretinal interface. Free Radic Biol Med (2018) 124:408–19. doi: 10.1016/J.FREERADBIOMED.2018.06.024

100. Santos, FM, Mesquita, J, Castro-de-Sousa, JP, Ciordia, S, Paradela, A, and Tomaz, CT. Vitreous humor proteome: Targeting oxidative stress, inflammation, and neurodegeneration in vitreoretinal diseases. Antioxidants (2022) 11:505. doi: 10.3390/antiox11030505

101. Brown, EE, DeWeerd, AJ, Ildefonso, CJ, Lewin, AS, and Ash, JD. Mitochondrial oxidative stress in the retinal pigment epithelium (RPE) led to metabolic dysfunction in both the RPE and retinal photoreceptors. Redox Biol (2019) 24:1–11. doi: 10.1016/j.redox.2019.101201

102. Mira, E, Carmona-Rodríguez, L, Pérez-Villamil, B, Casas, J, Fernández-Aceñero, MJ, Martínez-Rey, D, et al. SOD3 improves the tumor response to chemotherapy by stabilizing endothelial HIF-2α. Nat Commun (2018) 9:575. doi: 10.1038/s41467-018-03079-1

103. Togashi, H, Sakisaka, T, and Takai, Y. Cell adhesion molecules in the central nervous system. Cell Adhes Migr (2009) 3:29–35. doi: 10.4161/cam.3.1.6773

104. Missaire, M, and Hindges, R. The role of cell adhesion molecules in visual circuit formation: From neurite outgrowth to maps and synaptic specificity. Dev Neurobiol (2015) 75:569–83. doi: 10.1002/dneu.22267

105. Ridley, AJ, Schwartz, MA, Burridge, K, Firtel, RA, Ginsberg, MH, Borisy, G, et al. Cell migration: Integrating signals from front to back. Sci (80- ) (2003) 302:1704–9. doi: 10.1126/science.1092053

106. Lu, P, Takai, K, Weaver, VM, and Werb, Z. Extracellular matrix degradation and remodeling in development and disease. Cold Spring Harb Perspect Biol (2011) 3:a005058–a005058. doi: 10.1101/cshperspect.a005058

107. Frantz, C, Stewart, KM, and Weaver, VM. The extracellular matrix at a glance. J Cell Sci (2010) 123:4195–200. doi: 10.1242/jcs.023820

108. Sottile, J. Regulation of angiogenesis by extracellular matrix. Biochim Biophys Acta - Rev Cancer (2004) 1654:13–22. doi: 10.1016/j.bbcan.2003.07.002

109. Bishop, PN. The role of extracellular matrix in retinal vascular development and preretinal neovascularization. Exp Eye Res (2015) 133:30–6. doi: 10.1016/j.exer.2014.10.021

110. Sorokin, L. The impact of the extracellular matrix on inflammation. Nat Rev Immunol (2010) 10:712–23. doi: 10.1038/nri2852

111. Singh, M, and Tyagi, SC. Metalloproteinases as mediators of inflammation and the eyes: Molecular genetic underpinnings governing ocular pathophysiology. Int J Ophthalmol (2017) 10:1308–18. doi: 10.18240/ijo.2017.08.20

112. Chaudhary, R, Scott, RAH, Wallace, G, Berry, M, Logan, A, and Blanch, RJ. Inflammatory and fibrogenic factors in proliferative vitreoretinopathy development. Transl Vis Sci Technol (2020) 9:1–17. doi: 10.1167/tvst.9.3.23

113. Wynn, TA. Common and unique mechanisms regulate fibrosis in various fibroproliferative diseases. J Clin Invest (2007) 117:524–9. doi: 10.1172/JCI31487

114. Das, A, Navaratna, D, and McGuire, PG. Beyond VEGF – other factors important in retinal neovascularization: Potential targets in proliferative diabetic retinopathy. In: Diabetic retinopathy. Totowa, NJ: Humana Press (2008). p. 375–98. doi: 10.1007/978-1-59745-563-3_16

115. Chowdhury, UR, Jea, SY, Oh, DJ, Rhee, DJ, and Fautsch, MP. Expression profile of the matricellular protein osteopontin in primary open-angle glaucoma and the normal human eye. Investig Ophthalmol Vis Sci (2011) 52:6443–51. doi: 10.1167/iovs.11-7409

116. Lund, SA, Giachelli, CM, and Scatena, M. The role of osteopontin in inflammatory processes. J Cell Commun Signal (2009) 3:311–22. doi: 10.1007/s12079-009-0068-0

117. Abu El-Asrar, AM, Imtiaz Nawaz, M, Kangave, D, Siddiquei, MM, and Geboes, K. Osteopontin and other regulators of angiogenesis and fibrogenesis in the vitreous from patients with proliferative vitreoretinal disorders. Mediators Inflammation (2012) 2012:1–8. doi: 10.1155/2012/493043

118. Ratnayaka, JA, Serpell, LC, and Lotery, AJ. Dementia of the eye: the role of amyloid beta in retinal degeneration. Eye (2015) 29:1013–26. doi: 10.1038/eye.2015.100

119. Luibl, V, Isas, JM, Kayed, R, Glabe, CG, Langen, R, and Chen, J. Drusen deposits associated with aging and age-related macular degeneration contain nonfibrillar amyloid oligomers. J Clin Invest (2006) 116:378–85. doi: 10.1172/JCI25843

120. Gupta, VBV, Gupta, VBV, Chitranshi, N, Gangoda, S, Vander Wall, R, Abbasi, M, et al. One protein, multiple pathologies: multifaceted involvement of amyloid β in neurodegenerative disorders of the brain and retina. Cell Mol Life Sci (2016) 73:4279–97. doi: 10.1007/s00018-016-2295-x

121. Gold, M, and El Khoury, J. β-amyloid, microglia, and the inflammasome in alzheimer’s disease. Semin Immunopathol (2015) 37:607–11. doi: 10.1007/s00281-015-0518-0

122. Cuenca, N, Fernández-Sánchez, L, Campello, L, Maneu, V, de la Villa, P, Lax, P, et al. Cellular responses following retinal injuries and therapeutic approaches for neurodegenerative diseases. Prog Retin Eye Res (2014) 43:17–75. doi: 10.1016/j.preteyeres.2014.07.001

123. Zheng, L, Kågedal, K, Dehvari, N, Benedikz, E, Cowburn, R, Marcusson, J, et al. Oxidative stress induces macroautophagy of amyloid β-protein and ensuing apoptosis. Free Radic Biol Med (2009) 46:422–9. doi: 10.1016/j.freeradbiomed.2008.10.043

124. Salminen, A, Ojala, J, Kauppinen, A, Kaarniranta, K, and Suuronen, T. Inflammation in alzheimer’s disease: Amyloid-β oligomers trigger innate immunity defence via pattern recognition receptors. Prog Neurobiol (2009) 87:181–94. doi: 10.1016/j.pneurobio.2009.01.001

125. Prakasam, A, Muthuswamy, A, Ablonczy, Z, Greig, NH, Fauq, A, Rao, KJ, et al. Differential accumulation of secreted AβPP metabolites in ocular fluids. J Alzheimer’s Dis (2010) 20:1243–53. doi: 10.3233/JAD-2010-100210

126. García-Ayllón, MS, Lopez-Font, I, Boix, CP, Fortea, J, Sánchez-Valle, R, Lleó, A, et al. C-terminal fragments of the amyloid precursor protein in cerebrospinal fluid as potential biomarkers for Alzheimer disease. Sci Rep (2017) 7:1–7. doi: 10.1038/s41598-017-02841-7

127. Paraoan, L, Hiscott, P, Gosden, C, and Grierson, I. Cystatin c in macular and neuronal degenerations: Implications for mechanism(s) of age-related macular degeneration. Vision Res (2010) 50:737–42. doi: 10.1016/j.visres.2009.10.022

128. Zurdel, J. CST3 genotype associated with exudative age related macular degeneration. Br J Ophthalmol (2002) 86:214–9. doi: 10.1136/bjo.86.2.214

129. Palsdottir, A, Snorradottir, AO, and Thorsteinsson, L. Hereditary cystatin c amyloid angiopathy: Genetic, clinical, and pathological aspects. Brain Pathol (2006) 16:55–9. doi: 10.1111/j.1750-3639.2006.tb00561.x

130. Gauthier, S, Kaur, G, Mi, W, Tizon, B, and Levy, E. Protective mechanisms by cystatin c in neurodegenerative diseases. Front Biosci - Sch (2011) 3 S:541–54. doi: 10.2741/s170

131. Sokol, JP, Neil, JR, Schiemann, BJ, and Schiemann, WP. The use of cystatin c to inhibit epithelial–mesenchymal transition and morphological transformation stimulated by transforming growth factor-β. Breast Cancer Res (2005) 7:R844. doi: 10.1186/bcr1312



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Santos, Ciordia, Mesquita, Cruz, Sousa, Passarinha, Tomaz and Paradela. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Glossary


 






ORIGINAL RESEARCH

published: 20 February 2023

doi: 10.3389/fimmu.2023.1113015

[image: image2]


Autoantibodies against complement factor B in rheumatoid arthritis


Alexandra T. Matola 1,2, Angéla Fülöp 3, Bernadette Rojkovich 3, György Nagy 4,5,6,7, Gabriella Sármay 1, Mihály Józsi 1,2*† and Barbara Uzonyi 1,2†


1 Department of Immunology, ELTE Eötvös Loránd University, Budapest, Hungary, 2 MTA-ELTE Complement Research Group, Eötvös Loránd Research Network (ELKH) at the Department of Immunology, ELTE Eötvös Loránd University, Budapest, Hungary, 3 Buda Hospital of the Hospitaller Order of Saint John of God, Budapest, Hungary, 4 Department of Rheumatology and Clinical Immunology, Semmelweis University, Budapest, Hungary, 5 Department of Internal Medicine and Oncology, Semmelweis University, Budapest, Hungary, 6 Heart and Vascular Center, Faculty of Medicine, Semmelweis University, Budapest, Hungary, 7 Department of Genetics, Cell- and Immunobiology,
Faculty of Medicine, Semmelweis University, Budapest, Hungary




Edited by: 

Lillemor Skattum, Lund University, Sweden

Reviewed by: 

Maciej Cedzynski, Institute for Medical Biology, Polish Academy of Sciences, Poland

Rafael Bayarri-Olmos, Rigshospitalet, Denmark

*Correspondence:
 
Mihály Józsi
 mihaly.jozsi@ttk.elte.hu












†These authors have contributed equally to this work and share last authorship


Specialty section: 
 This article was submitted to Molecular Innate Immunity, a section of the journal Frontiers in Immunology


Received: 30 November 2022

Accepted: 23 January 2023

Published: 20 February 2023

Citation:
Matola AT, Fülöp A, Rojkovich B, Nagy G, Sármay G, Józsi M and Uzonyi B (2023) Autoantibodies against complement factor B in rheumatoid arthritis. Front. Immunol. 14:1113015. doi: 10.3389/fimmu.2023.1113015



Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disorder affecting the joints. Many patients carry anti-citrullinated protein autoantibodies (ACPA). Overactivation of the complement system seems to be part of the pathogenesis of RA, and autoantibodies against the pathway initiators C1q and MBL, and the regulator of the complement alternative pathway, factor H (FH), were previously reported. Our aim was to analyze the presence and role of autoantibodies against complement proteins in a Hungarian RA cohort. To this end, serum samples of 97 ACPA-positive RA patients and 117 healthy controls were analyzed for autoantibodies against FH, factor B (FB), C3b, C3-convertase (C3bBbP), C1q, MBL and factor I. In this cohort, we did not detect any patient with FH autoantibodies but detected C1q autoantibodies in four patients, MBL autoantibodies in two patients and FB autoantibodies in five patients. Since the latter autoantibodies were previously reported in patients with kidney diseases but not in RA, we set out to further characterize such FB autoantibodies. The isotypes of the analyzed autoantibodies were IgG2, IgG3, IgGκ, IgGλ and their binding site was localized in the Bb part of FB. We detected in vivo formed FB–autoanti-FB complexes by Western blot. The effect of the autoantibodies on the formation, activity and FH-mediated decay of the C3 convertase in solid phase convertase assays was determined. In order to investigate the effect of the autoantibodies on complement functions, hemolysis assays and fluid phase complement activation assays were performed. The autoantibodies partially inhibited the complement-mediated hemolysis of rabbit red blood cells, inhibited the activity of the solid phase C3-convertase and C3 and C5b-9 deposition on complement activating surfaces. In summary, in ACPA-positive RA patients we identified FB autoantibodies. The characterized FB autoantibodies did not enhance complement activation, rather, they had inhibitory effect on complement. These results support the involvement of the complement system in the pathomechanism of RA and raise the possibility that protective autoantibodies may be generated in some patients against the alternative pathway C3 convertase. However, further analyses are needed to assess the exact role of such autoantibodies.
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Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disorder targeting typically the peripheral joints of the hands and feet, leading to persistent inflammation. With time it may cause the formation of a new tissue with infiltrating inflammatory immune cells called pannus and the destruction of the bones and cartilage which may give rise to deformities (1, 2). RA affects approximately 0.5-1% of the population (3) with slightly different frequencies between geographical regions and populations (4–6). RA affects mainly women with rising prevalence with age (7, 8). Though the cause of RA is unknown, several predisposing factors may play a role in disease development: environmental exposures such as smoking (9), infection and genetic factors (3, 10, 11). Presumably, hormonal factors also play a role in the mechanism causing the overrepresentation of women in the disease (8, 12).

Most of the patients develop rheumatoid factor or anti-modified protein antibodies. The classical serological marker of RA was rheumatoid factor, an autoantibody targeting the Fc region of IgG. It has relatively low specificity as it can be found in other pathological conditions and healthy individuals (8, 13, 14). By contrast, autoantibodies against modified (e.g., carbamylated, citrullinated, acetylated) self-proteins are more specific for RA and can be detected in patients before clinical onset, in the subclinical stage (8, 15). The most frequently detected anti-citrullinated protein antibody (ACPA) is a diagnostic criterion of RA (16) and the presence of ACPA can predict the development of the disease (17–19).

The above-mentioned autoantibodies can form immune complexes with self-antigens in the patients and activate complement, which plays a remarkable role in the pathogenesis of RA (20). The complement system as part of the innate immune system has a crucial role in host defense including elimination of microbes, apoptotic and necrotic cells, and the clearance of immune complexes (21). The activation trigger defines by which of the three pathways will complement be activated. The classical pathway is initiated by the binding of its pattern recognition molecule C1q to IgG- or IgM-containing immune complexes. The lectin pathway is induced by sensing microbial carbohydrate structures, and the alternative pathway is constantly activated on a low level (C3 tick over mechanism) due to the spontaneous hydrolysis of the thioester group of the central C3 molecule (C3(H2O)). Thus, factor B (FB) bound to C3(H2O) and cleaved by factor D (FD), forms the fluid phase C3 convertase of the alternative pathway, C3(H2O)Bb. This in turn cleaves C3, generating C3b which can covalently bind to target surfaces and together with FB (again, cleaved by FD) and the stabilizing properdin forms the C3 convertase of the alternative pathway C3bBbP. The activation of the cascades leads to the generation of small anaphylatoxins (e.g., C3a, C5a) and larger fragments which opsonize the target (20–23). To avoid activation on host surfaces, complement is tightly regulated at several points by membrane-bound and fluid-phase regulators (24). In case of mutations or presence of autoantibodies against complement components and/or regulators, the system turns defective, and plays an important role in the pathomechanism of several autoimmune diseases (20, 25).

The involvement of the complement system in RA has long been studied. Decreased levels of C3 and C4 proteins (26) and elevated levels of complement activation products C3a, C5a, Bb and soluble C5b-9 (sC5b-9) in the synovial fluid of patients suggested the overactivation of the complement system (27–29). Elevated levels of sC5b-9 in patients’ plasma (30, 31) indicate that the complement activation in RA is not limited to the joints but may affect other organs and tissues. Furthermore, treatment with anti-rheumatic drugs can decrease the elevated sC5b-9 levels (31). Autoantibodies against complement components were found in RA patients, including C1q (32, 33), factor H (FH) (34) and mannose binding lectin (MBL) (35), further confirming the involvement of the three complement pathways in the pathomechanism of RA, although the functions and relevance of these autoantibodies were not investigated and are still unknown.

To assess the role of anti-complement autoantibodies in RA, the aim of this study was to investigate whether the previously reported autoantibodies can be detected and/or other, novel autoantibodies can be found in a Hungarian cohort of RA patients. Here, we report the identification and characterization of FB autoantibodies in RA.



Materials and methods


Proteins and antibodies

Complement proteins FH (#341274), FB (#341262), C3b (#204860), C3 (#204885), factor I (FI) (#341280), C1q (#204876), goat anti-FB (#341272) and goat anti-FH (#341276) antiserum were obtained from Merck (Darmstadt, Germany; obtained via Merck Life Science Kft., Budapest, Hungary). FD (#A409), properdin (#A412), mouse anti-C5b-9 (#A239), anti-FB (Bb) (#A227), anti-FB (Ba) (#A225) and C3a EIA kit (#A032) were from Quidel (obtained via Biomedica, Budapest, Hungary). Purified human IgG (#I2511), human serum albumin (#A3782), human alpha-1 antitrypsin (#SRP6312), antibodies against C1q (#234390), human IgG (#A6029), IgM (#A0420), IgA (#A0295), IgG1 (clone HP-6001, #I9388), IgG2 (clone HP-6002, #I9513), IgG3 (clone HP-6050, #I7260), IgG4 (clone HP-6025, #I7385), IgGκ (clone KP-53, #K4377), IgGλ (clone HP-6054, #L6522), and avidin-HRP (#A7419) were purchased from Merck. Mouse IgG1 (clone MOPC-21, #BZ-400101) was obtained from BioLegend (San Diego, CA). MBL (#9086-MB) and biotin-conjugated goat anti-MBL (#BAF2307) were from R&D Systems (Minneapolis, MN), HRP-conjugated goat anti-mouse (#P0447), rabbit anti-goat (#P0449) and swine anti-rabbit (#P0217) antibodies were from DAKO (Hamburg, Germany). Goat anti-C3 F(ab’)2 (#55062) and HRP-conjugated goat anti-C3 F(ab’)2 (#55237) were from MP Biomedicals (Solon, OH).



Serum samples

Serum samples were collected from Hungarian rheumatoid arthritis patients (n=97) and from healthy individuals (n=117) after informed consent in accordance with the Declaration of Helsinki. The study was approved by the National Ethical Committee (33986-1/2018 EKU). Characteristics of the patients and healthy donors are shown in Table 1.


Table 1 | Characteristics of patients with RA and healthy controls.





Autoantibody detection

Autoantibodies were detected using ELISA method, as described by Józsi and Uzonyi (36). Briefly, FH, FB, C3b, FI in 5 µg/ml, MBL and C1q in 2 µg/ml and HSA or alpha-1 antitrypsin as negative controls were immobilized on microtiter plates. After blocking with 5% BSA in DPBS-0.1% Tween-20, serum samples were added in DPBS-0.1% Tween-20 at a dilution of 1:50 for 1 hour at RT. To detect autoantibodies against solid phase C3 convertase of the alternative pathway (C3bBbP), the convertase was built up (see below) and incubated with serum samples diluted 1:50. The bound autoantibodies were detected with HRP-conjugated goat anti-human IgG, anti-human IgA or anti-human IgM. Color reaction was developed by adding TMB solution (BioLegend). After stopping with H2SO4, absorbance was measured at 450 nm and at 620 nm as reference wavelength. To detect anti-MBL autoantibodies, serum samples were diluted in DPBS containing 10 mM EDTA. In the case of detecting anti-C1q autoantibodies, serum samples were diluted in DPBS containing 1 M NaCl to avoid interaction of C1q globular heads with IgG Fc parts. Samples were accepted as positive if the mean OD value for the investigated protein was at least two-fold greater than the mean OD value for the negative control protein alpha-1 antitrypsin. The isotypes of the autoantibodies were determined using monoclonal antibodies specific for IgG1, IgG2, IgG3, IgG4, IgGκ and IgGλ.



IgG isolation

IgG fraction of the serum samples were isolated by Protein G column (GE Healthcare) according to the manufacturer’s instructions. For functional analyses, the in vivo formed FB–FB-autoantibody complexes were removed. To this end, FB-specific antibodies isolated by Protein G column from goat anti-FB antiserum were immobilized on NHS column (GE Healthcare). The patient’s and control’s IgG fractions were loaded onto the anti-FB column, the flow-through fraction was collected and tested for the presence of FB.



Western blot

To analyze FHR1- and/or FHR3-deficiency, serum samples at a dilution of 1:50 were separated on 10% SDS-PAGE under non-reducing conditions and transferred to nitrocellulose membrane (BioRad). After blocking with 1% BSA, 4% non-fat milk powder in DPBS-0.05% Tween-20, FHR3 and FHR1 were detected with rabbit anti-FHR3 (kindly provided by Dr. Ilse Jongerius, Sanquin Health Solutions, Amsterdam, the Netherlands) and goat anti-FH antisera and the corresponding HRP-conjugated secondary antibodies, respectively. The blots were developed with the ECL detection kit (Merck).

To detect in vivo formed immune complexes, IgG fractions of the autoanti-FB positive patient and healthy controls were separated on 10% SDS-PAGE under non-reducing conditions and blotted onto nitrocellulose membrane. After blocking with 1% BSA, 4% non-fat milk powder in DPBS-0.05% Tween-20, the membranes were incubated with goat anti-FB antiserum and HRP-conjugated rabbit anti-goat antibodies. These immune complexes were removed before further experiments to prevent their interference with the assays.



Convertase assays

The solid phase AP C3 convertase was built up as described by Hourcade et al. in 2002 (37) with modifications. C3b was immobilized at 5 µg/ml on microplate wells (Maxisorp, NUNC). After washing, 2 µg/ml FB, 4 µg/ml properdin and 0.1 µg/ml FD were added in convertase buffer (DPBS containing 4% BSA, 2 mM NiCl2, 0.1% Tween-20) for 1 hour at 37°C. Convertase formation was detected with goat anti-FB and HRP-conjugated rabbit anti-goat antibodies. Convertase activity was determined by adding 10 µg/ml C3 for 1 hour at 37°C. The generated C3a was measured by the C3a EIA kit (Quidel). In some assays, patient’s or control IgG was added together with convertase components to analyze their effect on convertase formation. Convertase decay was determined after incubation of the formed convertase with the isolated IgG fractions alone or in the presence of 1 µg/ml FH for 1 hour at 37°C. Remaining convertase was detected with goat anti-FB antiserum.



Complement activation assay

LPS (#L4524, Merck) was immobilized at 10 µg/ml on Maxisorp microplate wells. Wells were washed with DPBS and blocked with 2% BSA. 10% complement active normal human serum (Quidel) was preincubated with the FB-free autoantibodies or with 5×106 rabbit red blood cells (RRBC, Culex Bt.) as positive control for 15 min at 37°C. The serum was then added to the LPS-coated wells for 1 h at 37°C to determine the remaining complement activity. Complement deposition was measured with HRP-conjugated goat anti-C3 or mouse anti-C5b-9 and HRP-conjugated goat anti-mouse IgG.



Hemolysis assay

5×106 RRBC were incubated with 7% complement active normal human serum (Quidel) in HEPES buffer (20 mM HEPES, 7 mM MgCl2, 10 mM EGTA, 144 mM NaCl, 1% BSA, pH 7.4) with serial dilutions of purified IgG for 30 min at 37°C. After centrifugation, optical density of the supernatants was measured at 414 nm.



Statistical analysis

Statistical analyses were performed with GraphPad Prism version 6.01 for Windows (GraphPad Software, San Diego, CA). A p value < 0.05 was considered statistically significant. Comparison of gender distribution between RA patients and healthy controls were determined by χ2 test. To compare continuous variables (age), Mann–Whitney U test was performed. Comparison of FHR1- and/or FHR3-deficiency distribution between RA patients and healthy donors were performed by χ2 test. For comparison of the effects of IgG isolated from RA547 or healthy controls, one-way ANOVA was used with Dunnett’s multiple comparison test.




Results


Screening for anti-complement autoantibodies

To investigate the presence and role of complement-specific autoantibodies in RA, we screened a Hungarian RA cohort for autoantibodies against FH, as well as C1q and MBL which were described as autoantibody targets in RA (33–35). In addition, we looked for autoantibodies against FB, FI, C3b and the solid phase C3 convertase C3bBbP, and analyzed the cohort for deficiency of the complement proteins FHR1 and FHR3. Serum samples of RA patients and healthy controls were tested for IgG and IgM antibodies against the above-mentioned complement components in ELISA.

Healthy control samples were negative for all tested antibodies, and we did not detect autoantibodies against FH, FI, C3b or the C3bBbP convertase in this RA cohort (Supplementary Figures 1C, D and data not shown). Four patients (RA240, RA268, RA557, RA587) were positive for autoantibodies against C1q (Figure 1A; Supplementary Figure 1A), two patients were positive for autoantibodies against MBL (RA277, RA348) (Figure 1B; Supplementary Figure 1B) and five patients (RA223, RA243, RA274, RA282, RA547) were positive for autoanti-FB IgG (Figure 2A; Supplementary Figure 1C). The serum of patient RA282 showed high signal on alpha-1 antitrypsin, and it turned out that this patient had autoantibodies against alpha-1 antitrypsin. Positivity for FB-autoantibodies was determined using other inert proteins as negative controls (Figure 2B). In two patients (RA288, RA547) autoanti-FB IgA was detected (Figure 2C). Characteristics of the autoantibody positive patients are shown in Table 2. The titer and isotype were determined for all the five autoanti-FB IgG positive samples. We could detect in all samples both light chains and various combinations of heavy chains, pointing to an oligoclonal origin of the autoantibodies (Table 3). Based on the amount of serum available, RA547 sample was selected and further characterized in detail.




Figure 1 | Detection of autoantibodies against C1q and MBL in RA patients. (A) C1q, (B) MBL, and alpha-1 antitrypsin as negative control were immobilized on microtiter plate wells. After blocking, serum samples diluted 1:50 were added. In the case of C1q, high salt concentration buffer was used and in the case of MBL 10 mM EDTA was used to exclude unspecific binding, as described in Materials and methods. Bound IgG was detected by HRP-conjugated anti-human IgG. Selected samples are shown: positive patient samples, some negative patient samples and controls. For full datasets please refer to Supplementary Figure 1. Data are mean ± SEM of two experiments.






Figure 2 | Autoanti-FB in RA patients. (A) FB, C3b and alpha-1 antitrypsin as negative control were immobilized on microtiter plate wells. After blocking, serum samples diluted 1:50 were added. Bound IgG was detected by HRP-conjugated anti-human IgG. Data are mean ± SEM of three experiments. (B) RA282 autoanti-FB was analyzed and confirmed using another negative control protein, human serum albumin (HSA). Data from a single experiment are shown. (C) IgA autoantibodies against FB were detected using HRP-conjugated anti-human IgA. Data are mean ± SD of two experiments. In all three panels selected samples are shown: positive patient samples, some negative patient samples and controls. For full datasets please refer to Supplementary Figure 1.




Table 2 | Characteristics of the autoantibody positive patients.




Table 3 | Titer and isotype of the autoanti-FB IgG antibodies.



IgG of RA547 and that of healthy controls was isolated from serum by Protein G column. IgG-depleted serum of RA547 did not show binding to FB (Figure 3A) while the isolated IgG fraction showed dose-dependent binding to FB (Figure 3B), and the antibody also bound to FB as part of the solid phase C3 convertase (C3bBbP) (Figure 3C). To test whether the antibody binds FB in its native form in vivo, the isolated IgG fraction was analyzed by Western blot. A strong band corresponding to FB was detected in the RA547 sample, indicating the formation of FB–anti-FB immune complexes in vivo. (Figure 3D).




Figure 3 | Anti-FB autoantibody characterization. (A) IgG was isolated with Protein G column from RA547 patient’s serum and healthy controls’ sera. The IgG depleted serum lost its ability to bind FB. (B) Serial dilutions from RA patient’s IgG showed dose-dependent binding to FB in contrast to healthy control IgG. Data are mean ± SD from three independent experiments. (C) Autoanti-FB bound to FB as part of the C3 convertase of the alternative pathway (C3bBbP). (D) In vivo formed IgG-FB complexes were detected in the patient’s IgG fraction with polyclonal anti-FB antibody in Western blot. Lanes: 1: purified IgG, 2: purified FB, 3: RA547 IgG, 4: Healthy control IgG. 25 µg isolated IgG was run on SDS-PAGE, blotted onto nitrocellulose membrane, and developed by anti-FB antibody. Blot is representative of three experiments.





RA547 autoanti-FB characterization

Characteristics as titer, isotype, and binding site of the autoanti-FB in RA547 were determined in ELISA-based assays (Table 3 and Figure 4). The titer and isotype were determined in the third available sample (Figures 4B, C). The presence of anti-FB autoantibodies was monitored in serial samples; over time, probably due to therapy, the anti-FB autoantibody levels decreased, and in the last sample it was not detectable anymore (Figure 4A). To determine the binding site of autoantibodies on FB, immobilized FB was preincubated with monoclonal antibodies specific for either the Ba or Bb part of FB, as well as with anti-FB antiserum. The anti-Bb and the polyclonal anti-FB reduced the binding of the autoantibodies to FB, while anti-Ba did not significantly influence the binding, suggesting that the autoantibody binding site is on the enzymatically active Bb part of FB (Figure 4D). Functional effects of the antibodies were analyzed in further assays.




Figure 4 | Autoantibody characterization. (A) We had serum samples from four time points to analyze the presence of autoanti-FB in RA547. Data are results ± SD of two experiments. (B) Titer of autoanti-FB was determined in ELISA, with serial dilutions of the patient’s serum. (C) Autoantibodies were added to immobilized FB, and the isotypes were determined with monoclonal antibodies against the IgG subclasses. Data are mean ± SD from two independent experiments. Values obtained with an autoantibody negative healthy control as a background were subtracted from the values obtained with RA547 before plotting. (D) Autoantibody binding to immobilized FB was decreased by the preincubation of FB with monoclonal anti-Bb antibody and with polyclonal anti-FB antiserum. Data are mean ± SEM from three independent experiments. Values obtained with an autoantibody negative healthy control as a background were subtracted from the values obtained with RA547.





FB autoantibodies influence the activation of the alternative pathway and affect the terminal pathway

To measure the effect of the purified, patient-derived anti-FB autoantibodies on the activation of the alternative pathway, rabbit red blood cells (RRBCs), which are sensitive to lysis in normal human serum, were used. RRBCs were mixed with normal human serum in a buffer containing Mg2+-EGTA, which allows only the activation of the alternative pathway, and supplemented with serial dilutions of IgG isolated from the serum of the patient or healthy controls. After incubation, lysis was determined by measuring the OD of released hemoglobin in the supernatant. Compared to the control IgGs, patient IgG inhibited the hemolysis in a dose-dependent manner (Figure 5).




Figure 5 | RA547 patient’s IgG dose-dependently inhibited RRBC hemolysis. Complement active normal human serum was mixed with RRBCs and IgG from patient or healthy controls, then incubated for 30 min at 37°C. Samples were centrifuged, and the OD of the supernatant was measured at 414 nm. Data are mean ± SD from two independent experiments.



Next, we investigated how the autoantibodies influence complement activation in serum in the fluid phase as described by Zhao et al. (38). To this end, normal human serum was mixed and incubated with IgG from RA547 or healthy controls and with RRBC as positive control. After incubation, the residual complement activity was measured on LPS-coated surface in the form of C3- and C5b-9-deposition (Figure 6). Serum alone retains its complement activity and when added to LPS, C3- and C5b-9-depostion can be detected. RRBC depletes complement during incubation, so no complement deposition can be measured on LPS, similar to the EDTA-treated serum sample. Incubation of the serum with IgG generally led to activity loss to some extent, probably due to activation via immune complexes present in the IgG preparations. However, compared to the IgG of healthy individuals, the autoanti-FB-containing patient IgG further decreased both C3- and C5b-9-deposition, presumably via inhibitory effects of the anti-FB autoantibodies (Figure 6).




Figure 6 | Anti-FB autoantibodies decrease complement activation-derived deposition of C3 and C5b-9 on LPS-coated surface. Normal human serum was preincubated with PBS, patient- or healthy control-derived IgG, and RRBC as a positive control, then added to LPS-coated wells. EDTA was used to inhibit complement activation on LPS. The deposition of (A) C3 and (B) C5b-9 was detected with anti-C3 and anti-C5b-9 antibodies, respectively. Data are mean ± SD from two independent experiments. RRBC: Rabbit Red Blood Cell.





FB-autoantibodies impair the activity of the solid phase C3 convertase of the alternative pathway

To decipher the mechanism behind the inhibitory effects measured using whole serum, next we analyzed the effect of the autoantibodies on the C3 convertase. C3bBbP was generated on microplates using purified proteins as described by Hourcade et al. (37) and Strobel et al. (39) with modifications. Convertase formation was detected with polyclonal goat anti-FB, while convertase activity was determined by adding C3 and measuring the generated C3a (Figure 7A).




Figure 7 | Effect of the patient’s IgG on alternative pathway C3 convertase. (A) Generation of solid phase C3 convertase in microplate wells. We added FB, FD and properdin together to the immobilized C3b and, after incubation, detected the convertase formation by polyclonal anti-FB. To confirm the activity of the convertase, C3 was added in the fluid phase, and we measured the released C3a from the supernatant with commercially available C3a EIA (Quidel). (B) To test the autoantibodies’ effect on convertase formation, we added the patient’s or healthy controls’ IgG together with FB, FD and properdin to immobilized C3b. The assembly of the convertase was detected with polyclonal goat anti-FB antibody. (C) Autoantibodies had no effect on the FH mediated decay of the C3 convertase. The convertase was incubated with IgG and FH and the remaining convertase was detected with polyclonal anti-FB antibody. (D) To investigate the effect of the patient’s autoantibodies on the activity of the convertase, the convertase was incubated with purified IgG and, after washing, C3 was added. Supernatants were collected and the C3 cleavage product C3a was measured using C3a EIA. Data are mean ± SD of three (A, C, D) or two (B) independent experiments. *p<0.05, One-Way ANOVA.



First, we investigated the effects of autoantibodies on convertase formation. IgG from the patient and healthy controls were added to immobilized C3b together with the components of the convertase and, after incubation, convertase formation was measured. The anti-FB autoantibodies did not influence the assembly of the C3bBbP convertase (Figure 7B).

Next, we measured the effects of the autoantibodies on the FH-mediated decay of the convertase. The generated convertase was preincubated with IgG from the patient or healthy controls, then FH was added without removing the antibodies. After incubation, the remaining convertase was detected with goat anti-FB. The anti-FB autoantibodies had no effect in this assay; they did not protect the convertase from FH-mediated decay (Figure 7C).

Lastly, the effect of autoantibodies on convertase activity was measured. The generated convertase was preincubated with IgG from the patient and healthy controls, then C3 was added and the released C3a was measured from the supernatant. When added to the convertase, IgG of healthy controls had no effect, whereas, anti-FB autoantibodies significantly reduced the amount of generated C3a, similarly to that observed with the polyclonal anti-FB, used as positive control (Figure 7D).



FHR1 and FHR3 deficiency

Deficiency of FHR1 and/or FHR3 is associated with various conditions, it can be both a protective and a predisposing factor depending on the disease (22, 40). We investigated the frequency of FHR1 and FHR3 deficiency in this RA cohort. Genomic DNA was not available; therefore, serum samples were screened for the presence of the FHR1 and FHR3 proteins by Western blot. To our knowledge, none of the patients or controls received plasmapheresis or fresh frozen plasma, thus the detected proteins have no ex vivo origin. We found individuals lacking only FHR1, only FHR3 or both proteins, both among the RA patients and the healthy controls, and the differences between the two groups were not significant (Table 4; Supplementary Figure 2).


Table 4 | Overview of FHR1- and FHR3-deficiency in the RA patients and healthy controls.






Discussion

In this study we analyzed the presence of autoantibodies against complement components in a Hungarian RA cohort. We found anti-C1q and anti-MBL autoantibodies (Figure 1.), in accordance with previous reports (32, 33, 35). No antibodies against FH, FI, C3b and the alternative pathway C3 convertase (C3bBbP) were detected in these samples. In the case of FH, our results contradict the findings of Foltyn Zadura et al., who found FH-autoantibodies in 16.5% and 9.2% of the analyzed samples (34). While high IgG signals on FH-coated wells in 6.9% of samples were detected in our assays, these serum samples gave high signal on inert control protein as well, thus we considered them false positives. In addition to anti-C1q and anti-MBL autoantibodies, we found anti-FB autoantibodies in 5 patients, which have not been described in RA so far. The anti-FB IgG titer varied between patients; however, the presence of both light chains and various heavy chains (Table 3) was a common feature, suggesting an oligoclonal origin of the antibodies in all cases. Since the RA group and the healthy control group significantly differed regarding age and gender in our study, we cannot state that the identified autoantibodies are RA-specific. However, to our knowledge, no anti-FB autoantibodies have been described in healthy people at any age.

The analyzed anti-FB autoantibodies bind FB both in its native form and as part of the C3 convertase (Figure 3C). In contrast to C3Nefs that bind to and stabilize the C3 convertase, increase its activity and enhance terminal pathway activity (41), the analyzed anti-FB autoantibody did not influence solid-phase C3 convertase stability but impaired its activity (Figure 7). This is also different from the characteristics of the anti-FB autoantibody described in dense deposit disease (DDD) by Strobel et al. that stabilized the C3 convertase, increased its activity but inhibited the C5 convertase (39). FB autoantibodies described by Chen et al. in DDD and Marinozzi et al. in C3G also appeared pathogenic by enhancing C3 turnover (42, 43). Here, the anti-FB autoantibody binding site was mapped to the enzymatically active Bb part on FB (Figure 4D). Presumably, the autoantibody binding to Bb in the C3 convertase leads to impairment of C3 convertase activity measured in ELISA and in hemolysis assay (Figures 7D, 5).

Since our Western blot analysis demonstrated the presence of FB within the isolated patient IgG fraction (Figure 3D), we conclude that the autoanti-FB antibodies formed immune complexes in the patient in vivo. We observed impaired complement activation in the form of reduced C3 and C5b-9 deposition on LPS-coated surface after preincubation of the serum with purified patient IgG, containing the FB–autoanti-FB immune complexes (Figure 6). This could be explained by activation of the classical pathway by the immune complexes and/or by the inhibitory effect of the anti-FB autoantibodies on C3 convertases formed on the LPS surface.

The production of such autoantibodies may be triggered by the prolonged presence of the complement protein activation products and complexes due to overactivation of the system. Our data demonstrate that not all the complement specific autoantibodies are pathogenic and contribute to complement activation in RA. Autoantibodies may be beneficial for patients, as it was shown for autoantibodies against FH in non-small cell lung cancer where anti-FH blocked FH activity at tumor cells (44) or in lupus patients (45). The autoanti-FB in RA reported here also demonstrates that some autoantibodies could hold back the overwhelming complement activation which may be beneficial for the patients. This suggests that the generation of such non-activating autoantibodies is part of a protective response and contributes to the prevention of the tissue damage caused by excessive complement activation.

The data also highlight that the presence/level of autoanti-FB in RA can be transient (Figure 4A) probably depending on the actual state of the disease (remission, or active phase), and the received treatment. In patient RA547 the autoanti-FB levels were mostly constant between May 2014 and November 2016, during which the patient had anti-TNFα therapy (certolizumab pegol). Later the therapy was changed (from 2020) to adalimumab which is another kind of anti-TNFα treatment. In the most recent serum sample of the patient (February 2022) autoanti-FB was not detectable, presumably due to the change in therapy or disease activity.

Autoantibodies against the components of the convertase can disturb the balance of complement activation, contributing to autoimmune diseases (39, 46). In many cases, autoantibodies have diagnostic and prognostic value, therefore their detection is coming to fore (47). Though in RA autoantibodies against the early components of the complement system (32, 33, 35) as well as autoantibodies against the complement regulator FH (34) were described years ago, their role in disease mechanism has not been investigated. Our results further support that the pathophysiology of RA implies the complement system and its dysfunction. These data also draw attention to the importance of characterization and functional analysis of autoantibodies, because simply detecting autoantibodies can be misleading and reporting their presence may misinform physicians. FB autoantibodies may be pathogenic in certain conditions, such as likely in DDD, but may be non-pathogenic or even protective in other diseases.
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Background

Culture-negative periprosthetic joint infections (PJI) are often false diagnosed as aseptic implant failure leading to unnecessary revision surgeries due to repeated infections. A marker to increase the security of e PJI diagnosis is therefore of great importance. The aim of this study was to test C9 immunostaining of periprosthetic tissue as a novel tissue-biomarker for a more reliable identification of PJI, as well as potential cross-reactivity.



Method

We included 98 patients in this study undergoing septic or aseptic revision surgeries. Standard microbiological diagnosis was performed in all cases for classification of patients. Serum parameters including C-reactive protein (CRP) serum levels and white blood cell (WBC) count were included, and the periprosthetic tissue was immunostained for C9 presence. The amount of C9 tissue staining was evaluated in septic versus aseptic tissue and the amount of C9 staining was correlated with the different pathogens causing the infection. To exclude cross-reactions between C9 immunostaining and other inflammatory joint conditions, we included tissue samples of a separate cohort with rheumatoid arthritis, wear particles and chondrocalcinosis.



Results

The microbiological diagnosis detected PJI in 58 patients; the remaining 40 patients were classified as aseptic. Serum CRP values were significantly increased in the PJI cohort. Serum WBC was not different between septic and aseptic cases. We found a significant increase in C9 immunostaining in the PJI periprosthetic tissue. To test the predictive value of C9 as biomarker for PJI we performed a ROC analyses. According to the Youden’s criteria C9 is a very good biomarker for PJI detection with a sensitivity of 89% and a specificity of 75% and an AUC of 0.84. We did not observe a correlation of C9 staining with the pathogen causing the PJI. However, we observed a cross reactivity with the inflammatory joint disease like rheumatoid arthritis and different metal wear types. In addition, we did not observe a cross reactivity with chondrocalcinosis.



Conclusion

Our study identifies C9 as a potential tissue-biomarker for the identification of PJI using immunohistological staining of tissue biopsies. The use of C9 staining could help to reduce the number of false negative diagnoses of PJI.





Keywords: periprosthetic joint infection, diagnostic biomarker, C9, inflammatory joint disease, complement pathway



Introduction

The complement pathway is one of the important mechanisms of the innate immune system to fight infections (1). The complement signaling pathway can be activated in three different ways, the classical, the lectin and the alternative signaling pathway (2, 3), all activating the enzymatic C3-convertase (4, 5). The cleavage of C3 starts a protein cascade, which generates the membrane attack complex (MAC) (6, 7). The MAC complex kills bacteria by destroying the bacterial membrane (8–11). In a study from 2018, it was shown that the activation of the terminal complement pathway during periprosthetic joint infections (PJI) can be used as a marker for the detection of PJI. In this study, C9 showed the most promising results (12).

A PJI is a serious complication after implantation of an endoprosthesis. The incidence is about 1% in all implanted hip and 2% in all implanted knee endoprosthesis. During the revision surgery, the probability of a PJI increases, as well as after a previous infection of the respective joint. Some comorbidities also influence the predisposition of the patient to develop a PJI (13). Typical signs of PJI are pain, swelling and warming of the skin around the joint, as well as fever (14–17), increased serum C-reactive protein (CRP) and in some cases serum leucocyte count (WBC) (18).

A wide range of pathogens can cause PJI. The most frequent pathogens found in PJI are from the Staphylococcus genus, especially Staphylococcus aureus and Staphylococcus epidermidis (19–21). Streptococcus spp. or Enterococcus are also common pathogens in PJI (20–22). Less frequently, gram-negative bacteria such as Escherichia coli, Enterobacter spp., Klebsiella spp. or Pseudomonas spp. can be found in PJI (23). The bacteria can occur in a monomicrobial infection or in combinations in a polymicrobial infection (24).

