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Introduction

The complement system is part of innate immunity and is comprised of an intricate network of proteins that are vital for host defense and host homeostasis. A distinct mechanism by which complement defends against invading pathogens is through the membrane attack complex (MAC), a lytic structure that forms on target surfaces. The MAC is made up of several complement components, and one indispensable component of the MAC is C7. The role of C7 in MAC assembly is well documented, however, inherent characteristics of C7 are yet to be investigated.





Methods

To shed light on the molecular characteristics of C7, we examined the properties of serum-purified C7 acquired using polyclonal and novel monoclonal antibodies. The properties of serum‑purified C7 were investigated through a series of proteolytic analyses, encompassing Western blot and mass spectrometry. The nature of C7 protein-protein interactions were further examined by a novel enzyme-linked immunosorbent assay (ELISA), as well as size‑exclusion chromatography. 





Results

Protein analyses showcased an association between C7 and clusterin, an inhibitory complement regulator. The distinct association between C7 and clusterin was also demonstrated in serum-purified clusterin. Further assessment revealed that a complex between C7 and clusterin (C7-CLU) was detected. The C7-CLU complex was also identified in healthy serum and plasma donors, highlighting the presence of the complex in circulation. 





Discussion

Clusterin is known to dissociate the MAC structure by binding to polymerized C9, nevertheless, here we show clusterin binding to the native form of a terminal complement protein in vivo. The presented data reveal that C7 exhibits characteristics beyond that of MAC assembly, instigating further investigation of the effector role that the C7-CLU complex plays in the complement cascade.   
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1 Introduction

Complement is an intricate system that plays an important role in host homeostasis and host defence against invading pathogens (1). Complement activation initiates sequential cleavage of complement proteins, eliciting an inflammatory response that leads to pathogen killing. Complement is activated via three pathways: the classical, lectin and alternative pathways (2, 3). The pathways converge at the formation of the C3 convertase and the subsequent cleavage of C3 into the opsonizing component C3b and the anaphylatoxin C3a. All three pathways finally trigger the activation of the terminal complement pathway, characterized by the formation of a membrane attack complex [MAC; also known as terminal complement complex (TCC or C5b-9)] on target cell membranes (2). The MAC consists of an initiating C5b6-7 complex that tethers onto the cell surface, followed by the addition of C8 and 12-18 molecules of C9, inducing pore formation on or within a cell surface (4, 5). This results in pathogen elimination (6) or, if the MAC is present in lower numbers, sub-lytic activities (7).

Complement C7 is a glycoprotein composed of a single polypeptide chain with a molecular weight of 95-100 kDa (8). It consists of 9 protein domains, which are highly homologous between the terminal complement proteins C6, C7, C8 and C9 (9). C7 is one of the essential components involved in the assembly of the MAC. The binding of C7 to the C5b6 complex is responsible for the transition of the hydrophilic structure into an amphiphilic C5b7 complex, thereby enabling the complex to bind target membranes. C8 and polymerized C9 assemble onto the tethered C5b7 complex, resulting in the pore-forming and lytic MAC (8, 10).

Certain polymorphisms in the C7 gene, including base-pair deletions (11, 12), exon deletions (13, 14) and nonsense variants (15, 16), result in truncated variants which prevent the proper translation and secretion of C7 into circulation, leading to C7 deficiencies and dysregulations (17, 18), some of which lead to subtotal deficiencies (19). One potential variant of C7 that has not been thoroughly investigated was first discovered by one of our lab members (RW) 35 years ago. At that time, C7 was observed as a double band in Western blot analysis when native C7 was probed with anti-C7 antibodies; one band at around 100 kDa, representing the length of native C7, and another unknown band around 75 kDa (unpublished data). It was hypothesized that alternative splicing in the C7 gene explains the co-presence of a full and truncated form of C7. We previously reported on an extensive mapping of single nucleotide polymorphisms (SNPs) in the C7 gene, where we identified a particular SNP (rs74480769) that could potentially lead to a truncated C7 protein (18). The SNP is located in intron 14 of the C7 gene and corresponds to the last nucleotide (A/G) of an alternative transcript featuring a cassette exon. Bioinformatic predictions revealed that the rs74480769 SNP has the potential to induce an alternative splicing of the C7 gene, thereby introducing a premature stop codon in frame and the truncation of the C7 protein. Notably, given the position of the SNP, the resultant truncated C7 would be 75% of the total length of native C7. Taking these observations together, we hypothesized that the 75 kDa band produced by purified C7 pinpoints towards a truncated C7 that is 75% the length of the mature 100 kDa C7 protein. Furthermore, since a truncated C7 is incapable of incorporating within the MAC, as the C-terminal sequences of C7 are essential in MAC assembly (20), it was additionally hypothesized that the variant possesses regulatory functions.