Early identification of PJIs is important to prevent sepsis and severe tissue damage. Currently, the standard of diagnostic is based on the evaluation of clinical symptoms, analysis of radiolucent lines in an X-ray and the microbiological diagnosis of tissue and fluid samples according to the MSIS criteria (25). There is currently no standard biomarker for PJI identification, but serum inflammation markers are considered as indicators. However, especially for the identification of low-grade infections, serum inflammation markers are not reliable (26). Some PJIs are not detected as infections and diagnosed as aseptic implant failure in case of culture negative PJIs (CN-PJI). The current rate of CN-PJI is about 1- 42% (26–31). Therefore, there is a need for biomarkers to facilitate a more secure identification of PJIs. Some biomarkers for more secure identification of PJIs have been proposed such as synovial fluid alpha-defensin (32, 33) or synovial fluid CRP (34, 35) concentration. CRP belongs to the acute-phase proteins and various clinical studies have already investigated the use of synovial fluid CRP levels as a biomarker for the detection of infections (36–44). Póvoa et al. described that the synovial fluid CRP concentration can be significantly increased during infections. However, some non-infected patients showed also increased synovial fluid CRP-levels, suggesting a possible interference of other inflammatory processes (40). Therefore, CRP can serve as a general indicator of inflammation, but cannot clearly distinguish between aseptic and septic inflammation and thereby facilitate identification of infections.

Another proposed biomarker for PJI is the synovial fluid alpha-defensin concentration. Alpha-defensin is an antimicrobial peptide mainly released by neutrophils (45–47). The synovial fluid alpha-defensin immunoassay has been described to identify PJI with a specificity of 95% and sensitivity of 100% (32, 48–50). However, the synovial fluid alpha-defensin concentration can also be elevated in the presence of wear particles or metallosis (12, 32, 51, 52) and in the presence of crystal deposits (53). Furthermore, the high costs of this detection method together with the cross reactivity in case of wear induced implant loosening (54) result in a demand for alternative biomarkers to secure the diagnosis of PJIs.

We have previously shown that C9 could be a potential indicator for PJI in periprosthetic tissue using immunohistochemical staining (12). The main limitation of the study was the low patient number included in this study and the restriction to shoulder implants. Therefore, in this study we aim to validate the immunostaining for C9 in the periprosthetic tissue for PJI identification using a larger cohort and periprosthetic tissue from knee and hip revisions, as well as testing the cross-reactivity with other inflammatory joint diseases.



Material and methods


Patients

98 patients undergoing a revision surgery on the total hip (THA) or the knee joint arthroplasty (TKA) were included in the present study. Ethical approval for this study was provided by the Institutional Review Board of the Medical School (No 207/17). Informed consent was obtained by the patients prior to inclusion into the study.

The surgeries were performed in the Department of Orthopaedic Surgery. The demographic data (patient age at the date of surgery, implantation time, sex, implant type, previous surgery) where recorded. The implantation time describes the time from the installation of the prosthesis to the removal of the prosthesis due to aseptic or septic reasons. As previous surgery is the number of previous operations on the affected joint described, excluding the implantation of the first implant in this joint.

All patients in this study were treated according to the in-house algorithm for identifying a PJI. This identification is based on the MSIS criteria (55). Infections were identified if the major criteria applied: at least two positive cultures of the same organism in tissue cultures or the minor criteria were increased. The minor criteria included:

	• Medical history was suggestive of infection

	• Serum c-reactive protein level was above the threshold of 5 mg/L

	• Serum white blood cell count was above the threshold of 10 Gpt/l

	• Histology showed typical inflammatory signs e.g. neutrophils



Based on the available microbiological, histopathological, and clinical findings, patients were classified as septic (PJI present) and aseptic (PJI absent). Exclusion criteria were the presence of inflammatory joint diseases, such as rheumatoid arthritis, gout, chondrocalcinosis or severe metallosis.

To test for cross reactivity of C9 antibody staining wit inflammatory joint diseases, we included another control cohort of chondrocalcinosis (N=14) and rheumatoid arthritis (N= 11) patients coming for primary endoprosthesis implantation, and patients with aseptic implant loosening and an extensive amount of wear particles (N=33) The patients with aseptic implant loosening due to wear particles were further separated in patients with CoCr wear (N= 10), with Ti/Pe wear (N=16) and ceramic on ceramic (N=7) The samples for chondrocalcinosis (CC), rheumatoid arthritis (RA) and wear particles were declared as aseptic as no pathogen was identified in the microbiological diagnostic.



Microbiological diagnostic testing

Periprosthetic tissue samples were minced into pieces and homogenized in an Ultra-Turrax Drive control disperser (IKA®-Werke GmbH & Co. KG, Germany) at 6,000 rpm for 2 min in interval direction change. Briefly, the homogenized samples were inoculated on agar plates: Columbia agar with 5% sheep blood (Becton Dickinson, Heidelberg, Germany), chocolate agar and Schaedler agar (Oxoid, Munich, Germany) under aerobic conditions with 5% CO2 and anaerobically at 35± 1°C. Additionally, the samples were inoculated in thioglycolate and Schaedler broth (bioMérieux, Marcy L’Etoile, France) at 35 ± 1°C for 14 days. The identification of pathogens was performed by MALDI-TOF MS (VITEK® MS, bioMérieux, Marcy L’Etoile, France).



Immunohistochemically staining

The periprosthetic tissues were fixed overnight in 4% paraformaldehyde. The tissue was embedded in paraffin and cut into 4-µm sections. The immunofluorescent staining was performed using a C9-antibody (Abcam, Cambridge, England). The corresponding IgG antibody was used as isotype control for the staining. The demasking of the epitopes was performed 0.25 mg/ml pepsin for 45 min at 37°C. The dilution of the antibody was performed in 4% BSA, for the C9-antibody a dilution of 1:500 and for the IgG isotype control a dilution of 1:1000 was used. As secondary antibody an Alexa Fluor®555 anti-rabbit (Abcam, Cambridge, England) (1:200 in PBS). The area of red immunofluorescence was calculated as the percentage of the total tissue area in 400x magnification pictures. The average of 3 representative pictures for each sample was calculated using ImageJ (version 1.5; National Institutes of Health, Bethesda, MA, USA). The amount of fluorescence staining was adjusted to the IgG control for the whole cohort and residual staining of the IgG controls for each picture were subtracted to ensure the reliability of evaluated C9-antibody staining.



Statistical analysis

Statistical analysis was performed using GraphPad Prism (version 8; GraphPad Software, San Diego, CA, USA). Normality and log normality tests were performed to calculate the normal distribution; in the case of a nonparametric distribution, the mean ± SEM using descriptive statistics were calculated. Kruskal-Wallis test and Mann-Whitney test were used to test statistical significance. The ROC curve was performed using the statistical program for ROC curves in Prism. Youden’s criteria were applied to calculate the threshold for the biomarker.




Results


Serum CRP and WBC count are indicators for periprosthetic joint infection

We included 98 patients in the PJI versus aseptic cohort in this study. The patients were divided into septic and aseptic according to the described classification based on the MSIS criteria (56). We included 40 aseptic and 58 septic samples. The reasons for aseptic revision were wear induced loosening, malpositioning or luxation of the implant. The periprosthetic tissues of hip arthroplasty (THA) and total knee arthroplasty (TKA) revisions from male and female patients were included. The average age was comparable in both groups (Table 1). In the septic group, we included 36 cases of septic THA and 22 septic TKA. In the aseptic group, we included 18 THA and 22 TKA revisions. The implantation time was lower in the septic in comparison to the aseptic group. The number of previous surgeries at the respective joint is indicated in (Table 1). Both groups included patients with several previous surgeries at the site of implantation. (Table 2) summarizes the comorbidities of the included patients. PJI patients had more often diabetes (21/58), renal insufficiency (11/58), COPD (6/58) and heart insufficiency (6/58) compared to the aseptic cohort.


Table 1 | Demographic data.




Table 2 | Comorbidities.



The bacterial spectrum identified by the microbiological diagnostic showed that Staphylococcus spp. infections occurred most frequently (37/58), followed by Streptococcus spp. (5/58), anaerobic bacteria (5/58), polymicrobial infections (5/58) and Enterococcus spp. (3/58) (Figure 1A). The CRP serum level was significantly increased in the septic group compared to the aseptic cohort (Figure 1B) (p < 0.0001). However, not all patients within the septic (42.40 ± 12.66 mg/l) cohort showed a pathological CRP value of more than 5 mg/l. Importantly, 12 out of 40 aseptic (3.3 ± 2.61 mg/l) patients also exhibited an increased CRP value. The serum WBC count was not significantly (p = 0.2373) changed between the aseptic (7.84 ± 0.37 Gpt/l) and the septic (8 ± 1.76 Gpt/l) (Figure 1C).




Figure 1 | Serum CRP and WBC count are indicators for periprosthetic joint infection (A) Pie chart of the identified pathogen spectrum. Staphylococcus spp. was the major pathogen that was identified by the microbiological diagnostic. Other bacteria were less frequently detected. (B) Serum C-reactive protein (CRP) values (mg/l) in septic (light grey) and aseptic (dark grey) groups. The serum CRP value of the septic cohort was significantly increased in the septic compared with the aseptic cohort (Mann-Whitney test: p<0.0001). The pathologic threshold is 5mg/L is indicated as a black dashed line. (C) The mean value of the serum white blood cell (WBC) count (Gpt/l) was not different between both cohorts (Mann-Whitney test: p= 0.237). Most patients exhibited a WBC count below the pathological threshold of 10 Gpt/l (black dashed line) for all tested groups. ****P < 0.0001, ns, not significant.





C9 immunostaining of periprosthetic tissue could serve as potential biomarker for PJI identification

C9 immunostaining has been proposed to be a reliable marker for the identification of PJI using tissue biopsies (12). To validate this observation we stained the periprosthetic tissue of hip and knee endoprosthesis revision surgeries due to PJI or aseptic implant loosening or malpositioning for C9. We observed significantly more C9 immunostaining in the septic tissue (mean ± SEM: 2.74% ± 0.65%) (Figure 2A) compared to the aseptic cohort (mean ± SEM: 0.34% ± 0.22%) (p<0.0001).




Figure 2 | C9 immunostaining of periprosthetic tissue could serve as potential biomarker for PJI identification. (A) The statistical analysis of the percentage of red fluorescence within the total tissue area (C9 immunostaining) of the aseptic (dark grey, N = 40; n = 120) and septic (light grey, N = 58, n = 174) cohort can be seen as a scatter dot plot. The values indicate the percentage of C9 immunostaining. Three images for each patient sample were analyzed (Mann-Whitney test: p < 0.0001). A representative picture for a septic (left) and an aseptic (right) sample are depicted. (nuclei: blue, anti-C9 immunostaining: red). White arrows indicate C9 stained tissue area. The scale bar (white bars) indicates 50 µm and pictures were taken at 400x magnification. (B) The ROC-curve for individual percentages of C9 stained tissue area for septic and aseptic samples. The area under the curve is 0.84. The sensitivity of 89% (95% of Cl: 78.83% to 96.11%) and the specificity of 75% (95% of Cl: 58.80% to 87.31%) were calculated using the Youden’s criteria (red dashed line). (C) Representative immunohistochemical staining of C9-antibody (red) in periprosthetic tissue of patients with an PJI caused by staphylococcus sp., streptococcus sp., enterococcus sp., anaerobia and polymicrobial infections compared to the aseptic cohort. The values indicate the percentage of C9 immunostaining. Three images for each patient sample were analyzed (staphylococcus: N = 37; n = 111, enterococcus N = 3; n = 9; streptococcus: N = 5; n = 15; anaerobia: N = 5; n = 15; polymicrobial infection: N = 6; n = 18; aseptic: N = 58, n = 174). White arrows indicate C9 stained tissue area. The scale bar (white bars) indicates 50 µm and pictures were taken at 400x magnification. No pathogen dependent influence on the percentage of C9 immunostained tissue was observed (Kruskal-Wallis test with Dunn’s post hoc test: p<0.0001). *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001; n, total number of measurements; N, number of samples, ns, not significant.



To investigate the predictive value of C9 staining, a receiver operating curve (ROC) curve analysis using the respective C9 immunostained area for each sample, was performed (Figure 2B). Here, we plotted the percentage of C9 positive area in the septic tissues (sensitivity) against the percentage of C9 positive area in the aseptic tissue (100%-specificity). The area under the curve (AUC) of the ROC analysis is 0.84. Using the Youden’s criteria the threshold for the sensitivity and the specificity (red dashed line) was calculated. The sensitivity for the C9 staining was at 89% (95% of Cl: 78.83% to 96.11%), while the specificity was at 75% (95% of Cl: 58.80% to 87.31%).

To investigate whether there is a pathogen-dependent increase of C9 tissue staining we divided the PJI samples according to the identified pathogen into Staphylococcus spp. (N= 37, 1.75% ± 0.49%), Enterococcus spp. (N= 6, 9.69% ± 4.27%), Streptococcus spp. (N= 3, 5.1% ± 3.13%), Anaerobia (N= 5, 1.86% ± 0.68%) and Polymicrobial infections (N= 5, 4.9% ± 4.15%) and depicted the C9 stained tissue area for each sample. The statistical analysis of C9 immunostaining showed no difference in the amount of C9 tissue staining with regard to the different pathogens detected by the microbiological diagnostic. (Supplementary Figure 1D). Next we co compare the amount of C9 immunofluorescent staining with the aseptic cohort. We observed a significant difference for all pathogens compared to the aseptic tissue, indicating that C9 could be a universal biomarker (Figure 2C).



Anti-C9 immunostaining showed no cross reactivity with chondrocalcinosis and most wear particle types

Since other proposed biomarkers for PJI, such as alpha-defensin, showed cross-reactions with tissue residues of hemorrhaging or abrasive wear, we investigated the cross reactivity of C9 with different inflammatory joint conditions. We included periprosthetic tissue samples from patients with chondrocalcinosis (CC) (14 samples), rheumatoid arthritis (RA) (11 samples) and different types of wear particles (33 samples) (Table 3). The wear particles resulted from the bearing coupling and therefore, the samples were divided into patients with cobalt-chromium (CoCr) (11 samples), titanium-plastic (Ti+Pe) (15 samples) and ceramic (CoC) wear (7 samples). The average age the CC cohort was 65 ± 10, RA had an average age of 61 ± 14 and the wear particle cohort had an average age of 65 ± 11. In the CC cohort 5 samples were from male patients while 9 samples were from females. All periprosthetic tissue sections were collected from the knee. Three samples were from male patients in the RA cohort, while 7 samples were from female patients. In the cohort of the wear particle cohort 17 samples were used from male patients, while 16 samples were used from female patients. The periprosthetic tissue was collected from the hip and the knee (Table 3).


Table 3 | Patient characteristics of septic, CC, RA and wear particles cohort.



We stained the periprosthetic tissue from the different cohorts for C9 and depicted the amount of C9 stained tissue area in the diagram. Patients with CC showed a C9 tissue staining of mean ± SEM: 0.2% ± 0.18%, RA mean ± SEM: 2.83% ± 0.96%, and wear particles had a mean ± SEM: 1.98% ± 1.1% (Figure 3A). The amount of C9 immunostaining was significantly higher in the infected periprosthetic tissue compared to CC synovial tissue (p < 0.0001). C9 staining was also significantly increased in case of wear particles in the periprosthetic tissue compared to septic (p <0.0001). However, no significant difference in the amount of C9 staining in septic tissue compared to RA synovial tissue was observed (p > 0.9999).




Figure 3 | Anti-C9 immunostaining showed no cross reactivity with chondrocalcinosis and most wear particle types (A) Representative immunohistochemical stainings of periprosthetic tissue of patients with PJI (septic), chondrocalcinosis, rheumatoid arthritis and wear particles with the C9-antibody (red) are shown. The values indicate the percentage of C9 stained tissue area. Three images for each patient sample were analyzed (septic: N = 58; chondrocalcinosis: N = 14; rheumatoid arthritis: N = 11; wear particles: N = 33). White arrows indicate C9 stained tissue area. The scale bar (white bar) indicates 50 µm and pictures were taken at 400x magnification. (ANOVA: post hoc, septic vs CC (p < 0.0001), septic vs wear particles (p < 0.0001), septic vs RA (p > 0.999). (B) The ROC-curve for individual percentages of C9 stained tissue area for septic and aseptic samples. Using the Youden’s criteria the best ratio of sensitivity to specificity was selected for each condition (red dashed line). The ROC-curve for septic versus CC group showed an area under the curve of 0.88. The sensitivity was 92.86% (95% of CI: 66.13% to 99.82%) while the specificity was 56.90% (95% of Cl: 43.23% to 69.84%).The ROC-curve for septic versus RA group showed an area under the curve of 0.56. Using the Youden’s criteria the best ratio of sensitivity to specificity was selected (red dashed line). The sensitivity was 72.73% (95% of Cl: 39.03% to 93.98%while the specificity was 58.62% (95% of Cl: 44.93% to 71.40%). The ROC-curve for septic versus wear particles had an AUC of 0.77. Using the Youden’s criteria the best ratio of sensitivity to specificity was selected (red dashed line). The sensitivity was 64.71% (95% of Cl: 46.49% to 80.25%while the specificity was 93.1% (95% of Cl: 83,27% to 98,09%). (C) Representative immunohistochemical staining of the C9-antibody (red) in periprosthetic tissue of patients with PJI (septic) or various wear types can be seen. The values indicate the percentage of C9 stained tissue (septic: N = 58; CoCr: N = 10; Ti+PE: N = 16; CoC: N = 7). Three images for each patient sample were analyzed. White arrows indicate C9 stained tissue area. The scale bar (white bars) indicates 50 µm and pictures were taken at 400 x magnification. (ANOVA: post hoc). *p < 0.05, ****p < 0.0001;.



To test the predictive value of C9 as biomarker in case of the above-mentioned inflammatory joint diseases, we performed a ROC analyses for C9 tissue staining for each condition. The discrimination between CC and septic using C9 staining showed a good predictive value (AUC: 0.88) (Figure 3B). The separation of the amount in C9 staining between septic and RA was lower and showed a lower predictive value. The separation between septic and wear particle containing tissue using C9 staining, however, exhibited an AUC: 0.78.

Since we observed marked differences in the percentage of C9 stained tissue area in the presence of wear particles, we investigated whether the abrasion type had an influence on the amount of C9 stained tissue area (Figure 3C). When comparing the C9 stained area in the septic samples with Ti+ PE (mean ± SEM: 0.45% ± 0.32%, p < 0.0001), and Ceramic on Ceramic (CoC) (mean ± SEM: 0.22% ± 0.18%, p = 0.0156) a clear separation was observed. In the presence of CoCr (mean ± SEM: 5.66% ± 3.57%, p = 0.4095), however, no statistical significance was determined, indicating a cross-reaction between the C9 antibody staining with CoCr wear particles in tissues (Figure 3C).




Discussion

The current study investigated the use of C9 immunostaining of periprosthetic tissues as a biomarker for PJI using patients undergoing THA or TKA revision due to septic or aseptic implant revision. As expected, patients with more than two previous surgeries at the respective joint exhibited more frequently septic (Table 1) (57–59). Comorbidities such as congestive heart failure, diabetes, depression, anemia, chronic lung disease, obesity, rheumatologic disease, kidney disease, and pulmonary circulatory disorders were established as typical risk factors for developing a PJI (60–62). These observations were corroborated in our septic patient cohort (Table 2). The patients in the septic cohort exhibited more often comorbidities compared to the patients in the aseptic cohort. Especially diabetes, renal insufficiency, heart failure, and COPD were more common in the septic group than in the aseptic group.

PJI has been associated with an increase in systemic inflammatory serum markers (14). We observed an increased serum CRP level in most patients in the septic cohort (Figure 1B). However, the discrimination was not clear, as also some aseptic patients exhibited an increased CRP value, as well as not all septic patients exhibited a pathological serum CRP level. Other studies already showed that the predictive value of the serum CRP level for identification of PJI is low (63, 64). The serum WBC count did not show a significant difference between the septic and aseptic cohort in our study. This observation has already been described in another study (65).

In our cohort, we mostly identified pathogens from the Staphylococcus genus in the septic samples (64%) (Figure 1A). This is consistent with other studies, showing that S. aureus and S. epidermidis occur most frequently in PJIs (19, 21, 66). PJIs caused by Streptococcus spp. and Enterococcus, as well as polymicrobial infection and anaerobic pathogens were detected with lower frequency. This is also corroborated by others, as Enterococcus spp. and Streptococcus spp. occur less common in PJIs (66) as well as anaerobia (67, 68).

The MSIS criteria (25) describe that one major factor for the identification of a PJI are two tissue cultures positive for the same pathogen. However, contamination during sampling, the presence of a biofilm on the implant or pre-treatment with antibiotics affects the detection of pathogens using the routine microbiological diagnostic methods (69–72). These influencing factors increase the risk of culture negative (CN)-PJI, leading to an inadequate treatment of the patient (26, 27). Therefore, minor factors such as serum CRP, synovial fluid WBC or histopathology of tissue samples are used for the verification of the diagnosis. Our data indicate that the serum CRP and the serum WBC count in our cohort was of low predictive value for septic identification. The serum CRP, as well as the serum WBC count, can be increased during other acute inflammatory disease, making both parameters unreliable indicators for PJI (65, 73, 74). The prevalence of CN-PJI is about 1- 42% (28–31) raising the need for a biomarker to decrease the number of CN-PJIs.

The complement pathway is an important mechanisms of the innate immune system to fight infections (1). It was shown that previously that C3, C5 and C9 were detectable by immunostaining in the periprosthetic tissue in a cohort of shoulder PJI patients (12). Here, C9 immunostaining of the tissue showed the highest sensitivity and specificity to discriminate between the septic and the aseptic cohort. Therefore, the authors suggested that C9 immunostaining could be used as a possible biomarker for the identification of PJI (12). We observed again a significant increase in C9 immunostaining of the periprosthetic tissue of PJI patients, compared to aseptic loosening (Figure 2A). The ROC curve for percentage C9 immunostaining in the tissue comparing aseptic tissues with septic tissues resulted in an AUC value of 0.84. The Youden’s index indicated a sensitivity of 89.66% and specificity of 75% for C9 as biomarker for PJI. Therefore, according to the classification of biomarkers (75), C9 immunostaining of periprosthetic tissue could be an excellent biomarker for identification of PJI. However, the synovial fluid alpha-defensin ELISA has been described to exhibit a sensitivity of 100% and specificity of 95% for identifying PJI (32, 48–50). It is suggested, that synovial fluid alpha-defensin detection should be used as a supplementary diagnostic method in cases in which PJI cannot be diagnosed clearly, that are nevertheless suspected to be septic (54).

C9 immunostaining exhibited a sensitivity of 89.6%, indicating that not all septic tissues showed C9 immunostaining. A reason might be that the complement pathway is mainly activated in the early phase of infection (76) and that C9 is not present in later stages of infection. However, we did not find a significant correlation when comparing the implantation time with the percentage of C9 stained periprosthetic tissue (Supplementary Figure 1B, p = 0.9985)). In addition, we did not observe a statistical significance for the percentage of C9 stained tissue within the septic cohort, when we divided the PJI cases into early (<3 months after implantation), delayed (3 – 12 months after implantation) and late (>12 months after implantation) infections (Supplementary Figure 1). Therefore, we think that the phase of infection is not the reason for some septic samples being negative for C9 immunostaining.

Next, we tested if the percentage of C9 immunostaining might be dependent on the pathogen causing the PJI (Figure 2C). Here, we divided the septic cohort based on the bacteria causing the PJI into Staphylococcus spp. (66), Streptococcus spp., Enterococcus spp. (66). and Anaerobia (67, 68) as well as polymicrobial PJI (15). No significant difference in the percentage of C9 immunostaining of the periprosthetic tissue was observed between the tested pathogens, indicating that the amount of C9 immunostaining is not pathogen dependent. This finding indicates, that C9 as a potential biomarker can be used independently from factors such as stage of infection, implantation time and pathogen causing the PJI.

Besides not all septic samples being positive for C9 immunostaining, also some aseptic samples were positive for C9 staining, explaining the specificity of 75% for C9 as a biomarker.

As synovial fluid alpha-defensin showed a cross-reactivity in the presence of crystal deposits (53, 77) and abrasive wear (52), we wanted to investigate if the C9 immunostaining in the tissue showed similar cross-reactivity with other inflammatory joint conditions such as chondrocalcinosis (CC), rheumatoid arthritis (RA) and wear particles. We observed no cross-reactivity of C9 immunostaining in the tissue CC and most types of wear particles, while C9 was not able to distinguish between RA and septic. Thurman et al. proposed that some autoantibodies, such as they are present in rheumatoid arthritis (RA), could also activate the terminal complement pathway (78–80). This fact could explain why C9 was also detectable in tissue of RA patients.

Metal particles are known to induce an inflammatory tissue responses (81), therefore it was investigated whether the different wear particle types could also influence the detection of C9 in the periprosthetic tissue (Figure 3C). We found that in the presence of titanium and PE particles (Ti+Pe) and ceramic particles (CoC) C9 was mainly present in the septic cohort, but not in the tissue of the respective bearing couplings. In contrast, periprosthetic tissue from patients with CoCr implants showed a similar C9 immunostaining compared to the septic cohort. A study showed that an immune response was elicited in the presence of cobalt, chromium, and nickel, while no increase was detected with titanium particles (82). CoCr particles were shown to exhibit a sever inflammatory response in a mouse model (81), indicating a difference in the inflammatory capacity of different wear partciles and making CoCr particles more inflammatory than others. This observation could explain why only CoCr wear particles showed a cross-reactivity with C9 immunostaining.

As the synovial fluid alpha-defensin immunoassay is not suggested as stand-alone technique for the routine diagnostic, but should rather be applied in cases where the diagnosis of PJI was unclear (54), we propose that C9 immunostaining should be applied to help the decision making in unclear cases of PJI.

One limitation of our study is that the location of the collected periprosthetic tissue was not clearly defined and standardized throughout the cohort. Due to the unclear sampling area, some samples could be closer to the infection site than other samples, explaining the variety in the percentage of C9 immunostaining in the tissue samples. As in this septic cohort more gram-positive bacteria were causing the PJI, it would be interesting include more samples of other pathogens to clearly show whether there might be a pathogen dependent difference in the C9 detection. Furthermore, we did not analyze specifically if low-grade infections could be identified more clearly with the help of C9 staining, to help identify PJI in unclear cases. Further experiments will be needed to validate the possible use of C9 immunostaining for a more reliably detection of CN-PJIs and low-grade infections.



Conclusion

In this study, we shown that C9 immunostaining is a very good tissue-biomarker for the identification of PJI with biopsy specimens. Due to the high AUC value as well as the high sensitivity and specificity of C9 immunostaining, we propose the use of C9 immunostaining in cases of unclear diagnosis of PJI to secure the treatment suggestion.
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Supplementary Figure 1 | No correlation between the percentages of C9 stained tissue area with the serum CRP level, implantation time, and stage of infection (A) In order to test a potential correlation between the percentage of C9 tissue staining and the serum CRP value of the respective patient. No correlation was observed for the septic and aseptic cohort (Linear regression septic r2 = 0.01; 95% Cl = -0.01 to 0.02, p = 0.41; N = 54; aseptic r2 = 0.004; 95% Cl = -0.02 to 0.04, p = 0.07; N = 37). (B) A potential correlation between the percentage of C9 tissue staining and the implantation time in month the septic and aseptic cohort were compared. No correlation was found for the septic and aseptic cohort (Linear regression: septic r2 = 7.08e-008, 95% Cl = -0.02 to 0.02, p = 0.09; N = 53, aseptic septic r2 = 0.04, 95% Cl = -0.01 to 0.003, p = 0.26; N = 37). (C) Potential influence of infection type (early: <3 months after implantation;, delayed: 3 – 12 months after implantation, months after implantation) on the percentage of C9 tissue staining (early: N = 12, delayed: N = 14, late: N = 27, One-Way-ANOVA with Tukey post hoc test F (2, 50) = 1.26, p=0.29). (D) Representative immunohistochemical staining of C9-antibody (red) in periprosthetic tissue of patients with an PJI caused by staphylococcus sp., streptococcus sp., enterococcus sp., anaerobia and polymicrobial infections. The values indicate the percentage of C9 immunostaining. Three images for each patient sample were analyzed (staphylococcus: N = 37; n = 111, enterococcus N = 3; n = 9; streptococcus: N = 5; n = 15; anaerobia: N = 5; n = 15; polymicrobial infection: N = 6; n = 18). White arrows indicate C9 stained tissue area. The scale bar (white bars) indicates 50 µm and pictures were taken at 400x magnification. No pathogen dependent influence on the percentage of C9 immunostained tissue was observed (One-way ANOVA with Tukey post hoc test: F (4, 51) = 2.682, p=0.0417, which resulted in no significant difference after multiple comparisons between the different groups).



References

1. Dunkelberger, JR, and Song, WC. Complement and its role in innate and adaptive immune responses. Cell Res (2010) 20(1):34–50. doi: 10.1038/cr.2009.139

2. Walport, MJ. Complement. first of two parts. N Engl J Med (2001) 344(14):1058–66. doi: 10.1056/NEJM200104053441406

3. Walport, MJ. Complement. second of two parts. N Engl J Med (2001) 344(15):1140–4. doi: 10.1056/NEJM200104123441506

4. Gros, P, Milder, FJ, and Janssen, BJC. Complement driven by conformational changes. Nat Rev Immunol (2008) 8(1):48–58. doi: 10.1038/nri2231

5. Janssen, BJ, Huizinga, EG, Raaijmakers, HC, Roos, A, Daha, MR, Nilsson-Ekdahl, K, et al. Structures of complement component C3 provide insights into the function and evolution of immunity. Nature (2005) 437(7058):505–11. doi: 10.1038/nature04005

6. Mold, C. Role of complement in host defense against bacterial infection. Microbes Infect (1999) 1(8):633–8. doi: 10.1016/S1286-4579(99)80063-X

7. Sjöholm, AG, Jönsson, G, Braconier, JH, Sturfelt, G, and Truedsson, L. Complement deficiency and disease: An update. Mol Immunol (2006) 43(1-2):78–85. doi: 10.1016/j.molimm.2005.06.025

8. Ram, S, Mackinnon, FG, Gulati, S, McQuillen, DP, Vogel, U, Frosch, M, et al. The contrasting mechanisms of serum resistance of neisseria gonorrhoeae and group b neisseria meningitidis. Mol Immunol (1999) 36(13-14):915–28. doi: 10.1016/S0161-5890(99)00114-5

9. Taylor, PW. Complement-mediated killing of susceptible gram-negative bacteria: an elusive mechanism. Exp Clin Immunogenet (1992) 9(1):48–56.

10. Berends, ET, Mohan, S, Miellet, WR, Ruyken, M, and Rooijakkers, SH. Contribution of the complement membrane attack complex to the bactericidal activity of human serum. Mol Immunol (2015) 65(2):328–35. doi: 10.1016/j.molimm.2015.01.020

11. Adler Sørensen, C, Rosbjerg, A, Hebbelstrup Jensen, B, Krogfelt, KA, and Garred, P. The lectin complement pathway is involved in protection against enteroaggregative escherichia coli infection. Front Immunol (2018) 9:1153. doi: 10.3389/fimmu.2018.01153

12. Meinshausen, AK, Martens, N, Berth, A, Farber, J, Awiszus, F, Macor, P, et al. The terminal complement pathway is activated in septic but not in aseptic shoulder revision arthroplasties. J Shoulder Elbow Surg (2018) 27(10):1837–44. doi: 10.1016/j.jse.2018.06.037

13. Andrej Trampuz, M, and Werner Zimmerli, MD. Diagnosis and treatment of implant-associated septic arthritis and osteomyelitis. Curr Infect Dis Rep (2008) 10:394–403. doi: 10.1007/s11908-008-0064-1

14. Tsaras, G, Osmon, DR, Mabry, T, Lahr, B, Sauveur, JS, Yawn, B, et al. Incidence, secular trends, and outcomes of prosthetic joint infection: A population-based study, Olmsted county, Minnesota, 1969–2007. Infection Control Hosp Epidemiol (2015) 33(12):1207–12. doi: 10.1086/668421

15. Peel, TN, Cheng, AC, Buising, KL, and Choong, PFM. Microbiological aetiology, epidemiology, and clinical profile of prosthetic joint infections: Are current antibiotic prophylaxis guidelines effective? Antimicrobial Agents Chemotherapy (2012) 56(5):2386–91. doi: 10.1128/AAC.06246-11

16. Duff, GP, Lachiewicz, PF, and Kelley, SS. Aspiration of the knee joint before revision arthroplasty. Clin Orthop Relat Res (1996) 331:132–9. doi: 10.1097/00003086-199610000-00018

17. Sendi, P, Banderet, F, Graber, P, and Zimmerli, W. Clinical comparison between exogenous and haematogenous periprosthetic joint infections caused by staphylococcus aureus. Clin Microbiol Infection (2011) 17(7):1098–100. doi: 10.1111/j.1469-0691.2011.03510.x

18. Osmon, DR, Berbari, EF, Berendt, AR, Lew, D, Zimmerli, W, Steckelberg, JM, et al. Diagnosis and management of prosthetic joint infection: Clinical practice guidelines by the infectious diseases society of americaa. Clin Infect Dis (2012) 56(1):e1–e25. doi: 10.1093/cid/cis966

19. Barrett, L, and Atkins, B. The clinical presentation of prosthetic joint infection. J Antimicrobial Chemotherapy (2014) 69(suppl_1):i25–7. doi: 10.1093/jac/dku250

20. Nair, PK, Bhat, VG, and Vaz, MS. Prosthetic joint infections – a clinico-microbiological perspective: Review article. Clin Infect Dis (2014) 4:9–15. doi: 10.5495/wjcid.v4.i3.9

21. Zimmerli, W, and Sendi, P. Pathogenesis of implant-associated infection: The role of the host. Semin Immunopathology (2011) 33(3):295–306. doi: 10.1007/s00281-011-0275-7

22. Lamagni, T. Epidemiology and burden of prosthetic joint infections. J Antimicrobial Chemotherapy (2014) 69(suppl_1):i5–i10. doi: 10.1093/jac/dku247

23. Esposito, S, and Leone, S. Prosthetic joint infections: Microbiology, diagnosis, management and prevention. Int J Antimicrob Agents (2008) 32(4):287–93. doi: 10.1016/j.ijantimicag.2008.03.010

24. Peel, TN, Buising, KL, and Choong, PFM. Diagnosis and management of prosthetic joint infection. Curr Opin Infect Dis (2012) 25:670–6. doi: 10.1097/QCO.0b013e32835915db

25. Parvizi, J, Tan, TL, Goswami, K, Higuera, C, Della Valle, C, Chen, AF, et al. The 2018 definition of periprosthetic hip and knee infection: An evidence-based and validated criteria. J Arthroplasty (2018) 33(5):1309–1314.e2. doi: 10.1016/j.arth.2018.02.078

26. Zappe, B, Graf, S, Ochsner, PE, Zimmerli, W, and Sendi, P. Propionibacterium spp. in prosthetic joint infections: A diagnostic challenge. Arch Orthopaedic Trauma Surg (2008) 128(10):1039–46. doi: 10.1007/s00402-007-0454-0

27. Millett, PJ, Yen, Y-M, Price, CS, Horan, MP, van der Meijden, OA, Elser, F F, et al. Propionibacterium acnes infection as an occult cause of postoperative shoulder pain: A case series. Clin orthopaedics related Res (2011) 469(10):2824–30. doi: 10.1007/s11999-011-1767-4

28. Berbari, EF, Marculescu, C, Sia, I, Lahr, BD, Hanssen, AD, Steckelberg, JM, et al. Culture-negative prosthetic joint infection. Clin Infect Dis (2007) 45(9):1113–9. doi: 10.1086/522184

29. Parvizi, J, Ghanem, E, Menashe, S, Barrack, RL, and Bauer, TW. Periprosthetic infection: What are the diagnostic challenges? J Bone Joint Surg Am (2006) 88 Supplementary 4:138–47. doi: 10.2106/JBJS.F.00609

30. Ghanem, E, Parvizi, J, Clohisy, J, Burnett, S, Sharkey, PF, and Barrack, R. Perioperative antibiotics should not be withheld in proven cases of periprosthetic infection. Clin Orthop Relat Res (2007) 461:44–7. doi: 10.1097/BLO.0b013e318065b780

31. Bejon, P, Berendt, A, Atkins, BL, Green, N, Parry, H, Masters, S, et al. Two-stage revision for prosthetic joint infection: Predictors of outcome and the role of reimplantation microbiology. J Antimicrob Chemother (2010) 65(3):569–75. doi: 10.1093/jac/dkp469

32. Deirmengian, C, Kardos, K, Kilmartin, P, Cameron, A, Schiller, K, and Parvizi, J. Combined measurement of synovial fluid α-defensin and c-reactive protein levels: Highly accurate for diagnosing periprosthetic joint infection. J Bone Joint Surg Am (2014) 96(17):1439–45. doi: 10.2106/JBJS.M.01316

33. Sigmund, IK, Holinka, J, Gamper, J, Staats, K, Böhler, C, Kubista, B, et al. Qualitative α-defensin test (Synovasure) for the diagnosis of periprosthetic infection in revision total joint arthroplasty. Bone Joint J (2017) 99-b(1):66–72. doi: 10.1302/0301-620X.99B1.BJJ-2016-0295.R1

34. Omar, M, Ettinger, M, Reichling, M, Petri, M, Guenther, D, Gehrke, T, et al. Synovial c-reactive protein as a marker for chronic periprosthetic infection in total hip arthroplasty. Bone Joint J (2015) 97-b(2):173–6. doi: 10.1302/0301-620X.97B2.34550

35. Tetreault, MW, Wetters, NG, Moric, M, Gross, CE, and Della Valle, CJ. Is synovial c-reactive protein a useful marker for periprosthetic joint infection? Clin Orthop Relat Res (2014) 472(12):3997–4003. doi: 10.1007/s11999-014-3828-y

36. Póvoa, P, Almeida, E, Moreira, P, Fernandes, A, Mealha, R, Aragão, A, et al. C-reactive protein as an indicator of sepsis. Intensive Care Med (1998) 24(10):1052–6. doi: 10.1007/s001340050715

37. Sierra, R, Rello, J, Bailén, MA, Benítez, E, Gordillo, A, León, C, et al. C-reactive protein used as an early indicator of infection in patients with systemic inflammatory response syndrome. Intensive Care Med (2004) 30(11):2038–45. doi: 10.1007/s00134-004-2434-y

38. Lobo, SM, Lobo, FR, Bota, DP, Lopes-Ferreira, F, Soliman, HM, Mélot, C, et al. C-reactive protein levels correlate with mortality and organ failure in critically ill patients. Chest (2003) 123(6):2043–9. doi: 10.1378/chest.123.6.2043

39. Póvoa, P, Teixeira-Pinto, AM, and Carneiro, AH. C-reactive protein, an early marker of community-acquired sepsis resolution: A multi-center prospective observational study. Crit Care (2011) 15(4):R169. doi: 10.1186/cc10313

40. Póvoa, P, Coelho, L, Almeida, E, Fernandes, A, Mealha, R, Moreira, P, et al. C-reactive protein as a marker of infection in critically ill patients. Clin Microbiol Infect (2005) 11(2):101–8. doi: 10.1111/j.1469-0691.2004.01044.x

41. Fraunberger, P, Wang, Y, Holler, E, Parhofer, KG, Nagel, D, Walli, AK, et al. Prognostic value of interleukin 6, procalcitonin, and c-reactive protein levels in intensive care unit patients during first increase of fever. Shock (2006) 26(1):10–2. doi: 10.1097/01.shk.0000215319.06866.bd

42. Lee, CC, Chen, SY, Tsai, CL, Wu, SC, Chiang, WC, Wang, JL, et al. Prognostic value of mortality in emergency department sepsis score, procalcitonin, and c-reactive protein in patients with sepsis at the emergency department. Shock (2008) 29(3):322–7. doi: 10.1097/SHK.0b013e31815077ca

43. Bjerk, SM, Baker, JV, Emery, S, Neuhaus, J, Angus, B, Gordin, FM, et al. Biomarkers and bacterial pneumonia risk in patients with treated HIV infection: A case-control study. PloS One (2013) 8(2):e56249. doi: 10.1371/journal.pone.0056249

44. Schmit, X, and Vincent, JL. The time course of blood c-reactive protein concentrations in relation to the response to initial antimicrobial therapy in patients with sepsis. Infection (2008) 36(3):213–9. doi: 10.1007/s15010-007-7077-9

45. Gollwitzer, H, Dombrowski, Y, Prodinger, PM, Peric, M, Summer, B, Hapfelmeier, A, et al. Antimicrobial peptides and proinflammatory cytokines in periprosthetic joint infection. JBJS (2013) 95(7):644–51. doi: 10.2106/JBJS.L.00205

46. Ganz, T, Selsted, ME, Szklarek, D, Harwig, SS, Daher, K, Bainton, DF, et al. Defensins. natural peptide antibiotics of human neutrophils. J Clin Invest (1985) 76(4):1427–35. doi: 10.1172/JCI112120

47. Chalifour, A, Jeannin, P, Gauchat, J-F, Blaecke, A, Malissard, M, N'Guyen, T, et al. Direct bacterial protein PAMP recognition by human NK cells involves TLRs and triggers α-defensin production. Blood (2004) 104(6):1778–83. doi: 10.1182/blood-2003-08-2820

48. Deirmengian, C, Hallab, N, Tarabishy, A, Della Valle, C, Jacobs, JJ, Lonner, J, et al. Synovial fluid biomarkers for periprosthetic infection. Clin Orthop Relat Res (2010) 468(8):2017–23. doi: 10.1007/s11999-010-1298-4

49. Deirmengian, C, Kardos, K, Kilmartin, P, Cameron, A, Schiller, K, Booth, RE Jr, et al. The alpha-defensin test for periprosthetic joint infection outperforms the leukocyte esterase test strip. Clin Orthop Relat Res (2015) 473(1):198–203. doi: 10.1007/s11999-014-3722-7

50. Deirmengian, C, Kardos, K, Kilmartin, P, Cameron, A, Schiller, K, and Parvizi, J. Diagnosing periprosthetic joint infection: Has the era of the biomarker arrived? Clin Orthop Relat Res (2014) 472(11):3254–62. doi: 10.1007/s11999-014-3543-8

51. Bingham, J, Clarke, H, Spangehl, M, Schwartz, A, Beauchamp, C, and Goldberg, B. The alpha defensin-1 biomarker assay can be used to evaluate the potentially infected total joint arthroplasty. Clin Orthop Relat Res (2014) 472(12):4006–9. doi: 10.1007/s11999-014-3900-7

52. Bonanzinga, T, Zahar, A, Dütsch, M, Lausmann, C, Kendoff, D, and Gehrke, T. How reliable is the alpha-defensin immunoassay test for diagnosing periprosthetic joint infection? a prospective study. Clin Orthop Relat Res (2017) 475(2):408–15. doi: 10.1007/s11999-016-4906-0

53. Plate, A, Stadler, L, Sutter, R, Anagnostopoulos, A, Frustaci, D, Zbinden, R, et al. Inflammatory disorders mimicking periprosthetic joint infections may result in false-positive α-defensin. Clin Microbiol Infection (2018) 24(11):1212.e1–1212.e6. doi: 10.1016/j.cmi.2018.02.019

54. Amanatullah, DF, Cheng, RZ, Jih, III, Maloney, WJ, Finlay, AK, Kappagoda, S, et al. The routine use of synovial alpha-defensin is not necessary. Bone Joint J (2020) 102-B(5):593–9. doi: 10.1302/0301-620X.102B5.BJJ-2019-0473.R3

55. Tarabichi, M, Shohat, N, Goswami, K, Alvand, A, Silibovsky, R, Belden, K, et al. Diagnosis of periprosthetic joint infection: The potential of next-generation sequencing. J Bone Joint Surg Am (2018) 100(2):147–54. doi: 10.2106/JBJS.17.00434

56. Tan, TL, Kheir, MM, Shohat, N, Tan, DD, Kheir, M, Chen, C, et al. Culture-negative periprosthetic joint infection: An update on what to expect. JB JS Open Access (2018) 3(3):e0060. doi: 10.2106/JBJS.OA.17.00060

57. Goldberg, AL, Kettelhut, IC, Furuno, J, Fagan, JM, and Baracos, V. Activation of protein breakdown and prostaglandin E2 production in rat skeletal muscle in fever is signaled by a macrophage product distinct from interleukin 1 or other known monokines. J Clin Invest (1988) 81(5):1378–1383). doi: 10.1172/JCI113466

58. Smucny, M, Menendez, ME, Ring, D, Feeley, BT, and Zhang, AL. Inpatient surgical site infection after shoulder arthroplasty. J Shoulder Elbow Surg (2015) 24(5):747–53. doi: 10.1016/j.jse.2014.12.024

59. Fehring, TK, Odum, S, Calton, TF, and Mason, JB. Articulating versus static spacers in revision total knee arthroplasty for sepsis. Ranawat Award Clin Orthop Relat Res (2000) 380):9–16. doi: 10.1097/00003086-200011000-00003

60. Baek, S-H. Identification and preoperative optimization of risk factors to prevent periprosthetic joint infection. World J orthopedics (2014) 5(3):362–7. doi: 10.5312/wjo.v5.i3.362

61. Bozic, KJ, Lau, E, Kurtz, S, Ong, K, and Berry, DJ. Patient-related risk factors for postoperative mortality and periprosthetic joint infection in medicare patients undergoing TKA. Clin Orthop Relat Res (2012) 470(1):130–7. doi: 10.1007/s11999-011-2043-3

62. Bozic, KJ, Lau, E, Kurtz, S, Ong, K, Rubash, H, Vail, TP, et al. Patient-related risk factors for periprosthetic joint infection and postoperative mortality following total hip arthroplasty in Medicare patients. JBJS (2012) 94(9):794–800. doi: 10.2106/JBJS.K.00072

63. Pohlig, F, Mühlhofer, HML, Lenze, U, Lenze, FW, Suren, C, Harrasser, N, et al. Diagnostic accuracy of arthroscopic biopsy in periprosthetic infections of the hip. Eur J Med Res (2017) 22(1):6. doi: 10.1186/s40001-017-0246-0

64. Sanzén, L, and Sundberg, M. Periprosthetic low-grade hip infections erythrocyte sedimentation rate and c-reactive protein in 23 cases. Acta Orthopaedica Scandinavica (1997) 68(5):461–5. doi: 10.3109/17453679708996263

65. Parvizi, J, and Gehrke, T. Definition of periprosthetic joint infection. J Arthroplasty (2014) 29(7):1331. doi: 10.1016/j.arth.2014.03.009

66. Nair, P, Bhat, V, and Vaz, MS. Prosthetic joint infections-a clinico-microbiological perspective: Review article. World J Clin Infect Dis (2014) 4(3):9–15. doi: 10.5495/wjcid.v4.i3.9

67. Tande, AJ, and Patel, R. Prosthetic joint infection. Clin Microbiol Rev (2014) 27(2):302–45. doi: 10.1128/CMR.00111-13

68. Shah, NB, Tande, AJ, Patel, R, and Berbari, EF. Anaerobic prosthetic joint infection. Anaerobe (2015) 36:1–8. doi: 10.1016/j.anaerobe.2015.08.003

69. Trampuz, A, Piper, KE, Hanssen, AD, Osmon, DR, Cockerill, FR, Steckelberg, JM, et al. Sonication of explanted prosthetic components in bags for diagnosis of prosthetic joint infection is associated with risk of contamination. J Clin Microbiol (2006) 44(2):628–31. doi: 10.1128/JCM.44.2.628-631.2006

70. Holinka, J, Bauer, L, Hirschl, AM, Graninger, W, Windhager, R, and Presterl, E. Sonication cultures of explanted components as an add-on test to routinely conducted microbiological diagnostics improve pathogen detection. J Orthop Res (2011) 29(4):617–22. doi: 10.1002/jor.21286

71. Trampuz, A, Osmon, DR, Hanssen, AD, Steckelberg, JM, and Patel, R. Molecular and antibiofilm approaches to prosthetic joint infection. Clin Orthop Relat Res (2003) 414):69–88. doi: 10.1097/01.blo.0000087324.60612.93

72. Cremniter, J, Slassi, A, Quincampoix, JC, Sivadon-Tardy, V, Bauer, T, Porcher, R, et al. Decreased susceptibility to teicoplanin and vancomycin in coagulase-negative staphylococci isolated from orthopedic-device-associated infections. J Clin Microbiol (2010) 48(4):1428–31. doi: 10.1128/JCM.02098-09

73. Ghanem, E, Antoci, V Jr, Pulido, L, Joshi, A, Hozack, W, and Parvizi, J. The use of receiver operating characteristics analysis in determining erythrocyte sedimentation rate and c-reactive protein levels in diagnosing periprosthetic infection prior to revision total hip arthroplasty. Int J Infect Dis (2009) 13(6):e444–9. doi: 10.1016/j.ijid.2009.02.017

74. Berbari, E, Mabry, T, Tsaras, G, Spangehl, M, Erwin, PJ, Murad, MH, et al. Inflammatory blood laboratory levels as markers of prosthetic joint infection: A systematic review and meta-analysis. J Bone Joint Surg Am (2010) 92(11):2102–9. doi: 10.2106/JBJS.I.01199

75. Turabieh, H, Mafarja, M, and Li, X. Iterated feature selection algorithms with layered recurrent neural network for software fault prediction. Expert Syst Appl (2019) 122:27–42. doi: 10.1016/j.eswa.2018.12.033

76. Janeway, CA Jr, Walport, M, and Li, X. Immunobiology: The immune system in health and disease. 5th edition. New York: Garland Science (2001).