This study aimed to assess the nature of the 75 kDa band by analysing C7 purified from serum. We similarly showcased two bands for purified C7 at around 100 kDa and 75 kDa. Nevertheless, we did not observe a variant form of C7, instead, our analysis of the 75 kDa band revealed an abundance of the complement regulator clusterin, and further investigation indicated the presence of a C7-clusterin (C7-CLU) complex in circulation. The novel protein complex characterized in this study highlights that C7, complexed with clusterin, could play a distinct role in circulation.




2 Materials and methods



2.1 Reagents

Antibodies: goat anti-human C7 polyclonal antibody [P7] (21); mouse anti-human C7 monoclonal antibody [M7-WU4-15] (cat# HM2277, Hycult Biotech, Uden, Netherlands); mouse anti-human C7 monoclonal antibody [M7-HB2H] (cat# HM2421, Hycult Biotech), goat anti-human clusterin polyclonal antibody [PC] (Sigma-Aldrich, St. Louis, MO, USA); mouse anti-human clusterin monoclonal antibody [MC] (Sinobiological, Beijing, China), mouse anti-human clusterin monoclonal antibody [MC-2D5] (cat# HM2435, Hycult Biotech); goat anti-mouse HRP-conjugated IgG antibody (Thermo Fisher Scientific, Waltham, MA, USA). Commercially-purified C7 and C7 depleted sera were from Complement Technology (Tyler, TX, USA). Recombinant clusterin was from R&D systems (Minneapolis, MN, USA).




2.2 Generation of the C7 monoclonal antibody M7-HB2H

The animal experimental procedures described in this study have been approved by the Danish Animal Experiments Inspectorate with the approval ID: 2019-15-0201-00090. Outbred NMRI mice (n = 8) were subcutaneously immunized with a peptide comprised of the C-terminal domains of C7 (Figure 1A). The mice received two doses of the antigen at a concentration of 1µg/mL with a 2-week interval between each dose. Splenocytes collected from immunized mice underwent a fusion and selection process following the principles of hybridoma technology (22), as previously described (23). Positive clones were screened in MaxiSorp microtiter plates (Thermo Fisher Scientific) coated with 1μg/mL of the C7 antigen followed by an HRP-conjugated rabbit anti-mouse IgG (1:2000; Dako, Santa Clara, CA, USA). Positive clones were sent to Hycult Biotech for hybridoma screening and testing for antibody specificity. Briefly, hybridoma clones were cultured in 24-well cell culture plates for 7 days at 37°C and 5% CO2. Clones that displayed positive growth were identified by measuring the concentration of IgG production using IgG-coated ELISA plates. Following a second round of culturing for 7 days, positive clones that displayed 100% IgG production were subsequently tested for antibody specificity via direct antigen ELISA (i.e. plates coated with the C7 peptide). Positively selected clones underwent a scale-up production, and ultimately, monoclonal antibodies were purified using protein G columns.




Figure 1 | The C7 and clusterin association was confirmed with a native-restricted anti-C7 mAb. (A) The M7-HB2H mAb binding target is located in the C-terminal domains (highlighted in grey) of C7. These domains participate in the formation of the MAC via interaction with the C345C domain of C5, hence, the M7-HB2H antibody would likely bind to an exposed epitope in the native form of C7 (i.e. C7 that is not involved in the assembly of the MAC). The C7 gene contains 18 exons, each exon codes for a specific region of the C7 domain, which corresponds to the exon coding region displayed above. The boundary phase refers to the phase of the corresponding intron. (B) C7 purified from NHS-BioIVT with anti-C7 mAb, M7-HB2H, was separated by SDS-PAGE under non-reducing conditions and the immunoblot was probed with M7-HB2H. Protein composition of the bands visualized in (B) was analzyed by mass spectrometry and protein abundance was quantified for the (C) 100 kDa band and the (D) 75 kDa band. (E) The C7 aa residues detected in the 75 kDa band (3B) are in bold and underlined, along with an illustration of the screened residues in the C7 polypeptide chain highlighted in grey. The screened aa residues are 47% of the total C7 polypeptide chain. Black arrows indicate the exon/intron boundaries. Western blot (B) is representative of at least three independent experiments. Images were taken using Proxima C16 Phi. Figure (A) modified from Massri et al., 2022 (18).