77. Han, X, Xie, K, Jiang, X, Wang, L, Wu, H, Qu, X, et al. Synovial fluid α-defensin in the diagnosis of periprosthetic joint infection: The lateral flow test is an effective intraoperative detection method. J Orthopaedic Surg Res (2019) 14(1):274. doi: 10.1186/s13018-019-1320-9

78. Heinen, S, Pluthero, FG, van Eimeren, VF, Quaggin, SE, and Licht, C. Monitoring and modeling treatment of atypical hemolytic uremic syndrome. Mol Immunol (2013) 54(1):84–8. doi: 10.1016/j.molimm.2012.10.044

79. Lintner, KE, Wu, YL, Yang, Y, Spencer, CH, Hauptmann, G, Hebert, LA, et al. Early components of the complement classical activation pathway in human systemic autoimmune diseases. Front Immunol (2016) 7(36). doi: 10.3389/fimmu.2016.00036

80. Thurman, JM, and Yapa, R. Complement therapeutics in autoimmune disease. Front Immunol (2019) 10(672). doi: 10.3389/fimmu.2019.00672

81. Baldwin, L, and Hunt, JA. Host inflammatory response to NiCr, CoCr, and Ti in a soft tissue implantation model. J Orthop Surg Res (2006) 79A(3):574–81. doi: 10.1002/jbm.a.30856

82. Hallab, NJ, et al. Immune responses correlate with serum-metal in metal-on-metal hip arthroplasty. J Arthroplasty (2004) 19(8 Supplementary 3):88–93. doi: 10.1016/j.arth.2004.09.012


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Meinshausen, Färber, Illiger, Macor, Lohmann and Bertrand. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 12 April 2023

doi: 10.3389/fimmu.2023.1107334

[image: image2]


Decreased mannan-binding lectin level in adults with hypopituitarism; dependence on appropriate hormone replacement therapies


Aleksandra E. Matusiak 1, Jan Stępniak 2, Andrzej Lewiński 1,3 and Małgorzata Karbownik-Lewińska 1,2*


1 Department of Endocrinology and Metabolic Diseases, Polish Mother’s Memorial Hospital – Research Institute, Lodz, Poland, 2 Department of Oncological Endocrinology, Medical University of Lodz, Lodz, Poland, 3 Department of Endocrinology and Metabolic Diseases, Medical University of Lodz, Lodz, Poland




Edited by: 

Lillemor Skattum, Department of Laboratory Medicine, Lund University, Sweden

Reviewed by: 

Christian Drouet, U1016 Institut Cochin (INSERM), France

Hadida Yasmin, Cooch Behar Panchanan Barma University, India

*Correspondence:
 Małgorzata Karbownik-Lewińska
 malgorzata.karbownik-lewinska@umed.lodz.pl

Specialty section: 
 This article was submitted to Molecular Innate Immunity, a section of the journal Frontiers in Immunology


Received: 24 November 2022

Accepted: 21 March 2023

Published: 12 April 2023

Citation:
Matusiak AE, Stępniak J, Lewiński A and Karbownik-Lewińska M (2023) Decreased mannan-binding lectin level in adults with hypopituitarism; dependence on appropriate hormone replacement therapies. Front. Immunol. 14:1107334. doi: 10.3389/fimmu.2023.1107334






Background

Mannan-binding lectin (MBL) is a main component of the lectin pathway of the complement system. Although there are some studies showing links between endocrine and immune systems, the ones concerning hypopituitarism are limited. The aim of this study was to check whether there is any association between blood MBL level and pituitary hormone deficiencies and whether this relationship is affected by appropriate hormone replacement therapies.





Methods

One hundred and twenty (120) inpatients, aged 18-92, were divided into two main groups, i.e. control individuals (21/120) and patients with pituitary diseases (99/120). The latter were diagnosed either with hypopituitarism (n=42) or with other pituitary diseases (not causing hypopituitarism) (n=57). Additionally, hypopituitary patients on appropriate replacement therapies (compensated hypopituitarism) were compared to patients on inappropriate replacement therapies (non-compensated hypopituitarism). Several parameters in blood serum were measured, including MBL level, pituitary and peripheral hormones and different biochemical parameters.





Results

Serum MBL level was significantly lower in patients with hypopituitarism comparing to controls (1358.97 ± 244.68 vs. 3199.30 ± 508.46, p<0.001) and comparing to other pituitary diseases (1358.97 ± 244.68 vs. 2388.12 ± 294.99, p=0.015) and this association was confirmed by univariate regression analysis. We evaluated the distribution of patients with relation to MBL level; there was a clear difference in this distribution between control individuals (among whom no subjects had MBL level <500 ng/mL) and patients with hypopituitarism (among whom 43% of patients had MBL level <500 ng/mL). Moreover, patients with non-compensated hypopituitarism had lower mean and median MBL levels comparing to patients with compensated hypopituitarism (1055.38 ± 245.73 vs. 2300.09 ± 579.93, p=0.027; 488.51 vs. 1951.89, p=0.009, respectively) and this association was confirmed in univariate regression analysis. However, mean and median MBL levels in patients with compensated hypopituitarism vs. controls did not differ significantly (2300.09 ± 579.93 vs. 3199.30 ± 508.46, p=0.294; 1951.90 vs. 2329.16; p=0.301, respectively).





Conclusion

Hypopituitarism in adults is associated with a decreased blood concentration of mannan-binding lectin, a phenomenon which does not exist in hypopituitary patients on the appropriate hormone replacement therapies. Therefore measurement of mannan-binding lectin level in patients with hypopituitarism may be considered as a parameter contributing to adjust optimal doses of hormone replacement therapies.





Keywords: mannan-binding lectin (MBL), complement system, lectin pathway, hypopituitarism, endocrine disorders




1 Introduction

The complement system is an important effector arm of innate immunity and plays a crucial role in the defense against common pathogens. Effective defense and maintenance of homeostasis requires a perfect balance between complement activation and control.

Mannan-binding lectin (MBL, also referred to as mannose-binding lectin), which constitutes a main component of the lectin pathway of the complement system, is an immune defense plasma protein synthesized in the liver and its basal concentration in human plasma is primarily genetically determined (1, 2). MBL plays a crucial role in the immune response (2).

Although the concentration of MBL is genetically determined, there are some other factors affecting MBL level such as bacterial infection, for example caused by Streptococcus pneumoniae (3) or viral infection resulting in hepatitis C (4) or COVID-19 (5).

There are studies showing the existence of casual links between the endocrine and the immune system. MBL is one possible connection between these fields. Of great importance are findings showing association of MBL level with thyroid dysfunction. Increased MBL blood concentrations were found in hyperthyroid, while decreased MBL levels were found in hypothyroid (6, 7) patients. Even high-normal TSH (>2.5 mIU/L) in women of childbearing age, which is commonly considered to be just abnormal in this specific population, was associated with lower MBL concentrations (8). Clinical findings also indicate that growth hormone (GH) influences the concentration of MBL in blood plasma (9, 10). Baseline concentrations of MBL were found to be lower in GH deficient patients and higher in patients with acromegaly (9). Moreover, treatment with rhGH significantly increased MBL concentrations in healthy and GH-deficient subjects (9). Expectedly, the treatment with pegvisomant (GH receptor antagonist) or with octreotide (somatostatin analog) in acromegalic patients decreased MBL level (9). Also stimulatory effects of growth hormone and thyroid hormones on MBL synthesis in the human hepatocyte cell line were documented (11). According to our knowledge there are no published data regarding effects of other pituitary tropic hormones (or their deficiencies) on complement lectin pathway. Therefore published evidence on connections between endocrine system and lectin pathway is rather poor and our study does constitute a next step to broaden this field.

The aim of the present study was to investigate whether pituitary hormone deficiencies (hypopituitarism) influence MBL blood level and whether MBL concentration may be changed in response to appropriate hormone replacement therapies in patients with hypopituitarism. Also a possible relationship between MBL and other laboratory parameters, which may be affected by pituitary dysfunction, was examined.




2 Materials and methods

The Ethical Committee of the Polish Mother’s Memorial Hospital - Research Institute, Lodz, Poland approved all the procedures applied in the present study, and fully informed written consent was obtained from all patients (No. 47/2019, 87/2022).

One hundred and twenty (120) inpatients (89 females, 74%), aged 18-92, who were admitted to the hospital because any pituitary disease was suspected, were enrolled to the study in the years 2019-2022. All participants were patients of the Department of Endocrinology and Metabolic Diseases, Polish Mother’s Memorial Hospital - Research Institute, Lodz, Poland. Individuals were not randomized into groups and blinding was not performed because our study is not a randomized controlled trial (and individuals simply could not ethically be randomized and blinded).

	The patients were divided into two main groups:

	− Controls – twenty one out of 120 subjects (21/120; 17.5%) with non-secreting pituitary microadenomas, Empty Sella Syndrome and pituitary cysts [the two latter not causing pituitary dysfunction] and with no other endocrine diseases; therefore no therapeutical intervention was required and these patients were treated as healthy individuals;

	− Patients with pituitary diseases – ninety nine out of 120 subjects (99/120; 82.5%). All these patients required any endocrine treatment.

	The second group of 99 patients was further divided into two following groups:

	- forty two (42) out of 120 subjects (42/120; 35%) diagnosed with hypopituitarism of different degree, i.e. with different number of pituitary deficiencies;

	- fifty seven (57) out of 120 subjects (57/120; 47.5%) with other pituitary diseases (not causing hypopituitarism of any degree) such as secreting microadenomas or non-secreting and secreting macroadenomas; patients after pituitary surgery or after radiotherapy (but without pituitary insufficiency); two patients with PROP-1 gene mutation; one patient with Schaaf-Yang syndrome; also patients with non-secreting microadenomas or Empty Sella Syndrome and with coexisting primary hypothyroidism.

	Patients with hypopituitarism (n=42) were divided into two following groups:

	- patients who were on appropriate hormone replacement therapies (compensated hypopituitarism; n=10)

	- patients who were not on appropriate hormone replacement therapies (non-compensated hypopituitarism; n=32).



We evaluated the accuracy of hormone replacement therapies by checking if levels of the individual end-organ hormones are in target ranges, according to the current guidelines (12).

	Patients with hypopituitarism (n=42) had the following pituitary deficiencies:

	1. one pituitary deficiency (n=9); compensated (n=5) vs. non-compensated (n=4):

	- isolated GH deficiency (Shaaf-Yang Syndrome), 1 patient; non-compensated

	- isolated LH/FSH deficiency (hypogonadotropic hypogonadism due to macroprolactinoma), 1 patient; non-compensated

	- isolated TSH deficiency (one patient with pituitary apoplexy being secondary to abrupt hemorrhage or infarction of pituitary adenoma and two idiopathic cases confirmed in thyrotropin-releasing hormone (TRH) stimulation test), 3 patients; compensated

	- isolated ACTH deficiency (two cases after surgery due to Cushing disease and two cases of the empty sella syndrome), 4 patients; compensated (n=2) vs. non-compensated (n=2)

	2. two pituitary deficiencies (n=7); compensated (n=1) vs. non-compensated (n=6):

	- LH/FSH and GH deficiency (2 patients); non-compensated

	- LH/FSH and TSH deficiency (3 patients); compensated (n=1) vs. non-compensated (n=2)

	- TSH and ACTH deficiency (2 patients); non-compensated

	3. three pituitary deficiencies (n=9); compensated (n=2) vs. non-compensated (n=7):

	- GH, LH/FSH and TSH (3 patients); non-compensated

	- GH, LH/FSH and ACTH deficiency (3 patients); compensated (n=1) vs. non-compensated (n=2)

	- GH, TSH and ACTH deficiency (1 patient); non-compensated

	- LH/FSH, TSH and ACTH deficiency (2 patients); compensated (n=1) vs. non-compensated (n=1);

	4. four pituitary (GH, LH/FSH, TSH, ACTH) deficiencies (n=12); compensated (n=2) vs. non-compensated (n=10)

	5. five pituitary (GH, LH/FSH, TSH, ACTH, Prl) deficiencies (panhypopituitarism) (n=5); non-compensated.



Study design diagram is presented in Figure 1.




Figure 1 | Study design diagram.



Exclusion criteria constituted: malignant diseases and severe acute/chronic diseases other than pituitary or thyroid diseases.

Body mass and body height were measured to calculate BMI.

Blood samples were collected after an overnight fast at 7 a.m. and all laboratory parameters were measured either in the whole blood or blood serum for diagnostic purposes. Additionally, blood sample (1 mL) was centrifuged (3000 x g, 10 min, 4°C) in order to obtain serum, and stored at -80°C until appropriate assay to measure MBL level.



2.1 Parameters measured in blood serum

The concentrations of hormones (thyroid-stimulating hormone, TSH; free triiodothyronine, FT3; free thyroxine, FT4; luteinizing hormone, LH; follicle-stimulating hormone, FSH; adrenocorticotropic hormone; ACTH; cortisol; growth hormone, GH; prolactin, Prl; parathyroid hormone, PTH), of thyroid antibodies (thyroid peroxidase antibody, TPOAb; thyroglobulin antibody, TgAb; TSH receptor antibody, TSHRAb) and of vitamin D were measured in blood serum with immunochemiluminescent method (Cobas e-601; Roche Diagnostics). Other laboratory parameters (insulin-like growth factor I, IGF-I; total cholesterol, TChol; HDL cholesterol, HDLC; LDL cholesterol, LDLC; triglycerides, TGs; glucose; aspartate aminotransferase, ASPAT; alanine aminotransferase, ALAT; bilirubin; sodium, Na; potassium, K; chlorides, Cl; calcium, Ca; urea; creatinine; C-reactive protein, CRP) were measured in blood serum with standard methods (Vitros 4600/Vitros 5.1; Johnson&Johnson). Complete blood count, i.e., red blood cells, RBC; hemoglobin, Hgb; white blood cells, WBC; hematocrit, HCT; platelets; neutrophils; lymphocytes; eosinophils; basophils; and monocytes were measured with Sysmex XN-2000 Hematology System.

Anthropometric measurements included body height and body mass, which were used to calculate Body Mass Index (BMI).




2.2 Assay to measure MBL

Serum concentration of MBL was measured by an enzyme-linked immunoabsorbant assay (ELISA) using a commercial Homo sapiens (Human) MBL ELISA KIT (Cloud-Clone Corp, USA, no. SEB480Hu), with a detection threshold of 0.156-10 ng/mL. The kit is a sandwich enzyme immunoassay for in vitro quantitative measurement of MBL. The protocol for the ELISA was performed following the manufacturer’s guidelines. The absorbance was measured with the use of multifunctional microplate reader (VICTOR X4, Perkin Elmer, USA) with a wavelength of 450 ± 10 nm. Each sample was measured twice. The concentration of the tested factor in the analyzed sample was determined on the basis of a calibration curve created with the use of Four Parameter Logistic (4PL) Regression. WorkOut 2.5 software was used for the analysis.




2.3 Statistical analyses

The Student’s unpaired t test or Mann-Whitney U test were used to compare differences between independent groups; the results are presented as means ± SEM or median ± SEM, respectively. To evaluate correlations between MBL level and all other linear parameters, Pearson’s correlation coefficient was applied.

Univariate followed by multivariate regression analyses were performed to determine which linear (continuous) variables might have been associated with considered dichotomized variables (patients with hypopituitarism vs. patients without hypopituitarism, compensated vs. non-compensated hypopituitarism).

The 2-sided ratio comparison test was used to determine the probability (frequency) of events.

Distribution of number/percentage of patients with different MBL concentrations is presented on histograms.

Statistical analysis was performed using SigmaPlot version 11.0 (RRID : SCR_003210) (Systat Software, Inc., San Jose, CA, USA). Statistical significance has been determined at the level of p<0.05.

Experimental individuals were not randomized into groups because this was deemed irrelevant to this study. Blinding was unnecessary as this is not a randomized controlled trial (and individuals simply could not ethically be blinded).





3 Results

All linear laboratory parameters in control individuals (n=21) were compared to those obtained in patients with hypopituitarism (n=42), in patients with other pituitary diseases (n=57) and also in patients with pituitary diseases (n=42+57) (Table 1). Patients with hypopituitarism and also all patients with pituitary diseases were, unfortunately, older than control individuals. The groups did not differ regarding body mass and BMI. Expectedly concentrations of some pituitary hormones or hormones released by their target peripheral glands were lower in patients with hypopituitarism (and also in patients with other pituitary diseases or in all patients with pituitary diseases) than in control individuals and these differences relate to ACTH, LH, FSH (of borderline significance), TSH and, regarding peripheral hormones, to cortisol and FT3. Of importance is the finding that IGF-I concentration was significantly lower in patients with hypopituitarism comparing to healthy individuals as well as comparing to patients with other pituitary diseases (p=0.019 in case of both comparisons). Regarding lipid profile, total cholesterol was higher in patients with hypopituitarism than in controls (p=0.043).


Table 1 | Clinical/laboratory parameters in control individuals (n=21) vs. patients with hypopituitarism (n=42), vs. patients with other pituitary diseases (n=57) and vs. all patients with pituitary diseases (n=99).



Because MBL level can be affected by inflammation, we have checked the prevalence of the increased C reactive protein (CRP) concentrations in particular groups and we did not find statistically significant differences between any groups, i.e. control (1/15, 7%) vs. patients with hypopituitarism (7/33, 21%), p=0.233; control (1/15, 7%) vs. patients with other pituitary diseases (6/45, 13%), p=0.531; patients with hypopituitarism (7/33, 21%) vs. patients with other pituitary diseases (6/45, 13%), p=0.349. In control individuals only one patient had slightly increased CRP level, i.e. 14.8 mg/L (1.48 mg/dL), comparing to the upper normal range being 10 mg/L (1 mg/dL). In hypopituitary patients and in patients with other pituitary diseases the highest CRP levels were 14.2 mg/L (1.42 mg/dL) and 14.9 mg/L (1.49 mg/dL), respectively (data not shown).

The concentration of MBL in blood serum was significantly lower in patients with pituitary diseases (n=99) than in control individuals (Figure 2 left). When patients with hypopituitarism (n=42) and patients with other pituitary diseases (n=57) were considered separately, the lowest MBL level was found in patients with hypopituitarism – comparing to control individuals, as well as comparing to patients with other pituitary diseases (Figure 2 right).




Figure 2 | Mean (± SEM) values of mannan-binding lectin (MBL) level in control individuals (n=21) and in patients with pituitary diseases (n=99) (left) or mean (± SEM) values of MBL level in control individuals (n=21), in patients with hypopituitarism (n=42) and in patients with other pituitary diseases (n=57) (right). Statistical evaluation was performed by an unpaired Student’s t-test. The statistical differences are marked in the graphics.



We evaluated the distribution of patients (number of patients – Figure 3 left graphs; percentage of patients – Figure 3 right graphs) with relation to MBL level. There is a clear difference in this distribution between control individuals, in whom no subjects had MBL level below 500 ng/mL and most subjects, i.e. 19/21 (90.5%), had MBL level above 1000 ng/mL, versus hypopituitary patients, in whom as many as 18/42 patients (42.9%) had MBL level below 500 ng/mL and 18/42 patients (42.9%) had MBL level above 1000 ng/mL. Histogram presenting patients with other pituitary diseases is something in between the two, with only 8/57 patients (14%) having MBL concentration below 500 ng/mL, and with as many as 39/57 patients (68.4%) who had MBL level above 1000 ng/mL.




Figure 3 | Histograms of the distribution of number of patients (left graphs) or percentage of patients (right graphs) with relation to mannan-binding lectin (MBL) level in control individuals (n=21), in patients with hypopituitarism (n=42), and in patients with other pituitary diseases (n=57).



In the group of patients with hypopituitarism (n=42) we have checked if patients with the lowest levels of MBL (<500 ng/mL) differ from patients with higher levels of MBL (>500 ng/mL) regarding their age. The mean age of patients with MBL levels <500 ng/mL (n=18) was 49.39± 4.44 whereas of those with MBL levels above this cut-off point (n=24) the mean age was 50.92 ± 3.65 and this difference was not statistically significant (p=0.790). Similarly, no differences regarding mean age of patients with lower levels of MBL (<500 ng/mL) (n=13) versus higher levels of MBL (>500 ng/mL) (n=44) were found when the group of patients with other pituitary diseases (n=57) was considered (48.38 ± 4.11 vs. 44.61 ± 2.60, p=0.479).

We compared mean and median values of MBL level in a group of patients with hypopituitarism who were on appropriate replacement therapies (compensated hypopituitarism) versus patients being on inadequate replacement therapies (non-compensated hypopituitarism) (Figure 4). Patients with non-compensated hypopituitarism did have lower mean MBL level (Figure 4 left graph) and lower median MBL level (Figure 4 right graph) comparing to patients with compensated hypopituitarism. Patients with non-compensated hypopituitarism obviously had lower mean MBL level (Figure 4 left graph) and lower median MBL level (Figure 4 right graph) comparing to control individuals. However, mean and median MBL levels in patients with compensated hypopituitarism versus controls did not differ significantly (Figure 4, 2300.09 ± 579.93 vs. 3199.30 ± 508.46, p=0.294; 1951.90 vs. 2329.16; p=0.301, respectively).




Figure 4 | Bar chart of mean (± SEM) (left graph) and box plot of median (± SEM) (right graph) values of mannan-binding lectin (MBL) level in control individuals (n=21) and patients with hypopituitarism (n=42) who are on appropriate replacement therapies (compensated hypopituitarism, n=10) vs. inadequate replacement therapies (non-compensated hypopituitarism, n=32). Central line of each box denotes the median, the top and bottom edges of the box show the 25% and 75% percentile, with the 10% and 90% percentiles shown by the upper and lower whiskers. Statistical evaluation was performed by an unpaired Student’s t-test or Mann-Whitney U test respectively. *p<0.05 vs. compensated hypopituitarism, ◼p<0.05 vs control individuals.



Additionally, MBL level was compared between patients with compensated versus non-compensated hypopituitarism depending on how many pituitary axes were involved, i.e. on the number of pituitary deficiencies (Table 2). Although no statistically significant differences were found (due to low numbers of individuals and to very high standard error of the mean, SEM) mean MBL levels tend to be higher in patients with compensated hypopituitarism in most of subgroups considered. Of importance is the finding that among patients with non-compensated hypopituitarism a tendency is seen for lower mean (Figure 5 left) and median (Figure 5 right) MBL levels in patients with higher numbers of pituitary deficiencies; the lowest MBL level was found in patients with panhypopituitarism. Unfortunately, these differences did not reach statistical significance (Table 2 and Figure 5).


Table 2 | Mean (± SEM) values of mannan-binding lectin (MBL) level in patients with hypopituitarism (n=42) who are on appropriate replacement therapies (compensated hypopituitarism, n=10) vs. inadequate replacement therapies (non-compensated hypopituitarism, n=32) presented in particular subgroups of individuals depending on how many pituitary axes are involved.






Figure 5 | Bar chart of mean (± SEM) (left graph) and box plot of median (± SEM) (right graph) values of mannan-binding lectin (MBL) level in patients with hypopituitarism who are on inadequate replacement therapies (non-compensated hypopituitarism) presented in particular subgroups of individuals depending on how many pituitary axes are involved. Central line of each box denotes the median, the top and bottom edges of the box show the 25% and 75% percentile. No statistically significant differences were found.



Possible correlations between MBL level and all other linear parameters were evaluated in control individuals, in patients with hypopituitarism, in patients with other pituitary diseases, and it the whole group of individuals (Table 3). Of great importance with relation to the findings of the present study is the observation that MBL level did not correlate with age in any of the groups considered. The most prominent result does constitute the positive correlation between MBL level and insulin-like growth factor I (IGF-I) level in patients with hypopituitarism and in patients with other pituitary diseases and also in the whole group of individuals. Positive correlation between MBL level and glucose concentration was found in patients with hypopituitarism. MBL level also correlated with FT3 concentration in the whole group examined. Apart from patients with hypopituitarism, in all other groups MBL level correlated with hematocrit (HCT) as well as with red blood cells (RBC) (the latter with borderline significance). Other correlations such as between MBL level and TgAb concentration or hemoglobin (Hgb) in controls or between MBL level and bilirubin concentration in patients with hypopituitarism or between MBL level and potassium concentration (negative correlation) in patients with other pituitary diseases can be neglected and therefore they will be not discussed in this paper.


Table 3 | Correlations between mannan-binding lectin (MBL) level and clinical/laboratory parameters in 4 groups considered: Control individuals (n=21), patients with hypopituitarism (n=42), patients with other pituitary diseases (n=57), and the whole group of individuals (n=120).



We evaluated the percentage of abnormal lipid profile in control individuals versus unhealthy patients (Table 4). The increased total cholesterol was found more frequently in patients with hypopituitarism (Table 4 above) or in patients with pituitary diseases (Table 4 below) than in control individuals.


Table 4 | Percentage of abnormal lipid profile in control individuals (n=21) vs. patients with hypopituitarism (n=42) (above), and in control individuals (n=21) vs. patients with pituitary diseases (n=99) (below).



The univariate/multivariate logistic regression analyses were performed to determine which linear variables are associated with hypopituitarism (Table 5). In the univariate analysis conducted in a group of 63 subjects (control individuals plus patients with hypopituitarism; n=21+42) the following three determinants, i.e. age, total cholesterol (TChol) concentration and lymphocyte concentration, were positively associated with hypopituitarism, whereas MBL level, TSH concentration, FT3 concentration, LH, ACTH and IGF-I were negatively associated with hypopituitarism. Unfortunately, all these determinants lost their statistical significance in multivariate logistic regression analysis (Table 5 above).


Table 5 | Univariate and multivariate logistic regression analyses of hypopituitarism determinants (linear variables) performed in the following groups: Control plus patients with hypopituitarism (n=21+42) (above), and the whole group of individuals (n=120) (below).



When univariate regression analysis was performed in the whole group of individuals (n=120) the same relationships were found as described above for the group of 63 patients. Additionally, FSH was negatively, whereas creatinine was positively, associated with hypopituitarism. In multivariate regression analysis the only determinant positively associated with hypopituitarism was, unexpectedly, TChol concentration (Table 5 below).

Another univariate logistic regression analysis was performed only in the group of patients with hypopituitarism to determine which linear variables are associated with inadequate hormone replacement therapies (non-compensated hypopituitarism) (Table 6). Three determinants, i.e. FT3, LH and MBL levels were negatively associated with inadequate replacement therapies (non-compensated hypopituitarism). In multivariate regression analysis these three determinants lost their statistical significance.


Table 6 | Univariate logistic regression analysis of non-compensated hypopituitarism (inadequate hormone replacement therapies) determinants (linear variables) performed in patients with hypopituitarism (n=42).



Because vitamin D deficiency affects the immune system we have checked if the percentages of patients with decreased vitamin D differ between Control and unhealthy individuals and if MBL levels differ between individuals with vitamin D deficiency and with vitamin D sufficiency (Table 7). Regarding the first comparison (made with the two-sided ratio comparison test), severe vitamin D deficiency occurred less commonly in patients with hypopituitarism vs. Controls (5/33, 15% vs. 6/16, 37%, p=0.087) as well as less commonly in the group of all patients with pituitary diseases (n=99) vs. Control (16/72, 22% vs. 6/16, 37%, p=0.211), however these differences did not reach statistical significance (data not presented). Regarding the other comparison, the evaluation was done in the group of patients with hypopituitarism as well as in the whole group examined. Severe vitamin D deficiency <20 ng/mL was characterized, unexpectedly, by higher MBL levels when the evaluation was done in patients with hypopituitarism as well as in the whole group examined, however these differences were of borderline significance (Table 7 below). The cut-off vitamin D level of 30 ng/mL was not associated with any substantial differences (Table 7 above).


Table 7 | Mean MBL concentration in patients with/without Vit. D deficiency (<30 ng/mL/≥30 ng/mL) (above) or severe vitamin D deficiency (<20 ng/mL/≥20 ng/mL) (below) evaluated in control individuals (n=21) and in the whole group of individuals (n=120).



Because the level of thyroid antibodies express thyroid autoimmunity resulting from the disturbed efficiency of the immune system we checked the prevalence of the increased concentrations of thyroid antibodies (positive thyroid antibodies) in our population sample and mean MBL levels in individuals with positive versus negative thyroid antibodies. In the whole group examined (n=120), in patients with hypopituitarism (n=42), in patients with other pituitary diseases (n=57) and in control individuals (n=21), positive thyroid antibodies were found with the following frequencies: 16/85 (18.82%), 4/27 (14.81%), 9/40 (22.50%), and 3/21 (14.29%), respectively (data not presented). As evaluated by the ratio comparison test, the prevalence of positive thyroid antibodies did not differ statistically between the following groups: control vs. hypopituitary patients, p=0.923; control vs. other pituitary diseases, p=0.454; hypopituitary patients vs. patients with other pituitary diseases, p=0.478.

Thereafter, we compared MBL levels between subgroups with positive and negative thyroid antibodies. MBL concentrations did not differ statistically between individuals with positive versus negative thyroid antibodies when the statistical comparison was made in the whole group of individuals or in patients with hypopituitarism or in patients with other pituitary diseases or in control individuals; Respective comparisons of MBL levels are as follows: 2231.13 ± 605.94 ng/mL vs. 2134.04 ± 259.46 ng/mL, p=0.874; 613.70 ± 223.04 ng/mL vs.1399.36 ± 312.80 ng/mL, p=0.315; 1820.67 ± 604.92 ng/mL vs. 2386.34 ± 433.09 ng/mL, p=0.520; 5619.05 ng/mL ± 1568.53 ng/mL vs. 2739.16 ng/mL ± 585.68 ng/mL, p=0.068 (data not presented).

Summarizing the issue on the possible contribution of positive thyroid antibodies to MBL level it should be stated on the basis of the current results that MBL concentration, in any of groups considered, is not statistically affected by thyroid autoimmunity.




4 Discussion

It is well known that patients with hypopituitarism have impaired general health (13, 14). It is highly probable that the immune response might be disturbed, at least or especially via secondary adrenal insufficiency (15). That is why it can be hypothesized that certain abnormalities of the lectin pathway of the complement system are already present under conditions of pituitary hormone insufficiency.

Patients with hypopituitarism considered in our study suffered from hypopituitarism of different degree, i.e. they had from one to all five pituitary deficiencies. Therefore we discuss shortly particular pituitary deficiencies with relation to our study. Regarding GH deficiency, that one was not confirmed in our patients with the use of insulin tolerance test, being still a gold standard. The reason being is that just till recently we did not have in Poland the reimbursement for the treatment with recombinant human GH (rhGH); however, it has just been confirmed in 2018 (16). It should be recalled that in most cases hypopituitarism develops gradually with GH deficiency being usually the first one, followed by LH/FSH deficiency, TSH deficiency, ACTH deficiency and prolactin deficiency (12, 17). Therefore, it is highly probable that most of our patients with different diagnosed pituitary deficiencies had also GH deficiency (with exception of patients with isolated deficiencies) and that was confirmed indirectly by lower IGF-I levels in patients with hypopituitarism (Table 1) and by the observation that lower IGF-I concentrations, similarly to pituitary tropic hormones (i.e. TSH, LH and ACTH), were associated with hypopituitarism in the univariate regression analysis (Table 5).

The main observation from our study is that MBL level is lower in patients with hypopituitarism comparing to healthy individuals and even to patients with other pituitary diseases (Figure 2) and the former relationship was also confirmed by univariate regression analysis (Table 5). When the distribution of patients with relation to MBL level was evaluated, no healthy individuals had MBL level below 500 ng/mL whereas almost half of hypopituitary subjects had MBL below this cut-off level.

Such studies have not been performed before. There were only studies concerning relationship between MBL and GH deficiency or excess (9, 10), as it has been already mentioned in the Introduction section. Although IGF-I is the main mediator of GH action on numerous processes, such as linear bone growth and metabolic processes (18), probably it does not mediate GH action on the lectin pathway, because IGF-I treatment did not change MBL level in healthy and GH deficient individuals (9). However, positive correlation between IGF-I and MBL found in our study (Table 3) is not in contradiction with the above (9), but simply indicates that low IGF-I level expresses GH deficiency. After all it would be very difficult to confirm the possible correlation between MBL and GH levels due to short half-life of GH making its blood concentration unstable (19).

Not only pituitary tropic hormones, but also peripheral hormones produced by target endocrine glands, contribute to appropriate functioning of the immune system (20–23) and, at the same time, probably also to proper formation of MBL. Such an assumption can be confirmed by results from the present study showing that patients with hypopituitarism being on appropriate replacement therapies (patients with compensated hypopituitarism) had higher MBL levels comparing to those on inadequate replacement therapies (patients with non-compensated hypopituitarism, Figure 4 and Table 6).

Positive correlation found between MBL and glucose concentration in patients with hypopituitarism may be associated with the fact that glucose concentration is positively regulated by two pituitary hormones, i.e. GH and ACTH (via cortisol). In turn, positive correlation noted between MBL and FT3 in the whole group examined may result from stimulatory effects of thyroid hormones on complement system and MBL level, as it was already mentioned in the Introduction section (6–8). Consistently, the finding that lower FT3 concentrations in patients with hypopituitarism are associated with inadequate replacement therapy, as was documented by univariate regression analysis (Table 6), is expected and may result directly from the lack of L-thyroxine therapy in patients with secondary hypopituitarism.

Regarding abnormal lipid profile, the increased total cholesterol was observed more frequently in patients with pituitary diseases, especially in hypopituitary patients, comparing to healthy individuals (Table 4), and total cholesterol concentration was found to be the only independent factor associated with hypopituitarism (Table 5). Such relationships may result mostly from two pituitary deficiencies, namely GH deficiency (24, 25) and TSH deficiency (causing secondary hypothyroidism) (26). Regarding the latter, such findings are in agreement with what is commonly observed in patients with primary hypothyroidism (26, 27). Even high normal TSH (8, 27, 28) and isolated hypothyroxinemia (29) were associated with abnormal lipid profile in women of childbearing age.

Because a proper supply of vitamin D contributes to appropriate functioning of the immune system (30–32), we checked to what extent vitamin D deficiency changes MBL level. Our patients with hypopituitarism (and also the whole group examined) who had severe vitamin D deficiency were characterized by higher MBL levels than those with recommended vitamin D concentrations (Table 7). Therefore such results exclude the possibility that lower MBL level found in our hypopituitary patients may result from vitamin D deficiency. At the same time such results make our observation that low MBL level is directly associated with hypopituitarism much stronger. In turn, rarer occurrence of severe vitamin D deficiency in our hypopituitary patients may possibly result from the assumption that patients who were treated properly with peripheral hormones due to hypopituitarism, did take adequate dose of vitamin D either. It can be mentioned that our observation is in apparent contradiction with results showing that growth hormone deficiency (non-compensated) is associated with vitamin D deficiency (33).

Results obtained in the present study suggest that the degree to which MBL is decreased in patients with hypopituitarism depends on whether the patients were on appropriate replacement therapies and on how many pituitary axes were involved (Figures 4, 5 and Table 2). Regarding the first point (i.e. appropriate vs. inappropriate hormone replacement therapies) it has been statistically confirmed (Figure 4) that patients with compensated hypopituitarism have higher mean and median MBL levels when compared to patients with non-compensated hypopituitarism. Because MBL level in compensated patients did not differ statistically from healthy individuals we can state that appropriate hormone replacement therapies improved substantially the functioning of the lectin pathway. In other words, hypopituitary patients on appropriate replacement therapies have the same (or being very close) functioning of the lectin pathway as healthy individuals.

The other mentioned above component which affects MBL level in our hypopituitary patients is the number of pituitary deficiencies. Although no statistically significant differences were found between MBL levels with relation to numbers of pituitary deficiencies, a tendency is seen to the decreased MBL levels with higher numbers of pituitary axes involved. The observation showing that MBL level decreases in patients with four pituitary deficiencies, being especially low in patients with panhypopituitarism, suggests that ACTH deficiency (usually being the fourth deficiency in gradually developing hypopituitarism) resulting in secondary adrenal insufficiency contributes strongly to weakening of the lectin pathway. It should also be mentioned that extremely low MBL level of 96.2 ng/mL was found in our patient with one isolated ACTH deficiency. In this context it can be recalled that the hypothalamic-pituitary-adrenal (HPA) axis is stimulated during the course of certain immune processes (21) and that glucocorticoids, secreted from the adrenal cortex, have pleiotropic (both immunoenhancing and immunosuppressive) effects on the immune system (34, 35), playing also a role in the immune system development (36). In turn, in large prospective study of hypopituitary patients significant increase in the mortality from respiratory infections was reported (13); It is not excluded that the lectin pathway is involved in this last phenomenon because low MBL levels were found to be associated with increased susceptibility to infections (37). Regarding the fifth deficiency, i.e. prolactin deficiency, the low efficiency of the lectin pathway (resulting in low MBL level) could be rather associated with severity of the disease such as panhypopituitarism than with low concentration of prolactin by itself. It should be recalled that physiological role of prolactin, except pregnancy and lactation, is not of great significance comparing to other pituitary hormones. However, it is worth mentioning that prolactin participates in the pathogenesis and activity of several autoimmune disorders (38), such as for example systemic lupus erythematosus (39). It should be also mentioned that the single highest values of MBL levels found in our patients with non-compensated hypopituitarism did relate to an individual with three pituitary deficiencies (5891.87 ng/mL) and to another individual with four pituitary deficiencies (4135.07 ng/mL), which is not easy to explain. One should realize that not only low MBL levels but also its higher concentrations may be associated with some pathological conditions as it was confirmed for example in acromegalic patients (9). It can be concluded that due to low number of our patients with particular pituitary deficiencies the current results do constitute the basis for future studies with larger population samples to confirm that high numbers of pituitary deficiencies contribute to lower effectiveness of the lectin pathway.

Because positive thyroid antibodies (similarly to other kind of antibodies) result from the weakening of the immune system and because the association was found between MBL gene polymorphisms and susceptibility to autoimmune thyroid diseases (40) we checked whether the prevalence of positive thyroid antibodies differs between particular groups and whether mean MBL levels differ in individuals with positive versus negative thyroid antibodies. The prevalence of positive thyroid antibodies was relatively high, i.e. from 14.29% to 22.50%, which can be explained by relatively high age of individuals (41). However, it did not differ between subgroups; It should be especially stressed that very similar percentages of positive thyroid antibodies were found in control and hypopituitary individuals (14.29% vs. 14.81%). Regarding MBL level, no statistically significant differences were found between individuals with positive versus negative antibodies independent of the group considered. Both these observations suggest that the thyroid autoimmunity was not the leading causative factor of the decreased MBL level in our patients with hypopituitarism.

Although patients with hypopituitarism were older than control individuals, we did not find any correlation between MBL level and age in any group considered (Table 2). Additionally regarding the group of hypopituitary patients and also of patients with other pituitary diseases, mean age of patients with lowest concentrations of MBL (<500 ng/mL) did not differ (was very similar) from mean age of patients with higher levels of MBL (>500 ng/mL) (49.34 ± 4.44 vs. 50.92 ± 3.65 years). Concerning published studies, it is not documented that MBL level is associated with age (42). The only exception is our previous study in which negative correlation was observed between MBL level and age in a specific group of individuals i.e. women of reproductive age (8).