2.3 Collection and preparation of pooled normal human serum

As many other proteins, C7 polymorphisms may be present in circulation, and one of the most known is the C7 M/N polymorphism (24). The C7M allotype is defined by a threonine residue, while C7N is defined by the relatively smaller proline residue at aa 587. Hence, the binding properties of C7 may be influenced by the type of C7 allotype present. In order to encompass these known C7 variants, pooled NHS was used instead of individual serum donors. Experiments were performed using three independent sources of pooled normal human serum (NHS). Serum was acquired from fresh blood of healthy human donors, with informed consent, under the approval of the Ethics Committee at the Medical University of Innsbruck, Austria (ECS1166/2018, 14 November 2018). Blood from at least 6-8 healthy donors was collected and left for 30 minutes at room temperature to allow the blood to clot, before centrifuging it at 1377 xg for 15 minutes. Supernatant from individual donors was pooled and centrifuged once more to acquire the final designated serum [NHS-MUI]. Purification of C7 and clusterin with M7-HB2H and MC-2D5, respectively, was performed using NHS purchased from BioIVT [NHS-BioIVT] (Westbury, NY, USA). NHS pool prepared at Semmelweis University, under the approval of the Scientific and Research Ethics Committee of the Medical Research Council (8361-1/2011-EKU) in Budapest, Hungary, was used for experiments performed with activated NHS. Zymosan-activated NHS was prepared by incubating NHS with Saccharomyces cerevisiae (Thermo Fisher Scientific) at 37°C and the reaction was subsequently stopped by 25mM of ethylenediaminetetraacetic acid (EDTA).




2.4 Protein purification by co-immunoprecipitation

C7 and clusterin were purified from NHS using the Thermo Scientific Pierce™ Co-Immunoprecipitation (Co-IP) Kit. C7 was purified using either the anti-C7 polyclonal antibody (pAb) [P7], the anti-C7 monoclonal antibody (mAb), M7-WU4-15, or the anti-C7 mAb, M7-HB2H. The antibody was covalently coupled to AminoLink Plus Coupling Resin in a Pierce™ Spin Column. A total of 500µl of NHS was treated with Pierce™ Control Agarose Resin for 1 hour at 4°C, to reduce nonspecific protein binding before it was incubated with the antibody-coupled resin spin column. After an overnight incubation at 4°C, the spin column was centrifuged to collect the NHS and subsequently washed with the Pierce™ IP Lysis/Wash Buffer according to the kit manual. The antibody-bound C7 was immunoprecipitated using the Pierce™ Elution Buffer and stored at 4°C. The Co-IP method was performed two more times, using new NHS each time. Clusterin was purified with the anti-clusterin pAb, PC, or the anti-clusterin mAb, MC-2D5, using the same Co-IP technique described for the purification of C7. The flow-through of NHS acquired, after capturing clusterin in the column, served as our clusterin depleted sera. The specificity of Co-IP columns in purifying C7 and clusterin was validated by evaluating the eluate from an IgG isotype antibody (Supplementary Figure 2).




2.5 Concentration and dialyzation of purified proteins

Purified C7 and clusterin samples were concentrated and dialyzed using Vivaspin® 500µl ultrafiltration spin columns (Sartorius, Göttingen, Germany) with an exclusion pore of 30 kDa. The purified proteins were concentrated 6x followed by dialysis with Milli-Q water. A final 10x concentration step was performed and the purified proteins were stored at -20°C until further analysis.




2.6 Gel electrophoresis and Western blot

Purified proteins were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) using Novex™ WedgeWell™ 4 to 20%, Tris-Glycine, 1.0 mm, Mini Protein Gels (Invitrogen, Waltham, MA, USA). Non-reduced samples were diluted in Laemmli Sample buffer (Sigma-Aldrich). Reduced samples were diluted in Laemmli Sample Buffer with 200mM dithiothreitol and incubated at 95°C for 5 minutes. Gel electrophoresis was followed by Western blot transfer to polyvinylidene fluoride membrane (Bio-rad, Hercules, CA, USA). The membranes were probed with anti-C7 or anti-clusterin antibodies, as indicated in the figure legends, and detected with a goat anti-mouse HRP-conjugated IgG antibody. Membranes were visualized with enhanced chemiluminescence (ECL) substrate (Bio-Rad). Images were taken with the ImageQuant™ Las 4000 camera system (GE Healthcare, Chicago, IL, USA) or Proxima C16 Phi (Isogen Life Sciences, Utrecht, Netherlands).




2.7 Protein sequencing by liquid chromatography-mass spectrometry

Purified proteins were separated by SDS-PAGE under non-reducing conditions and protein bands were visualized by Coomassie Brilliant Blue staining (Sigma-Aldrich). Coomassie-stained bands were excised from the SDS-PAGE gel, reduced with dithiothreitol, alkylated with iodoacetamide and digested with trypsin as previously described (25). Tryptic digests were analyzed using an UltiMate 3000 RSCLnano-HPLC system coupled to a Q Exactive HF mass spectrometer (both from Thermo Fisher Scientific, Bremen, Germany) equipped with a Nanospray Flex ionization source as previously described (26).

Purified proteins that were analyzed directly, without separation by SDS-PAGE, were analyzed as described above with the exception that the UltiMate 3000 RSCLnano-HPLC system was coupled to an Orbitrap Eclipse mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). The Orbitrap Eclipse mass spectrometer equipped with a field asymmetric ion mobility spectrometer interface was operating in the data dependent mode with compensation voltages of -45 and -65 and a cycle time of one second. Survey full scan MS spectra were acquired from 375 to 1500 m/z at a resolution of 240,000 with an isolation window of 1.2 mass-to-charge ratio (m/z), a maximum injection time (IT) of 50 ms, and an AGC target of 400,000. The MS2 spectra were measured in the Orbitrap analyzer at a resolution of 15,000 with a maximum IT of 22 ms and an AGC target of 50,000. The selected isotope patterns were fragmented by higher-energy collisional dissociation with normalized collision energy of 28.




2.8 Analysis of C7-CLU complex by ELISA

The C7-CLU complex was assessed using a custom sandwich enzyme-linked immunosorbent assay (ELISA), which will be under development by Hycult Biotech in the future. Nunc MaxiSorp ELISA plates (Thermo Fisher Scientific) were coated with a monoclonal antibody against the C7 protein and blocked with 1% bovine serum albumin. Samples were incubated for 30 minutes at room temperature and bound C7-CLU complex was detected with an HRP-conjugated monoclonal antibody against clusterin. The assay was developed using 3, 3’, 5, 5’-tetramethylbenzidine (TMB) substrate and the absorbance, defined by optical density (OD), was measured at 450 nm using a spectrophotometer. Serum-purified C7 was used as a standard for the measurement of the C7-CLU complex, and defined by arbitrary units (AU)/mL, where 1 AU/mL is approximately 1 ng/mL. The C7-CLU complex was measured in a 4-point serial dilution. The linearity of the dilutions was monitored by calculating the coefficient of variation (%CV), where %CV < 20% was considered a low variation.




2.9 Purification of the C7-CLU complex by size-exclusion chromatography

Pooled NHS was fractionated by gel filtration chromatography. First, NHS was ultracentrifuged at 50.000 rpm for 2 h at 4°C (Optima TLX ultracentrifuge, Beckman, Coulter, Baierbrunn, Germany) to extract the lipoproteins and to precipitate large complexes and aggregates. Samples were then injected in an ÄKTA Prime Plus purification system (Cytiva, Freiburg, Germany), previously equilibrated in PBS (150 mM NaCl, pH 7.4) and separated on a Superdex 200 HR 10/30 column (546126, Cytiva). Fractions (0.3 ml) were collected with a flow rate of 0.1 ml/min at 4°C by isocratic elution over 1.0 column bed volume. Gel filtration molecular markers (MWGF200, Sigma-Aldrich) were fractionated in the same manner as the samples using the 200 kDa (β-amylase), 150 kDa (yeast alcohol dehydrogenase) and 66 kDa (bovine serum albumin) size markers. Fractions were subsequently analyzed by Western blot and ELISA. Data was analyzed using the PrimeView software (Cytiva).