The current study has, of course, some limitations. The first one is that the groups considered were not well matched in terms of age, however we confirmed statistically that MBL level was not associated with age in any group considered and, what is of great importance, patients with MBL <500 ng/mL were not older than those with MBL >500 ng/mL. Also in the earlier mentioned study, the group of GH deficient patients and healthy individuals were unmatched (9). The next limitation is that the population sample was relatively small (i.e. 120 individuals with 42 patients diagnosed with hypopituitarism). However in studies published so far population samples examined were similarly not very large, comprising 30 healthy individuals, 25 GH-deficient patients, 23 acromegalic patients (9) or four different studies with total group of 108 patients with Turner syndrome and 99 control individuals (10). Another limitation relates to the fact that our patients were not diagnosed with the insulin tolerance test (being a gold standard) to confirm GH deficiency and that they were not treated with rhGH. At last it should be stressed that the only measured parameter of the lectin pathway was MBL concentration so we do not know if decreased MBL level in hypopituitary patients results from decreased formation of this component or its increased consumption. It is also unknown to what extent MBL concentrations are associated with MBL genotypes in particular individuals; as in humans MBL2 genotype is the most important factor affecting circulating MBL concentration (43), it would be valuable to analyze polymorphisms in the MBL2 gene in our patients. Unfortunately, we do not possess appropriate fractions such as the whole blood or frozen clotted blood samples to extract genomic DNA. Therefore at this moment it is impossible to check if MBL concentrations and MBL2 genotypes are distributed in a similar way in the particular groups that are compared, which does constitute a separate limitation.

Taking into account results published so far, MBL level can serve especially as a diagnostic marker (6–8, 44–46). Regarding the application of our current findings, the measurement of MBL level in patients with pituitary hormone deficiencies may be helpful in adjusting optimal doses of appropriate hormone replacement therapies.

According to our knowledge our study is the first one to demonstrate lower MBL level in adults with hypopituitarism of different degree when comparing not only to healthy individuals, but also to hypopituitary patients being on appropriate hormonal replacement therapies. Whether the decreased MBL level in hypopituitary patients reverses alongside replacement treatment remains to be confirmed in longitudinal studies. Additionally, to confirm that high numbers of pituitary deficiencies contribute to lower effectiveness of the lectin pathway larger population samples should be examined. Therefore further studies should be performed to explain direct association between lectin pathway of the complement system with particular pituitary deficiencies and with appropriate hormonal treatment.

Summarizing, hypopituitarism in adults is associated with impaired lectin pathway of the complement system as documented by lower mannan-binding lectin levels. As this phenomenon does not exist in patients with compensated hypopituitarism, it is highly probable that the decreased concentrations of mannan-binding lectin return to normal with the appropriate hormone replacement therapies. Therefore measurement of mannan-binding lectin level in patients with hypopituitarism may be considered as an additional factor helpful to optimize hormone replacement therapies. Additionally, if changes of other components of the lectin pathway are confirmed in hypopituitary patients this will further clarify immune mechanisms of unfavorable consequences of pituitary hormone deficiencies and, consequently, will broaden the knowledge in the field of a relationship between immune and endocrine systems.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving human participants were reviewed and approved by Ethical Committee of the Polish Mother’s Memorial Hospital - Research Institute, Lodz, Poland (No. 47/2019, 87/2022). The patients/participants provided their written informed consent to participate in this study.





Author contributions

Conceptualization: MK-L and AEM; methodology: MK-L and AL; software: JS; validation: MK-L; formal analysis: AEM, JS; investigation: AEM; writing—original draft preparation: AEM; writing—review and editing: MK-L; visualization: JS; supervision: MK-L and AL. All authors contributed to the article and approved the submitted version.





Funding

This study was financially supported by statutory funds from the Medical University of Lodz, Lodz, Poland (Project No. 503/1-168-01/503-11-001-19-00 and 503/1-107-03/503-11-001-19-00).




Acknowledgments

The part of the studies, i.e. MBL measurements, was carried out at the Research Laboratory CoreLab of the Medical University of Lodz.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Turner, MW. The role of mannose-binding lectin in health and disease. Mol Immunol (2003) 40:423–9. doi: 10.1016/S0161-5890(03)00155-X

2. Garred, P, Genster, N, Pilely, K, Bayarri-Olmos, R, Rosbjerg, A, Ma, YJ, et al. A journey through the lectin pathway of complement-MBL and beyond. Immunol Rev (2016) 274:74–97. doi: 10.1111/imr.12468

3. Gil, E, Noursadeghi, M, and Brown, JS. Streptococcus pneumoniae interactions with the complement system. Front Cell Infect Microbiol (2022) 12:929483. doi: 10.3389/fcimb.2022.929483

4. Zhang, J, Chen, N, Chen, Z, Liu, Y, Zheng, K, Qiu, Y, et al. Low mannose binding lectin, but not l-ficolin, is associated with spontaneous clearance of hepatitis c virus after infection. Front Immunol (2020) 11:587669. doi: 10.3389/fimmu.2020.587669

5. Devalaraja-Narashimha, K, Ehmann, PJ, Huang, C, Ruan, Q, Wipperman, MF, Kaplan, T, et al. Association of complement pathways with COVID-19 severity and outcomes. Microbes Infect (2022) 6:105081. doi: 10.1016/j.micinf.2022.105081

6. Potlukova, E, Jiskra, J, Freiberger, T, Limanova, Z, Zivorova, D, Malickova, K, et al. The production of mannan-binding lectin is dependent upon thyroid hormones regardless of the genotype: a cohort study of 95 patients with autoimmune thyroid disorders. Clin Immunol (2010) 136:123–9. doi: 10.1016/j.clim.2010.02.015

7. Riis, AL, Hansen, TK, Thiel, S, Gravholt, CH, Gjedde, S, Gormsen, LC, et al. Thyroid hormone increases mannan-binding lectin levels. Eur J Endocrinol (2005) 153:643–9. doi: 10.1530/eje.1.02013

8. Karbownik-Lewinska, M, Stepniak, J, Marcinkowska, M, Krygier, A, and Lewinski, A. High normal TSH is associated with lower mannan-binding lectin in women of childbearing age. BMC Endocr Disord (2020) 20:1. doi: 10.1186/s12902-019-0484-y

9. Hansen, TK, Thiel, S, Dall, R, Rosenfalck, AM, Trainer, P, Flyvbjerg, A, et al. GH strongly affects serum concentrations of mannan-binding lectin: evidence for a new IGF-I independent immunomodulatory effect of GH. J Clin Endocrinol Metab (2001) 86:5383–8. doi: 10.1210/jcem.86.11.8009

10. Gravholt, CH, Leth-Larsen, R, Lauridsen, AL, Thiel, S, Hansen, TK, Holmskov, U, et al. The effects of GH and hormone replacement therapy on serum concentrations of mannan-binding lectin, surfactant protein d and vitamin d binding protein in turner syndrome. Eur J Endocrinol (2004) 150:355–62. doi: 10.1530/eje.0.1500355

11. Sørensen, CM, Hansen, TK, Steffensen, R, Jensenius, JC, and Thiel, S. Hormonal regulation of mannan-binding lectin synthesis in hepatocytes. Clin Exp Immunol (2006) 145:173–82. doi: 10.1111/j.1365-2249.2006.03101.x

12. Fleseriu, M, Hashim, IA, Karavitaki, N, Melmed, S, Murad, MH, and Salvatori, R. Samuels MH hormonal replacement in hypopituitarism in adults: an endocrine society clinical practice guideline. J Clin Endocrinol Metab (2016) 101:3888–921. doi: 10.1210/jc.2016-2118

13. Tomlinson, JW, Holden, N, Hills, RK, Wheatley, K, Clayton, RN, Bates, AS, et al. Association between premature mortality and hypopituitarism. West Midlands prospective hypopituitary study group. Lancet (2001) 357:425–31. doi: 10.1016/S0140-6736(00)04006-X

14. Jasim, S, Alahdab, F, Ahmed, AT, Tamhane, S, Prokop, LJ, Nippoldt, TB, et al. Mortality in adults with hypopituitarism: a systematic review and meta-analysis. Endocrine (2017) 56:33–42. doi: 10.1007/s12020-016-1159-3

15. Dineen, R, Martin-Grace, J, Thompson, CJ, and Sherlock, M. The management of glucocorticoid deficiency: current and future perspectives. Clin Chim Acta (2020) 505:148–59. doi: 10.1016/j.cca.2020.03.006

16. Lewiński, A, Smyczyńska, J, Stawerska, R, Hilczer, M, Stasiak, M, Bednarczuk, T, et al. National program of severe growth hormone deficiency treatment in adults and adolescents after completion of growth promoting therapy. Endokrynol Pol (2018) 69:468–524. doi: 10.5603/EP.a2018.0054

17. Kim, SY. Diagnosis and treatment of hypopituitarism. Endocrinol Metab (Seoul) (2015) 30:443–55. doi: 10.3803/EnM.2015.30.4.443

18. Giustina, A, Mazziotti, G, and Canalis, E. Growth hormone, insulin-like growth factors, and the skeleton. Endocr Rev (2008) 29:535–59. doi: 10.1210/er.2007-0036

19. Bidlingmaier, M, and Strasburger, CJ. Growth hormone. Handb Exp Pharmacol (2010) 195:187–200. doi: 10.1007/978-3-540-79088-4_8

20. Averyanova, M, Vishnyakova, P, Yureneva, S, Yakushevskaya, O, Fatkhudinov, T, Elchaninov, A, et al. Sex hormones and immune system: menopausal hormone therapy in the context of COVID-19 pandemic. Front Immunol (2022) 13:928171. doi: 10.3389/fimmu.2022.928171

21. Besedovsky, HO, del Rey, A, Klusman, I, Furukawa, H, Monge Arditi, G, and Kabiersch, A. Cytokines as modulators of the hypothalamus-pituitary-adrenal axis. J Steroid Biochem Mol Biol (1991) 40:613–8. doi: 10.1016/0960-0760(91)90284-C

22. Valentino, R, Savastano, S, Tommaselli, AP, Riccio, A, Mariniello, P, Pronesti, G, et al. Hormonal pattern in women affected by rheumatoid arthritis. J Endocrinol Invest (1993) 16:619–24. doi: 10.1007/BF03347683

23. Rey, AD, Mahuad, CV, Bozza, VV, Bogue, C, Farroni, MA, Bay, ML, et al. Endocrine and cytokine responses in humans with pulmonary tuberculosis. Brain Behav Immun (2007) 21:171–9. doi: 10.1016/j.bbi.2006.06.005

24. Karbownik-Lewinska, M, Kokoszko, A, Lewandowski, KC, Shalet, SM, and Lewinski, A. GH replacement reduces increased lipid peroxidation in GH-deficient adults. Clin Endocrinol (Oxf) (2008) 68:957–64. doi: 10.1111/j.1365-2265.2007.03142.x

25. Giovannini, L, Tirabassi, G, Muscogiuri, G, Di Somma, C, Colao, A, and Balercia, G. Impact of adult growth hormone deficiency on metabolic profile and cardiovascular risk [Review]. Endocr J (2015) 62:1037–48. doi: 10.1507/endocrj.EJ15-0337

26. O'Brien, T, Dinneen, SF, O'Brien, PC, and Palumbo, PJ. Hyperlipidemia in patients with primary and secondary hypothyroidism. Mayo Clin Proc (1993) 68:860–6. doi: 10.1016/S0025-6196(12)60694-6

27. Karbownik-Lewińska, M, Stępniak, J, Żurawska, A, and Lewiński, A. Less favorable lipid profile and higher prevalence of thyroid antibodies in women of reproductive age with high-normal TSH-retrospective study. Int J Environ Res Public Health (2020) 17:2122. doi: 10.3390/ijerph17062122

28. Karbownik-Lewinska, M, Marcinkowska, M, Stepniak, J, and Lewinski, A. TSH ≥2.5 mIU/l is associated with the increased oxidative damage to membrane lipids in women of childbearing age with normal thyroid tests. Horm Metab Res (2017) 49:321–6. doi: 10.1055/s-0042-120712

29. Karbownik-Lewińska, M, Stępniak, J, and Lewiński, A. Potential risk factors for isolated hypothyroxinemia in women of childbearing age-results from retrospective analysis. J Clin Med (2021) 10:5384. doi: 10.3390/jcm10225384

30. Zhao, R, Zhang, W, Ma, C, Zhao, Y, Xiong, R, Wang, H, et al. Immunomodulatory function of vitamin d and its role in autoimmune thyroid disease. Front Immunol (2021) 12:574967. doi: 10.3389/fimmu.2021.574967

31. Durrant, LR, Bucca, G, Hesketh, A, Möller-Levet, C, Tripkovic, L, Wu, H, et al. Vitamins D2 and D3 have overlapping but different effects on the human immune system revealed through analysis of the blood transcriptome. Front Immunol (2022) 13:790444. doi: 10.3389/fimmu.2022.790444

32. Ismailova, A, and White, JH. Vitamin d, infections and immunity. Rev Endocr Metab Disord (2022) 23:265–77. doi: 10.1007/s11154-021-09679-5

33. Savanelli, MC, Scarano, E, Muscogiuri, G, Barrea, L, Vuolo, L, Rubino, M, et al. Cardiovascular risk in adult hypopituitaric patients with growth hormone deficiency: is there a role for vitamin d? Endocrine (2016) 52:111–9. doi: 10.1007/s12020-015-0779-3

34. Cain, DW, and Cidlowski, JA. Immune regulation by glucocorticoids. Nat Rev Immunol (2017) 17:233–47. doi: 10.1038/nri.2017.1

35. Shimba, A, Ejima, A, and Ikuta, K. Pleiotropic effects of glucocorticoids on the immune system in circadian rhythm and stress. Front Immunol (2021) 12:706951. doi: 10.3389/fimmu.2021.706951

36. Quatrini, L, Ricci, B, Ciancaglini, C, Tumino, N, and Moretta, L. Regulation of the immune system development by glucocorticoids and sex hormones. Front Immunol (2021) 12:672853. doi: 10.3389/fimmu.2021.672853

37. Dommett, RM, Klein, N, and Turner, MW. Mannose-binding lectin in innate immunity: past, present and future. Tissue Antigens (2006) 68:193–209. doi: 10.1111/j.1399-0039.2006.00649.x

38. Borba, VV, Zandman-Goddard, G, and Shoenfeld, Y. Prolactin and autoimmunity. Front Immunol (2018) 9:73. doi: 10.3389/fimmu.2018.00073

39. Carreón-Talavera, R, Santana-Sánchez, P, Fuentes-Pananá, EM, Legorreta-Haquet, MV, Chávez-Sánchez, L, Gorocica-Rosete, PS, et al. Prolactin promotes proliferation of germinal center b cells, formation of plasma cells, and elevated levels of IgG3 anti-dsDNA autoantibodies. Front Immunol (2022) 13:1017115. doi: 10.3389/fimmu.2022.1017115

40. Xu, J, Suo, L, Zhao, J, Cai, T, Mei, N, Du, P, et al. MBL2 polymorphism may be a protective factor of autoimmune thyroid disease susceptibility. Mol Genet Genomics (2022) 298:95–105. doi: 10.1007/s00438-022-01960-9

41. Pinchera, A, Mariotti, S, Barbesino, G, Bechi, R, Sansoni, P, Fagiolo, U, et al. Thyroid autoimmunity and ageing. Horm Res (1995) 43:64–8. doi: 10.1159/000184239

42. Barton, JC, Barton, JC, and Bertoli, LF. Clinical and laboratory associations of mannose-binding lectin in 219 adults with IgG subclass deficiency. BMC Immunol (2019) 20:15. doi: 10.1186/s12865-019-0296-x

43. Garred, P, Larsen, F, Seyfarth, J, Fujita, R, and Madsen, HO. Mannose-binding lectin and its genetic variants. Genes Immun (2006) 7:85–94. doi: 10.1038/sj.gene.6364283

44. Rizk, DV, Maillard, N, Julian, BA, Knoppova, B, Green, TJ, Novak, J, et al. The emerging role of complement proteins as a target for therapy of IgA nephropathy. Front Immunol (2019) 10:504. doi: 10.3389/fimmu.2019.00504

45. So, BYF, Chan, GCW, Yap, DYH, and Chan, TM. The role of the complement system in primary membranous nephropathy: a narrative review in the era of new therapeutic targets. Front Immunol (2022) 13:1009864. doi: 10.3389/fimmu.2022.1009864

46. Belmonte, B, Mangogna, A, Gulino, A, Cancila, V, Morello, G, Agostinis, C, et al. Distinct roles of classical and lectin pathways of complement in preeclamptic placentae. Front Immunol (2022) 13:882298. doi: 10.3389/fimmu.2022.882298




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Matusiak, Stępniak, Lewiński and Karbownik-Lewińska. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 25 October 2023

doi: 10.3389/fimmu.2023.1206409

[image: image2]


Modeling complement activation on human glomerular microvascular endothelial cells


Kes H. Stevens 1, Laura M. Baas 1, Thea J. A. M. van der Velden 1, Romy N. Bouwmeester 1, Niels van Dillen 1, Eiske M. Dorresteijn 2, Arjan D. van Zuilen 3, Jack F. M. Wetzels 4, Marloes A. H. M. Michels 1,5, Nicole C. A. J. van de Kar 1† and Lambertus P. van den Heuvel 1,5,6,7*†


1 Department of Pediatric Nephrology, Amalia Children’s Hospital, Radboud University Medical Center, Nijmegen, Netherlands, 2 Department of Pediatric Nephrology, Sophia Children’s Hospital, Erasmus Medical Center, Rotterdam, Netherlands, 3 Department of Nephrology and Hypertension, University Medical Center Utrecht, Utrecht, Netherlands, 4 Department of Nephrology, Radboud University Medical Center, Nijmegen, Netherlands, 5 Department of Laboratory Medicine, Radboud University Medical Center, Nijmegen, Netherlands, 6 Department of Pediatrics/Pediatric Nephrology, University Hospitals Leuven, Leuven, Belgium, 7 Department of Development and Regeneration, University Hospitals Leuven, Leuven, Belgium




Edited by: 

Erik J. M. Toonen, Hycult Biotech, Netherlands

Reviewed by: 

Agnes Szilagyi, Semmelweis University, Hungary

Christoph Licht, University of Toronto, Canada

*Correspondence: 

Lambertus P. van den Heuvel
 bert.vandenheuvel@radboudumc.nl


†These authors have contributed equally to this work and share last authorship



Received: 15 April 2023

Accepted: 03 October 2023

Published: 25 October 2023

Citation:
Stevens KH, Baas LM, van der Velden TJAM, Bouwmeester RN, van Dillen N, Dorresteijn EM, van Zuilen AD, Wetzels JFM, Michels MAHM, van de Kar NCAJ and van den Heuvel LP (2023) Modeling complement activation on human glomerular microvascular endothelial cells. Front. Immunol. 14:1206409. doi: 10.3389/fimmu.2023.1206409






Introduction

Atypical hemolytic uremic syndrome (aHUS) is a rare kidney disease caused by dysregulation of the complement alternative pathway. The complement dysregulation specifically leads to damage to the glomerular endothelium. To further understand aHUS pathophysiology, we validated an ex vivo model for measuring complement deposition on both control and patient human glomerular microvascular endothelial cells (GMVECs).





Methods

Endothelial cells were incubated with human test sera and stained with an anti-C5b-9 antibody to visualize and quantify complement depositions on the cells with immunofluorescence microscopy.





Results

First, we showed that zymosan-activated sera resulted in increased endothelial C5b-9 depositions compared to normal human serum (NHS). The levels of C5b-9 depositions were similar between conditionally immortalized (ci)GMVECs and primary control GMVECs. The protocol with ciGMVECs was further validated and we additionally generated ciGMVECs from an aHUS patient. The increased C5b-9 deposition on control ciGMVECs by zymosan-activated serum could be dose-dependently inhibited by adding the C5 inhibitor eculizumab. Next, sera from five aHUS patients were tested on control ciGMVECs. Sera from acute disease phases of all patients showed increased endothelial C5b-9 deposition levels compared to NHS. The remission samples showed normalized C5b-9 depositions, whether remission was reached with or without complement blockage by eculizumab. We also monitored the glomerular endothelial complement deposition of an aHUS patient with a hybrid complement factor H (CFH)/CFH-related 1 gene during follow-up. This patient had already chronic kidney failure and an ongoing deterioration of kidney function despite absence of markers indicating an aHUS flare. Increased C5b-9 depositions on ciGMVECs were observed in all samples obtained throughout different diseases phases, except for the samples with eculizumab levels above target. We then tested the samples on the patient’s own ciGMVECs. The C5b-9 deposition pattern was comparable and these aHUS patient ciGMVECs also responded similar to NHS as control ciGMVECs.





Discussion

In conclusion, we demonstrate a robust and reliable model to adequately measure C5b-9-based complement deposition on human control and patient ciGMVECs. This model can be used to study the pathophysiological mechanisms of aHUS or other diseases associated with endothelial complement activation ex vivo.





Keywords: alternative pathway, atypical hemolytic uremic syndrome, C5b-9, complement system, eculizumab, glomerular endothelium




1 Introduction

Atypical hemolytic uremic syndrome (aHUS) is a rare but severe kidney disease belonging to the group of thrombotic microangiopathies (TMA) and is characterized by mechanical hemolytic anemia, thrombocytopenia and acute kidney injury (AKI) (1, 2). The damage to the glomerular endothelium is caused by a dysregulation of the alternative pathway (AP) of the complement system. Before the introduction of the complement inhibitor eculizumab, around 50% of the aHUS patients progressed into end-stage kidney failure, and mortality rates up to 25% in the acute phase were reported (3–8). With eculizumab, a humanized monoclonal antibody targeting C5, morbidity and mortality rates have significantly improved (9, 10).

The complement system is a powerful tool of the innate immune system to eliminate pathogens and apoptotic/necrotic host cells. The system can be initiated via three different pathways: the classical pathway, lectin pathway, and AP (11–13). In contrast to the classical and lectin pathway, the AP is constitutively active at a low level by a process called ‘tick-over’. This results in low levels of active C3, able to form C3 convertases that cleave C3 into C3a and C3b. C3b is an important opsonin, but also supports subsequent formation of C5 convertases that cleave C5 into C5a and C5b. C5a is a powerful chemoattractant, and C5b supports formation of the C5b-9 complex, also known as the membrane attack complex. C5b-9 formation on the cell leads to impaired membrane integrity and serious cell damage (14). Therefore, the complement system, and especially the AP, is strictly regulated in physiological state to prevent host cell damage.

In up to 75% of the aHUS patients, genetic variants in genes encoding complement components are found (15–18). The most common are loss-of-function mutations in genes encoding for the complement regulatory proteins factor H (FH), factor I and membrane-cofactor protein (MCP), and gain-of-function mutations in complement C3 and factor B. In addition, genomic rearrangements in the complement FH (CFH) and CFH related (CFHR) 1-5 region have been described, resulting in hybrid FH-FHR proteins which may interfere with normal complement regulation (19, 20). Furthermore, autoantibodies against FH may impair the homeostatic complement regulation and lead to aHUS (21). The disease penetrance of aHUS in mutation carriers is incomplete. Various triggering factors, such as infections, pregnancy, and/or certain medications, can elicit the development of aHUS (17, 22, 23).

Especially the kidneys are vulnerable for complement deposition and the subsequent TMA-mediated injury (24, 25). The glomerular microvascular endothelial cells (GMVECs) are the primary target of AP activation in aHUS, but the exact mechanisms behind this high susceptibility of GMVECs to complement deposition remains unknown. A possible explanation might be their morphological (fenestration) and functional (filtration) difference compared to other endothelial cells (25, 26).

Nonetheless, in the last decade, other endothelial cell types than GMVECs have frequently been used to study complement activation and deposition in patients with complement-mediated kidney diseases. For example, human dermal microvascular endothelial cells 1 (HMECs-1) (27–31) and human umbilical vein endothelial cells (HUVECs) (32–34) have been described as cell models for aHUS. However, these cells might not optimally reflect the in vivo situation, given the specific glomerular cell vulnerability in aHUS. Therefore, the aim of this study was to model complement activation in aHUS patients ex vivo, by measuring complement deposition on human conditionally immortalized GMVECs (ciGMVECs). Moreover, by having the unique possibility to create a ciGMVEC line derived from an aHUS patient, we could model the complement activation in samples of an aHUS patient on patient’s own endothelial cells.




2 Materials and methods



2.1 Ethics

Written informed consent was obtained from all aHUS patients or their legal guardians, and from all healthy controls of whom blood samples were used in this study. Informed consent was also obtained for isolating GMVECs from an aHUS patient (P1) who had bilateral nephrectomy in preparation to kidney transplantation. The study was performed in accordance with the appropriate version of the Declaration of Helsinki.




2.2 aHUS patients

Six patients diagnosed with aHUS were included in this study and were genetically characterized (Table 1). P1 was identified with a heterozygous deletion of CFH exon 22, CFHR3 and CFHR1 exon 1-5, indicating a genomic rearrangement resulting in a CFH/CFHR1 hybrid gene (35). This rearrangement has been described to lead to a severe aHUS phenotype (36). P2 and P4-P6 carried a pathogenic C3 variant, i.e. c.481C>T (p.Arg161Trp), resulting in decreased binding to FH and MCP, and increased binding to complement factor B, leading to a C3 convertase with increased activity (34, 37, 38). In P3, a homozygous CFHR3-1 deletion was found in combination with autoantibodies against FH (39–41). P3 (P4 in Bouwmeester et al.), P4 (P12 in Bouwmeester et al.), and P5 (P18 in Bouwmeester et al.) were described in the CUREiHUS study (18). All patients were treated according to a restrictive eculizumab protocol, as described in the CUREiHUS study (18, 43).


Table 1 | Genetics of atypical hemolytic uremic syndrome (aHUS) patients.



P1 is known with aHUS from the age of 5 months and treated until the age of 11 years with chronic plasma therapy. He then was successfully switched to treatment with eculizumab. At the age of 15 years a further deterioration of his kidney function was observed without any signs of recurrence of aHUS. His radiographic examinations revealed an acquired glomerulocystic disease, a reduced left kidney function, and an abnormal venous system of unknown origin. A bilateral nephrectomy was performed to minimize the risk for aHUS recurrence after kidney transplantation. The blood taken at the age of 15 years and used in this study was marked as day 0 (d0). The medical history of this aHUS patient (P1) was in depth studied and reported previously (36).

TMA was defined by ≥2 of the following criteria: thrombocytopenia (platelet count <150 ×109/l), lactate dehydrogenase (LDH) above the upper limit of normal (>250 U/l) and low/undetectable haptoglobin (<0.3 mg/l). AKI was defined as an increase in serum creatinine of ≥26.53 µmol/l (0.3 mg/dl) in 48 hours or ≥1.5 times baseline in <7 days.




2.3 Cell culture

GMVECs of P1 were isolated from kidney tissue obtained after nephrectomy and subsequently conditionally immortalized as described by Satchell et al. (44). Control ciGMVECs (obtained from Satchell et al. (44)) and P1 ciGMVECs were allowed to proliferate by culturing them at 33°C with 5% (v/v) CO2 on 96-well plates (655090, Greiner, Cellstar®) coated with gelatin (48720, FLUKA). When confluent, cells were transferred to 37°C with 5% (v/v) CO2 to induce growth arrest. After 7-8 days, cells were used for experiments. The growth medium, later referred to as endothelial medium, consisted of M199 medium (22340, Gibco) supplemented with 10% (v/v) heat-inactivated (HI) human serum (ISER, Innovative research), 10% (v/v) HI newborn calf serum (26010, Gibco), 2 mM L-glutamine (25030, Gibco), 100 U/ml penicillin, 100 mg/ml streptomycin (15140, Gibco), 5 U/ml heparin (Leo Pharmaceuticals), and 150 µg/ml bovine endothelial growth factor made according to the protocol described by Maciag et al. (45).

Primary GMVECs from human origin were obtained from kidney tissue after nephrectomy and cultured as previously described (46). Primary GMVECs were cultured at 37°C with 5% (v/v) CO2 on gelatin-coated 96-well plates with endothelial medium until confluent.

HMECs-1 (ATCC® CRL3243™) were cultured at 37°C with 5% (v/v) CO2 on uncoated 96-well plates with MCDB 131 medium (10372, Gibco) supplemented with 50 µg/ml bovine endothelial growth factor, 10% (v/v) fetal calf serum (FCS; 10270, Gibco), 2 mM L-glutamine, 1 µg/ml hydrocortisone (H0888, Sigma-Aldrich), 100 U/ml penicillin, and 100 mg/ml streptomycin.




2.4 Sample collection and sample preparation

Blood samples of aHUS patients and healthy individuals were collected and processed as described previously (47). Pooled normal human serum (NHS) was obtained by pooling 10 or 14 healthy individual samples. To obtain HI-NHS, NHS was incubated for 30 minutes at 56°C. Samples were aliquoted and stored at -80°C until use.

Serum samples were thawed on ice and diluted to the desired serum concentration in Hanks’ balanced salt solution containing calcium and magnesium (HBSS++, 14025; Gibco) supplemented with 0.5% (w/v) bovine serum albumin (BSA; 820451, Millipore), later referred to as test medium. Where indicated, sera were pre-incubated for 5-10 minutes at room temperature with 300 µg/ml of the C5 blocker eculizumab (Soliris®, Alexion Pharmaceuticals) and/or 0.3 mg/ml zymosan (Z4250, Sigma-Aldrich). Zymosan was pre-diluted in magnesium-ethylene glycol tetra acetic acid buffer (Mg-EGTA; 2.03 mM veronal buffer, pH 7.4, 10 mM EGTA, 7 mM MgCl2, 0.083% gelatin, 115 D-glucose, and 60 mM NaCl). Eculizumab and zymosan concentrations are indicated per volume of undiluted serum.




2.5 Complement deposition and immunofluorescence staining

Cells cultured on 96-well plates were washed twice with test medium and pre-incubated with test medium for 15 minutes at 37°C with 5% (v/v) CO2. Next, cells were incubated with 33.3% serum in test medium with a final volume of 140 µl at 37°C with 5% (v/v) CO2 for 2 hours, unless stated otherwise. After incubation, cells were washed twice with HBSS++, fixed with 3% paraformaldehyde/phosphate buffered saline (PBS; 10010, Gibco) for 10 minutes, and washed twice with PBS.

For immunofluorescence staining, cells were first blocked with 2% (w/v) BSA/PBS for 1 hour. Then, cells were stained with mouse anti-CD31 (1:100, 555444, BD Pharmingen) and/or rabbit anti-C5b-9 (1:200; 204903, Calbiochem), diluted in 1% (w/v) BSA/PBS with 10% (v/v) goat serum (ab7481, Abcam), for 1 hour. After washing three times, cells were incubated with the secondary antibodies (1:1000 in 1% BSA/PBS) Alexa488-conjugated goat anti-rabbit (A11008, Invitrogen), Alexa568-conjugated goat anti-mouse (ab175473, Abcam), and/or FITC-conjugated rabbit anti-C3c (1:20; F0201, Dako; recognizes the C3c part of C3, C3b and iC3b), for 1 hour. Cell nuclei were additionally stained with 5 µg/ml 4’, 6-diamidino-2-phenylindole (DAPI; D1306, Invitrogen) for 5 minutes. All steps were performed with static conditions at room temperature. Images were captured with Zeiss Axio Observer 7 with artificial intelligence sample finder in combination with ZEN imaging software (Zeiss).




2.6 Quantification of C5b-9 deposition

For the quantification of C5b-9 depositions, an area of 4 mm2 of each well was visualized, with focusing on DAPI and with equal visualization settings for all experiments. Fluorescence images were analyzed utilizing Fiji 1.51n software with a custom-made ImageJ macro to quantify C5b-9 (48).




2.7 Flow cytometry

Control ciGMVECs in 24-well plates (3524, Costar®, Corning Incorporated) were washed twice with test medium and subsequently incubated with 10% (v/v) serum in test medium with a final volume of 280 µl at 37°C with 5% (v/v) CO2 for 1 hour. Next, cells were washed twice with HBSS++ and fixed with 0.5% paraformaldehyde/PBS for 15 minutes. After fixation, cells were stained with rabbit anti-C5b-9 (1:100) in 0.1% (v/v) BSA/PBS at 4°C for 30 minutes. After three washes with PBS, cells were incubated with Alexa488-conjugated goat anti-rabbit (1:100) at 4°C for 30 minutes. Cells were detached with 0.05% trypsin-ethylenediamine tetra acetic acid (25300, Gibco) and dissolved in 10% (v/v) FCS/PBS. Cells were spun down and resuspended in 0.1% (v/v) BSA/PBS. C5b-9 deposition was quantified using a CytoFLEX flow cytometer (Beckman Coulter) and results were analyzed with Kaluza 2.1.3 software (Beckman Coulter).




2.8 Collection of clinical data and standard laboratory measurement

Clinical and standard laboratory data were obtained from patients’ electronic medical records. Serum C5 levels were measured with enzyme-linked  immunosorbent assay (ELISA) as described previously (49). Patients were tested for autoantibodies against FH using an in-house ELISA (50).




2.9 Statistical analysis

Data are expressed as mean ± standard deviation. All statistical analyses were performed with GraphPad Prism version 9.0.0 for Windows (GraphPad Software, San Diego, California, USA). Data were analyzed by unpaired t-test, one-way ANOVA, or two-way ANOVA, followed by post-hoc analysis as indicated in figure legends. A p-value (P) of <0.05 was considered as statistically significant.





3 Results



3.1 Comparing complement C5b-9 deposition on glomerular endothelial cells

Human endothelial cell types from different origin have been used previously to model complement deposition ex vivo. We focused on studying complement activation on glomerular endothelial cells as these are the primary target in aHUS. Therefore, we first compared the performance of primary GMVECs with ciGMVECs as cellular models for complement activation ex vivo, by investigating the endothelial C5b-9 deposition upon incubation with NHS and zymosan-stimulated NHS. A baseline level of C5b-9 deposition was observed for both primary control GMVECs and control ciGMVECs upon incubation with NHS (Figures 1A, B). The amount of depositions significantly increased when the cells were incubated with NHS supplemented with zymosan to simulate an activated complement system (Figures 1A, B). Similar results were seen for the HMECs-1 (Supplementary Figures 1A, B), which is the most frequently described cellular model for aHUS (27–31), thereby further validating our results on the glomerular endothelial cell model.




Figure 1 | Serum-induced C5b-9 deposition on primary glomerular microvascular endothelial cells (GMVECs) and conditionally immortalized GMVECs (ciGMVECs). (A-C) Primary GMVECs and control ciGMVECs, from human origin, after incubation with 33.3% serum in test medium for 2 hours. (A) Representative immunofluorescence images of C5b-9 (green), CD31 (purple) and cell nuclei with 4’, 6-diamidino-2-phenylindole (DAPI; blue) after incubation with normal human serum (NHS) and NHS-zymosan (zym). Scale bar: 200 µm. (B, C) Quantification of C5b-9 deposition in pixel2 after serum incubation with NHS and NHS-zym (B) and as fold change of NHS-zym versus NHS (C). Data are presented as mean ± standard deviation of three donors for primary GMVECs and nine independent experiments for control ciGMVECs. Experiments were performed with at least two replicates per condition. (B) Not significant (ns), ***P < 0.001, using two-way ANOVA followed by Tukey’s multiple comparisons test. (C) Not significant (ns), using unpaired t-test.



To determine the discriminatory power between baseline C5b-9 deposition (NHS) and the C5b-9 level after incubation with activated complement (NHS-zymosan), the fold change of NHS-zymosan to NHS was calculated for primary GMVECs and ciGMVECs (Figure 1C). No significant difference was measured. We continued with validating ciGMVECs as a model for complement activation on the glomerular endothelial surface.




3.2 Human ciGMVECs as a model to adequately measure complement-mediated C5b-9 deposition

To determine if we could adequately and reliably measure complement-mediated C5b-9 deposition on the ciGMVECs, we visualized and quantified C5b-9 on the ciGMVECs upon incubation with different test sera in which complement was activated or blocked.

First, we showed that incubation of ciGMVECs with either HI-NHS or NHS supplemented with eculizumab resulted in decreased C5b-9 depositions compared to NHS (Figures 2A, B). The increase in C5b-9 deposition after incubation with NHS-zymosan could also be inhibited when serum was first treated with eculizumab (Figures 2A, B). With flow cytometry as an alternative method for C5b-9 quantification we further confirmed our microscope imaging findings for ciGMVECs (Supplementary Figure 2). In line with the C5b-9 deposition, we showed that the deposition of C3 was increased upon incubation with NHS-zymosan (Supplementary Figure 3). Together, these results indicate that the generation of C5b-9 on the endothelial surface was complement-mediated. Incubation of ciGMVECs with serum of aHUS P1 resulted in increased C5b-9 deposition compared to NHS (Figures 2A, B). No significant differences in the C5b-9 deposition levels were observed between 1-, 2- or 3-hour serum incubations (Supplementary Figure 4). Two-hour incubation with serum was used as the standard method for further experiments.




Figure 2 | Human control conditionally immortalized glomerular microvascular endothelial cells (ciGMVECs) as model for complement deposition. (A-C) Control ciGMVECs were incubated with 33.3% serum in test medium for 2 hours. (A) Representative immunofluorescence images of C5b-9 (green), CD31 (purple) and cell nuclei with 4’, 6-diamidino-2-phenylindole (DAPI; blue). Incubation with normal human serum (NHS), heat-inactivated NHS (HI-NHS), NHS supplemented with 300 µg/ml eculizumab (ecu), NHS with zymosan (zym), NHS + ecu + zym and aHUS P1 serum. Scale bars: 200 µm. (B) Quantification of serum-induced C5b-9 deposition on control ciGMVECs. Data are presented as mean ± standard deviation of the fold change to NHS (dotted line) run in parallel of nine independent experiments, except for aHUS P1 (three independent experiments). Experiments were performed with at least two replicates per condition (single measurements for aHUS P1 serum). Not significant (ns), **P < 0.01, using one-way ANOVA followed by Bonferroni’s multiple comparisons test (aHUS P1 excluded for statistical analysis). (C) Eculizumab titration in NHS-zym. Data are presented as the mean ± standard deviation of the fold change to NHS (dotted line) run in parallel of three independent experiments performed with at least two replicates per condition.



Next, we titrated eculizumab in NHS-zymosan to assess how the cellular model reflects in vivo (fluid-phase) complement inhibition by eculizumab. The target serum level of eculizumab for aHUS patients for adequate blockage of complement is above 50-100 µg/ml (51, 52). In line with this, we observed maximal blockage of C5b-9 depositions on ciGMVECs with concentrations of 100 µg/ml and higher, and partial inhibition of C5b-9 formation with 50 µg/ml eculizumab (Figure 2C). Concentrations of 20 µg/ml and lower did not affect the C5b-9 depositions induced by activated serum.




3.3 C5b-9 deposition on human ciGMVECs in acute phase and remission

After validating ciGMVECs as a model to specifically measure complement-mediated C5b-9 depositions, we explored their usage for modeling aHUS by comparing aHUS patient samples obtained from different disease phases. Incubation of ciGMVECs with sera from P2, P3, P4, P5, and P6 obtained in the acute phase resulted in increased C5b-9 deposition levels, ranging from 1.37-7.69 fold the levels generated by NHS (Table 2; Supplementary Figure 5). In all serum samples, eculizumab levels were below the detection limit of 8 µg/ml.


Table 2 | Complement C5b-9 deposition of atypical hemolytic uremic syndrome (aHUS) patient samples on human control conditionally immortalized glomerular microvascular endothelial cells (ciGMVECs).



Surprisingly, the sample of P4 obtained during evident hematological TMA and AKI (d10; Table 2) showed only slightly increased C5b-9 deposition compared to NHS. On the contrary, a second acute phase sample (d211; Table 2), showed higher C5b-9 deposition, despite the clinically less pronounced TMA. Of note, both relapses were triggered by a viral infection.

The remission samples of P2 and P5 with an eculizumab level above the therapeutic target suggesting adequate complement blockage, showed normalized C5b-9 depositions (Table 2; Supplementary Figure 5). The remission sera from P3 and P4, obtained while in remission after eculizumab withdrawal, also resulted in normalized endothelial C5b-9 deposition levels (Table 2; Supplementary Figure 2).




3.4 Monitoring C5b-9 deposition in an aHUS patient during eculizumab treatment on control and patient ciGMVECs

P1 developed a severe form of aHUS from the age of 5 months, which is described in detail in the materials and methods and by Bouwmeester et al. (36). We thoroughly monitored P1 during his chronic kidney failure and eculizumab treatment with various complement (activation) and TMA markers in the blood and studied if these parameters correlated with endothelial C5b-9 depositions. Interestingly, all samples of P1 in which the eculizumab concentrations were below the therapeutic target (<50 µg/ml) showed increased C5b-9 deposition on ciGMVECs (Figure 3A), irrespective of the clinical disease phase the samples were taken from. Thus, also samples taken when the patient did not show active signs of TMA showed increased cellular C5b-9 deposition. During adequate complement blockage, indicated by serum eculizumab levels above 50-100 µg/ml and a CH50 <10%, C5b-9 deposition was comparable or below NHS level (Figure 3A).




Figure 3 | Monitoring C5b-9 deposition by aHUS P1 during follow-up on control conditionally immortalized glomerular microvascular endothelial cells (ciGMVECs) and P1 ciGMVECs. (A, B) ciGMVECs derived from a control (green) or aHUS P1 (purple) were incubated with 33.3% serum in test medium for 2 hours. aHUS P1 sera were obtained during follow-up, indicated by days (d). (A) Data are presented as mean of two measurements (bars) or single measurements (squares and circles), all expressed in fold change compared to normal human serum (NHS) run in parallel (dotted line) performed in a single experiment for each cell line. The table inset shows the corresponding laboratory parameters for complement activation and TMA per test sample. Reference values of laboratory parameters are indicated between parentheses. Target values for adequate complement blockage by eculizumab are eculizumab >50 µg/ml, CH50 <10%, and AP50 <30%. Samples with adequate serum eculizumab levels are indicated with an arrow. LDH: lactate dehydrogenase, ND: not determined. (B) C5b-9 deposition on control ciGMVECs and P1 ciGMVECs after incubation with NHS. Data are presented as mean ± standard deviation of seven independent experiments for P1 ciGMVECs and nine independent experiments for control ciGMVECs. Not significant, using unpaired t-test. Experiments were performed with at least two replicates per condition.



As this patient was not a “typical” aHUS patient because of ongoing decline in kidney function (described by Bouwmeester et al. (36)) and high C5b-9 deposition levels despite “quiescent” TMA markers, we hypothesized the glomerular endothelium of this patient might be more susceptible to complement activation and/or complement-mediated damage. When this patient received a kidney transplant, we were able to isolate GMVECs from the tissue of the removed native kidney from this patient to test this hypothesis. Incubation of the same series of serum samples obtained during follow-up with the patient’s own ciGMVECs (P1 ciGMVECs) resulted in C5b-9 deposition that was similar to the deposition on control ciGMVECs (Figure 3A). Also, the patient cells were similarly susceptible to C5b-9 deposition induced by NHS (Figure 3B). The C5b-9 levels were not higher for P1 ciGMVECs compared to control ciGMVECs based on the fold change compared to NHS after incubation with different test sera (Supplementary Figure 6).





4 Discussion

aHUS is a complex disease characterized by dysregulation of the AP, primarily caused by genetic variants in genes encoding complement components and/or by autoantibodies. Uncontrolled complement activity in aHUS causes AP activation and C5b-9 deposition on the GMVECs in the glomerulus. This contributes to endothelial cell activation and endothelial damage as well as a prothrombotic phenotype, leading to decreased kidney function. In this study, we showed that human control ciGMVECs and aHUS patient ciGMVECs can be used to adequately measure and model complement C5b-9 deposition on endothelial cells by different test sera and aHUS patient sera. Furthermore, aHUS patient ciGMVECs were incubated with patient’s own serum samples.

The glomerulus is the main target of the complement-mediated damage in aHUS, suggesting a specific susceptibility of these cells to complement activation (24, 25, 53). Endothelial cells from different origin have different expression profiles of complement regulators and complement proteins, which may lead to different susceptibility for complement activation (in resting or activated state) (24, 25, 54, 55). Furthermore, glomerular endothelial cells may have different adaptive mechanisms for certain TMA triggers such as heme. For example, May et al. (56) showed a higher susceptibility for complement deposition of glomerular endothelial cells compared to other cell types upon heme stimulation. Thus, to reflect the physiological context as close as possible, glomerular endothelial cells were chosen as the preferred cell type for modeling aHUS ex vivo.

First, we showed that no significant differences were observed between primary GMVECs and control ciGMVECs with respect to their susceptibility for C5b-9 deposition by NHS and NHS-zymosan. Even though human primary GMVECs might reflect the in vivo situation better than ciGMVECs, primary GMVECs have several limitations (also reviewed in Meuleman et al. (53)). First, human primary GMVECs have limited availability and their isolation and culture is labor-intensive and requires great expertise. Second, these cells have a limited lifespan. Thus, multiple individual donors are needed resulting in differences in genetic background, and thereby inter-experimental variability. ciGMVECs do not have these practical limitations and are more suitable for standardized testing.

We showed that human ciGMVECs are a reliable and robust model for complement-mediated C5b-9 deposition, visualized and quantified with immunofluorescence microscopy. NHS-zymosan, which simulates an overactive complement system, resulted in increased C5b-9 deposition compared to NHS. On the other hand, inhibition of the complement system in NHS with eculizumab resulted in a dose-dependent decrease in C5b-9 deposition. Our results were in line with the recommended treatment target of eculizumab in vivo. Zymosan is obtained out of the cell wall of Saccharomyces cerevisiae and activates the complement system in serum via the AP by promoting rapid C3 cleavage (57, 58). However, zymosan might also activate endothelial cells as it is recognized by Toll-like receptors (59, 60). We could not identify to what extent cellular activation may have contributed to increased C5b-9 deposition.

In all acute phase samples of aHUS patients, increased C5b-9 deposition was observed compared to pooled NHS on (unstimulated) ciGMVECs. However, the most evident relapse for P4 (d10) did not show the highest C5b-9 deposition level in the assay compared to the other relapse (d211), which might indicate that the amount of C5b-9 deposition may not exactly reflect the disease state or that there may be a delay between clinical presentation and the complement effect on the endothelium. The assay detected normalized endothelial C5b-9 deposition levels in patients samples (P2-P5) in remission (either with or without adequate complement blockage by eculizumab).

Interestingly, all sera of P1, except the samples with eculizumab levels above target, induced elevated endothelial C5b-9 depositions, even though samples were obtained from disease phases without clinical or laboratory signs of TMA or complement activation present. The same effect was seen when the samples were tested on the patient’s own ciGMVECs. This suggests that even though P1 showed a highly active complement deposition profile and ongoing decline in kidney function, the cells were not intrinsically, in resting state, more susceptible to complement activation (neither by patient serum nor by NHS). The cause of the high C5b-9 depositions in this patient with chronic kidney failure remains therefore unknown. Further studies are required to identify if patients with chronic kidney failure, either with or without aHUS, have increased complement activation.

Roumenina et al. (34, 61) and Frimat et al. (33) were the first to describe complement deposition on human glomerular endothelial cells (ciGMVECs). The authors described C3 deposition as mean readout for complement activation, which was primarily quantified with flow cytometry. Frimat et al. observed increased complement deposition in several aHUS patients versus control samples on resting cells, but for identifying all aHUS patient samples stimulation of the cells with heme was required (33). In Roumenina et al. (34), TNFα/IFNγ activation was used to discriminate healthy controls from aHUS patients with a C3 mutation. The authors did not describe or compare the disease phases of the aHUS patients. We did not need to pre-activate our cells to distinguish increased complement deposition in aHUS patients from controls. Thereby, our results are in line with groups working with HMECs-1 showing that the aHUS samples in the acute phase can be identified on resting cells (27, 31). This assay was first described by Noris et al. (27) and followed-up by Galbusera et al. (31) as an assay with the diagnostic aim of monitoring and individualizing eculizumab therapy and predicting relapses. Timmermans et al. (28) used the assay for showing complement depositions in hypertension-associated TMA, and Palomo et al. (29) published an adapted methodology with activated plasma samples and analyzed pre-eclampsia and HELLP (a pregnancy complication characterized by hemolysis, elevated liver enzymes, and low platelet count) patient samples in addition to aHUS samples. Some of these groups also showed increased C5b-9 deposition on activated cells after incubation with serum from unaffected mutation carriers and/or patients in the remission phase (27, 28, 34). We did not test such conditions as this was beyond the scope of our study.

To our knowledge, we are the first to show that unique aHUS patient GMVECs can be obtained, conditionally immortalized, and used as a cell line for experimental testing. This approach offers great promise for further research into the pathophysiology of aHUS, since it is now possible to align the endothelial cells of a patient with its own serum samples. In our case, the aHUS patient had a CFH-CFHR1 hybrid gene, but it will also be very valuable to use this tool to generate cell lines from aHUS patients with mutations in membrane-bound regulators or from patients without confirmed complement mutations. This allows to investigate the effect of differences in endothelial cell characteristics on complement activation and susceptibility. After all, it remains unknown why some complement mutation carriers develop aHUS and others do not and if there are endothelial susceptibility factors contributing to aHUS in patients without proven genetic aberrations.

Our imaging strategy allows visualization of large areas of the well in one time in a reliable and fast way, even though the resolution may be lower compared to traditional confocal microscopy. In this study, the number of aHUS patients was still limited. Testing more aHUS patients with different genetic background during follow-up (and treatment) will help us to further understand aHUS pathophysiology. Nonetheless, it is important to emphasize that the ex vivo complement activity on endothelial cells cannot fully reflect the in vivo situation. For example, it has been suggested that the vascular heterogeneity of the glycomatrix is involved in glomerular diseases (24, 62). In addition, FH and properdin can interact with glycosaminoglycan heparan sulfate produced by endothelial cells (63). As these static 2D models do not fully reflect the glomerular organization, 3D models involving multiple cell types combined with flow conditions might be of potential to mimic the in vivo situation more closely.

In conclusion, we showed that human control ciGMVECs and aHUS patient ciGMVECs can be used to study and quantify endothelial C5b-9 complement deposition after serum incubation. Furthermore, by using human ciGMVECs, the described protocol is a promising tool to study complement pathophysiological mechanisms in the kidney, in particular the pathophysiology of aHUS. In addition, the model may be used for in vitro testing of novel complement therapeutics. The use of aHUS patient-derived (genetically altered) ciGMVECs might be of help to further explore the susceptibility of the endothelium to the disease under various circumstances.
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Factor I (FI) is an essential regulator of the complement system. Together with co-factors, FI degrades C3b, which inhibits further complement activation. Genetic mutations in FI are associated with pathological conditions like age-related macular degeneration and atypical hemolytic uremic syndome. Here, we evaluated eight recombinant FI genetic variants found in patients. We assessed FI’s co-factor activity in the presence of two co-factors; Factor H and soluble CR1. Different analytical assays were employed; SDS-PAGE to evaluate the degradation of C3b, ELISA to measure the generation of fluid phase iC3b and the degradation of surface-bound C3b using a novel Luminex bead-based assay. We demonstrate that mutations in the FIMAC and SP domains of FI led to significantly reduced protease activity, whereas the two analyzed mutations in the LDLRA2 domain did not result in any profound changes in FI’s function. The different assays employed displayed a strong positive correlation, but differences in the activity of the genetic variants Ile55Phe and Gly261Asp could only be observed by combining different methods and co-factors for evaluating FI activity. In conclusion, our results provide a new perspective regarding available diagnostic tools for assessing the impact of mutations in FI.
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Introduction

The complement system is an essential part of innate immunity and consists of around 50 plasma- and membrane proteins for host surveillance, including recognition and elimination of pathogens and cell debris (1). Complement activation can arise through three different routes; the classical, lectin, and the alternative pathways. All pathways result in the proteolytical activation of zymogens, including cleavage of the central complement components C3 to C3a and C3b, and C5 to C5a and C5b, which leads to effector functions, including C3b-opsonization, generation of C3a- and C5a-anaphylatoxins and formation of the terminal C5b-9 complement pathway (2). The alternative pathway, activated by surface-deposited C3b or the fluid phase analog C3(H2O), acts as an intrinsic amplification loop for all pathways. Therefore, tight regulation of the alternative pathway on host cells is critical, as insufficient inhibition of C3b can lead to uncontrolled complement activation and excessive inflammation (3, 4).

Factor I (FI) is a key negative regulator of complement activation. In the presence of its co-factors, factor H (FH), factor H-like protein 1 (FHL-1), complement receptor 1 (CR1; CD35), and membrane co-factor protein (MCP; CD46), FI can cleave the α´-chain of C3b into iC3b, and in the presence of CR1, FI can further degrade iC3b into C3dg and C3c (2, 5–7). FI circulates in a zymogen-like state until the C3b/co-factor complex is engaged (8, 9). Then, FI is conformationally changed and able to cleave C3b (10). FI is a heterodimer with a molecular weight of 88 kDa (9). The non-catalytic heavy chain consists of a FI membrane attack complex (FIMAC) domain; a scavenger receptor cysteine-rich (SRCR) domain; two class A low-density lipoprotein receptor domains (LDLRA1 and LDLRA2); and a C-terminal region of unknown function, while the catalytic light chain has a chymotrypsin-like serine protease (SP) domain (7, 8).

Mutations in FI can impair its secretion or enzymatic function, which can lead to tissue damage and disease (11–13), including age-related macular degeneration (AMD) and atypical uremic syndrome (aHUS) (9, 10, 14). In both diseases, insufficient complement regulation drives the disease pathogenesis (15, 16).

Carriers of rare CFI variants were reported with younger age of AMD symptom onset (17), and loss of function FI variants are reported to have the greatest impact on the risk of developing the disease (18). It was demonstrated that rare variants in the SP domain of the CFI gene were associated with AMD (19). Furthermore, mutations in the FIMAC domain seem to interfere with FI-mediated C3b degradation (20). Mutations in the CFI gene are found in a relatively low incidence (<5%) in aHUS patients. However, the risk of recurrence was higher after kidney transplantation in carriers of pathogenic CFI variants (21–23).

The functional consequence for the majority of the CFI gene variants has not been examined yet, highlighting the need for functional characterization of genetic variants. Next to this, functional characterization of CFI genetic variants is done differently across laboratories, and standardization is lacking. The co-factor activity of FI may occur on either surface-bound C3b, or C3b in the fluid phase and to date, no comparisons between surface-bound and fluid-phase C3b degradation by FI have been reported.

To further investigate the pathophysiological consequences of carriers of rare CFI variants, we evaluated the functionality of eight recombinantly expressed FI-variants by both surface-bound and fluid phase C3b using three different methods (SDS-PAGE, ELISA and Luminex technology) with both FH and sCR1 as co-factor. Finally, we evaluated the correlation of these three functional readouts for FI activity and the usage of the two different co-factors.





Materials and methods




Reagents

Human complement proteins FH and FI were bought from CompTech (Tyler, TX). Human C3 was purified as described by Hammer et al. (24). Human C3b was produced by trypsin digestion of C3. C3 was incubated for five minutes at 22°C with 1% (w/w) trypsin from bovine pancreas (Merck; Kenilworth, NJ) and isolated with gel filtration on Sephadex G100 (GE Healthcare, Chicago, IL) followed by equilibration with 10 mM phosphate buffer, pH 7.4, and 0.145 M saline (PBS). C3b was also purchased from CompTech. Soluble CR1 (sCR1) was obtained from T Cell Sciences Inc. (Cambridge, MA).





CFI mutants

The CFI mutations were identified in the cohorts of aHUS and AMD patients at the Radboudumc Genetics department (Nijmegen, Netherlands). CFI variants are presented in Table 1 and their distribution throughout FI is shown in Figure 1.


Table 1 | Overview of FI genetic variants and recombinant proteins.






Figure 1 | Schematic representation of the mature FI protein with mutations analyzed in this study. The 50 kDa heavy chain consists of four domains which are are shown in orange (FIMAC), green (CD5) and blue (LDRA1 and LDRA2). The 38 kDa light chain consists of one domain which is shown in red (SP). Details on the genetic variants are summarized in Table 1. FIMAC, Factor I-Membrane Attack Complex; CD5, scavenger receptor cysteine-rich domain; LDLRA1 and LDLRA2, Low density lipoprotein receptor domains 1 and 2; SP, Serine Protease domain.







Generation of recombinant FI

In vitro mutagenesis was performed on a pcDNA3 vector (ThermoFisher; Waltham, MA) containing the full-length wild-type CFI cDNA (ACCN NM_000204.4; GRCh37) using the Q5® Site-Directed Mutagenesis Kit (New England Biolabs; Ipswich, MA) with specific primers to introduce each variant into the wild-type gene (for primer sequences see Supplementary Methods, Table 1). After PCR, samples were digested with DpnI (ThermoFisher) for one hour at 37°C. Obtained plasmids were transformed into the E.coli DH5-α strain with heat pulse, after which the bacteria were selected on LB plates containing 50 µg/mL carbenicillin. DNA samples were purified using the PureYield™ Plasmid miniprep and midiprep kit (Promega; Madison, WI) according to the manufacturer’s instructions. Fidelity of the clones was confirmed by PacBio sequencing. For the expression of recombinant protein, Human Embryonic Kidney 293T (HEK293T) cells were maintained in DMEM (ThermoFisher) supplemented with 10% FCS (ThermoFisher), 2 mM L-glutamine (ThermoFisher), 1% MEM non-essential amino acids solution (ThermoFisher), 1 nM sodium pyruvate (Merck), and 100 units/mL penicillin-streptomycin (ThermoFisher) and were seeded onto culture vessels pre-coated with 20 µg/mL collagen I (Merck). When the HEK293T cells reached 70-90% confluency, transfection was performed using lipofectamine 2000 transfection reagent (ThermoFisher). Forty hours post-transfection, the cells were washed twice with PBS, after which Opti-MEM (ThermoFisher) was added to the culture vessel. Supernatants were collected 55 hours post-transfection and subsequently concentrated with Amicon® Ultra 10kDa (Merck) following manufacturers’ instructions.





Evaluation of FI recombinant proteins

Protein concentration: FI protein concentration in the concentrated supernatants was determined by ELISA as described previously (12, 26). In summary, a 96-wells high-binding plate (Greiner; Kremsmünster, Austria) was coated with a sheep anti-human FI antibody (LabNed; Edison, NJ) diluted 1:1000 in carbonate buffer pH 9.6 (15 mM Na2CO3·10H2O, 34.5mM NaHCO3) and incubated overnight at 4°C. The plate was blocked for 30 minutes with superblock (ThermoFisher) and subsequently with PBS supplemented with 1% bovine serum albumin (BSA) for 1 hour at room temperature (RT). Following incubation, the plate was washed with PBS 0.05% v/v Tween-20 after blocking and between each of the following steps. Samples and the standard (serum-purified FI, CompTech) were diluted in PBS containing 0.05% v/v Tween-20 and 0.2% BSA and afterwards incubated for two hours at RT. After applying the samples, FI was detected with a mouse anti-human FI antibody (OX-21, ProSci; Fort Collins, CO) diluted 1:1000 in PBST-0.2% BSA and incubated for two hours at RT. After incubation, the secondary goat anti-mouse HRP antibody (Dako; Glostrup, Denmark) was diluted 1:2500 in PBST-0.2% BSA and incubated for 1 hour at RT. Detection was executed using o-phenylenediamine dihydrochloride substrate (OPD; Merck) diluted according to the manufacturer’s instructions and incubated for 30 minutes at RT after which the reaction was stopped with the addition of 1 M H2SO4. Absorbance was measured at 492 nm by Tecan Spark 10M multi-mode microplate reader (Männedorf, Switzerland). All samples were measured in duplicates.

Protein identification: The recombinant proteins were diluted in Laemmli sample buffer enriched with 1:20 β-mercaptoethanol and incubated for 5 minutes at 95°C. Samples were separated on a 4-15% Mini-PROTEAN® TGX™ gel (Bio-Rad; Hercules, CA) for one hour at 120 V. Separated proteins were transferred to a 0.45 µm polyvinylidene fluoride (PVDF) membrane (Bio-Rad) for 7 minutes using the Trans-Blot® Turbo™ Transfer System (Bio-Rad), after which the membrane was blocked with PBS containing 5% milk for one hour at RT. The membrane was incubated overnight at 4°C with a goat anti-human FI antibody (Quidel, San Diego, CA) diluted 1:500 in PBS containing 5% milk. The membrane was washed three times for 5 minutes with PBS 0.05% Tween-20 on a rocking platform and incubated with the secondary donkey anti-goat HRP antibody (Dako) diluted 1:2000 in PBST containing 5% milk. After incubation, the membrane was washed three times for 5 minutes with PBS 0.05% Tween-20, and chemiluminescence was detected using the SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Fischer).





SDS-PAGE

C3b (10 μg) was mixed with recombinant FI (0.1 μg) together with its co-factors (0.1 μg) FH or sCR1 and incubated in PBS for 60 minutes. Samples that contained C3b, FH, or sCR1 with and without FI (CompTech) were used as positive and negative controls, respectively. The total reaction volume was 10 μL, and the incubations were performed in 1.8 mL Nunc-cryotubes (Nunc; Roskilde, Denmark) at 37°C. After incubation, 5x SDS-PAGE reduced sample buffer (Bio-Rad) was added, and the samples were heated for 10 minutes at 95°C. The samples were applied on 12-wells 4 – 15% Tris-glycine gels and applied to SDS-PAGE with a molecular marker (Bio-Rad). The gels were stained with SYPRO Ruby protein stain (Bio-Rad) and evaluated using Chemi Doc Imaging System (Bio-Rad).





iC3b ELISA

FI recombinant proteins and the plasma purified FI positive control (CompTech) were diluted to 2 µg/mL in Tris-buffered saline pH 7.4 (TBS, 50 mM TrisHCl, 150 mM NaCl). C3b (15 µg/mL) and FH (3 µg/mL) were added to each sample and the reaction mixture was incubated for three hours at 37°C. C3b degradation was analyzed by detecting iC3b concentrations with ELISA. A high-binding microtiter plate (Greiner) was coated with mouse anti-iC3b (Quidel), diluted 1:2500 in a 50 mM carbonate buffer pH 9,6), by overnight incubation at 4°C and subsequently blocked with PBS 1% BSA for one hour at RT. The plate was washed with PBS 0.05% Tween-20 (PBST) after coating, blocking and between each of the following steps. Samples were diluted in PBST and incubated for 1 hour at RT. iC3b was detected with a rabbit anti-human C3c (Siemens; Erlangen, Germany) diluted 1:2000 in PBST with 0.2% BSA and incubated for 1 hour at RT followed by the secondary goat anti-rabbit HRP antibody (Dako) diluted 1:2000 in PBST with 0.2% BSA and incubated for one hour at RT. O-phenylenediamine dihydrochloride (OPD) (Sigma) was added as a substrate for the HRP and incubated for 30 minutes at RT after which the reaction was stopped with the addition of 1 M H2SO4. All samples were measured in duplicates. Absorbance was measured at 492 nm by Tecan Spark 10M multi-mode microplate reader (Männedorf, Switzerland).





Luminex assay

Conjugation of magnetic beads with C3b: C3b was conjugated to magnetic beads as described previously (27). Briefly, cystamine sulfate hydrate (6 μg, Merck) was coupled to Bio-Plex Pro™ magnetic COOH beads (Bio-Rad) with the use of the amine coupling kit (Bio-Rad) following the manufacturer’s instructions. The beads were then incubated with dithiothreitol (DTT; Roche Diagnostics, Rotkreuz, Switzerland) at 6 μM final concentration for 20 minutes at 22°C to reduce the internal disulfide bond of cystamine. After thorough washing with 10 mM phosphate buffer and 0.145 M saline (PBS) at pH 7.4, C3 (15 μg) and trypsin (1 μg, Merck) were added to the beads and were incubated for 10 minutes at 37°C to induce C3 degradation resulting in C3b linkage to the beads via the thioester. After the incubation, the beads were washed thoroughly with PBS to end the reaction.

Assay: C3b magnetic beads were added to a black flat-bottom 96-well plate (Bio-Rad) containing 3000 beads/well with PBS with 0.1% Tween 20 and 0.05% BSA. After aspiration, recombinant FI (0.4 μg) and sCR1 (0.4 μg) were added to the wells to a total volume of 50 μL. C3b beads incubated with trypsin (140 μg/mL) and PBS were used as positive and negative control, respectively. All samples were incubated for one hour at 37°C on agitation (800 rpm). The reaction was stopped by washing three times with PBS 0.05% Tween-20. C3b degradation was evaluated by detecting the loss of the C3c-signal derived from bead-bound C3b and iC3b by using a biotinylated polyclonal rabbit anti-human C3c antibody (4 μg/mL, Dako) followed by washing and addition of streptavidin-PE (1:100, Bio-Rad). In both steps, the microplate was incubated for 30 minutes at room temperature. All reagents were diluted with PBS with 0.1% Tween 20 and 0.05% BSA. Mean fluorescent intensity (MFI) was determined using Bio-Plex MAGPIX Multiplex reader.





Data analysis and statistics

The SDS-PAGE data were analyzed by Image J (US National Institutes of Health, https://imagej.nih.gov/ij). Data visualization, absorbance spectroscopy calculations, and statistical analysis were performed using GraphPad Prism version 8.0.1 for Windows or MAC (San Diego, CA). Comparisons between multiple columns were analyzed with the one-way ANOVA with Dunnett’s multiple comparison test. Pearson correlation coefficient was computed for the comparison of two variables.





Ethics statement

This study met the criteria of the Declaration of Helsinki (28).






Results




Degradation of fluid phase C3b (SDS-PAGE)

SDS-PAGE was applied to evaluate FI-mediated cleavage of the C3b α´-chain in the fluid phase in the presence of co-factors FH (Figures 2A, C) and sCR1 (Figures 2B, D). The eight recombinantly expressed FI-variants and the recombinantly expressed wild-type FI (Supplementary Figure 1) were evaluated in parallel to FI purified from human plasma. With FH as a co-factor, most FI mutants showed attenuated C3b degradation in comparison to both the recombinantly expressed wild type and the FI purified from plasma (Figures 2A, C). Mutations in the FIMAC domain, Pro50Ala and Ile55Phe, resulted in significantly less C3b α´-chain cleavage (p<0.0001 and p<0.01, respectively) compared to the WT. All of the mutations of the SP domain, apart from Asp477His, resulted in reduced C3b-degradation when compared to the WT; Ile340Thr and Trp399Arg (both p<0.001), and Pro402Ser (p<0.0001). No significant difference was observed for the analyzed mutations in the LDLRA2 domain. The degradation pattern of C3b with sCR1 was similar to that of FH (Figures 2B, D). Pro50Ala, Ile340Thr, Trp399Arg and Pro402Ser showed significantly less C3b-degradation than the control (p<0.05-p<0.0001). However, the two mutants in the LDLRA2 domain, Asp477His in the SP domain and Ile55Phe of the SP domain were similar to the WT and positive control.




Figure 2 | Functional analysis of recombinant FI proteins with SDS-PAGE. FI recombinant proteins (0.1 μg) were incubated with C3b (10 μg) and (A, C) FH (0.1 μg) or (B, D) sCR1 (0.1 μg) for 60 minutes at 37°C. The samples were reduced and applied onto a 12-well 4-15% SDS-PAGE. The gels were stained with SYPRO Ruby protein stain. Gels displayed (A, B) are representative of three independent experiments. Degradation of C3b was measured by densitometry and shown as the relative density of the intact C3b α´-chain (101 kDa) in relation to the β-chain (75 kDa). Positive and negative control samples, and wild-type (WT) are indicated in grey, FI protein domains are color coded according to: FIMAC domain in orange, LDLRA2 domain in blue and SP domain in red. The values are shown as mean +/- standard deviation of n=3. **p <0.01, ***p <0.001, and **** p <0.0001.







Generation of iC3b (ELISA)

An ELISA specifically detecting a neoepitope in iC3b was employed to measure the percentage of iC3b generation as a result of C3b cleavage in the presence of FI with FH as co-factor (Figure 3). Variant Ala300Thr (LDLRA2 domain) showed similar degradation efficiency as the WT, whereas all other mutants showed significant reduction (p<0.01 or p<0.0001) in the formation of iC3b. Mutations in the SP domain displayed higher reduction in FI-activity than the ones located in the FIMAC domain; Ile340Thr, Trp399Arg and Pro402Ser resulted in the formation of approximately 80-90% less iC3b in comparison to the WT, while Pro50Ala and Ile55Phe resulted in the formation of 30% less iC3b than the WT.




Figure 3 | Functional analysis of recombinant FI proteins with iC3b-ELISA. Formation of iC3b was evaluated as C3b (75 µg/mL) degradation by recombinant FI variants (2 µg/mL) with FH (15 µg/mL) as a co-factor in TBS pH 7.4. The data as % iC3b is shown normalized for the recombinant wild-type (WT). Control samples are indicated in grey (WT and negative control), FI protein domains are indicated by color according to the following: FIMAC domain in orange, LDLRA2 domain in blue and SP domain in red. Samples were compared to the WT using one-way ANOVA followed by Dunnett’s multiple comparison test. The values are shown as mean +/- standard deviation of n=3. **p <0.01, and ****p <0.0001.







Degradation of surface-bound C3b by Luminex technology

We have established a method to study the degradation of surface-bound C3b by incubating FI with sCR1 as a co-factor and detecting loss of C3c with Luminex technology. The two FIMAC mutations that were tested; Pro50Ala and Ile55Phe showed significantly reduced degradation of C3b (p<0.0001 and p<0.01, respectively) (Figure 4). Furthermore, the mutations in the LDLRA2 domain (Gly261Asp and Ala300Thr) showed C3b-cleavage comparable to the WT. Three mutations in the SP domain (Il340Thr, Trp399Arg, and Pro402Ser) had significantly less degradation of C3b (p<0.0001 for all); while the Asp477His mutation showed no significant change in degradation compared to the wild type.




Figure 4 | Functional analysis of recombinant FI proteins with Luminex technology. C3b was covalently bound to magnetic beads and incubated with FI recombinant proteins (0.4 μg) and sCR1 (0.4 μg) at 37°C for 60 minutes in PBS pH 7.4. C3b beads in PBS were used as the negative control sample, while C3b beads with either trypsin or purified FI and sCR1 were used as positive controls. All control samples, including wild-type (WT) control, are indicated in grey. The degradation of C3b/iC3b to C3c and C3dg was evaluated as C3c loss from the beads using a polyclonal antibody that detects C3c by measuring MFI. FI protein domains are color coded according to: FIMAC domain in orange, LDLRA2 domain in blue and SP domain in red. The values are normalized and shown as mean +/- standard deviation of n=3. **p <0.01, and ****p <0.0001.







Comparison of functional tests

To evaluate the coherence between the assays, the percentage of each variants’ activity in comparison to the wild type for each assay was summarized in Table 2. Subsequently, each variants’ activity was analyzed with the use of Pearson test (Figure 5). The iC3b ELISA and the SDS-PAGE showed a positive correlation (r=0.78, p<0.05), when using FH as a co-factor (Figure 5A). Similar results were found for the following variants in the LDLRA2 and SP domains; Ile340Thr, Trp399, Pro402Ser (low activity), and Gly261Asp, Ala300Thr and Asp477His (normal activity). The most profound difference was observed in regard to the FIMAC domain mutant Pro50Ala. Both assays showed significantly decreased C3b degradation for the variant, but the levels differed, where the iC3b ELISA still detected a substantial degree of iC3b formation. A comparison between the Luminex assay and the SDS-PAGE showed a strong positive correlation (r=0.91, p<0.01), when sCR1 was used as a co-factor (Figure 5B). Finally, the correlation between the two co-factors; FH and sCR1 in the SDS-PAGE was analyzed (Figure 5C). There was a strong positive correlation (r= 0.92, p=0.05). A similar degradation pattern was observed in most variants. The only variant that somewhat differed was Ile55Phe, which significantly attenuated degradation with FH, but not with sCR1.


Table 2 | Overview of functional analysis of FI variants.






Figure 5 | Correlation between the different co-factor activity assays. Pearson correlation analysis was performed to compare data obtained from three different functional assays; SDS-PAGE, ELISA and Luminex technology. The following pairs were analyzed; SDS-PAGE and ELISA when FH was used as a co-factor (A), SDS-PAGE and luminex when sCR1 was used as a co-factor (B), and SDS-PAGE in the presence of either FH or sCR1 (C). r was calculated and used for the evaluation of the relationships of the variables.








Discussion

FI is a key regulator of the complement cascade and functional analysis of FI is of high clinical importance to understand disease pathophysiology related to uncontrolled complement activation, such as in AMD and aHUS (29, 30). In this study, we compared three FI functional assays to investigate the activity of eight genetic variants in FI compared to a recombinant wild-type control. We found that all mutations located in the FIMAC and the mutations within the SP domain, except Asp477His, resulted in impaired- or complete activity loss. The two mutations within the LDLRA2 domain did not impair activity. Overall, there was a large coherence between the three assays.

To elucidate whether the different FI-variants were dependent on the co-factor added for the degradation of fluid phase C3b, we performed assays using either FH or sCR1. As summarized in a recent review, recombinant FI-variants with mutations in the SP domain have been mainly associated with reduced iC3b generation and C3b co-factor activity, while mutations in the FIMAC domain tend to lead to decreased iC3b in serum. However, a great number of recombinantly expressed FI-variants has not been evaluated (31). In our experiments, the majority of the mutations occurring in the catalytic SP domain resulted in complete loss of activity of FI, with both FH and sCR1 as co-factors. The Pro50Ala mutant in the FIMAC domain, a domain important for binding to C3b (20, 32), showed significantly reduced activity in the presence of both co-factors in the fluid phase, as previously shown (12). This site is sterically close to the proposed binding site of heme, which interferes with FI’s regulatory function (27). The mutant Ile55Phe, found in both aHUS and AMD patients, resulted in impaired activity in the presence of FH, which was also confirmed by decreased iC3b levels measured with ELISA. However, with sCR1, substantial degradation of C3b was seen by the SDS-PAGE analysis, where the activity was not significantly different from the wild-type control. The SDS-PAGE analysis is based on 60-minute incubation, and with sCR1 as a co-factor, we saw a trend toward a higher C3b consumption, i.e., substrate depletion and thus a lower resolution for the variants that showed some activity. Additional methods, such as real-time visualization of the formation of C3b:co-factor:FI-complex could possibly reveal whether the difference observed for Ile55Phe is a true co-factor-dependent difference (33).

To analyze whether the mutations have a different effect when FI-mediated C3b-degradation takes place on a surface in comparison to the fluid phase, we used a novel assay that allows us to quantify C3b linked to magnetic beads. In this experimental set-up, we used only sCR1 as a co-factor, as it allows degradation of iC3b to C3dg for the loss of C3c into the fluid phase. Overall, the C3b-degradation data from the Luminex assay corresponded well to what was seen by the degradation of fluid phase C3b with sCR1. The mutants in both SP and FIMAC domains, apart from Asp477His, showed strongly impaired activity. Ile340Thr and Asp477His in the SP domain were, among other genetic variants, recently evaluated in a corresponding study by de Jong et al. (12), whose data well correspond to what we found for these two variants. The mutation Ile55Phe in the FIMAC domain and Pro402Ser in the SP domain led to decreased degradation of surface-bound C3b in relation to soluble C3b. As the Ile55Phe mutation affects the contact surface with C3, this result could be explained due to reduced binding to C3b. It is reported that the enzymatic activity of FI variants is generally dependent on the binding capacity of FI to its co-factors (34). Furthermore, the Pro50Ala mutation also resulted in impaired ability of FI to degrade C3b deposited on sheep erythrocytes (34). The authors mention that substituting proline with alanine could interfere with the stability of the domain and, therefore, affect ligands that interact with surface-bound C3b.

In the last decades, the first complement inhibitors have been approved for clinical application in patients (35, 36). Understanding the functional consequence and significance of sequence variants for patient care will be essential for dedicated personalized medicine. This study provides novel information and methods concerning functional genomics for sequence variants observed in CFI and could assist in the interpretation of variants found in patients and improve the available tools for their diagnosis.

To summarize, we show that mutations located in the FIMAC, and SP domains impaired FI activity in various functional assays. In contrast, the two analyzed mutations in the LDLRA2 domain did not affect the function of FI to the same extent. While we demonstrated that the mutations affected the activity of FI in a similar manner independently of most of our experimental set-ups, some differences could only be detected by employing different methods or co-factors. For instance, attenuated activity for the Gly261Asp could only be detected in the iC3b ELISA, which shows the value of combining methods in the diagnostic testing. However, further functional studies with a larger number of variants in different domains of CFI are needed to further investigate the effect of the use of different cofactors on C3b degradation activity, and the impact on degradation of surface bound and fluid phase C3b by FI.
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Sample composition (%)
100 + 0 75 +25 50 + 50 25+75 0 + 100
mixture of sample 1 (high) and sample 2 (medium)

C1s/C1-INH (ng/mL) 12086 10517 7014 5160 2476
Recovery (%) - 109 96 106 -
mixture of sample 1 (high) and sample 3 (low)

C1s/CI-INH (ng/mL) 11728 9436 6002 3325 1135
Recovery (%) - 104 93 88
mixture of sample 2 (medium) and sample 3 (low)

C1s/C1-INH (ng/mL) 2736 2013 1712 1386 1136
Recovery (%) - 86 88 90
mixture of sample 1 (high) and sample 2 (medium)

MASP-1/C1-INH (ng/mL) 271 201 152 90 58

Recovery (%) - 92 93 81

mixture of sample 1 (high) and sample 3 (low)

MASP-1/C1-INH (ng/mL) 256 184 140 71 30
Recovery (%) - 92 97 82

mixture of sample 2 (medium) and sample 3 (low)

MASP-1/C1-INH (ng/mL) 56 47 41 34 30
Recovery (%) - 95 96 94

Recovery of the C1s/C1-INH complex (upper part) and MASP-1/C1-INH complex (lower part) was investigated by mixing EDTA plasma samples of three individuals with low, middle and
high complex concentration in different ratios (100 + 0, 75 + 25, 50 + 50, 25 + 75, 0 + 100). After 30min. of incubation, C1-INH complex concentrations were determined in the respective
assays and recovery (difference between expected and observed C1-INH complex concentration) was calculated according to the equation stated in the Material and Methods section.
EDTA, ethylenediaminetetraacetic acid; min, minutes.
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Cls/C1-INH complex

Matrix Citrate Heparin EDTA
mean concentration(ng/mL) 2270 6215 2348
SD (ng/mL) 81 279 93
CV (%) 36 4.5 4.0

Serum

4612
251
54

MASP-1/C1-INH complex

Citrate Heparin EDTA Serum
375 16.6 265 1217
18 08 16 10.6
47 47 59 87

Representative results of a single individual are listed, while influence of matrices on C1-INH complex concentrations was investigated in two individuals each. Samples were 2-fold serially
diluted to establish best dilution ranges over at least three dilution steps for each matrix tested. %CV was calculated to determine the variability for each serial dilution and a %CV <20 was
considered as minimal matrix effect. SD, standard deviation; %CV, coefficient of variation; EDTA, ethylenediaminetetraacetic acid.
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Cls/C1-INH complex

Intra-assay variation

Operator 1 mean aliquot 1-3 (ng/mL)
SD (ng/mL)
CV (%)

Operator 2 mean aliquot 1-3 (ng/mL)
SD (ng/mL)
CV (%)

Inter-assay variation
mean Operator 1 and 2 (ng/mL)
SD (ng/mL)
CV (%)

MASP-1/C1-INH complex

Intra-assay variation

Operator 1 mean aliquot 1-3 (ng/mL)
SD (ng/mL)
CV (%)

Operator 2 mean aliquot 1-3 (ng/mL)
SD (ng/mL)
CV (%)

Inter-assay variation
mean Operator 1 and 2 (ng/mL)
SD (ng/mL)
CV (%)

sample 1

1161
90
7.8

1245
47
38

1203
79
6.6

sample 1

2732
6.6
24

259.0
8.1
31

266.1
10.2
38

sample 2

1967
121
6.2

2135
166
7.8

2051
159
7.8

sample 2

115.5
0.7
0.6

108.3
24
22

1119
4.3
38

sample 3

1595
49
31

1868
99
53

1731
165
9.5

sample 3

57.3
36
6.2

52.4
12
24

54.9
36
6.6

sample 4

1285
63
49

1399
43
3l

1342
79
59

sample 4

355
0.5
15
347
0.6
1.8

35.1
0.7
19

Intra-assay variation (multiple determinations of single samples within a single test run) and inter-assay variation (multiple determinations of single samples in several assay runs) was
determined for both complex assays by calculation of mean concentrations and %CV using 3 independent aliquots of 4 different samples in 2 test runs (performed by 2 different operators),
A %CV <10 indicates low variation for the intra-assay variation, while a CV% <20 indicates low inter-assay variation. %CV, coefficient of variation.
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MBL [ng/mL]

Vit D <30 ng/mL

Group of 42 patients 1528.93 + 391.49
n=17

Group of 120 patients 2085.88 + 277.38
n=31

Vit D <20 ng/mL

MBL [ng/mL]

Vit D >30 ng/mL

1398.11 + 430.46
n=16

2168.46 + 41546
n=57

Vit D >20 ng/mL

0.824

0.865

Group of 42 patients 2709.24 + 918.59 1232.82 + 280.72 0.060
n=>5 n=27

Group of 120 patients 2855.11 £+ 513.16 1911.19 + 252.19 0.080
n=21 n=66

Comparison between subgroups was performed by Student’s unpaired t-test. Statistical significance was determined at the level of p<0.05.
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Patients with hypopituitarism (n=42)

Variable Univariate regression Multivariate regression

95%Cl
FT3 [pg/mL] 0.120 0.02-0.2 0.020 0.144 0.017-1.18 0.071
LH [IU/L] | 0.814 ‘ 0.68-0.97 0.024 0.800 0.64-0.99 0.073

MBL [ng/mL] 0.999 0.99-1.00 0.048 0.999 0.99-1.00 0.127

Only statistically significant determinants are presented in the univariate analysis. Statistical significance was determined at the level of p<0.05. Statistically significant differences are shaded.
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Control plus patients with hypopituitarism (n=21+42)

Variable Univariate regression Multivariate regression
95%Cl 95%Cl

Age [years] 1.042 1.01-1.08 0.017 0.922 0.62-1.38 0.693
MBL [ng/mL] 0.999 0.99-1.00 0.004 0.997 0.99-1.01 0.519
TSH [mIU/L] 0.455 0.28-0.75 0.002 0.164 0.01-26.72 0.487
FT3 [pg/mL] 0.043 0.01-0.23 <0.001 <0.001 1.53-3.09 0.541
TChol [mg/L] 1.013 ‘ 1.00-1.03 0.049 7 1.110 0.79-1.55 0.541
LH [IU/L] 0.878 0.79-0.96 ' 0.007 0.895 0.63-1.26 0.528
ACTH [pg/mL] 0.970 0.94-0.99 . 0.045 0.856 0.63-1.15 0.308
IGF-I [ng/mL] 0.994 0.98-1.00 » 0.041 1.020 0.97-1.07 0.441
Lymphocytes [10°/L] 1.877 1.01-3.48 0.046 17.272 0.04-7195.24 0.355

Whole group of individuals (n=120)

Variable Univariate regression Multivariate regression
95%Cl 95%Cl

Age [years] 1.023 1.00-1.04 0.046 1.031 0.98-1.08 0.209
MBL [ng/mL] 1.001 0.99-1.00 0.005 1.001 0.99-1.00 0.119
TSH [mIU/L] 0.558 0.38-0.81 0.002 0.780 0.45-1.35 0.377
FT3 [pg/ml] 0.186 0.075-0.46 <0.001 0.640 0.13-3.07 0.577
TChol [mg/L] 1.009 1.00-1.018 » 0.045 1.018 1.00-1.03 0.019
LH [IU/L] 0.849 0.78-0.93 : <0.001 0.841 0.68-1.04 0.115
FSH [IU/L] 0.949 0.91-0.987 0.008 1.003 0.91-1.10 0.952
ACTH [pg/mL] 0.970 0.94-0.99 0.004 0.982 0.95-1.01 0.241
IGF-I [ng/mL] 0.992 0.99-1.00 » 0.004 1.002 0.99-1.01 0.483
Lymphocytes [10°/L] e 116258 0.007 1221 0.62-2.41 0.564
Creatinine [mg/L] 9.108 1.32-62.93 0.025 3227 0.17-59.98 0.432

Only statistically significant determinants are presented in the univariate analysis. Statistical significance was determined at the level of p<0.05. Statistically significant differences are shaded.
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Control n=21 Patients with hypopituitarism n=42 p

fLChol n=3 n=18

>2000 mg/L 1;% 4; o 0.025

(2200 mg/dL)

HDLC n=5 n=7

<400 mg/L o s 0.509

(<40 mg/dL) ’

LDLC

>1000 mg/L ’;;;0 ‘;‘5%./3 0.601

(>100 mg/dL) ° 0

TGs

>1500 mg/L ;’;; ’:5;9 0364

(>150 mg/dL) ’

HDLC/TChol n=1 n=3

<02 5% 7% 0759
Control n=21 Patients with pituitary diseases n=99 P

TChol

>2000 mg/L ;’4‘; ‘;;3: 0.037

(2200 mg/dL)

HDLC

<400 mg/L ;;05’ 1:1;);{,7 0170

(<40 mg/dL) ’

LDLC

>1000 mg/L ‘;;,l}f ‘;f/‘l 0.504

(>100 mg/dL) v

TGs

>1500 mg/L ;‘3‘; ';B‘;? 0.551

(>150 mg/dL) ’

HDLC/TChol n=1 n=5

<02 5% 5% 1.000

Statistical evaluation was performed by the two-sided ratio comparison test. Statistical significance was determined at the level of p<0.05. Statistically significant differences are shaded.