2.10 Statistical analysis

All statistical analyses and data plotting was performed on GraphPad Prism version 9.4.0 (San Diego, CA, USA). Comparison between multiple groups was conducted using one-way analysis of variance (ANOVA) followed by Tukey’s test to correct for multiple comparisons. Dunnett’s post-hoc test was used for the comparison of zymosan-activated NHS against the non-activated control. P values < 0.05 were considered statistically significant. Results are presented as mean ± standard deviation (SD).





3 Results



3.1 Detection of a variant of C7 by immunoblotting

To identify the composition of the 75 kDa of C7, described previously by RW, C7 was purified from NHS-MUI using the anti-C7 pAb, P7 and applied to SDS-PAGE under non-reducing conditions. The immunoblot was probed with the anti-C7 mAb, M7-WU4-15. We also observed two bands for the purified C7, one at around 100 kDa and another at 75 kDa (Figure 2A). To ensure that our results were not caused by unspecific proteins co-purified with C7, we repeated the purification using the anti-C7 mAb M7-WU4-15, which recognizes the C7M allotype; an allotype characterized by the presence of threonine at amino acid (aa) position 565 (updated aa position is 587) (18) due to a missense substitution (21). Bands at 100 kDa and 75 kDa were again observed when C7 was purified and probed with M7-WU4-15 (Figure 2B).




Figure 2 | Detection of a variant form of C7 and screening of C7 aa residues in the visualized variant. (A) C7 purified from NHS-MUI with the anti-C7 pAb, P7, was separated by SDS-PAGE under non-reducing conditions and immunoblot was probed with the anti-C7 mAb, M7-WU4-15. (B) C7 purified from NHS-MUI with M7-WU4-15 was separated by SDS-PAGE under non-reducing conditions and immunoblot was probed with M7-WU4-15. (C) Coomassie staining of C7 purified from NHS-MUI with the anti-C7 mAb, M7-WU4-15, and separated by SDS-PAGE gel under non-reducing conditions. (D) The C7 aa residues identified by LC-MS in the 100 kDa band (1B) are in bold and underlined, along with an illustration of the screened residues in the C7 polypeptide chain highlighted in grey. The screened aa residues are 76% of the total C7 polypeptide chain. (E) The C7 aa residues detected in the 75 kDa band (1B) are in bold and underlined, along with an illustration of the screened residues in the C7 polypeptide chain highlighted in grey. The screened aa residues are 37% of the total C7 polypeptide chain. Black arrows indicate the exon/intron boundaries. Western blots and coomassie staining are representative of at least three independent experiments. Images were taken using the ImageQuant™ LAS 400 camera system.



Both bands visualized by Coomassie staining (Figure 2C) were excised, digested and analysed by LC-MS. The resultant sequence coverage was 76% (Figure 2D) and 37% (Figure 2E) for the 100 kDa and 75 kDa bands, respectively. Given that C-terminal aa residues were detected (Figure 2E), it is unlikely that the 75 kDa band point towards a truncated C7 variant.




3.2 Clusterin is the main protein detected in the 75 kDa band of purified C7

To investigate the protein composition of the visualized bands at 100 kDa and 75 kDa, the bands were stained with Coomassie brilliant blue, excised and subsequently analyzed by LC-MS. The protein abundance was quantified by calculating the sum of all peptide ions for the detected proteins. For C7 purified and probed with the anti-C7 pAb, P7, the most abundant protein identified in the 100 kDa band was C7, while clusterin was the second most abundant protein (Figure 3A). In contrast, the 75 kDa band was most abundant in clusterin, while C7 was present in smaller concentrations (Figure 3B). Similar results were obtained for the 100 kDa and 75 kDa bands of C7 purified and probed with M7-WU4-15 (Figures 3C, D). However, the abundance of C7 and clusterin was higher in C7 purified with M7-WU4-15, compared to C7 purification with P7. Overall, our data do not point towards the presence of an alternatively spliced variant of C7 in the 75 kDa band as initially theorized. Instead, an association between C7 and clusterin was identified, and was investigated further.