OPS/images/fimmu.2023.1107334/table3.jpg
MBL [ng/mL]

r; p-value; n
Control individuals (n=21) Patients with Patients with other pituitary =~ The whole group of
hypopituitarism (n=42) diseases (n=57) individuals (n=120)
Age [years] 0.0149 -0.1050 -0.0404 -0.115
p=0.949 n=21 p=0512 n=42 p=0.765 n=57 p=0213 n=120
Body mass [kg] -0.0740 0.1010 -0.0142 -0.0192
p=0.770 n=18 p=0.576 n=33 =0.922 n=50 =0.849 n=101
Height [cm] 0.305 -0.297 -0.0505 -0.0271
p=0.219 n=18 p=0.0932 n=33 p=0.728 n=50 p=0.788 n=101
BMI [kg/m?] -0.163 0.0802 0.0121 -0.0381
p=0.519 n=18 p=0.657 n=33 p=0.934 n=50 p=0.706 n=101
ACTH [pg/mL] -0.142 -0.0887 -0.124 -0.0373
=0.599 n=16 p=0.618 n=34 p=0.375 n=53 =0.709 n=103
LH [IU/L] 0.0287 0.0260 0.102 0.121
p=0.904 n=20 =0.880 n=36 p=0.467 n=53 $=0.207 n=110
FSH [IU/L] -0.0815 0.0036 -0.0922 -0.0159
p=0.733 n=20 p=0.983 n=36 p=0503 n=55 $=0.869 n=111
Prl [ng/mL] 0.161 -0.0805 -0.0174 -0.0821
p=0.485 n=21 p=0.631 n=38 p=0.902 n=53 $=0.390 n=112
IGF-1 [ng/mL] 0.220 0.4410 0.429 0.434
p=0.381 n=18 $=0.0049 n=40 £=0.002 n=51 P<0.001 n=108
Cortisol [pg/L] 0.120 0.0788 -0.173 0.141
p=0.614 n=20 p=0.620 n=40 p=0.203 n=56 p=0.127 n=116
TSH [mIU/L] 0.132 0.1630 -0.0464 0.144
p=0.569 n=21 p=0.320 n=39 p=0.732 n=57 p=0.122 n=117
FT3 [pg/mL] 0.122 0.2920 0.149 0.294
p=0.599 n=21 p=0.0639 n=42 p=0.268 n=57 p=0.0012 n=120
FT4 [ng/L] 0.223 -0.190 -0.133 -0.0562
p=0.332 n=21 p=0.235 n=42 p=0.324 n=57 p=0.543 n=120
TPOAb [IU/mL] 0.190 -0.200 -0.193 -0.0305
p=0.450 n=18 p=0.317 n=27 p=0.234 n=40 p=0.782 n=85
TgAb [IU/mL] 0.560 -0.0758 -0.160 -0.0487
p=0.0156 n=18 p=0.707 n=27 =0.332 n=39 =0.660 n=84
TSHRAD [IU/L -0.289 0.1960 0.202 0.0581
p=0.246 n=18 p=0.337 n=26 p=0.217 n=39 p=0.602 n=83
TChol [mg/L] -0.209 -0.0858 0.135 -0.0441
p=0363 n=21 p=0.594 n=42 p=0316 n=57 p=0.634 n=120
HDLC [mg/L] -0.0313 -0.2720 0.0268 -0.0768
p=0.893 n=21 p=0.0854 n=42 p=0.843 n=57 p=0.407 n=120
LDLC [mg/L] -0.191 -0.0236 0.132 0.00642
p=0.408 n=21 p=0.884 n=42 p=0.326 n=57 p=0.945 n=120
HDLC/TChol -0.0077 -0.2060 -0.138 -0.111
p=0.973 n=21 p=0.196 n=42 p=0.312 n=56 p=0.229 n=118
TGs [mg/L] -0.143 -0.1680 -0.160 -0.0309
p=0.535 n=21 p=0.292 n=42 p=0.332 n=39 =0.739 n=120
Glucose [mg/L] -0.00914 0.3670 0.207 0.177
p=0.694 n=21 p=0.0182 n=42 p=0.122 n=57 p=0.0537 n=120
RBC [10'%/L] 0.425 -0.1550 0.248 0.204
p=0.054 n=21 p=0.332 n=42 p=0.0633 n=57 p=0.0264 n=119
Hgb [g/L] 0.575 -0.0836 0.203 0.0793
p=0.006 n=21 p=0.603 n=42 p=0.130 n=57 p=0.391 n=120
WBC [109/L] -0.259 -0.2860 0.0616 -0.124
p=0.257 n=21 p=0.0698 n=42 p=0.649 n=57 p=0.179 n=120
HCT [vol%] 0.500 -0.0961 0.263 0.259
p=0.0209 n=21 p=0550 n=42 p=0.0481 n=57 £=0.004 n=120
Platelets [10°/L] -0.315 -0.2920 -0.0641 -0.149
p=0.165 n=21 p=0.0638 n=42 p=0.636 n=57 p=0.107 n=120
Neutrophils -0.255 -0.2480 0.0788 -0.0564
[10°/L] p=0.264 n=21 p=0.118 n=42 p=0.560 n=57 =0.542 n=120
Lymphocytes -0.155 -0.0877 0.0137 -0.113
[10°/L] p=0.502 n=21 p=0.586 n=42 p=0.919 n=57 p=0.222 n=120
Eosinophils 0.183 -0.0633 0.0377 -0.0293
[10°/1] p=0.426 n=21 p=0.694 n=42 p=0.780 n=57 £=0.751 n=120
Basophils -0.0394 -0.1180 -0.00193 -0.0893
[10°/L] p=0.865 n=21 p=0.462 n=42 =0.989 n=57 p=0.334 n=120
Monocytes -0.0722 -0.0812 0.104 -0.0214
[10°/L] =0.756 n=21 p=0.614 n=42 =0.440 n=57 p=0.818 n=120
ASPAT [U/L] 0.0158 -0.0176 -0.113 -0.0302
p=0.946 n=21 p= 0914 n=40 =0.402 n=57 p=0.746 n=118
ALAT [U/L] -0.0484 0.0336 -0.129 -0.0437
p=0.840 n=20 p=0.839 n=39 =0.342 n=56 p=0.643 n=115
Bilirubin [mg/L] 0.196 0.3960 -0.0748 0.129
p= 0451 n=17 p=0.0154 n=37 p=0.594 n=53 p=0.184 n=107
Na [mmol/L] 0.411 0.0700 -0.0952 0.0481
p=0.064 n=21 p=0.664 n=42 =0.481 n=57 p=0.603 n=120
K [mmol/L] 0.363 -0.0645 -0.268 -0.070
p=0.106 n=21 =0.689 n=42 p=0.044 n=57 p=0.449 n=120
Cl [mmol/L] 0.290 -0.0422 0.0192 0.0898
p=0.203 n=21 =0.796 n=41 =0.887 n=57 p=0.334 n=118
Ca [mmol/L] 0.158 -0.2630 -0.182 -0.121
$=0.518 n=19 $=0.127 n=35 $=0.207 n=50 p=0.220 n=104
Urea [mg/L] 0.114 -0.1900 0.0355 -0.0304
p=0.673 n=16 p=0.254 n=38 p=0.809 n=49 p=0.761 n=103
Creatinine [mg/L] 0.378 -0.1970 0.0394 -0.0272
p=0.100 n=20 p=0.217 n=42 p=0.773 n=56 p=0.771 n=117
GFR [mL/(minx1.72 m?)] -0.216 0.2320 0.107 0.131
=0.360 n=20 p=0.144 n=42 $=0.431 n=56 p=0.159 n=118
Vit D [ng/mL] 0.335 -0.1410 -0.124 -0.0579
p=0204 n=16 =0.440 n=32 p=0.453 n=39 p=0.597 n=86
PTH [pg/mL] -0.208 -0.1540 -0.152 -0.124
=0.440 n=16 $=0.383 n=34 =0.324 n=44 p=0.232 n=94

Statistical evaluation was performed by the Pearson’s correlation test. r - Pearson's correlation coefficient. Statistical significance was determined at the level of p<0.05. Statistically significant
differences are shaded.
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Assay type

C3NeF binding assays

Functional C3NeF assays measuring C3 cleavage
Functional C3NeF assays measuring convertase

stabilization

ShE with purified complement components

ShE with whole serum

RbE with whole serum

ELISA-based

Advantages

« Easy to implement (ELISA)
« Directly identify immunoglobulin nature

« Detect a functional effect

« Detect a functional effect

« Physiological conformations of convertases on a
membrane
« Directly identify immunoglobulin nature

« Physiological conformations of convertases on a
membrane
« Physiological conditions of convertase assembly
and decay
« Physiological conformations of convertases on a
membrane
« Physiological conditions of convertase assembly
and decay

+ Easy to implement (ELISA)

ELISA, enzyme-linked immunosorbent assay; ShE, sheep erythrocytes; RbE, rabbit erythrocytes.
“The assay described by Zhao et al. (61) has increased specificity compared to the original assays.
®Hemolytic assays are dependent on the availability of (fresh) erythrocytes and are prone to batch-to-batch variability of erythrocytes.

Limitations

« Detect binding, not function
« Artificial conformations of convertases possible

« Non-specific*

. (b
« Require expertise
« Time-consuming

« Require expertise”
« Lysis may occur in step 1

« Require expertiseb
« Additional approaches required to identify
immunoglobulin nature

« Artificial conformations of convertases possible
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A C3NeF binding assays

AP S T IR ff

C3b-coated ELISA-plate Convertase formation C3NefFs will bind Detect convertase-bound
convertases Igs with anti-human Ig
coupled to HRP

B  Functional C3 conversion assays
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\/ 12 0 4 C3b, Detect C3 activation products
‘ 0 Q iC3b, with immuno(fixation)
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0 C3a Western Blot
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C  Functional convertase-stabilization assays

N
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C3b-covered Convertase formation C3NeFs stabilize Detect hemolysis induced
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L i
Sheep erythrocytes O Only C3NeF-stabilized Detect hemo/yfr_s induced
convertases can form by C3NeF-stabilized

on the ShE membrane convertases

@ add C5-C9 source
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in EDTA

= o
Rabbit erythrocytes O Convertase assembly Detect hemolysis induced
and decay; decay is by convertases over time

inhibited by C3NeFs (convertase activity profile)
N
CAIY a0
add add decay
C3b-coated ELISA-plate Convertase formation C3NeFs will bind and Detect residual Bb with anti-Bb
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Western Blot
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Study

Nasr et al. (23)

Sethi et al. (24)

Zhang et al. (25)
Servais et al. (26)
Rabasco et al. (27)
Corvillo et al. (28)
Iatropoulos et ald (29)
Zhang et al. (30)
Marinozzi et al. (20)
Bomback et al. (31)
Ravindran et al. (32)
Tatropoulos et ald (22)
Michels et al. (33)
Garam et al. (34)
Levine et al. (35)
Wong et al. (36)
Michels et al. (21)

Year

2009
2012
2012
2012
2015
2016
2016
2017
2017
2018
2018
2018
2018
2020
2020
2021
2022

Country

USA
USA
USA
France
Spain
Spain
Ttaly
USA
France
USA
USA
Italy
NL
Europe®
UK
UK
NL

Total C3G
cohort (n)

32
12
32
85
60
80
73
168
127
111
114
93
27
48
61
39
29

Pediatric
onset®
(% of total)

44%°
17%
71%°
36%"
nr.

nr.

nr.
100%
100%

Tested for
C3NeF (n)

32
75
23
49
nr.
168
101
51
69
85
27
47
41
36
28

C3G

(% C3NeF)

57%

35%
54%
52%
75%
27%
43%
49%
59%
26%
44%
39%
71%

DDD
(% C3NeF)

78%

78%
86%

70%
78%
72%

11%
30%
78%
67%
45%
59%
62%
67%

USA, United States of America; NL, The Netherlands; UK, United Kingdom; DDD, dense deposit disease; C3GN, C3 glomerulonephritis; n.r., not reported.

"Age at time of investigation may be different in some studies.

®<16 years at onset.
“<18 years at onset.

“Additional collaborations with centers in Israel, Portugal, France, Switzerland, Russia, and Turkey.
°34 centers in Central and Eastern Europe.

C3GN

(% C3NeF)

50%

45%
48%
10%
44%
38%

31%
46%
38%
57%
19%
33%
26%
80%
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Records identified through
database searching using MeSH
terms
(n=441)

Records excluded:
- Languages different from English
- Animal studies
Review or editorial
No full text available

Abstracts screened for assessing
complement C3, C5, their split
products and/or TCC in human

blood samples
(n=376)

Records excluded for not assessing C3,
C5, their split products and/or TCC in
human blood samples
(n=284)

Full text screened for correct use
of sample and for which
technique was used
(n=92) (supplementary table 3)

No correct use of sample Sample and/or technique Correct use of sample
(n=25) not specified (see table 2)
(n=22) (n=45)

Scoring of studies
regarding quality
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Patient Classification

Ctrl

NA

Total

30

46

25

28

33

Age (yrs)

Mean (range)

s.d (n)*

42.0 (20-73)
16.8 (n=30)
57.4 (18-89)
18.13 (n=46)
39.4 (20-72)
156 (n=11)
36.47 (23-58)
120 (n=15)
59.4 (18-87)
165 (n=24)
66.2 (39-87)
143 (n=26)
62.8 (26-86)
13.82 (n=33)

BMI
Mean (range)
s.d (n)*

26.3 (23-30.1)
3.0 (n=4)

28.0 (18.3-53.9)
8.1 (n=42)
25.4 (20.9-31.8)
3.8 (n=8)
27.0 (19.6-43.4)
6.8 (n=13)
29.3 (20-47.9)
7.2 (n=22)
29.0 (15-42.4)
5.6 (n=24)

32.0 (22.5-40.2)
5.3 (n=22)

% Male™

60% (12/20)
43.5% (20/46)
18.2% (2/11)
13.3% (2/15)
41.6% (10/24)
69.2% (18/26)

67.9% (19/28)

"Due to the nature of the cohort, not all demographic information is available for all participants. The number of values on which the reported summary data for each characteristic is based

is therefore provided.
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Patient Classification Total Age (yrs)
Mean (range)
s.d (n)*
A 11 37.7 (20 - 72)
159 (n = 11)
B 23 39.0 (20 - 70)
13.9 (n = 23)
c 14 59.8 (42 - 77)
11.0 (n = 13)
D 17 63.1 (44 - 87)
12.0 (n = 17)
E 12 62.3 (38 - 81)
124 (n = 12)

BMI % Male™
Mean (range)

s.d (n)*
252 (20.9-31.8) 18.2% (2/11)
39 (n=8)
25.9 (19.6 - 43.4) 13% (3/23)
6.1 (n=19)
303 (211 - 42.9) 53.9% (7/13)
67 (n=12)
29.2 (208 - 36.2) 64.7% (11/17)
45 (n = 16)
323 (225-40.2) 75% (9/12)
6.1 (n=10)

"Due to the nature of the cohort, not all demographic information is available for all participants. The number of values on which the reported summary data for each characteristic is based

is therefore provided.
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Aim of the study

Investigate posttransplant complement activation in long-term
kidney graft and survival in kidney transplant recipients

Investigate complement proteins as early-pregnancy predictors
and potential diagnostic markers of preeclampsia

Investigate C3 and C4 levels in AQP4-IgG+ neuromyelitis optica
spectrum disorder, myelin oligodendrocyte glycoprotein antibody-
associated disease and multiple sclerosis patients

Assess CP convertase activity in C3G and IC-MPGN (immune
complex-mediated membranoproliferative glomerulonephritis)
patients

Characterize human whole blood ex vivo model based on the
GPRP peptide for anticoagulation. Examine its utility to assess the
effect of thrombin on complement activation

Evaluate systemic complement activation in patients with
hidradenitis suppurativa (HS)

Investigate alternative pathway activation and disease activity in
1gA nephropathy (IgAN)

Assess complement activation in Stargardt discase (STGD1)
patients

Investigate complement activation in COVID-19

Describe complement activation in trauma patients from
admission to 10 days after injury

Study role complement in infusion reactions (IRs) in pediatric
patients treated with Abelcet

Investigate complement activation in COVID-19

Compare eculizumab with compstatin-based C3-targeted drug
candidate AMY-101 in COVID-19

Characterization of mAb for C3dg and development of time-
resolved immunoassay

Establishing an assay for measuring complement activation at C3
level

Activation of complement at the interface of wound dressings
Evaluate complement in DiGeorge syndrome

Assess complement in necrotizing soft-tissue infection (NSTI)
patients

Investigate complement activation in children with acute
postinfectious GN

Investigate complement in sepsis, including disseminated
intravascular coagulation (DIC)

Asses AP activation in Transplant-associated thrombotic
‘microangiopathy (TA-TMA) after hematopoietic stem cell
transplantation (HSCT)

Explore complement response to Streptococcus pneumonia in
celiac disease (CD)

Investigate effect of intravenous iron on complement activation
in-vivo

Investigate complement activation in women with
antiphospholipid syndrome (APS)

Examine TCC levels in HIV patients with poor immune
reconstitution

Asses complement in patients with primary membranous
nephropathy (pMN)

Assess preanalytical stability of widely used tests to screen
complement.

Evaluate complement, endothelial damage, and activation of
coagulation in patients with transplant-associated thrombotic
microangiopathy (TA-TMA)

Examine complement activation in patients with age-related
macular degeneration (AMD), geographic atrophy, and
neovascular AMD

Development of an ELISA to quantitate C3(H20)

Investigate TCC and future risk of incident venous
thromboembolism (VTE)

Study the polyethersulphone (PES) membrane blended with
polyurethane (PU) for blood purification applications

Evaluate C5b-9 in blood and urine in preeclampsia

Investigate complement in AKI pathogenesis.

Investigate complement in patients with C3G with monoclonal
immunoglobulin (MIg-C3G)

Investigate C3d and sC5b9 as biomarkers for myocardial injury

Explore complement activation in hidradenitis suppurativa (HS)

Examine TCC in community-acquired pneumonia (CAP).
Explore role complement in long-term survival in acute heart

failure (AHF)

Asses complement in thrombotic microangiopathy after allogencic
stem cell transplantation (Transplantation-associated thrombotic
‘microangiopathy; TA-TMA)

Describe genetic rearrangements involving multiple CFHR genes
leading to a CFHRI-RS hybrid protein

Evaluate complement activation in acute episode of congestive
heart failure (CHF)

Investigate TAFI and TAFla, complement activation, fibrin clot
permeability and fibrinolytic function in antiphospholipid
syndrome (APS)

Investigation of a C5a neoepitope exposed on C5 after binding to
eculizumab in-vivo

Monitoring of complement activation and eculizumab in
complement-mediated renal disorders

Groups analyzed

Kidney transplant recipients

Healthy and preeclampsia
pregnant women before delivery

MOGAD, MS and HC

C3G, IC-MPGN patients, HC

GPRP- and lepirudin-
anticoagulated plasma

HS patients and HC

IgAN and HC
STGD! patients and controls

COVID-19 severity groups

Trauma patients

Pediatric patients treated with
Abelcet

COVID-19 and Sepsis patient vs.
controls

COVID-19 patients treated with
Eculizumab vs. AMY-101

‘The SLE patients and controls

SLE patients

Healthy controls
DiGeorge syndrome patients
NSTI patients vs. HC

Children with acute
postinfectious GN vs. children
with C3G and
hypocomplementemia

Sepsis patients with and without
DIC.

HSCT patients with TA-TMA
out TA-TMA

and

CD vs HC

Non-dialysis vs. dialysis patients

APS non-pregnant patients and
pregnant APS women

HIV-infected patients and HC

Patients with biopsy-proven
PMN vs. HC

HC

Patients with TA-TMA and
control HCT recipients without
TA-TMA

AMD patients vs. cataract
controls

Inflammatory-driven diseases vs.
HC

VTE patiens vs HC

Plasma with and without PU
Women with preeclampsia with
severe features vs. control

AKI patients vs. controls

MIg-C3G patients

Acute myocardial infarction
(AMI) patients vs. controls

HS patients vs. HC

CAP patients severity groups
Patients with AHF vs. HC

TA-TMA patients and patients
without TA-TMA)

C3G patients
CHF patients

APS patients vs. HC

Sample pre and post eculizumab
treatment

aHUS, C3G and ab-mediated
renal graft rejection (AMR)
patients treated with eculizumab

Complement
markers

a

C3a, C5a

c3

€5, TCC

€3, C5, Csa, TCC

C3, C5a, TCC

Csa
c3

C3a, TCC
TCC

Caa

C3a, C3c, TCC

C3, C3a, TCC

C3dg
C3dg
TCC

TCC
€3, C3be, TCC

€3, TCC

TCC

C3a, C5a, TCC

C3a, TCC

TCC

C5a, TCC

TCC

C3a, C5a, TCC

C3d, C3c

TCC

C3a, TCC

C3(H20)
TCC

Cia

C3d, TCC

Csa, TCC

TCC
C3a, TCC

C3b, TCC

C3,TCC

C3,TCC

Csa

Csa

C3,C3d, Csa,
TCC

Sample
matrix

EDTA-plasma
EDTA-plasma

EDTA-plasma

EDTA-plasma

GPRP- and
lepirudin-
anticoagulated
plasma

EDTA-plasma
EDTA-plasma
EDTA-plasma

EDTA-plasma
EDTA-plasma

EDTA-plasma
EDTA-plasma

EDTA-plasma

EDTA-plasma

EDTA, citrate,
heparin plasma,
serum

EDTA-plasma
EDTA-plasma
EDTA-plasma

EDTA-plasma

EDTA-plasma

EDTA-plasma

EDTA-plasma
EDTA-plasma
Citrate-plasma
EDTA-plasma
EDTA-plasma

EDTA-plasma

EDTA-plasma

EDTA-plasma

Serum and
plasma
EDTA-plasma
Citrate-plasma

EDTA-plasma

EDTA-plasma
EDTA-plasma

EDTA-plasma

Heparin-
plasma

EDTA-plasma
EDTA-plasma

EDTA-plasma

EDTA-plasma
EDTA-plasma

Citrate-plasma

EDTA-plasma

EDTA-plasma

Technique used
for analysis

ELISA
ELISA

Immunoturbidimetry
assay

ELISA

ELISA

ELISA, Radial
immunodiffusion
technique

ELISA

ELISA

ELISA
ELISA

ELISA
ELISA

ELISA, nephelometric
after PEG precipitation
(C3dp)

ELISA

ELISA

Not specified

ELISA
ELISA

ELISA

ELISA

ELISA

ELISA
ELISA
ELISA
ELISA
ELISA

ELISA, nephelometric
and immunofixation
after PEG precipitation

ELISA

ELISA

ELISA
ELISA
ELISA
ELISA

ELISA
ELISA, nephelometry

Rocket
immunoelectrophoresis
and ELISA

ELISA

ELISA
ELISA

ELISA

ELISA

Radial immunodiffusion
and ELISA|

ELISA

ELISA

ELISA

1

Scoring
criteria

2 3 4 Total Ref.

11 - 8 (98)
11 - 3 (60)
11 - 3 (61)
O B 3 (62)
1= 3 (0
1= 3 (63)
11 - 3 64
11 - 3 (65)
11 - 3 (66)
11 - 3 (67)
11 - 3 (93)
11 - 3 59)
- 3 2)
1= 3 (100)
11 - 3 99)
11 - 2 (69)
11 - 3 (70)
11 - 3 (@]
11 - 3 (72)
11 - 3 (73)
11 - 3 (%)
11 - 3 (74)
11 - 3 ©1)
11 - 3 (75)
11 - 3 (76)
11 - 3 @7)
11— 3 (109
11 - 3 ()
11 - 3 @9)
11 - 3 (101)
11 - 3 (80)
11 - 3 (103)
- 3 ®1
11 - 3 (82)
11 - 3 (83)
D Y 3 (84)
- 3 (85)
1= 3 (86)
11 - 3 87
1= 3 (95)
11 - 3 (88)
11 - 3 (89)
11 - 3 (90)
D 3 ©1)
11 - 3 7
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Disease

Age-related macular
degeneration (AMD)

Alzheimer disease
(AD)

Amyotrophic lateral
sclerosis (ALS)

ANCA-associated
vasculitis

Anti-glomerular
basement membrane
(anti-GMB) disease

Angioedema

Atypical haemolytic
uremic syndrome
(aHUS)

Cancer

Cold agglutinin disease

Diabetes

Epilepsy

Glomerulopathies
(C3G)

Guillain-Barre
Syndrome (GBS)

Henoch-Schoenlein
purpura
(Immunoglobulin A
vasculitis (IgAV)]
Hypocomplementemic
Urticarial Vasculitis
Syndrome (HUVS)

Huntington’s disease

Infection disorders

Inflammatory bowel
disease

Kidney ischemia/
reperfusion (I/R)
injury

Kidney transplant
injury

Multiple sclerosis

Myasthenia gravis
(MG)

Myocardial infarction

Neuromyelitis optica

Organ transplantation

Parkinson disease (PD)

Paroxysmal nocturnal
haemoglobinuria
(PNH)

Periodontitis

Polytrauma

Refractory generalized
myasthenia gravis
(gMG). See also
myasthenia gravis

Rheumatoid arthritis

Schizophrenia

Sepsis/multi-organ
dysfunction

Skin diseases

Systemic lupus
erythematosus (SLE)

Thrombotic
thrombocytopenic
purpura (TTP)

Trauma (see also
polytrauma)

Urticarial vasculitis
(see also
Hypocomplementemic
Urticarial Vasculitis
Syndrome)

Uveitis

Mechanism

Genetic variants in complement genes C3, CFB CFH, and CD46 (MCP).

Local generation of C3a and C5a creating an inflammatory environment. Altered levels of Clq, FB, C4, C4a,
TCC. Deposition of TCC on neuronal cells may be responsible for neuritic loss.

Dysregulation of complement, complement activation in the spinal cord, C5aR1-C5a signalling during
progression suggests that the terminal complement pathway contributes to the pathogenesis of ALS.

Signalling through the C5a-C5a receptor, contributes to the immunopathology of ANCA-associated vasculitis

Autoantibodies- or immune complexes-induced complement activation

Genetic variants in C1-INH (Hereditary angioedema; HAE), autoantibodies against C1-INH (acquired
angioedema)

Genetic variants in C3, CFB, CFH, CFI, CD46 (MCP) genes.

Complement-induced inflammation leading to tumour growth and metastasis.

Cold agglutinin (CA) IgM immune complexes bind C1q and thereby initiates the classical complement
pathway

Increased levels of complement activation in plasma.

Deposition of Clq, C3b and TCC in affected brain tissue.

Genetic variants in C3, CFB CFH, CFI and CFHRS; presence of autoantibodies (C3NeF) preventing AP
regulation.

IgG anti-ganglioside antibodies that lead to GBS cause complement-mediated disruption of interactions
between Schwann cells and axon. Terminal complement activation and TCC deposition on Schwann cell.
Elevated levels C3a and C5a in the CSF of patients

Most common form of childhood vasculitis, characterized by IgA1l-immune deposits, complement factors and
neutrophil infiltration, which is accompanied with vascular inflammation. Autoantibodies- or immune
complexes-induced complement activation via the alternative and lectin pathway. Levels of TCC in the urine
might be a useful indicator of renal injury

Exact pathophysiology unknown. Rare immune complex-mediated small vessel vasculitis characterized by
urticaria, hypocomplementemia (low Clq, C3, and C4), and systemic manifestations, and it is also associated
with circulating anti-Clq autoantibodies

Autosomal dominant neurodegenerative disorder caused by a cytosine-adenine-guanine (CAG) trinucleotide
repeat expansion in the huntingtin gene. Upregulation of complement components C7 and C9 in HD,
increased levels of clusterin are associated with disease progression. Upregulation of C5a-C5aR axis.

Pathogens trigger innate immune responses and activate the complement pathway either directly by
pathogen-derived antigens or indirectly by molecules released by host cells binding to these antigens.

Appropriate activation of the intestinal complement system seems to play an important role in the resolution
of chronic intestinal inflammation, while over-activation and/or dysregulation may worsen intestinal
inflammation. C3 and C4a are suggested as diagnostic markers

Complement molecules influence function of factors such as free radicals, neutrophils, and the products of
activated endothelium. Complement activation releases biologically active, proinflammatory products. C4a,
C3a, and C5a can induce smooth muscle contraction, increase vascular permeability, and cause the release of
histamine. C5a acts on neutrophils, promoting chemotaxis and activation and acts on neutrophils and
endothelium to upregulate cell adhesion molecules such as CD11b/CD18 and the intercellular adhesion
molecule (ICAM-1). C5b-9 inserts into the membrane of target cells, inducing cell injury and necrosis. C5b-9
also activates neutrophils and endothelium by upregulating adhesion molecules and promoting the release of
cell stimulants such as hydrolytic enzymes, reactive oxygen species, arachidonic acid metabolites, and
cytokines. In addition, C5b-9 can enhance the procoagulant properties of the endothelium

Antibody-mediated renal injury; individuals with pre-existing circulating antibodies are at high risk to
develop complement-dependent reaction against transplanted kidney; local synthesis of complement
components together with loss of regulatory mechanisms for complement activation, especially of C3, C5 and
TCC.

Inflammatory, demyelinating disease of the central nervous system that leads to variable axonal and neuronal
damage. Causes are largely unknown. Depositions of C1q, C3d, and C5b-9 in white matter lesions of MS.
Complement proteins, activation products and inhibitors were found at MS plaques. Astrocyte-enriched
extracellular vesicles derived from the plasma of MS patients contained high levels of Clq, C3, C3b, iC3b, C5,
and C5a. C3a in CSF at baseline assessment of patients with clinically isolated syndrome and newly
diagnosed relapsing-remitting MS could be a promising prognostic marker of disease activity Also genetic
variants were identified, for instance in MASP1 and C2 to be associated with the disease.

MG is an antibody-mediated autoimmune disease of the postsynaptic neuromuscular junction presenting
with a fluctuating degree of weakness in ocular, bulbar, limb, and respiratory muscles. Activation of
complement via disease-specific autoantibodies to the acetylcholine receptor (AChR). Inhibition of C5 or
TCC could be beneficial in refractory MG

Complement activation is an important factor for inflammation and injury of ischemic and infarcted
myocardial tissue. Lectin pathway main driver in myocardial reperfusion injury. Complement-derived effector
molecules as described above are involved in producing the inflammation, tissue injury, and necrosis of the
heart tissue during reperfusion

Neuromyelitis optica spectrum disorder (NMOSD) is an autoimmune inflammatory disease of the central
nervous system (CNS), characterized by pathogenic, complement-activating autoantibodies against the main
water channel in the CNS, aquaporin 4 (AQP4)

C3 is activated during transplant and is associated with late allograft damage and rejection. C5a and C3a
anaphylatoxins increase the inflammatory response. C5a fragment serves as a chemotactic agent for
neutrophils and macrophages, there is also evidence that C3a induced chemotaxis of monocytes and mast
cells. In Antibody-mediated rejection (AMR), donor-specific antibodies (DSAs) form immune complexes on
the surface of (kidney) allograft endothelium bind C1q complement component, leading to the activation of
the classical complement pathway. The C4d fragment formed following this activation, and deposited in the
peritubular capillaries of the kidney allograft, is an important biomarker of antibody-mediated rejection

PD is characterized by dopamine deficiency at the basal ganglia and deposition of a-synuclein that forms
Lewy bodies. However, the exact neuropathologic mechanisms remain elusive. Studies regarding the role of
complement in PD are controversial. Some reported the involvement of the classical complement pathway by
recognizing anti C3d, C4d, C7 and C9 antibodies in substantia nigra or by the aggregation of iC3b and C9 in
Lewy bodies of PD patients. Other studies failed to correlate complement activation with cortical Lewy
Bodies. Clusterin and complement Clr were decreased compared to controls and have been proposed as
useful biomarkers of disease progression

PNH is a rare disease that presents clinically with a variety of symptoms, the most prevalent of which are
hemolytic anemia, hemoglobinuria, and somatic symptoms including fatigue and shortness of breath. In
patients with PNH, CD55 and CD59 are lacking, and RBCs undergo excessive complement-mediated
hemolysis leading to hemolytic anemia, thrombosis, renal dysfunction, and pulmonary hypertension

Inflammatory disease in tooth-supporting tissues, induced by bacteria growing in a biofilm on tooth surfaces.
Components of the complement system are present in the periodontal tissue leading to local induced
complement activation. Clgq, factor B, factor Bb, C3, C3a, C3b, C3c, C3d, C4, C5, C5a, C5b and C9 have all
been detected in diseased periodontal tissue

Evidence of systemically increased complement activation: C3a, C5a, high C3a/C3 ratio in case of organ
dysfunction after trauma. Predominance of alternative pathway activation. C5a is seen to delay the fracture
healing by delaying neutrophil apoptosis and delaying recruitment of osteoblast and osteoclast progenitors.

gMG is a rare autoimmune disorder characterized by skeletal muscle weakness caused by disrupted
neurotransmission at the neuromuscular junction. Autoantibodies attack acetylcholine receptors, which are
essential in facilitating muscle contraction and movement.

Evidence suggesting complement activation in synovial tissue.
Increased levels of C2, C3 and C3a in RA patients

Genetic variant in C4A associated with increased risk. Increased copy number of C4A4

Hyperinflammatory response after infection (cytokine storm). Increased levels of C3a, C5a and TCC.
Excessive complement activation and consumption during septic shock.

Excessive complement activation, may be caused by autoantibody-induced cytotoxic effects of TCC on
epidermal or vascular cells thereby causing inflammation.

Genetic variants in C1Q, C2, C4, CR2, CR3; impairment of complement-mediated clearance of immune
complexes and apoptotic cells. Autoantibodies against C1q.

Excessive AP activation. Functional deficiency of ADAMTS13 plays a substantial role in the development of
TTP. Increased complement activation, increased levels of complement activation markers C4d, C3bBbP and
C3a.

Evidence of systemically increased complement activation: C3a, C5a, high C3a/C3 ratio in case of organ
dysfunction after trauma. Predominance of alternative pathway activation. C5a is seen to delay the fracture
healing by delaying neutrophil apoptosis and delaying recruitment of osteoblast and osteoclast progenitors.

Exact pathophysiology unknown. Rare immune complex-mediated small vessel vasculitis characterized by
urticaria, hypocomplementemia (low Clq, C3, and C4), and systemic manifestations, and it is also associated
with circulating anti-Clq autoantibodies

Inflammation of the uvea, the pigmented layer that lies between the inner retina and the outer fibrous layer
composed of the sclera and cornea. Presence of autoantibodies activating complement.

Recommended
analysis

Genetic analysis of the
genes C3, CFB, CFH,
CD46

Analysis of complement
components Clq, FB,
C4, C4a and TCC

Analysis of terminal
pathway components,
such as TCC

ELISA for C5a

ELISA for anti-Clq
antibodies

CI1-INH, C4, Clg, anti-
CI-INH autoantibodies,
molecular analysis C1-
INH.

CH50, AH50, functional
ELISA for CP, AP,
ELISA for C3, FB, C3a,
C3d, TCC, FH, FI, anti-
FH autoantibodies,
molecular analysis CFH,
CFI, C3, CFB, CD46
(Mcp)

Analysis of terminal
pathway components,
such as TCC

CH50

Analysis of terminal
pathway components,
such as C3d and TCC

Analysis of components
such as Clq, C3, C5 and
TCC

CH50, AH50, functional
ELISA for CP, AP,
ELISA for C3, C4, C3a,
C3d, TCC, FH, FI, C3
and C4 nephritic factor,
autoantibodies to FH
and FB, C3 convertase,
molecular analysis of
CFH, CFI, C3, FB, MCP
(CD46)

ELISA for C3a, C5a,
TCC. Measurement of
anti-ganglioside
antibodies

Analysis of terminal
pathway component
TCC

ELISA for Clg, C3, C4,
autoantibodies against
Clq

ELISA for C5a, C7, C9,
TCC

CH50, AH50, functional
ELISA for CP, AP, LP.
ELISA for C3, C4, Clq,
C3a, C3d, TCC, C5-C9,
Properdin, MBL

ELISA for C3 and C4a

ELISA for C3/C3 split
products, C4/C4 split
products, C5/C5a split
products, TCC, FH,
properdin. C4d staining
of kidney biopsies

ELISA for C3/C3 split
products, C4/C4 split
products, C5/C5a split
products, TCC, FH,
properdin. C4d staining
of kidney biopsies
ELISA for C3 and C3
activation products such
as C3a

ELISA for C5/C5a, TCC

Analysis of terminal
pathway component C3/
C3 split products, C5/C5
split products and TCC
Anti-AQP4
autoantibodies

ELISA for C3/C3 split
products, C4/C4 split
products, C5/C5a split
products, TCC, FH,
properdin. C4d staining
of kidney biopsies

ELISA for clusterin and
Clr

CD55, CD59,
fluorescently labeled
aerolysine (FLAER) test

ELISA for Clq, factor B,
factor Bb, C3, C3a, C3b,
C3c, C3d, C4, C5, C5a,
Csb and C9

CH50, MBL, C3a, C5a,
SC5b-9, C4BP total,
C4BP-, and factor I by
ELISA

ELISA for C5/C5a, TCC

C2, C4b, C5a, FD, MBL,
FI, Clg, C3,C3a, C3b
C4, FB, FH, properdin,
TCC

Genetic variant analysis
C4A

ELISA for C3, C3a,C3c,
Cs, C5a, and TCC
(sC5b-9), CH50
Analysis of terminal
pathway components,
such as TCC

CH50, functional ELISA
for CP. ELISA for C4
(C4a/b), Clq, C3, C3a,
C3d, TCC, anti-Clq
autoantibodies

C3, Factors H, I, B and
total alternative pathway
activity together with
complement activation
fragments (C3a) or
complexes (Clrs-INH,
C3bBbP, sC5b9)
measured by ELISA or
RID.

CH50, MBL, C3a, C5a,
SC5b-9, C4BP total,
C4BP-B, and factor I by
ELISA

ELISA for Clg, C3, C4,

autoantibodies against
Clq

Human C3a
radioimmunoassay
Immunoelectrophoresis
(IEP)
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Patient Day of Eculizumab target Disease phase C5b-9 deposition (fold change

sampling >50-100 pg/ml vs NHS run in parallel)*
P2 0 <8 Acute phase (TMA + AKI) 2.84°
13 206 Remission phase® 030
P3 0 <8 Acute phase (TMA + AKI) 397
307 <8 Remission phase 0.76
P4 0 <8 Pre-relapse 0.68
10 <8 Acute phase (TMA + AKI)® 1.37
211 <8 Acute phase (TMA + AKI)® 7.69
344 <8 Remission phase 043
P5 0 <8 Acute phase (TMA + AKI) 217
15 134 Remission phase® 0.59
P6 0 <8 Acute phase (TMA + AKI) 5.85

“Eculizumab level was above therapeutic target, suggesting adequate complement blockage.

*Lactate dehydrogenase (LDH) 1450 U/L, thrombocytes 21x10%1, urine protein-to-creatinine ratio (UPCR) 1.18 g/10mmol, and serum creatinine 130 umol/L
LDH 612 U/, thrombocytes 65x10°/l, UPCR 0.37 g/10mmol, and serum creatinine 128 umol/l.

Patient samples: mean of two replicates of a single experiment. NHS: mean of at least three replicates of a single experiment.

“No duplicate.

AKI: acute kidney injury, NHS: normal human serum, TMA: thrombotic microangiopathy.
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Patien Gene cDNA change Protein change  Zygosity Class® FH autoantibodies = References

Pl CFH-CFHRI hybrid” Heterozygous Negative (35, 36)
P2 c3 c481C>T p.Argl61Trp Heterozygous | 5 Negative (34,37, 38)
P3 CFHR3-1 deletion Homozygous 2 Positive (39-41)
P4 c3 c481C>T p.Argl61Trp Heterozygous | 5 Negative (34,37, 38)
P5 C3 c481C>T p-Argl61Trp Heterozygous | 5 Negative (34, 37, 38)
P6 c3 €481C>T p-Argl61Trp Heterozygous | 5 Negative (34, 37, 38)

*Classification based on guidelines of the American College of Medical and Genomics (42) as benign (class 1), likely benign (class 2), uncertain significance (class 3), likely pathogenic (class 4),
and pathogenic (class 5).

®Genomic analysis using multiplex ligation-dependent probe amplification identified a heterozygous deletion of CFH (LRG_47t1) exon 22, complete CFHR3 (LRG_175t1) and CFHR1
(LRG_149t1) exon 1-5, indicating a genomic rearrangement resulting in a CFH/CFHRI hybrid gene (NC_000001.10: g.(196715167_196716320)_(196799888_196801005)del).

CFH, complement factor H; CFHR, complement factor H related.
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Eculizumab  (>50-100 ug/ml) <8 <8 <8 <8 12 167 12 <8 166
CH50 (67-149%) 94 94 106 ND 69 <10 84 130 <10 \c}
AP50 (67-133%) 113 106 100 ND ND 27, ND 143 ND (‘\‘o
a (700-1500 mg/1) 927 796 825 1077 831 1018 801 ND 960 <
c3d (<8.3 mg/l) i) 6.4 8.1 2 7l 8.8 8.1 ND 14.6
€3d/C3 ratio (<8.1) 83 8.0 9.8 ik it £ 8.7 101 ND 15.2
c5 (42-93 pg/ml) 108 107 114 137 118 127 137 157 119
Hemoglobin (8.4-10.8 mmol/l) 7.0 6.9 6.6 6.3 745 7.4 6.4 5.4 Tk
LDH (<250 U/1) 273 213 251 346 224 269 205 332 228
Thrombocytes (150-400 x10°/1) 182 160 178 136 278 236 233 116 195
Creatinine (<110 umol/1) 141 172 188 359 226 282 242 551! 777
Haptoglobin (0.3-1.6 g/1) 0.86 0.48 0.55 0.52 0.93 0.84 1532, 0.26 1.46
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cDNA change Protein change rs-number Domain = GenomAD frequency (ALL) = Classification Clinical

phenotype
148C>G Pro50Ala 15144082872 FIMAC 0.01% 3 AMD and aHUS
163A>T Tle55Phe N/A FIMAC - 3 AMD
782G>A Gly261Asp 15112534524 LDLRA2 0.13% 2 AMD and aHUS
898G>A Ala300Thr 1511098044 LDLRA2 1.1% 1 AMD
1019T>C 1le340Thr 15769419740 Sp 0.0073% 14 AMD and aHUS
1195T>C Trp399Arg 15778871974 SP 0.002% 2 AMD and aHUS
1204C>T Pro402Ser | 151416762682 1 Sp - | 3 aHUS
1429G>C Asp477His 15754972981 Sp 0.002% 3 ‘ AMD

Classification of the variants was done according to previously described guidelines (25) as benign (Class 1), likely benign (Class 2), uncertain significance (Class 3), likely pathogenic (Class 4) and
pathogenic (Class 5). cDNA and protein changes were determined using transcript NM_000204.4.
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T2D Patients

(n=100)

Healthy controls
(n=100)

P-value

Sex (male/female) (%)

Age (years)

Diabetes duration at study entry (years) (median (IQR))
Body Mass Index (kg/mz)

Fat percent (%)

HbAlc (mmol/mol)

Total-cholesterol (mmol/L)

LDL-cholesterol (mmol/L)

HDL-cholesterol (mmol/L)

Triglycerides (mmol/L)

Urine-albumin/creatinine ratio (mg/mmol)

(median (IQR))

Estimated glomerular filtration rate (eGFR) (ml/min/1.73m?) (median (IQR))
High sensitive CRP (mg/L) (median (IQR))

24-h ABPM systolic BP (mmHg)

24-h ABPM diastolic BP (mmHg)

Smoking (present/previous/never) (%)

Diabetes treatment (insulin or insulin+other antihyperglycemic/other antihyperglycemic other/
lifestyle intervention) (%)

Statin treatment (%)
Antihypertensive treatment (n %)
Mannan binding Lectin (MBL) (median (IQR))

Total group (ug/L)

Low MBL expression genotype (O/0), (ug/L)
Medium MBL expression genotype (A/O),(ug/L)
High MBL expression genotype (A/A), (1g/L)

52/48
58 (£9.8)
1.9 (2.4)
30 (+4.7)
32.8 (£8.4)
48.0 (+7.0)
44(£0.8)
23(£07)
14 (£0.3)
1.6 (£0.7)

276 (4.23)

87.4 (22.5)
1.83 (2.68)
126 (+18.8)
74 (£74)
21/36/42

8/65/27

76

63

643 (1152.5)
15 (15.5), (n=15)
421 (412), (n=41)
1522 (1259), (n=42)

52/48

58 (£9.7)

26 ( + 4.0)
288 (£82)
37.9 £( £ 3.8)
5.7 (+1.0)
34 (+1.0)
1.7 (£0.6)
14 (£0.7)

2.01 (2.13)

816 (16.2)
0.79 (1.01)
125 (+12.5)
76 (+7.7)

21/33/46

25

798 (1394)
24 (30), (n=13)
402 (557.5), (n=43)
1691 (1255), (n=43)

0.892

<0.001

0.001

<0.001

<0.001

<0.001

<0.001

0.036

0.001

0.01

<0.001

0.625

0.186

0.732

<0.001

<0.001

0.274
0.527
0.564
0.384
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Individuel change in MBL
High MBL expressing genotype

MBL level (ug/L)

MBL level (ug/L)

500

Control I I Type 2 Diabetes

0.0047 0.14

Baseline 5 years follow up Baseline 5 years follow up
Visits

Individuel change in MBL
Medium MBL expressing genotype

0.0032 2.1e-07

Baseline 5 years follow up Baseline 5 years follow up
Visits
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CIQBP as a tumor
biomarker

CIQBP as a prognostic marker is related to metastasis
and poor prognosis in cancer patients (Chen et al,, 2009;
Niu et al,, 2015; Wang et al, 2015)

CIQBP as a tumor biomarker is tightly associated with
the lymph node and peritoneal metastasis in epithelial
ovarian cancer patients (Yu et al,, 2013)

CIQBP as a critical regulator for tumor progression of
prostate cancer is positively correlated with pathological
stage and relapse of the disease (Amamoto et al., 2011)

CIQBP as a tumor diagnostic marker is correlated with
progression and poor prognosis of the gastric cancer
patients (Gao et al., 2016)

CIQBP as a tumor associated antigen (TAA) is
overexpressed in clinic low- and high-grade gliomas
(Rousso-Noori et al., 2021)

C1QBP
and tumor progression

CIQBP interacts with PKC to modulate in cancer cell
chemotaxis (Zhang et al,, 2013)

CIQBP is involved in tumor invasion and migration
(Prakash et al., 2011)

CIQBP promotes tumor metastasis by targeting EMT
markers, and modulating TME (Sinha et al., 2021)

‘C1QBP shifts tumor metabolism to OXPHOS leading to
the enhanced tumorigenicity (Fogal et al., 2010)

CIQBP impacts the lamellipodia formation and a
concomitant decrease in FAK kinase, thus promoting
tumor migration and tumorigenesis (Kim et al, 2011)

Tumor therapies targeting
C1QBP

C1QBP asa new target can be utilized for precise delivery
of imaging or therapeutic agents to tumors
(Sanchez-Martin et al., 2011)

CIQBP antibody inhibits growth factor stimulated
lamellipodia formation, cell migration and focal
adhesion kinase activation as well as prevents even
angiogenesis (Kim et al., 2016)

CIQBP as the receptor of a nanoparticle drug, CGKRK
‘nanoworms, has been found to be effective in orthotopic
glioblastoma and breast cancer (Agemy et al., 2013)

A CIQBP binding peptide displays improved tumor
penetration and increased efficacy in suppressing breast
tumor growth in vivo (Hunt et al, 2017)