Figure 3 | Clusterin is the most abundant protein detected in the 75 kDa band of purified C7. Protein composition of the bands visualized for C7 purified with pAb P7 (Figure 2A) was analzyed by mass spectrometry and protein abundance was quantified for the (A) 100 kDa band and the (B) 75 kDa band. Protein composition of the bands visualized for C7 purified with mAb M7-WU4-15 (Figure 2B) was analyzed by mass spectrometry and protein abundance was quantified in the (C) 100 kDa band and the (D) 75 kDa band.






3.3 Association between C7 and clusterin revealed with native-restricted C7 antibody

To further confirm the association between C7 and clusterin, C7 was purified from an independent NHS pool (NHS-BioIVT) using the newly-generated antibody, M7-HB2H, a native-restricted antibody that binds to the C-terminal domains of C7 (CCP1-FIM2) (Figure 1A). When purified C7 was applied to SDS-PAGE under non-reducing conditions and probed with M7-HB2H, we again observed two bands at 100 kDa and 75 kDa (Figure 1B). The most abundant protein observed in the 100 kDa was C7, followed by clusterin (Figure 1C). The reverse was observed in the 75 kDa band (Figure 1D).

We have repeatedly observed that the anti-C7 antibodies strongly detect the 75 kDa band, although it was confirmed that the band contains mostly clusterin. To investigate this, the 75 kDa band (observed in Figure 1B) was screened for the presence of C7 aa residues by mass spectrometry. The C7 sequence coverage in the band was 47% (Figure 1E), explaining the presence of the 75 kDa band when probed with the anti-C7 mAb, M7-HB2H. Notably, no specific bands were detected when the anti-C7 antibodies, M7-HB2H and M7-WU4-15, were blotted against C7 depleted serum (data not shown), verifying the specificity of the antibodies in recognizing the native C7 protein.




3.4 Low levels of C7 detected in clusterin purified with polyclonal and monoclonal antibodies

We further investigated whether clusterin purified from NHS exhibits an association with C7. To assess this, clusterin was purified from NHS with the anti-clusterin pAb, PC, applied to an SDS-PAGE under non-reducing conditions and probed with the anti-clusterin mAb, MC. Western blot analysis revealed a prominent band at 75 kDa (Figure 4A). The 75 kDa band was further visualized by Coomassie staining (Figure 4B) and the band was excised, digested and analyzed by LC-MS. The most abundant protein detected in the 75 kDa band was clusterin, and although C7 was the second most abundant protein identified in the band, it was found at considerably low levels (Figure 4C). The band visualized around the 150 kDa mark (Figure 4B) comprised mostly IgG (data not shown).




Figure 4 | Clusterin purified from NHS with polyclonal and monoclonal antibodies contained low levels of C7. (A) Clusterin purified from NHS-MUI with anti-clusterin pAb, PC, was separated by SDS-PAGE under non-reducing conditions and the immunoblot was probed with the anti-clusterin mAb, MC. The clusterin band on the left was from the 1st eluate acquired from the antibody-coupled column, while the band on the right was from a 2nd, consecutive elution step. (B) Coomassie staining of clusterin purified from NHS-MUI with the anti-clusterin pAb, PC, and separated by SDS-PAGE gel under non-reducing conditions. (C) Protein composition of the 75 kDa band visualized in (A) was analyzed by mass spectrometry and protein abundance was quantified. (D) Protein compostion of the 75 kDa band (not shown) from C7 purified with the anti-clusterin mAb, MC-2D5, was analyzed by mass spectrometry and protein abundance was quantified. Results from purified clusterin in (B, C) were acquiered from the 1st eluate. Western blot and coomassie staining are representative of at least three independent experiments. Images were taken using the ImageQuant™ LAS 400 camera system.



To exclude the possibility that C7 was detected in purified clusterin due to potential cross-reaction with a pAb (i.e. PC), we measured the total protein abundance of clusterin purified with the mAb, MC-2D5. The protein profile revealed clusterin to be the most abundant protein, and although C7 was also detected, it was present at relatively low levels (Figure 4D).