C1QBP-specific CAR T cells recognize and specifically
eliminate CIQBP expressing glioma cells and tumor
derived endothelial cells (Rousso-Noori et al,, 2021)
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T2D Patients Healthy controls P-value
(GECE)] (n=72)
Sex (male/female) (n) 33/30 36/36 0.784
Age (years) 65.4 (£ 9.6) 63.2 (£10) 0.200
Diabetes duration at study entry (years) (median (IQR)) 7.7 (2.5)
Body Mass Index (kg/m®) 30.2 (£55) 26.8 (£4.1) <0.001
Fat percent (%) 34.7 (£ 83) 31.2 (£ 8.0) 0.016
HbAIlc (%) 52.8 (£11.6) 382 (+£34) <0.001
Total-cholesterol (mmol/L) 3.98 (+1.03) 53(£1.1) <0.001
LDL-cholesterol (mmol/L) 1.9 (£ 0.84) 3.1 (+1.02) <0.001
HDL-cholesterol (mmol/L) 1.3 (£ 041) 1.6 (£ 0.6) <0.001
Triglycerides (mmol/L) 1.84 (+ 1.8) 1.13 (£ 09) 0.006
Urine-albumin/creatinine ratio (mg/mmol) 33(+8) 0.6 (£3.3) 0.012
(median (IQR))
High sensitive CRP (mg/L) (median (IQR)) 1.8 (2.7) 1.1 (2.35) 039
24-h ABPM systolic BP (mmHg) 127.8 (£ 13.5) 129.3 (+ 12.4) 0.49
24-h ABPM diastolic BP (mmHg) 74.4 (£73) 78.9 (£ 7.8) 0.001
Smoking (present/previous/never) (%) 2719127 22/12/38 0.161
Diabetes treatment (insulin or insulin+other antihyperglycemic/other antihyperglycemic/lifestyle 11/45/44
intervention) (%)
Statin treatment (n) 53 16 <0.001
Antihypertensive treatment (n) 48 26 0.001
Mannan binding Lectin (MBL) (median (IQR))
Total group (ug/L) 337 (1154) 584 (1215) 0.108
Low MBL expression genotype (O/0), (ug/L) 10 (0.50), (n=11) 16 (18), (n=10) 0025
Medium MBL expression genotype (A/O), (ug/L) 295 (205), (n=27) 316 (231), (n=27) 0.426
High MBL expression genotype (A/A), (ug/L) 1548 (1012), (n=24) 1585 (1273), (n=32) 0.682
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cDNA change Protein change SDS-PAGE ELISA Luminex Classification (this study)

FH sCR1 FH sCR1
148C>G Pro50Ala 0(5.1) 12 (1.4) 70 (15.7) 2 (3.0) Pathogenic
163A>T 1le55Phe 35 (6.2) 80 (16.1) 65 (5.3) 57 (10.0) Pathogenic
782G>A Gly261Asp 64 (8.7) 93 (9.1) 82 (3.0) 96 (9.2) Benign
898G>A Ala300Thr 66 (6.6) 100 (8.5) 92 (8.0) 83(7.2) Benign
1019T>C 11e340Thr 11 (0.5) 11(2.8) 10 (1.6) 26 (3.4) Pathogenic
1195T>C Trp399Arg 16 (5.6) 9 (5.0) 23 (6.4) 21 (32) Pathogenic
1204C>T Pro402Ser 0(5.1) 35 (3.8) 6 (5.0) 22 (34) Pathogenic
1429G>C Asp477His 66 (4.4) 92 (1.8) 82 (7.5) 122 (9.2) Benign

Summary of the results of the functional analysis of FI variants using three different functional assays and two cofactors (sCR1 and FH) shown in Figures 2-4. Statistically significant mean values
are shown in bold type, standard deviation (+/-) is shown in brackets. Values of the ELISA, SDS-PAGE and Luminex assays are depicted in % of efficiency in comparison to the wild type FI
measurement.
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Patient studies

Patient info Biofluid/  EV cellular Complement content EVs EV isolation EV characterization
(disease/controls) tissue as source
3% arker)
source
Global quantification Protein marker
detection
Dementia  FTLD (genetic HC Plasma Bulk 1 Clg, C3, C4 cargo per EV in FTLD Total Exosome [ A 1(CD9) (136)
GRN/C9orf72, 1 C4 cargo in GRN+(homo) vs GRN+(het) Isolation kit B (NTA) 2(TSG101)
sporadic) and sporadic oc o3
1 C4 cargo in sporadic vs GRN+(het) op 4 (Calnexin)
1 C4 EV/plasma ratio in sporadic vs GRN+ OE
FTLD
1 C4 EVplasma ratio in GRN+ (homo) v
HC and other FTLD groups
1 C3 EV/plasma ratio in sporadic vs HC and
other FTLD groups
AD, FTLD AIGHC | Plasma Bulk (CD81+)  AEVs and NEVs of AD patients are ExoQuick + IP A (05 ml) 1(CD81, CD9, CD63) (137)
Astrocytes neurotoxic (induction Membrane Attack B (NTA) 2 (ALIX)
(GLAST+) Complex (MAC) expression, membrane [ C (Bradford) 3 (ApoAl)
Neurons disruption, reduced neurite density, decreased op 4 (GM130)
(LICAM+) cell viability) E
AD (mild) AIGHC | Plasma Astrocytes 1 Clq, Cab, C3d, factor B, factor D, fBb, C3b  ExoQuick + IP A (250 W) 1(CD81, CD59, CD55) (138)
AD (moderate) Pre- (GLAST+) and TCC (C5b-C9) in AEVs of mild AD vs oB o2
dlinical HC. oc o3
AD Mean complement levels higher in moderate op o4
AD vs preclinical AD. OE
mcIc MCIS Plasma Astrocytes 1 Clq, Cab, D, fragment Bb, C5b, C3b, C5b-  ExoQuick + IP A (250 ) 1(CD81, CD59, CD55) (139)
AD (mild, AIG HC (GLAST+) C9 in AEVs of MCIC vs MCIS. oB o2
moderate) 1 CD46, CD59, and type 1 complement oc o3
receptor in AEVs in MCIC vs MCIS. oD 04
OE
AD AIGHC | Brain Microglia Proteomic EV analysis GentleMACS O A 1(CDY, CD81, CD63, (140)
Braak stage V-VI tissue (CD11b+) 1 C4, CD59 in MEVs from AD vs HC tissue B (TRPS) CD11b)
(parietal dissociation oc 2 (syntenin-1)
cortex) Sucrose density D (lipidomics) 3
gradient UC + E 4 (GM130, Calnexin)
»
Parkinson’s  PD HC Plasma Bulk Proteomic EV analysis SEC (EV- A (200 ) 1(CD81, CD9) (141)
disease HY stages Il and 1 Clusterin, Clr in PD vs HC Second) oB o2
m C (Bradford) o3
op 04
E
PD HC Serum Bulk Proteomic EV analysis puc A5 m) o1 (142)
Mild and severe 1 Clqin PD vs HC oB o2
1 Clusterin, Clr in progression from mild to C (BCA) o3
severe PD op 04
1 Clqin progression from mild to severe PD OE
Multiple RRMS, pMS HC Plasma Astrocytes 1 Clg, C3b/iC3b, €5, C5a, fH (pMS vs. HC)  ExoQuick + IP A (05 ml) o1 (143)
sclerosis (GLAST+) 1 Clg, €3, C3b/iC3b, C5, CSa, fH (RRMS vs B (NTA) 02
HC) oc o3
No difference: C4, C9, B (MS vs. HC) op 04
OE
RRMS H CSE Bulk Proteomics on CSF-EVs Precipitation + A5 ml) 1(CD81, CD9) (144)
C3b, C4, C6, B, fH uniquely enriched in SEC (ExoSpin) B (NTA) 2/ (TSG101)
RRMS-EVs vs RRMS-CSF, while not C (NanoDrop) 3 (HSA)
enriched in TTH. op 04
E
Ms NA CSF NA MAC-containing “vesicles” NA oA o1 (145)
oB o2
oc o3
op 04
OE
Ischemic Symptomatic IS HC Serum Bulk Proteomic EV analysis ExoTrap A (500 ) 1(CD9, CD81) (146)
stroke 1 ClgB, Clrin IS vs HC oB 2 (TSG101)
C (BCA) o3
op 4 (Calnexin)
OE
1s HC Serum Bulk Proteomic EV analysis ExoQuick Ultra | O A 1(CD63, CDS1) (147)
(Cs, CSC) Neurons ClqA: unique for serum EVs and NEVs from  (Bulk) B (NTA) 2 (ALIX)
(LICAM+) CSC-IS patients. oc
C3 abundant in IS (CSC and CS) and HC i SmanSEC+1P 0D 3 (Albumin)
serum EVs and NEVs. (NEVs) E 04
Brain GBM HC Plasma Bulk Proteomic EV analysis puUC A(5ml) 1(CD81, CDY, CD63, (148)
tumor 1.C3,C5,Clg, fH in GBM 15 HC B (NTA) CDila)
C (MicroBCA) 2 (HSP70)
op o3
E 4(GM130)
GBM HC Plasma Bulk Proteomic EV analysis pUC A (15 ml blood) 1(CDY, CD63) (149)
1 C3, C4b in GBM v HC B (NTA) 2 (TSG101)
oc [=K]
op 04
E
GBM MEN Plasma Bulk Proteomic EV analysis SEC (qEV, A (05 m) 1(CD9, ITGA2B, ITGAS, | (150)
Grade I1-IV HC 1 C3in GBM s controls Tzon) B (NTA) PDCD6IP)
oc 2 (ANXA1/2/6, FLOTI,
oD HSPY0AIB, GAPDH,
E HISTIH4A)
o3
4

Mouse studies/primary culture studies

Mouse model Biofluid/  EV cellular Complement content EVs EV isolation EV characterization
Cell culture tissue as source
EV (marker)
source

Global quantification Protein marker

detection
Dementia  ABO Scram- | Culture CPE cells Proteomic EV analysis SEC (qEV) A (500 ) 1(CD81, CD9) (151)
CPE primary bled medium 1 C3 in ABO-stimulated CPE vs scrambled B (NTA) 2/(TSG101)
culture CPE oc o3
primary oD 4 (Calnexin)
culture E
2xTg-AD wT Plasma Neuron 1 AEV Clg in 3xTg-AD vs WT IP (ExoSORT) O A 1(CD81, CDY, CD63) (152)
SXFAD (LICAM+) B (NTA) 2 (FLOTI)
3xTg-AD Astrocyte C (Bradford) 3 (APOA, albumin)
(GLAST+) op 4 (Calnexin)
OE
CAST.APP/PSI CAST  Brain Bulk Proteomic EV analysis DUC + sucrose A (04g) 1(CDY, CD81, CD63, (153)
WTHC | tissue Clqa, Clqc increased in EVs from CAST gradient B (NTA) ITGA)
APP/PST vs WT, but not significant C(BCA) 2 (ANXAS)
op o3
E 4 (GM130, CYC1)
Brain GBM mouse NA Serum Bulk Proteomic EV analysis Precipitation A (50u) 1(CD9, ITGA) (154)
tumor model Complements among group of deregulated (Total Exosome B (DLS) 2 (ANXA4, ANXAS,
Longitudinal proteins in EVs Isolation oc ANXA7)
samplings Clra and Clsa deregulated in EVs between  reagent) or oD o3
(baseline, T1, T2) T2and T1 stages. SEC E 04
GBM mouse NA Serum Bulk Proteomic EV analysis SEC (EV - A (50u) 1 (ITGB1) (155)
model 1 Cab in T1 vs baseline 70nm) oB 2 (HSPAS, ACT)
Longitudinal 1 Clga, Clra, Clsl in T1 and T2 vs baseline C (MicroBCA) 3 (Albumin)
samplings oD 04
(bascline, pre- OE

symptomatic T1,
symptomatic T2)

For global EV quantification requirements, consult checkboxes A-E. Checkbox A) Cell number/fluid volume/tissue mass from which EVs were solated. Checkbox B) Analysis of particle number. Checkbox C) Analysis of protein amount. Checkbox D) Analysis of
lipid amount. Checkbox E) Analysis by electron microscopy. For information regarding EV protein marker detection that has been conducted by the indicated studies, consult checkboxes 1-4. Checkbox 1) Transmembrane or Glycosylphosphatidylinasitol (GP1)-
anchored protein(s) localized in cels at plasma membrane or endosomes. Checkbox 2) Cytosolic protein(s) with membrane-binding or -association capacity. Checkbox 3) Assessment of presence/absence of expected contaminants. Checkbox 4) For small EVs
<200nm: verifying protein(s) associated with compartments other than plasma membrane or endosomes. extracellular vesicles (EV), astrocyte-EV (AEV), neuronal-EV (NEV), microglial EV (MEV), not described (ND), not applicable (NA), idiopathic
intracranial hypertension (IIH); multiple sclerosis (MS), relapsing-remitting MS, progressive MS (pMS), Alzheimer’s disease (AD), Fronto-Temporal Lobar Degeneration (FTLD), Parkinson’s disease (PD), Glioblastoma multiforme (GBM), meningioma (MEN),
ischemic stroke (1S), subcortical (SC), cortical-subcortical (CSC), mild cognitive impairment (MCI), MCI stable (MCIS), MCI converting to dementia (MCIC), Hoehn and Yahr (HY), healthy controls (HC), age-gender matched healthy controls (A/G HC),
‘homozygous (hom), heterozygous (het), Nanoparticle Tracking Analysis (NTA), Bicinchoninic Acid Assay (BCA) Bradford assay (BA), mass spectrometry (MS), differential ultracentrifugation (DUC), ultracentrifugation (UC), Annexin AS (ANXAS), flow
cytometry (FC), transmission electron microscopy (TEM), size exclusion chromatography (SEC), high sensitivity flow cytometry (hsFC), immunoprecipitation (1), Tunable Resistive Pulse Sensing (TRPS), factor H (fH), factor B (), factor D (D), terminal
complement complex (TCC), human serum albumin (HSA), heat-shock protein (HSP), A-beta oligomers (ABO), choroid plexus epithelial cells (CPE), wildtype (WT).
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Plasma/serum

Protein Comparison Ref. Biomarker potential
1 NMO vs RRMS (109)
Cls 1 RRMS vs HC (109) NA
= MS (RR, SP, PP) vs HC (92)
1 MS (RR, SP, PP) vs HC 92, 109)
1 A
ﬁxhibitor NMO vs RRMS 1 3 months IFNA treatment (RRMS) vs baseline (110)
1 RRMS vs HC (109)
MS (RR, SP, PP) vs HC
1 MS (RR, CIS) vs HC (79, 92)
rMS vs HC
C3 MS (RR, SP) vs controls (low back Positive correlation with EDSS (111)
1 pain, no white matter abnormalities) (96, 109)
NMO vs RRMS
= pMS vs controls (NS) (98)
iC3b 1 RRMS vs HC (109) NA
1 MS (RR, PP, SP) vs HC 112)
C3a MS (RRMS, CIS) vs HC 79,99 NA
= early relapse onset MS vs(NI-) ONDC “’3) ’
rMS vs ONDC
C3bc NA NA NA 1 3 months IFNA treatment (RRMS) vs baseline (114)
MS (RR, SP, PP) vs HC
1 RRMS vs HC (92, 111,
relapse RRMS vs remission RRMS 115)
NMO vs MS
Cc4 Positive correlation with EDSS (111)
m MS (RR, SP, PP) vs HC (80)
MS (RR, SP) vs controls (low back
= y 4 i (96)
pain, no white matter abnormalities)
MS (RR, SP, PP) vs HC
1 Acute/active RRMS vs HC (80, 92,
PMS vs controls (NS) 98)
active RRMS vs stable RRMS
Cia . MS (RR, SP, PP) vs HC ) NA
NMO vs MS (RR, SP, PP)
rMS vs ONDC
- early relapse onset MS vs(NI-) ONDC 9113
C4d T NMO vs RRMS (109) NA
I NMO vs RRMS (109)
Cc5 NA
= early relapse onset MS vs(NI-) ONDC (113)
1 NMO vs RRMS (109)
Csa NA
= £MS vs ONDC (99)
N MS (RR, SP, PP) vs HC (109,
NMO vs RRMS 112)
TCC
(MAC or 1 RRMS vs. HC (109) 1 three and six months IFNA treatment (RRMS) vs baseline (114)
C5b-9) N I |
_ early relapse onset MS vs(NI-) ONDC (79, 113)
B MS (RRMS, CIS) vs HC E
T acute RRMS vs stable RRMS (92)
9 1 MS (RR, SP, PP) vs HC (92) NA
= pMS/tMS vs ONDC (103)
S (RR, SP, PP) vs HC
Acute/relapse RRMS vs stable/
" remission RRMS (92, 108,
pMS (PPMS, SPMS) vs RRMS 109, 116)
transition rMS to pMS Positive correlation with EDSS
Factor H NMO vs RRMS Distinguishing SPMS from RRMS (89.41%, distinction, 69.47% specificity | (108)
positive predictive value of 72.38%, test cut-off value 4237 mg/l)
remission RRMS patients on vs off
1 (108)
treatment
= early relapse onset MS vs(NI-) ONDC (113)
MS (RR, SP, PP) vs HC
FactorB - acute RRMS s stable RRMS & R
F;
B:ctor = early relapse onset MS vs(NI-) ONDC (113) NA
Factor T NMO vs RRMS (109) -
Bb ! RRMS vs HC (109)
= MS (RR, SP, PP) vs HC (92)
MS (RR, SP, PP) vs HC
Factorl - early relapse onset MS vs(NI-) ONDC (2.113) B
MS (SP, PP trols (NS, o
MASP-2 " S (8] ) vs controls (NS, non 1) NA
MsS)
Clusterin = MS (RR, SP, PP) vs HC (92) NA

The characteristics of the patient groups that were compared are indicated in the ‘comparison’ column. The ‘change’ column represents the observed level alteration for the respective
complement component between patient populations as represented in the ‘comparison’ column. The ‘biomarker potential’ column includes the studies that indicate a positive correlation
between the level of the respective complement component and a measure as assessment of ongoing disease activity or severity, disease progression, patient stratification and/or response to
treatment. To cover as much as research as possible, we did not set restrictions concerning the publication date of the references that were retrieved for this review. Symbols: 1: significant
increase; (1): increased, unsignificant trend; |: significant decrease; =: unchanged. clinically isolated syndrome (CIS), expanded disability status scale (EDSS), healthy controls (HC),
Glatiramer acetate (GA), interferon alpha (IFNA), mannose-binding lectin-associated serine protease (MASP-2), MS severity score (MSSS), multiple sclerosis (MS), neuromyelitis optica
(NMO), non-inflammatory other neurological disease controls (NI-ONDC), not applicable (NA), not specified (NS), optic neuritis (ON), progressive MS (pMS), primary progressive (PP),
secondary progressive (SP), relapsing MS (rMS), relapsing-remitting (RR), relapsing-remitting multiple sclerosis (RRMS), Response Gene To Complement 32 (RGC-32), terminal
complement complex (TCC).
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Protein =~ Change

Comparison

Cerebrospinal fluid

Ref.

Biomarker potential

MS (RR, CIS) vs HC

clq EMS vs HC (9719), Poslll(lvelcor;'elauon with neuroinflammatory and neurodegenerative 79
MS (RR, SP) vs NI-ONDC markerfevels
Cls (1) S (RR, SP, PP) vs HC (92) NA
Cl1
s M S (RR, SP, PP) vs NIDC (93) NA
inhibitor
MS (NS) vs HC 9,83,
rMS vs HC 94, 95)
MS (PP, SP, RR) vs NI-ONDC ’
o Eﬁi’fn‘: ;z:‘;:’izr(:"a‘l}:"l:s‘;’ back pain, 10| (g6) | positive correlation with EDSS score -
1 associated with MRI lesion number (29), nerve injury (NFL)
MS (NS) vs HC
_ MS (NS) vs ONDC (82,97,
B PMS vs controls (NS) 98)
CIS vs RRMS
MS (RR, CIS) with new T2 lesions during
follow-up (4y) vs absence of new T2
T lesions X @ Positive correlation with neuroinflammatory and neurodegenerative
C3a EDA-3 vs NEDA-3 scored MS patients marker levels, T2 and GAD+ MRI lesions at baseline and during follow (79)
(RR, CIS) follow up (1y) p.
_ MS (RR, CIS) vs HC (79,
B tMS vs ONDC 99)
iC3b T CIS vs NIDC (93) NA
o) MS (RR, SP, PP) vs NIDC (93)
1 PMS vs controls (NS) (98)
c MS (NS) vs HC NA
MS (NS) vs ONDC
5 (82, 83,
= MS (RR, SP) vs controls (low back pain,
. . 96, 97)
no white matter abnormalities)
CIS vs RRMS
1 MS (RR, SP, PP) vs HC (80)
Cda NA
= rMS vs ONDC (99)
Cdb 1 active RRMS vs NI-ONDC (94) NA
Csa = MS vs ONDC (99) NA
MS (RR, NS) vs NI-ONDC 93,
1 RRMS vs ON-MS with ON 100,
CIS vs NIDC 101)
TCC - . .
(C5b-9) ©2 Positive correlation with EDSS (101)
O] MS (RR, SP, PP) vs HC 3
102)
= MS (RR, CIS) vs HC (79)
(103,
1 rMS/pMS vs ONDC 163
Cc9 () MS (RR, SP, PP) vs. HC (92) NA
(105,
= MS (N ND
S (NS) vs ONDC 106)
MS vs HC (94,
Factor H active RRMS vs NI-ONDC 107) NA
1) MS (RRMS, pMS) vs ONDC (108)
MS vs HC (107)
Factor B NA
() MS (RR, SP, PP) vs HC (92)
1 CIS vs NIDC (93)
Factor 1 NA
= S (RR, SP, PP) vs HC (92)
MASP-2 = MS (SP, PP) vs controls (NS, non-MS) (81) NA
FHRI125 1 CIS vs NIDC (93) NA
sCR2 T MS (SP, RR) vs NI-ONDC 1) Positive correlation with MSSS 1)
Clusterin (1) MS (RR, SP, PP) vs HC (92) NA

The characteristics of the patient groups that were compared are indicated in the ‘comparison’ column. The ‘change’ column represents the observed level alteration for the respective
complement component between patient populations as represented in the ‘comparison’ column. The ‘biomarker potential’ column includes the studies that indicate a positive correlation
between the level of the respective complement component and a measure as assessment of ongoing disease activity or severity, disease progression, patient stratification and/or response to
treatment. To cover as much as research as possible, we did not set restrictions concerning the publication date of the references that were retrieved for this review. Symbols: 1: significant
increase; (1): increased, unsignificant trend; |: significant decrease; =: unchanged. linically isolated syndrome (CIS), evidence of disease activity (EDA), expanded disability status scale
(EDSS), Factor H-related (FHR), gadolinium positive (GAD+), healthy controls (HC), magnetic resonance imaging (MRI), mannose-binding lectin-associated serine protease (MASP-2),
multiple sclerosis (MS), MS severity score (MSSS), neurofilament light chain (NFL), no evidence of disease activity (NEDA), non-inflammatory other neurological disease controls (NI-
ONDC), not applicable (NA), not specified (NS), optic neuritis (ON), primary progressive (PP), relapsing-remitting (RR), relapsing-remitting multiple sclerosis (RRMS), relapsing MS
(£MS), secondary progressive (SP), progressive MS (pMS), terminal complement complex (TCC).
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Protein Comparison

Clq AD vs HC m (39)
CIR AD vs HC Q) (53)
AD vs HC = (59)
Cls
MCI convertors vs MCI non-convertors = (54)
= (39)
trend for + correlation with cognitive decline (MMSE) in combined group of AD and (55)
AD vs HC Mel
1 (55-57)
M (53)
3
G aMC vs NC 1 (58)
MCI vs HC 1 (57, 59)
sMC vs NC 1 (58)
AD vs MCI i (59)
NA - correlation with AD risk. Risk amplified in APOE €44 carriers (60)
AD vs HC = (54)
iC3b
MCI convertors vs MCI non-convertors = (54)
= (39, 53)
C4 AD ys HC
(56, 59)
1 (61)
Cda AD vs HC
m (39
AD vs HC = (54)
MCI convertors vs MCI non-convertors = (54)
Cad
aMC vs NC (58)
sMC vs NC 1 (58)
aMC vs NC (58)
C6
sMC vs NC (58)
= (54)
AD vs HC
c9 ) (39
MCI convertors vs MCI non-convertors = (54)
AD vs HC = (54)
TCC
MCI convertors vs MCI non-convertors 1 (54)
AD vs HC 1 (53)
C1
inhibitor NA - correlation with rosiglitazone drug efficacy in AD patients as defined by change in ()
ADAS-Cog score
= (39, 48, 50,
AD vs HC £
T (54, 56)
AD vs HC vs LBD vs depr vs FTD vs VD
= (64)
vs PD
MCI convertors vs MCI non-convertors 1 (54)
MCI vs HC 1 (50)
- correlation with cognitive decline rate in AD (MMSE) (50)
Clusterin + correlation with severity of AD (MMSE) (63, 65)
+ correlation with entorhinal cortex atrophy, disease severity (MMSE) and rapid clinical (66)
progression in AD
+ correlation with cognitive decline rate in MCI (MMSE) (50)
NA
+ correlation with decreased brain atrophy rate in MCI (67)
1 AD risk (65)
LAD risk in younger old persons (59-61, 63, 68-73) )
1 AD risk in older persons (74-83)
1 risk for progression from MCI to AD (50)
CR1 AD vs HC 1 (59)
= (53)
Factor B AD vs HC
) (39)
AD vs HC = (54)
Factor Bb
MCI convertors vs MCI non-convertors = (54)
- (39, 53, 54,
AD vs HC 70
T (56, 71)
Factor H MCI convertors vs MCI non-convertors = (54)
MCI vs HC 1 (57, 59)
- correlation with rosiglitazone drug efficacy in AD patients (ADAS-Cog) (62)
NA
+ correlation with disease severity (MMSE) (71)
AD vs HC = (54)
Factor I AD vs MCI 1 (59)
MCI convertors vs MCI non-convertors 1 (54)

The characteristics of the patient groups that were compared are indicated in the ‘comparison’ column. The ‘change’ column indicates which level alteration was observed for the respective
complement component. Symbols: 1 significant increase, (1) increased, unsignificant trend, | significant decrease, = unchanged. Alzheimer’s disease (AD), Alzheimer’s Disease Assessment
Scale-Cognitive Subscale (ADAS-Cog), depression (depr), frontotemporal dementia (FTD), asymptomatic mutation carrier (aMC), healthy control (HC), Lewy Body dementia (DLB), mild
cognitive impairment (MCI), mini-mental state examination (MMSE), not applicable (NA), Parkinson’s disease (PD), symptomatic mutation carrier (sMC), vascular dementia (VD).
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Protein Comparison Change
Cls AD vs HC 1 (38)
= (39, 40)
AD vs HC
1 (38)
Clq
MCI vs HC = (40)
NA + correlation with tTau (40)
T (39, 41-43)
AD vs HC
+ correlation with cognitive impairment (MMSE) in AD (41, 42)
= (44)
AD vs MCI
c3 1 (45)
o T : ; (46)
P —— - correlation with cognitive decline progression (ADAS-Cog) in MCI
+ interaction between C3 levels and APOE E4 alleles on CSF amyloid and tau (47)
| | |
AD vs MCI 1 (45)
AD vs HC 1 (45)
C4
AD vs MCI (O] (45)
AD vs HC 1 (39, 48, 49)
lusteri AD vs MCI vs H -
Clusterin vs MClvs HC + correlation with Tau and pTau 0
NA + correlation with AB-associated atrophy in non-demented elderly (51)
CR1 AD/MCI-AD vs MCI/HC 1 (45)
= (39)
AD vs HC 1 (41)
Factor H + correlation with cognitive impairment (MMSE) in AD (41)
AD vs MCI = (44)
AD vs MCI vs Hi N 4
vs MClvs HC - correlation with cognitive decline progression (ADAS-Cog) and lateral ventricular volume in MCI “s)

The characteristics of the patient groups that were compared are indicated in the ‘comparison’ column. The ‘change’ column indicates which level alteration was observed for the respective
complement component. Symbols: 1 significant increase, (1) increased, unsignificant trend, = unchanged. Amyloid-beta (AB), Alzheimer’s disease (AD), Alzheimer's Discase Assessment
Scale-Cognitive Subscale (ADAS-Cog), healthy control (HC), mild cognitive impairment (MCI), mini-mental state examination (MMSE), not applicable (NA), total tau (tTau).
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Univariate analysis Multivariate analysis

Variable

95%Cl 95%Cl
GA <33 weeks 11.41 7.14-18.23 <0.0001 7.64 4.34-13.43 <0.0001
Birthweight <1500 g 9.75 5.39-17.63 <0.0001 3.20 1.46-7.03 0.0037
Low ficolin-2 2.51 1.64-3.85 <0.0001 2.05 1.24-3.37 0.0051
Promoter GGCA haplotype 1.33 0.75-2.35 0.326 z = &
3’UTR diplotype group VI 1.31 0.82-2.07 0.255 - - -
Sex (Male) 1.24 0.84-1.84 0.273 - - -
Caesarean section 145 0.95-2.20 0.081 1.36 0.81-2.30 0.247
GDM 1.37 0.84-2.25 0.207 = = =
Preeclampsia 1.66 0.72-3.85 0.236 - = -
pPROM i L1l 0.68-1.82 0.667 | - - I -
f:::alnfr:an(hF i 0.98 0.54-1.80 0.956 - - -
NEC 13.65 3.83-48.66 0.0001 3.90 0.86-17.57 0.0767
PDA 18.80 4.15-85.1 0.0001 11.04 1.87-65.02 0.008
Tachycardia 1.23 0.57-2.65 0.59 “ = =
Hypertension in pregnancy 1.01 0.57-1.80 0.966 - - -
'~ multivariate analysis data are shown when p<0.1 in univariate analysis. The values are marked in bold when statistically significant.
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Univariate analysis Multivariate analysis

Variable

95%Cl 95%Cl
GA <33 weeks 1.33 0.82-2.15 0.2478 2 * 4
Birthweight <1500 g 2.12 1.17-3.84 0.0126 2.14 ' 1.14-4.02 ' 0.0177
Promoter GGCA haplotype 3.63 2.06-6.40 <0.0001 257 1.26-5.26 0.0098
3'UTR diplotype group VI 2.46 1.54-3.93 0.0002 1.51 0.85-2.70 . 0.1641
Sex (Male) 1.31 0.86-2.01 0.2107 = = =
GDM 1.01 0.58-1.79 0.9634 - - -
pPROM 0.55 0.31-0.99 0.0460 0.55 0.29-1.05 0.0685
f::‘i:‘;:‘(]; 0 155 0.83-2.88 0.1698 - = -
Intrauterine hypoxia 0.81 0.22-2.96 0.7512 - - -
Hypertension in pregnancy 117 0.63-2.17 0.6134 - » - » -
'~ multivariate analysis data are shown when p<0.1 in univariate a;'xalysis; '- 1295 ng/ml. The values are marked in bold when statistically significant. N
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Variable N (%)

Sex M: 285 (52.2)
F: 261 (47.8)

GA <33 118 (21.6%)
GA >33 428 (78.4%)
Birthweight <1500 g | 62 (11.4)
Multiple pregnancy 106 (19.4)
Gestational diabetes mellitus (GDM) | 90 (16.5)
Hypertension in mother 70 (12.8)
Pre-eclampsia 25 (4.6)
Preterm premature rupture of membranes (pPROM)I 99 (18.1)
Antenatal corticosteroid therapy? | 221 (40.4)
Caesarean section 349 (63.9)
Early-onset infection (EO1)? 81 (14.8)
Respiratory distress syndrome (RDS)* | 140 (25.6)
Patent ductus arteriosus (PDA) 14 (2.6)

| Tachycardia® | 36 (6.6)
Necrotizing enterocolitis (NEC) 17 (3.1)
Perinatal hypoxia® 20 (3.7)
Respiratory support’ | 163 (29.9)
Delivery room intubation 31 (5.7)
Mean length of hospitalisation (days)® 15.3
Mean length of stay at NICU (days)® 5.0

“more than 24 h before delivery, >- at least one course, >~ caused by variety of agents
(including staphylococci, E. coli, Klebsiella sp. and GBS; in majority of cases however, agents
were not identified and infection was diagnosed basing on clinical symptoms), - respiratory
distress with an oxygen requirement to maintain oxygen saturations of 290%, accompanied
by a characteristic chest radiograph, *>- >160 per min, ®- pH <7.0 or BE <12 mM/ml in
umbilical artery or within 1h of life, - mechanical ventilation, continuous positive airway
pressure (CPAP) or both, ®- after excluding three cases of death
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Healthy controls

Variables p-value
Diabetes duration (years) 0.106 0299 - -
HbAlc (mmol/mol) -0.181 0.075 0.071 0487
UACR (mg/mmol) -0.052 0612 " oont 0992
€GFR (ml/min/1.73m?) -0.184 0070 -0.19 0.061
CRP (mg/L) -0.133 0.191 0.051 0615
BMI (kg/m?) -0.358 <0.001 -0.049 0633

Fat percent oan 0.007 -0.130 o201
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The data presented here are mainly concerned with protein expression.

1, increase in protein production; |, decrease and —, no change.

*Denotes transcriptomic data. For details, please refer to Table S2. BMVEC, brain
microvascular endothelial cells; HMEC, human microvascular endothelial cells; HRGEC,
human renal glomerular endothelial cells; HUVEC, human umbilical vein endothelial cells.
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The Netherlands Preeclampsia (n = 63) Control (n =174) p-value
Maternal age (years) 31 (18-46) 33 (23-42) 0.0117"
Gestational age (days) 220 (170-283) 275 (266-297) <0.0001"
Fetal birthweight (g) 1246 (380-4030) 3598 (2445-5100) <0.0001"
Blood pressure (mmHg) 104 (90-160) 75 (55-90) <0.0001"
Proteinuria (mg/24hr) 2300 (310-14000) 19 N/A N/A

Gravidity 2(1-9) 3(1-9) <0.0001"
Parity 0(0-5) 1(0-6) <0.0001"
Caesarean section (%) 49 (78%) 113 (65%) 0.0814%
Finland Preeclampsia (n = 181) Control (n = 63) p-value
Maternal age (years) 32 (18-47) 31 (21-43) <0.0001"
Gestational age (days) 246 (165-286) 280 (167-297) " <0.0001"
Fetal birthweight (g) 2775 (310-5110) 3470 (330-4748) <0.0001"
Blood pressure (mmHg) 111 (91-173) 84 (67-130) <0.0001"
Proteinuria (mg/L) 3200 (300-19100) © 200-270 ©9 <0.0001"
Gravidity 1(1-18) 2(1-5 ™ <0.0001"
Parity 0(0-12) 1(1-2) 0 0.4621*
Caesarean section (%) 90 (50%) 25 (40%) 0.2389°
BMI (start of pregnancy) 23.90 (18.20-48.40) 22.90 (18.20-39.10) <0.0001"
Norway Preeclampsia (n = 45) Control (n =27) p-value
Maternal age (years) 30 (20-45) 33 (23-41) 0.0447*
Gestational age (days) 223 (178-275) 274 (265-294) <0.0001"
Fetal birthweight (g) 1286 (550-5010) 3510 (2800-4330) <0.0001"
Blood pressure (mmHg) 100 (80-130) 75 (60-99) <0.0001"
Proteinuria (Yes/No) Yes: 45 No: 26 <0.0001°
Gravidity 2(1-13) 2(1-5) 0.0743*
Parity 0(0-3) 1(0-3) 0.0095"
Caesarean section (%) 45 (100%) 27 (100%) >0.9999°
BMI (start of pregnancy) 24.4 (18.2-38.4) @ 24.6 (16.4-33.8) @ 0.522

For patient characteristics, median and range are indicated. For blood pressure, the highest diastolic blood pressure is used. Where information was not available for all subjects, the

number of missing data points is indicated in superscript. N/A, not applicable. Statistical significance calculated by Mann Whitney U test (#) or Fisher's exact test ($).
P-values <0.05 are indicated in bold.
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The Netherlands Finland Norway
Early (n=50) vs late (n=13) onset PE p- Early (n=36) vs late (n=145) onset PE p- Early (n=33) vs late (n=12) onset PE p-
value value value
Anti-C1q 4.75 -5.00 0.407 7.95-7.10 0.198 4.60 - 4.90 0.854
Clig 265 - 225 0.753 165 - 162.6 0.881 185 - 150 0.608
Anti-FH 56.7 - 37.3 0.122 356.2-35.2 0.194 35.2-35.2 0.392
FH 276 - 306 0.537 322.5 - 354 0.019 306 - 381 0.001
The Netherlands Finland Norway
PE with (n = 17) vs without (n = 46) p- PE with (n = 84) vs without (n = 97) p- PE with (n = 33) vs without (n = 12) p-
FGR value FGR value FGR value
Anti-C1q 4.60 - 4.95 0.715 7.40-7.10 0.294 4.50 - 5.70 0.391
Ciq 257 - 256 0.772 166.8 - 1565.9 0.119 169 - 146 0.377
Anti-FH 79.0-419 0.029 35.2-35.2 0.369 36.2-35.2 0.253
FH 282 - 277 0.936 344.5 - 354 0.222 318 - 363 0.255

Mediians of each groups are indicated, together with significance as determined with Mann-Whitney test. Early onset was defined as gestational age at delivery below 34 weeks; fetal
growth restriction (FGR) was defined as gestational age-adjusted birthweight up to percentile 10 (of growth curve for respective country).
P-values <0.05 are indicated in bold.
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Control pregnancies

Parameter The Netherlands (n=174) Finland (n=63) Norway (n=27) p-value
Maternal age (years) 33 (23-42) 31 (21-43) 33 (23-41) 0.032
Gestational age (days) 275 (266-297) 280 (167-297)" 274 (265-294) 0.205
Fetal birthweight (g) 3598 (2445-5100) 3470 (330-4748) 3510 (2800-4330) 0.089
Blood pressure (mmHg) 75 (55-90) 84 (67-130)" 75 (60-99) <0.0001
Gravidity 3(1-9) 2 (1-5" 2 (1-5) 0.0006
Parity 1(0-6) 1(1-2 1(0-3) <0.0001
Caesarean section (%) 113 (65%) 25 (40%)" 27 (100%) <0.0001
Preeclampsia
Parameter The Netherlands (n = 63) Finland (n = 181) Norway (n = 45) p-value
Maternal age (years) 31 (18-46) 32 (18-47) 30 (20-45) 0.409
Gestational age (days) 220 (170-283) 246 (165-286)" 223 (178-275) <0.0001
Fetal birthweight (g) 1246 (380-4030) 2775 (310-5110) 1286 (550-5010) <0.0001
Blood pressure (mmHg) 104 (90-160) 111 (91-173) 100 (80-130) <0.0001
Gravidity 2(1-9) 1(1-18) 2(1-13) 0.532
Parity 0(0-5) 0(0-12) 0(0-3) 0.038
Caesarean section (%) 49 (78%) 90 (50%) 45 (100%) <0.0001

Where information was not available for all subjects, the number of missing data points is indicated in superscript. All comparisons were performed with Kruskal-Wallis test, except for the
mode of delivery, which was analyzed by Chi-square test.

P-values <0.05 are indicated in bold.
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The Netherlands (n = 63)

Parameter Anti-C1q C1q Anti-FH FH

Spearman r p-value Spearman r p-value Spearman r p-value Spearman r p-value
Gestational age -0.199 0.118 0.050 0.696 -0.248 0.050 0.023 0.861
Proteinuria -0.243 0.100 -0.200 0.178 0.146 0.326 0.090 0.549
Highest diastole 0.078 0.541 -0.088 0.495 0.179 0.160 0.101 0.430
Fetal birthweight -0.150 0.241 -0.074 0.566 -0.291 0.021 0.031 0.806

Finland (n = 181)

Anti-C1q Ciq Anti-FH FH
Spearman r p-value Spearman r p-value Spearman r p-value Spearman r p-value
Gestational age -0.044 0.562 0.026 0.734 0.082 0.271 0.090 0.227
Proteinuria -0.017 0.826 -0.069 0.360 0.008 0.911 -0.157 0.037
Highest diastole -0.145 0.051 -0.073 0.330 -0.198 0.007 0.100 0.180
Fetal birthweight -0.117 0.118 -0.023 0.756 0.005 0.948 0.135 0.071
BMI -0.111 0.135 0.004 0.958 0.034 0.649 0.288 8.57e-5

Norway (n = 45)

Anti-Ciq Ciq Anti-FH FH

Spearman r p-value Spearman r p-value Spearman r p-value Spearman r p-value
Gestational age 0.016 0.920 -0.125 0.412 0.042 0.785 0.327 0.029
Highest diastole 0.006 0.967 -0.155 0.311 -0.194 0.203 0.071 0.644
Fetal birthweight 0.061 0.691 -0.257 0.089 -0.025 0.873 0.250 0.098
BMI 0.025 0.877 0.306 0.052 0.008 0.961 0.351 0.024

P-values <0.05 are indicated in bold.
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Samples
Percentage (%)

Total (%)

0.261-0.670
55
17.97

20.59

Activated C1s (umol-min™"-mL™")

0.671-1.080 1.081-1.490
144 65
47.06 21.24
67.65 88.89

1.491-1.900
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Med conc. (umol-mi

0 0.323 £ 0.019
0.06 0.343 £ 0.019
0.14 0.335 £ 0.015
0.20 0.329 + 0.025

Chyle conc. (FTU)

0 0.339 +0.033
600 0.345 + 0.018
1400 0.333 + 0.040
2000 0.325 + 0.056

Hb conc. (mg-mL™)

0 0.366 + 0.025
15 0.352 +0.035
35 0.364 + 0.033
5 0.374 + 0.030

FTU, formazine turbidity unit; Hb, haemoglobin.

1.748 + 0.166

1.822 +0.136

1.808 + 0.077

1.581 +0.123

1.890 + 0.130

1.942 + 0.191

1.739 +0.093

1.992 +0.165

1.800 + 0.170

1.730 + 0.068

1.653 + 0.157

1.657 + 0.085

3.322 £ 0.156

3.346 + 0.269

3.258 + 0.264

3279 £ 0.185

3321 £0.123

3.285 £ 0.135

3.182 £ 0.317

3250 + 0.323

3.406 + 0.241

3.555 + 0.215

3301 + 0.269

3.493 + 0.301
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Interfering substances Cl1s activity Interference concentrati oss-reactivity rate (%)
Clr enzyme 0.053 pmol-min™mL™" (1 pg-mL™") 660 pgmL™" 0.15
MASP1 0.107 pmol-min™-mL™" (2 pg-mL™") 5000 pgmL™" 0.04

MASP2 0.096 pmol-min™"-mL™" (1.8 pg-mL™") 5000 pgmL™" 0.04
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Samples Intra-assay (n = 10) Inter-assay (n

SD
Low conc. (wmol-min™"-mL™") 0314 0.028 8.91 0.298 0.028 9.40
Med conc. (pmol-min"-mL™") 1,588 0.097 6.11 1.666 0.156 9.36

High conc.(umol-min”"-mL™") 4567 0.305 6.68 4412 0.374 8.48
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Sample Cls

Cl1s base-  Cls spiked

: e detected Recovery
line (umol  (umol min - .
.1 a 1 e (umol min (%)
min~ mL) mL™) .
mL™")
Sample 1 0.246 2.671 1.330 90.38
Sample 2 1.985 2.671 2.393 104.87

Sample 3 1.966 5.342 3.301 90.34
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Reaction time

20 min 40 min 60 min 80 min

R 0.984 + 0.0114 0.993 + 0.005 0.996 + 0.003 0.983 + 0.005
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AIAT Alpha-1-antitrypsin

AACT Alpha-1-antichymotrypsin

AMD Age-Related Macular Degeneration
APLP2 Amyloid-like protein 2

APP Beta-Amyloid

BCAN Brevican core protein

CADH2 neural cadherin

CATZ Cathepsin Z

CE Collision energy

CFH Complement factor H

CHGA Chromogranin-A

cw Clusterin

c Complement C2

cs Complement C5

c6 Complement C6

csB Component C8 beta

<] Complement C9

csTC Cystatin-C

CSTNI Calsyntenin-1

DP Declustering Potential

DR Diabetic Retinopathy

ECM Extracellular Matrix

ERM Epiretinal Membranes

P2 Prothrombin

Fo Coagulation Factor IX

GNS N-acetylglucosamine-6-sulfatase
DA Information-dependent acquisition
IGFBPs Insulin-like Growth Factor Binding Proteins
IGFs Insulin-like Growth Factor

HT Interface heater temperature

ITIH3 Inter-alpha-trypsin Inhibitor Heavy Chain H3
LGALS3BP Galectin-3-binding Protein

MNV Macular neovascularization

MRM Multiple Reaction Monitoring
nAMD “Wet” or Neovascular AMD
NCAN Neurocan core protein

NRX3A Neurexin-3

OPTC Opt

osTP Osteopontin

PDR Proliferative Diabetic Retinopathy
PEDF Pigment Epithelium-Derived Factor
PVR Proliferative Vitreoretinopathy
ROC Receiver Operating Characteristic
RRD Rhegmatogenous Retinal Detachment
soD3 Extracellular Superoxide Dismutase [Cu-Zn]
SPONI Spondin-1

TIMPL Metalloproteinase Inhibitor 1
TIMP2 Metalloproteinase Inl

TNR Tenascin-R

VEGF Vascular Endothelial Growth Factor

XLRS1

Retinoschisin
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DR/PDR!

RRD/PVR' (n=14)

(n=21)

F=6 F=7 F=7 F=5

Gender® M=19 M=14 M=5 M=9
- Agj s 7315 60+ 16 78+6 70+13

Demographic characteristics (Mean & SD)
Age (range) 9-88 22-79 70-92 41-94
. 3 LE=10
Eye Submitted to PPV RE=15 LE=10 RE=11 LE=6 RE=6 LE=8 RE=6

S . Protein concentration
Characterization of vitreous samples 0.99 +0.92 2.15 £ 2.10 1.12 £ 1.05 1.32 + 1.46
(ug/ul, MD = SD)

Label-free quantitation n=4 n=4 n=4
Experiments Verification by MRM n=21 n=20 n=11 n=13
Western blot analyses n=5 n=9 n=6 n=7

'ERM, Epiretinal membranes; DR/PDR, Diabetic retinoaphy/Proliferative diabetic retinopathy; AMD, Age-related macular degeneration; RRD/PVR, Rhegmatogenous retinal detachment/
Proliferative vitreoretinopathy. 2 F, Female; M, Male. > PPV, Pars plana vitrectomy; RE, right eye; LE, left eye.
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Disease

Bullous Pemphigoid

Cold Agglutinin Disease

Warm Antibody Type Autoimmune Hemolytic Anemia
End stage renal disease

Cold Agglutinin Disease

Cold Agglutinin Disease
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nucleotide aminoacid gnomAD allele CADD C5b-9 formed n° carriers positive C5b-9 test

change change frequency (% increase versus (>149%)
control=100)

CEL €.1044+9G>A - 0.00001989 2.153 122% ‘ 0/1
CFI €.1642G>C p.E548Q 0.0008207 29.1 118% 0/1
CFB €.1037-10C>G - 0.00073 7.632 110% ‘ 0/1
CFB ¢1270+6T>C o = 158 88% 0/1
G5} c130G>T p-Y44D - 244 117% ‘ 0/1
112%
102%
CFHR2 c212C>T p.T71IM 0.00398 18.04 0/4
117%
93%
CFHR4 €.643C>G p-P215A = 12.83 101% 0/1

Overall 0/10
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nucleotide aminoacid C5b-9 formed (% increase versus n° carriers positive C5b-9 test

change change control=100) (>149%)

90%
MCP ¢286+2T>G - 104% 0/5
103%
103%
MCP €.760delT - 134% 0/1
MCP c.282dupT p.Y95LEs2X 168% 1/1
McCpP c.287-2A>G - 126% 0/1

Overall 1/8
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nucleotide change aminoacid C5b-9 formed (% increase versus n° carriers positive C5b-9 test

change control=100) (>149%)

171%
281%
144%

CFH €3628C>T p-RI1210C 175% 6/7
454%
204%
186%
199%

CFH c232A5G p.R78G 22
240%
284%
478%
201%
155%
168%

CFH €3572C>T p.SII9IL 10/10
151%
168%
187%
167%
196%
208%

CFH reverse hybrid CFHRI ;.5 - CFH,; Hybrid 22
216%

CFH hybrid CFH ;. - CFHs 6 Hybrid 184% 11
307%

CFH reverse hybrid CFHRI ;.4 - CFHa2.53 Hybrid 166% 2/3
143%

CFH €3547T>C p.WI183R 157% 11
209%

CFH €3514G>T p.E1172X 22
252%
205%

CFH €3590T>C p.V1197A 167% 33
217%

CFH €.3493+1G>A = 194% 11

CFH/CFHRI gene conversion ¢.3572C>T + p.S1I91L +

CEH €.3590T/C* p.V1197A

216% 11

CFI ¢.1446_1450del TTCAC p.L484Vfs3X 190% 11
155%
148%

Cc3 ¢.1774C>T p-R592W 516
237%

151%

223%
207%

CFHRI/CFH gene conversion ¢.869T>C +

CFHR1
c.887C>T

p.L290S + p.A296V 189% 1

Overall 38/41

* doi: 10.1002/humu.9408.
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family code

gnomAD allele frequency

references (Doi)

#623

#1650

#155

#1998

CFI
CFI
CFB
CFB

cs

CFHR2

CFHR4

nucleoti aminoacidchange
C104449G>A -
€1642G>C PESISQ

€1037-10CG .

€1270+6T>C -
€130G>T pY44D.
€21265T pI7IM
<643C5G pP25A

© database of complement gene mutation (https://www.complement-db.org/home.php).
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nucleotide change aminoacid change variant  gnomAD classification references (Doi)

effect frequency

ass00 cRH €2957.7A5G = - il IR P likely benign 3
region
#155 CcrH <2908A5G PI970V missense | 0.00000796 13 0.010 vus® “*.L‘ﬁ:z:::;ﬂ:l'l‘;ﬁgsz'
4194 CFH  c3543545insGGTGGACAGCCAAACAGAAGCTTTATTCGAGAACAG  p.R11S2delinsRWTAKQKLYSRTG insertion . w - v -
2813 CRH €127CoA pPAST missense | 0.00000395 311 209 vus =
104049 jimmunol 1701695
a0 o CIS8T>A PN5I6K missense | 0.0003049 811 1662 vus® O i
blood.2021012037
as1 crH €.2686_2700dlAAATTGAGTTATACT $.896_900delKLSYT deletion - - 168 v 10.4049/jimmunol. 1701695
52 cri €2932T>C PWOTSR missense . Wl ase v -
3% o PRIITSON PI72K missense | 0.00009201 611 241 vus .
10.1681/ASN.2012090884; 102215/
#265 CF C1661A>T PESSAV missense | 000001415 4/4 254 vus® C'N”ﬁi’%}?“‘?":)‘i;:zg"‘“‘g/
jimmunol 1701695
s616 crt 132245G pKAIR misense | 0003575 212 0002 likely benign® 104049/jimmunol. 1701695
593 cr 560G>A PRISTQ missense | 0.00007780 212 1751 vus® 10.4049jimmunol. 1701695
#350 o <2281GoA 762 missense | 000001193 | 0/12 0254 vus 102215/CIN.02210310
2169 C3 CISIG>A PD6IN missense | 0.00001988 612 1903 ey -
8808 C3 <962G5T pG321V missense - 812 263 v -
intronic/
suassh C3 <7441delG - splice - o0 26 vus =
region
a7 o C1898AG PK63IR missense | 0.0004565 112 0.043 vus* Rt ainigis iR
P e 485G PTIGR ‘missense < anz 1434 vus® ‘0'::‘:;/"'5 . (;;’;:)"2"11‘:?‘?5‘
intronic/
4856 crB C177848C5T E splice | 000005677 | 060 753 vus® 104049 jimmuncl. 1701695
region
s1485h  CFB 1018 pN3OY missense - 612 1356 vus ,
] e 1060C5A pL3SM missense 0005561 611 25 benigns .
a7 s CAIUTSG pLIG2V missense | 000006765 012 1444 VUS 3
a6 Cs <302905T pAL0I0V missense | 00007 | S12 239 vus E
#120 CEHR2 €32545G PTI09A missense | 00058 311 145 benign -
20  CEHR4 <758delG P.C253LISX frameshift - - 20 vus -
#1279 CEHR4 CFHRI-CFHR4 duplication - - 2 . - vus 10.1159/000497823
intronic/
#01 CPHRY <79943A5C E splice 000098 | 00 2578 likely benign 2
region
#1494 CEHR4 CI0S8T>A 106N - - - e vus E
4563 CEHR4 1207A5T pNIs6Y missense = - |2 vus X
9267 CHHRS Cl12GA PGITIE missense | 0.0006083 | 611 223 vus 10.4049jimmunol 1701695
#4120 CEHRS <.485_186dupAA pEIG3KIs10X frameshift | 00063 00 227 v -

* databases of complement gene mutation (hitps://www.complement-db.org/home php).

* Dam/Pre n: number of damaging predictions/total number of predictions. Variants carried by at least one unaffected relative are in bold characters.
A Pedigrees with combined variants.

linVar; hitps://svww.ncbi.nlm.nih. gov/clinvar.
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Group Clinical Presentation ‘WHO Minimal Common # Individuals # Individuals

Nomenclature Outcome Scale (Baseline) (Timecourse)

Control Healthy Individuals - 30

NA Non-COVID  Symptomatic COVID-ve by PCR - 46

A ‘Asymptomatic’ Screening: no current symptoms 1 11 11

B ‘Mildly Screening: symptomatic, but not 2-3 15 23

Symptomatic’ hospitalised

C ‘Moderate’ Hospitalised: oxygen not required 4 25 14

D ‘Severe’ Hospitalised: low-flow oxygen 5-6 28 17
required

E ‘Critical Hospitalised: Assisted ventilation 7-9 33 12
required

Total 188 77
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Variable

C5a
C5b-9
E-Selectin
Galectin-3
ICAM-1
VCAM-1

Relative difterence COVID-19*

125
113
112
116
113
1t1L9

P value

<0.001
0.003
0016
<0.001
<0.001
<0.001

Relative difterence P value

Controls*

126
o1l
113
114
114
116

<0.001
0.343
0.003
<0.001
<0.001
<0.001

A relative differences cases vs. controls in %

*Arrows indicate direction, numbers indicate factor of elevation in in- vs. outpatients. Values are shown in bold in case of significant difference.
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COVID-19, composite outcome

Variables Yes (n=41) No (n=112)
C5a, ng/ml 4.46 (3.31 - 7.61) 2.52 (1.38 - 5.55)
sC5b-9, ng/ml 1244 (767 - 1929) 1110 (709 - 1533)
E-selectin, ng/ml 30.9 (19.7 - 47.9) 24.0 (174 - 34.1)
Galectin-3, ng/ml 12.1 (10.3 - 15.9) 8.1(6.5-11.3)
ICAM-1, ng/ml 486 (377 - 662) 366 (301 - 472)
VCAM-1, ng/ml 1323 (1029 - 1699) 835 (654 - 1329)
CRP, mg/L 112 (48 - 163) 169 (1.5 - 52.3)
D-Dimer, mg/L 1.16 (0.53 - 2.84) 0.52 (0.34 - 1.08)
Ferritin, pg/L 1200 (445 - 2055) 351 (151 - 633)

Median (interquartile range), values are shown in bold in case of significant difference.
CRP, C-reactive protein.

P value

0.001
0.119
0.059
<0.001
<0.001
<0.001
<0.001
0.002
<0.001

Controls, composite outcome

Yes (n=27)

1.46 (0.80 - 2.16)
955 (783 - 1131)
36.8 (25.5 - 59.2)
109 (83 - 142)
452 (380 - 614)
863 (678 - 1340)
57.3 (30.4 - 127.4)
1.41 (0.56 - 4.89)
256 (115 - 865)

No (n=139)

082 (027 - 1.76)
1000 (733 - 1333)
29.8 (21.9 - 41.6)
80 (6.7 - 10.5)
358 (289 - 478)
591 (483 - 797)
32 (0.6 - 33.0)
037 (029 - 0.89)
161 (80 - 310)

P value

0.024
0.79
0.064
0.005
0.003
0.001
<0.001
<0.001
0.039
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922 THA: 36 (8/53); 4 (4/53); 7 (1553)
40 318 71+ 10 TKA: 22 95 + 76 1(18/35); 2 (10/35); 3
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One pituitary deficiency (n=9)

Two pituitary deficiencies (n=7)

Three pituitary deficiencies (n=9)

Four pituitary deficiencies (n=12)

Five pituitary deficiencies (n=5)

Statistical evaluation was performed by Mann-Whitney U test. No statistically significant differences were found.

Compensated hypopituitarism

1662.73 + 581.48
n=5

6562.51
n=1

1736.58 + 456.18
n=2

2325.82 + 1061.62
n=2

n=0

Non-compensated hypopituitarism (n=32)

1494.68 + 660.73
n=4

104248 + 509.37
n=6

1335.99 + 773.59
n=7

955.13 + 439.57
n=10

507.02 + 246.51
n=5
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Patients with pituitary

diseases (| )
Age [years] 37.92 £3.77 50.26 + 2.79 4547 +2.21 47.50 £ 1.75
n=21 n=42 p=0.012 n=57 p=0.084 n=99 p=0.024
Body mass [kg] 75.94 + 7.66 79:21:£3.05 7945 +2.42 79.35 + 7.66
n=18 n=42 p=0.640 n=50 p=0.567 n=84 p=0.527
Height [cm] 167.64 + 2.25 162.71 + 4.28 167.68 + 1.19 165.68 + 1.85
n=18 n=42 p=0.425 n=50 p=0.986 n=84 p=0.639
BMI [kg/mz] 26.83 +2.53 27.70 £ 0.79 28.24 £ 0.82 28.02 + 0.58
n=18 n=34 p=0.682 n=18 p=0.489 n=84 p=0.485
ACTH [pg/mL] 4481 + 551 26.98 + 4.33 30.87 + 2.68 2935 +2.35
n=16 n=34 p=0.019 n=53 p=0.018 n=87 p=0.011
LH [IU/L] 14.00 + 3.11 4.19 £ 0.89 13.40 + 1.62 9.51 £ 1.12
n=20 n=37 p<0.001 n=53 p=0.854 n=91 p=0.111
FSH [IU/L] 15.47 + 4.66 7.18 + 1.81 22.28 +3.38 16.06 + 2.26
n=20 n=36 p=0.054 n=54 p=0.279 n=91 p=0.912
Prl [ng/mL] 14.33 + 1.88 305.44 + 22675 40.06 + 10.50 152.56 + 96.58
n=21 n=39 p=0.352 n=53 p=0.130 n=92 p=0.497
IGF-I [ng/mL] 190.04 + 19.17 114.85 + 19.03 184.41 + 20.93 153.84 + 14.9
n=18 n=40 p=0.019* n=51 p=0.880 n=91 p=0.295
Cortisol [ug/L] 157.8 £ 11.9 78.8 £ 10.6 13425 5 110.4 + 6.1
(pg/dL) (15.78 + 1.19) (7.88 + 1.06) (13.42 + 0.52) (11.04 + 0.61)
n=20 n=42 p<0.001 n=56 p=0.040 n=98 p=0.001
TSH [mIU/L] 239021 1.20 £ 0.21 177 £ 0.14 1.54 £ 0.12
n=21 n=40 p<0.001 n=57 p=0.022 n=99 p=0.003
FT3 [pg/mL] 3.16 £ 0.11 243 £ 0.08 2.69 £ 0.05 2.58 £ 0.05
n=21 n=42 p<0.001 n=57 p<0.001 n=99 p<0.001
FT4 [ng/L] 124 + 0.4 11.6 £ 0.6 123 £0.2 120 £ 0.3
(ng/dL) (1.24 + 0.04) (1.16 + 0.06) (1.23 +0.02) (1.20 + 0.03)
n=21 n=42 p=0.399 n=57 p=0.811 n=99 p=0.560
TPOAb [IU/mL] 42.69 + 29.87 31.30 + 10.12 43.06 + 12.81 38.32 + 8.64
n=18 n=27 p=0.678 n=40 p=0.990 n= 67 p=0.847
TgAb [IU/mL] 57.61 = 29.59 23.73 + 6.09 156.77 + 91.07 101.93 + 54.19
n=18 n=25 p=0.200 n=39 p=0.470 n= 66 p=0.675
TSHRAD [IU/L 0.84 + 0.09 0.86 + 0.07 0.68 + 0.06 0.74 + 0.04
n=18 n=24 p=0.832 n=39 p=0.155 n= 65 p=0.325
TChol [mg/L] 17133 £ 72.1 1960.2 + 76.2 1814.6 £ 57.2 1876.4 + 46.5
(mg/dL) (17133 £ 7.21) (196.02 + 7.62) (181.46 + 5.72) (187.64 + 4.65)
n=21 n=42 p=0.043 n=57 p=0.334 n=99 p=0.128
HDLC [mg/L] 501.9 + 28.1 521.4 +24.0 514.6 + 20.6 517.5 + 15.6
(mg/dL) (50.19 + 2.81) (52.14 + 2.40) (51.46 + 2.06) (51.75 + 1.56)
n=21 n=42 p=0.622 n=57 p=0.741 n=99 p=0.668
LDLC [mg/L] 953.8 +52.2 1071.4 + 59.7 10549 + 429 1061.9 + 35.2
(mg/dL) (95.38 + 5.22) (107.14 + 5.97) (105.49 + 4.29) (106.19 + 3.52)
n=21 n=42 p=0.208 n=57 p=0.196 n=99 p=0.181
HDLC/T.Chol. 0.295 + 0.02 0.284 + 0.02 0.29 + 0.01 0.29 £ 0.01
n=21 n=42 p=0.696 n=56 p=0.964 n=98 p=0.873
TGs [mg/L] 1425.7 + 197.9 1549.5 + 141.4 1367.5 £ 97.6 14432 + 82.3
(mg/dL) (142.57 + 19.79) (154.95 + 14.14) (136.75 + 9.76) (144.32 + 8.23)
n=21 n=42 p=0.624 n=57 p=0.772 n=99 p=0.930
Glucose [mg/L] 891.9 + 32.4 909 + 40.5 897.4 + 19.1 902.3 +20.3
(mg/dL) (89.19 + 3.24) (90.90 + 4.05) (89.74 + 1.91) (90.23 + 2.03)
n=21 n=42 p=0.783 n=57 p=0.883 n=99 p=0.824
RBC [10"%/L] 459 +0.12 4.37 £ 0.08 444 + 0.06 4.41 £ 0.05
n=21 n=42 p=0.133 n=57 p=0.254 n=99 p=0.151
Hgb [g/L] 1382 £ 4.2 1285 + 3.6 130.6 £ 1.9 129.7:+:1.9
[g/dL] (13.82 + 0.42) (12.85 + 0.36) (13.06 + 0.19) (12.97 + 0.19)
n=21 n=42 p=0.107 n=57 p=0.059 n=99 p=0.061
WBC [10°/L] 6.39 + 0.36 721 %031 6.63 + 0.29 6.87 +0.21
n=21 n=42 p=0.114 n=57 p=0.655 n=99 p=0.330
HCT [vol%] 40.30 + 1.14 38.15 + 0.60 38.12 £ 0.58 38.13 £ 0.42
n=21 n=42 p=0.071 n= 57 p=0.068 n=99 p=0.041
Platelets[10°/L] 22091 + 8.73 22729 £ 8.72 241.33 + 8.08 235.37 + 5.96
n=21 n=42 p=0.646 n=57 p=0.159 n=99 p=0.288
Neutrophils 343 +0.30 333+021 349 +0.19 342 +0.14
[10°/L. n=21 n=42 p=0.788 n=57 p=0.866 n=99 p=0.984
Lymphocytes 2.241 £ 0.12 2.87 £ 0.19 232 +0.12 2.55 £ 0.11
[10°/L, n=21 n=42 p=0.035 n=57 p=0.693 n=99 p=0.207
Eosinophils 0.178 £ 0.02 0.247 + 0.05 0.21 = 0.02 0.22 + 0.02
[10°/L, n=21 n=42 p=0.354 n=57 p=0.396 n=99 p=0.389
Basophils 0.040 + 0.003 0.051 + 0.007 0.040 + 0.003 0.045 + 0.004
[10°/L n=21 n=42 p=0.317 n=57 p=0.993 n= 99 p=0.569
Monocytes 0.507 + 0.03 0.617 + 0.052 0.59 +0.03 0.60 + 0.03
[10°/L n=21 n=42 p=0.163 n=57 p=0.173 n=99 p=0.155
ASPAT [U/L] 31.09 + 2.31 27.83 £ 1.92 24.29 £ 093 25.78 £ 0.98
n=21 n=41 p=0.305 n=57 p=0.002 n=98 p=0.027
ALAT [U/L] 30.60 + 3.96 25.72 £ 1.92 22.11 £ 148 23619,
n=20 n=40 p=0.216 n=56 p=0.015 n=96 p=0.029
Bilirubin [mg/L] 842+ 1.1 7.7 £08 72+04 7.4 +04
(mg/dL]) (0.842 + 0.11) (0.77 + 0.08) (0.72 + 0.04) (0.74 + 0.04)
n=17 n=38 p=0.593 n=53 p=0.234 n=91 p=0.347
Na [mmol/L] 139.90 + 0.43 139.67 + 0.46 139.72 £ 0.29 139.70 + 0.26
n=21 n=42 p=0.742 n=57 p=0.737 n=99 p=0.727
K [mmol/L] 4.27 £ 0.06 5.19 £ 0.92 4.23 +0.04 4.64 £ 0.39
n=21 n=42 p=0.483 n=57 p=0.630 n=99 p=0.667
Cl [mmol/L] 104.62 + 0.66 104.14 + 0.59 105.61 + 0.36 105.00 + 0.33
n=21 n=41 p=0.623 n=57 p=0.164 n=98 p=0.624
Ca [mmol/L] 231 +0.03 2.29 £ 0.021 227 +0.02 2.28 £0.01
n=19 n=36 p=0.559 n=50 p=0.251 n=86 p=0.331
Urea [mg/L] 311.9 + 25.8 3303 + 15.1 3171 £17.3 3229 +11.7
(mg/dL) (31.19 + 2.58) (33.03 + 1.51) (31.71 + 1.73) (3229 + 1.17)
n=16 n=39 p=0.526 n=49 p=0.876 n=88 p=0.708
Creatinine [mg/L] 7.53£0.3 834+ 0.3 74+03 7.8+02
(mg/dL) (0.753 + 0.03) (0.834 + 0.03) (0.74 + 0.03) (0.78 + 0.02)
n=20 n=42 p=0.105 n=56 p=0.761 n=98 p=0.626
GFR [mL/ 97.52 + 4.32 89.70 + 6.58 99.56 + 3.81 95.33 + 3.58
(minx1.72 m?)] n=20 n=42 p=0.438 n=56 p=0.768 n=98 p=0.790
Vit D [ng/mL] 25.70 £ 2.41 29.92 +2.18 26.86 + 2.04 28.26 + 1.49
n=16 n=33 p=0.242 n=39 p=0.745 n=72 p=0.448
PTH [pg/mL] 35.16 £ 3.92 42.72 £ 3.27 53.94 + 11.49 48.97 £ 6.56
n=16 n=35 p=0.177 n=44 p=0.335 n=79 p=0.351

Comparison between subgroups was performed by Student’s unpaired t-test. Statistical significance was determined at the level of p<0.05. *p=0.019 vs. Control and vs. patients with other
pituitary diseases. Statistically significant differences are shaded.
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Variables

Age, years
Male gender

Cardiac disease
Hypertension

Pulmonary disease

- Asthma

- COPD

Active or previous smoker
Chronic kidney disease
Diabetes mellitus
Immunodeficiency

Cancer

Cough

Dyspnea

Blood oxygen saturation, %
NEWS score

Time from first symptom to ED presentation, days

CRP, mg/L
D-Dimer, mg/L
Ferritin, pg/L
Leukocytes, G/L
Lymphocytes, G/L
LDH, U/L

¢GFR, mL/min/1.73m*

Length of hospital stay, days

ICU admission or death within 30 days

Intubation

Intubation, days

Outpatients

COVID-19 Controls
(n = 58) (n=91)
Demographics
47 (35 - 59) 46 (32 - 59)
31 (53) 53 (58)
Comorbidities
5(9) 12 (13)
13 (22) 30 (33)
11 (19) 29 (32)
10 (17) 20 (22)
0 (0) 6(7)
16 (28) 36 (40)
0(0) 2(2)
3(5 7(8)
2(3) 6(7)
4(7) 1(1)
Symptoms and scores at ED
41 (71) 63 (69)
23 (40) 53 (58)
98 (97-99) 98 (97 - 99)
1(0-3) 1(0-2)
7(3-14) 5(2-10)
Laboratory findings
2.1 (0.9 - 11.0) 1.2 (0.5 - 6.8)

0.38 (0.29 - 0.65) 0.29 (0.29 - 0.39)
205 (99 - 395) 137 (76 - 248)
5.8 (4.5 -7.0) 8.1 (6.3 - 10)

1.37 (0.96 - 1.97) 1.80 (1.45 - 2.54)

206 (178 - 236) 199 (179 - 227)

99 (89 - 111) 99 (83 - 113)
Patient management and outcomes
0 0
0 0
0 0
0 0

P value

0.661
0.565

0.393
0.166
0.083
0.482
0.082
0.135
0.521
0.741
0.484
0.076

0.850
0.027
0.378
0.079
0.021

0.049
<0.001
0.020
<0.001
<0.001
0.453
0.962

Inpatients

COVID-19 Controls
(n=95) (n=75)

64 (52 - 75) 71 (59 - 80)
61 (64) 42 (56)

29 (31) 37 (49)
54 (57) 45 (60)
19 (20) 22 (29)
8 (8) 5(7)
8 (8) 11 (15)
36 (38) 31(41)
24 (25) 28 (37)
28 (30) 17 (23)
6 (6) 709
10 (11) 10 (13)

60 (63) 36 (48)
40 (42) 41 (55)
95 (93 - 97) 96 (95 - 98)
4(2-6) 3(3-6)
7(3-11) 6 (1-6)

70.1 (328 - 145.7)  49.8 (82 - 114.9)
1.21 (0.63 - 3.46)
273 (114 - 667)
111 (8.3 - 14.8)
1.02 (0.76 - 1.42)
236 (190 - 362)

0.87 (0.51 - 2.00)
720 (374 - 1238)
6.7 (5.1 - 8.9)
0.95 (0.61 - 1.26)
325 (257 - 447)

78 (49 - 97) 69 (41 - 96)
8.0 (50 - 15.0) 5.0 (2.0 - 11.0)
41 (43) 27 (36)

29 (31) 18 (24)

9.0 (5.5 - 12.5) 3.0 (1.0 - 7.3)

Data are expressed in numbers (percentage) or median (interquartile range). Values are shown in bold in case of significant difference.
COPD, chronic obstructive pulmonary disease; NEWS score, National Early Warning Score; ED, emergency department; CRP, C-reactive protein; LDH, lactate dehydrogenase; eGER,

estimated glomerular filtration rate; ICU, intensive care unit.

P value

0.020
0.277

0.012
0.678
0.158
0.669
0.199
0.649
0.090
0.318
0.462
0.573

0.048
0.103
0.007
0.347
<0.001

0.053
0.134
<0.001
<0.001
0.084
<0.001
0.591

0.010
0.327
0.345
0.088
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Variable
COVID-19
(n=153)
C5a, ng/ml 323 (146 - 5.95)

sC5b-9, ng/ 1139 (720 - 1679)
ml

E-selectin, 25.1 (17.6 - 34.6)
ng/ml
Galectin-3, 9.3 (7.1 - 12.3)
ng/ml

ICAM-1, ng/ 386 (319 -497)
ml

VCAM-1, ng/ 961 (675 - 1434)
ml

Opverall

Controls
(n=166)

0.91 (0.41 - 1.93)
992 (744 - 1315)
30.5 (22.4 -42.4)
8.5 (6.9 - 10.8)
374 (292 - 500)

625 (493 - 853)

P
value

<0.001

0.037

<0.001

0.100

0.340

<0.001

Outpatients

COVID-19
(n=58)

1.69 (0.93 - 3.61)
1001 (642 - 1364)
22,0 (14.5 - 32.1)
7.3 (6.0 - 8.2)
330 (279 - 403)

677 (556 — 862)

Median (interquartile range), values are shown in bold in case of significant difference.

Controls
(n=91)

057 (0.11 -
1.28)
954 (719 - 1277)
28.1 (19.8 -39.9)
75 (64 - 9.5)

321 (281 - 421)

532 (445 - 654)

P
value

<0.001

0.922

0.005

0.239

0.866

<0.001

Inpatients
COVID-19 Controls
(n=95) (n=75)

420 (231 - 7.05) 1.46 (0.78 -
2.75)

1268 (783 ~ 1905) 1019 (792 -
1391)

266 (19.2 - 37.9) 36.8 (253 -
51.1)

115 (8.4 - 14.2)

442 (353 - 544)

1276 (908 - 1566)

10.6 (8.2 - 12.6)

456 (366 - 590)

840 (662 - 1229)

value

<0.001

0.026

0.001

0.174

0.387

<0.001
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Characteristics

Patients, n
Sex (Male/Female)
Age, yr (median, quartile range)
Onset, median age (yr, quartile range)
Ethnicity
Caucasian (n, %)
Non-Caucasian (n, %)
Proteinuria (n/data avail, %)
Hematuria (n/data avail, %)
Outcome and treatments
ESRD, n
Transplantation, n
Failed transplant, n
complement C5 inhibition, n

C3G
C3GN

"

7/4
30, 20-42
25, 14-37

9 (82%)
2 (18%)
11/11 (100%)
8/11 (73%)

NN

DDD

6

2/4
25, 21-31
17,12-23

6 (100%)
0(0%)
6/6 (100%)
2/2 (100%)

coon

aHUS

48
13/35
37,16-45
30, 10-38

36 (75%)
12 (25%)
11/14 (79%)
13/20 (65%)
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ID Age Onset Sex

DNA

©.142T>C;
C.146A>T™
¢.148C>G
c.153G>T
c.191C>T

c.191C>T
c.191C>T;
C.205A>GA
€.227C>G
©.338G>A
©.355G>A
C.355G>A;
C.859G>AN
©.355G>A
C.355G>A
©.355G>A
C.454G>A
C.472G>A
¢.530A>T
©.550G>A
¢.560G>A
¢.570G>T
©.622G>A
©.628G>A"
©.628G>A
C.662C>A
c.719C>G
¢.719C>G
¢.719C>G
C.772G>A
C.772G>A
C.772G>A
©.803C>T
c.786delA
©.786delA
©.950G>A
©.949C>T
¢.1006C>T
c.1150G>A
c.1190T>A
¢.1189G>T
©.1342C>T
©.1354G>C
c.1354G>A
C.1421G>A
¢.1429G>C
©.1429G>C
c.1641A>G
c.1415G>A
©.1450_1454del
c.1622G>A

Protein

p.Cys48Arg;
p.GIn49Leu™
p.Pro50Ala
p.Trp51Cys
p.Pro64lLeu

p.Proé4lLeu
p.Pro64Leu;
p.Lys69GIuN
p.Ala76Gly
p.Ser113Asn
p.Gly119Arg
p.Gly119Arg;
p.Gly287Argh
p.Gly119Arg
p.Gly119Arg
p.Gly119Arg
p.Val152Met
p.Gly158Arg
p.Asn177lle
p.Val184Met
p.Arg187GIn
p.Glu190Asp
p.Asp208Asn
p.Ala210Thr*
p.Ala210Thr
p.Ser221Tyr
p.Ala240Gly
p.Ala240Gly
p.Ala240Gly
p.Ala258Thr
p.Ala258Thr
p.Ala258Thr
p.Ser268Leu
p.Gly263Alafs*37
p.Gly263Alafs*37
p.Arg317GIn
p.Arg317Trp
p.Arg336Ter
p.Ala384Thr
p.Val397Glu
p.Val397Leu
p.Arg448Cys
p.Alad52Pro
p.Alad52Thr
p.Arg474GIn
p.Asp477His
p.Asp477His
p.Tyr514Cys
p.Trp472Ter
p.Leud84Valfs*3
p.Trp541Ter

Domain

FIMAC

FIMAC
FIMAC

FIMAC

SRCR
SRCR

SRCR
SRCR
SRCR
SRCR
SRCR
SRCR
SRCR
SRCR
SRCR
SRCR
SRCR
SRCR
LDLR1
LDLR1
LDLR1
LDLR1
LDLR2
LDLR2
LDLR2
LDLR2
LDLR2
LDLR2

SP
SP
SP
sP
SP
sP
SP
SP
SP
SP
SP
SP
sP

MAF
(gnomAD)

Novel

9.6E-05
Novel
2.3E-04

2.3E-04
2.3E-04
24E-05
Novel

2.1E-05
4.2E-04
4.2E-04;
4.6E-05
4.2E-04
4.2E-04
4.2E-04
4.2E-05
Novel

6.0E-05
Novel

7.8E-05
8.0E-06
4.0E-06
1.2E-05
1.2E-05
4.0E-06
2.5E-04
2.5E-04
2.5E-04
1.2E-04
1.2E-04
1.2E-04
Novel

2.0E-05
2.0E-05
21E-05
8.5E-05
Novel

7.8E-05
Novel

Novel

7.2E-05
3.2E-05
1.2E-05
4.8E-05
2.0E-05
2.0E-05
4.0E-06
Novel

2.8E-05
Novel

CADD

26.4
241
24.8
28

27.2

27.2
27.2
25.4
15.5
8.8
23
23;
23.2
23
23
23
27.8
28.2
16.8
22
16.5
241
8.4
23.7
237
9.3
23.8
23.8
23.8
34
34
34
26.4

18.6
14.9
35
37
171
0.001
1.1
257
25.1
221
35
35
15.8
al

42

Other genes (including
ADAMTS13, THBD,
terminal pathway genes)

CFH ¢.3553G>C, p.A1185P
CD46 c.191G>A, p.C64Y

CD46 ¢.350_351dupAC*

CD46 ¢.565T>G, p.Y189D

ADAMTS13 ¢.2753T>C, p.L918P

CD46 ¢.768C>A, p.C256X"
€9 c.1030A>G, p.T344A

CFH ¢.575G>A, p.C192Y

THBD ¢.1465G>T, p.D489Y

CD46 ¢.350_351dupAC

C3 ¢.1898A>G, p.KB33R

CFHR3-1-4-2-5

wildtype

wildtype
del(CFHR3-1)
wildtype

wildtype
del(CFHR3-1)

wildtype
del(CFHR3-1)
wildtype
wildtype

Not done
wildtype
del(CFHR3-1)
wildtype

Not done
del(CFHR3-1)
del(CFHR3-1)
del(CFHR3-1)
wildtype
wildtype
del(CFHR3-1)*
del(CFHR3-1)*
del(CFHR3-1)
wildtype
del(CFHR3-1)
wildtype

Not done
wildtype
wildtype
wildtype
wildtype
del(CFHR3-1)
wildtype
wildtype
wildtype

Not done
wildtype
wildtype
del(CFHR3-1)
wildtype
wildtype
del(CFHR3-1)
del(CFHR3-1)
wildtype

Not done
CFH-CFHR1 fusion
del(CFHR3-1)*
wildtype

All variants (including MLPA results) identified are heterozygotes except:

1 37 36 M
2 67 65 F
3 41 32 F
4 6 3 F
5 18 5 F
6 50 43 F
7 1 3 F
8 37 31 M
9 1 1 E
10 34 22 F
11 45 35 F
12 47 40 F
13 45 38 F
14 32 20 F
15 13 5 M
16 27 20 F
17 31 31 F
18 60 52 F
19 387 37 F
20 2 1 F
21 30 27 F
22 45 38 M
23 68 62 M
24 31 22 F
25 20 1 F
26 39 38 M
27 56 556 F
28 38 30 M
29 39 32 F
30 14 6 F
31 57 45 M
32 13 4 F
33 31 26 M
34 37 34 F
3 37 29 F
36 12 1 M
37 59 51 M
38 36 30 F
39 68 60 F
40 11 8 F
41 38 36 F
42 41 33 F
43 14 5 F
44 3 2 F
45 17 1 M
46 32 24 M
47 69 69 F
48 40 40 F
*homozygote.
Acompound heterozygote.

**~n same allele.
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ID Age Onset  Sex DNA Protein Domain MAF CADD  Other genes (including CFHR3-1-4-2-5
(gnomAD) ADAMTS13, THBD, terminal
pathway genes)

C3GN
49 30 25 F ¢.227C>G p.Ala76Gly FIMAC Novel 16.5 C3 ¢.2203C>T, p.R735W wildtype
50 68 67 M ©.355G>A p.Gly119Arg SRCR 4.2E-04 23 CFH ¢.3628C>T, R1210C wildtype
51 35 28 F c. 407A>C p.Lys136Thr SRCR Novel 4.9 wildtype
52 59 47 M ¢.719C>G p.Ala240Gly LDLR1 2.5E-04 23.8 CFH ¢.790+1 G>A del(CFHR3-1)
53 16 13 F ¢.719C>G p.Ala240Gly LDLR1 2.5E-04 23.8 C3 ¢.2203C>T, p.R735W wildtype
54 23 15 F c.731T>G p.lle244Ser LDLR1 3.6E-05 23 wildtype
55 10 7 M ¢.1006C>G p.Arg336Gly 5.2E-05 22.9 wildtype
56 35 28 M c.1111G>A p.Gly371Ser SP Novel 31 wildtype
57 52 46 M ©.1429G>C p.Asp477His SP 2.0E-05 35 Not done
58 17 12 M ©.1646delA p.Asn549Thrfs256 ~ SP Novel del(CFHR3-1)
DDD
59 25 12 F ¢.148C>G p.Pro50Ala 9.6E-05 24.8 wildtype
60 25 23 E c.170G>A p.Gly57Asp FIMAC 4.0E-06 23.1 wildtype
61 1 1 M c.191C>T p.Pro64Leu FIMAC 2.3E-04 27.2 C3¢.481C>T, p.R161W del(CFHR3-1)
62 19 12 F ©.355G>A p.Gly119Arg SRCR 4.2E-04 23 C3 ¢.4594C>T, p.R1632W del(CFHR3-1)
63 57 57 F c.1283A>G p.Asn428Ser SP Novel 23.4 CFH c.1056T>A, p.Y352X wildtype
C6 ¢c.1875A>T, p.K459X
64 33 22 M ©.1429+1G>C  Exon skipping SP 2.8E-05 33 C9 c.1042delA wildtype
C3GN/aHUS
65 25 19 M ¢.570G>T p.Glu190Asp SRCR 8.0E-06 241 del(CFHR3-1)

All variants (including MLPA results) identified are heterozygotes.
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OPS/images/fimmu.2023.1113015/table4.jpg
Sample N FHR3 deficient FHR1 deficient FHR3/FHR1 deficient
RA 94 4(4.25%) 1(1.06%) 5 (5.31%)

Healthy control 17 2(1.71%) 3 (2.56%) 4 (3.42%)
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Sample ID Titer Isotype

RA223 1/800 1gG3, 1gG4, 1gGK, IgGh
RA243 1/200 1gG4, IgGr, IgGL
RA274 1/400 1gG2, IgG3, 1gG4, IgGr, IgGh
RA282 1/50 1gG2, 1gG4, 1gGK, IgGh

RAS547 1/800 1gG2, 1gG3, IgGK, IgGh
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Patient Age at CRP (mg/l) Anti-CCP DAS index Treatment Detected
ID onset (U/ml) autoantibody
(years)
223 57 male 16 71 749 69 Methotrexat, anti-FB IgG
Metilprednizolon,
Sulfasalazine
240 52 female 12847 227 anti-Clq IgG
243 75 male 360.9 2403.87 0.84 Tocilizumab anti-FB IgG
268 67 female 6.59 anti-Clq IgG
274 32 female 40 373 6.54 Methotrexat anti-FB IgG
277 52 female 120 452.76 525 Leflunomide anti-MBL IgG
282 80 male 1497.89 3.09 Certolizumab anti-FB IgG
pegol
288 73 female 249 399 091 Tocilizumab anti-FB IgA
348 73 female 617.34 anti-MBL IgG
547 41 female 3.0 Certolizumab anti-FB IgG, IgA
pegol
557 64 female 290 54 anti-Clq IgG
587 45 male 61 anti-Clq IgG

Reference ranges:
RF (theumatoid factor): >20 U/ml positive.
Anti-CCP (cyclic citrullinated peptide): <20 non-RA, >20 RA.

DAS index (disease activity score): <2.6 remission, 2.6-3.1 low disease activity, 3.1-5.1 moderate disease activity, >5.1 high disease activity.
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Complement OSEs The biological eftect of OSE binding Reference
component

Natural antibodies ~ MDA-, Clearance and neutralization of OxLDL-, MV-, and apoptotic cells-induced inflammation; protection (42, 45, 47, 77-92)
OxLDL against atherosclerosis and CVDs; inhibition of MV-mediated coagulation
CRP OxPC- Binding to apoptotic cells and in atherosclerotic lesions; activation of CCC (49, 93, 94)
PTX3 OxLDL Promoting OxLDL uptake by macrophages (95, 96)
Clq MDA-, CCC activation; clearance of oxLDL in an anti-inflammatory manner (97-100)
OxLDL
C3a MDA- OxLDL facilitates clearance of C3a by macrophages (101, 102)
CFH MDA-*, OxLDL Decreasing inflammation®, inhibition of complement activation™, protection from cell death® (52, 103-109)
(OXPC-)", 4-HNE-,
CEP-1
FHR-1 MDA- Propagation of inflammation and deregulation of CFH function (105, 110, 111)
FHR-3 MDA-, CEP- Propagation of inflammation (105, 112)
FHR-5 MDA- Reducing CFH cofactor activity and increasing C3 deposition (113)

The superscript letter in the second column designates the reported biological function in the third column.
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Characteristics

Age

RA Healthy control

97) (1 17)
Female (%) 79 (81.4%) 73 (62.4%)
Male (%) 18 (18.6%) 44 (37.6%)
Average (years) 62.5 312
Median (years) 64 25

Min-Max (years) 24-87 21-81
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Family ID Individual ID  Gene

1 1,4 SERPING1
2 5,6 F12

3 1,23 SERPING1
+ 1,2 SERPING1
5 1 SERPING1
9 1,2 SERPING1
10 1 SERPING1
11 1 SERPING1

"Validated previously VUS reclassified according to publicly available genomic information.

11
5
11
11
11
11
11
11

Chr Position start-end

57381947- 57381947
176831232- 176831232
57373471- 57373471
57373548- 57373548
57369570~ 57369570
57367442- 57367442
57378700-57378700
57373548- 57373548

HGVS

c.1396C>T
c983G>T
€.686-12A>G
¢751C>T
c613T>C
.143_144delCA
c.1100T>C
c751C>T

Aminoacid change

p.Arg466Cys
p.Thr328Lys
None

p.Leu251=
p.Cys205Arg
p-Thr48SerfsTer9
p.Leu367Pro
pleu2sl=

HAE type

11
HAE-nC1-INH
1

1

1

ACMG class

Pathogenic

Likely pathogenic
Likely pathogenic'
Benign

Likely pathogenic
Likely pathogenic
Likely pathogenic’

Benign
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Family 1, SERPINGI; c.1396C>T Family 2, F12; c.983G>T Family 3

\\
\ -

Family 8, SERPINGI; c.613T>C Family 9, SERPINGI; c.143 144delCA

| ‘T .
1 ‘/ 2 \‘
\_/
*: detected mutation for NGS-based diagnosis.

All declared “patient 1” for each family is the index case. Empty box indicates non recruited individuals.
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Variables

C5a, ng/ml
sC5b-9, ng/ml
CRP, mg/L
Ferritin, pg/L

Median (interquartile range), values are shown in bold in case of significant differences.

CRP, C-reactive protein.

Male (n = 61)

4.62 (2.67 - 9.15)
1476 (816 - 2023)
86.7 (353 - 169.4)
930 (511 - 1397)

COVID-19
Female (n=34)

346 (147 - 5.59)

859 (718 - 1486)

56.9 (25.3 - 81.5)
392 (199 -728)

P value

0.019
0.008
0.025
<0.001

Male (n=42)

1.91 (0.99 - 4.02)
1044 (802 - 1384)
56.4 (28.6 - 151)
463 (174 - 856)

Controls
Female (n=33)

1.27 (0.43 - 2.06)

986 (591 — 1449)
39.7 (3.7 - 922)
148 (67 - 468)

P value

0.054
0.852
0.180
0.004