3.5 C7 and clusterin association confirmed by Western blot analysis

A series of Western blot experiments were performed to validate the mass spectrometry results, which demonstrated a definite association between C7 and clusterin. C7 purified with anti-C7 mAbs, M7-WU4-15 and M7-HB2H, and clusterin purified with the anti-clusterin mAb, MC-2D5, were analyzed in SDS-PAGE under non-reducing and reducing conditions. Commercially-purified C7 and recombinant clusterin served as controls. Upon several chromatographic steps during purification, no clusterin peptides were identified in the commercially-purified C7 upon mass spectrometry analysis (data not shown). When probed with M7-HB2H under non-reducing conditions, purified C7 samples produced bands at 100 kDa and 75 kDa (Figure 5A). Clusterin purified with MC-2D5 produced a band at 100 kDa when probed with M7-HB2H (Figure 5A), indicating the presence of C7 in purified clusterin. Under reducing conditions, C7 purified samples produced bands at 100 kDa and 75 kDa (Figure 5B). Given that C7 is a single polypeptide chain, it remains at 100 kDa even under reducing conditions (Figure 5B). Although purified clusterin produced a band at 100 kDa under non-reducing conditions, under reducing conditions we observed a more prominent band at 75 kDa and two bands at around 40 kDa (Figure 5B).




Figure 5 | Western blot analysis reveals strong association between C7 and clusterin. (A, B) Indicated proteins were separated by SDS-PAGE under (A) non-reducing or (B) reducing conditions and immunoblots were probed with the anti-C7 mAb, M7-HB2H. (C, D) Indicated proteins were separated by SDS-PAGE under (C) non-reducing or (D) reducing conditions and immunoblots were probed with the anti-clusterin mAb, MC-2D5. Western blots are representative of at least three independent experiments. Images were taken using Proxima C16 Phi.



Purified C7 and clusterin were probed with the anti-clusterin mAb, MC-2D5, under non-reducing and reducing conditions (Figures 5C, D). Under non-reducing conditions, purified C7 samples produced a band at 75 kDa (Figure 5C), emphasizing the presence of clusterin in purified C7. Purified clusterin produced a band at 75 kDa when probed with MC-2D5 (Figure 5C). Under reducing conditions, all purified samples produced two bands at around 40 kDa (Figure 5D). This band pattern is a characteristic observed in clusterin probed under reducing conditions, as clusterin separates into its two subunits, alpha and beta, each at around 40 kDa (27). Although commercially-purified C7 was purified from serum, it does not contain any clusterin sequences, which was further confirmed by mass spectrometry (data not shown). Thus, no specific bands were observed when commercially-purified C7 was probed with the anti-clusterin antibody MC-2D5. This is due to the fact that commercially-purified C7 (prepared by Complement Technology) underwent several rounds of chromatographic steps. These results collectively demonstrate the robustness of the association between C7 and clusterin.




3.6 Custom ELISA demonstrates that C7 and clusterin form a protein complex

We demonstrated that C7 and clusterin exhibit an association, nevertheless, whether this association indicates that a direct complex is formed between the two proteins remains to be investigated. To this end, we established a custom sandwich ELISA to determine whether C7 and clusterin exist in a complex (C7-CLU). In brief, C7 was captured by an anti-C7 mAb, and clusterin, when bound to the captured C7, was detected with a HRP-labeled anti-clusterin mAb. Using this setup, we were able to detect the C7-CLU complex in serum-purified C7, and the signal intensity for the complex strongly correlated with the concentration of purified C7 (Figure 6A). Similar results were observed for C7 purified with M7-WU4-15 (data not shown).




Figure 6 | C7-CLU complex was detected in purified C7 and measured in healthy serum and plasma donors. (A) OD signal of C7-CLU complex measured in C7 purified from NHS-BioIVT with the anti-C7 mAb, M7-HB2H, at the indicated concentrations. (B) C7-CLU complex measured in indicated samples. Each data point denotes an independent measurement. (C) Concentration of C7-CLU complex measured zymosan-activated NHS at indicated time points. Asterisks denote statistically significant change from non-activated NHS. (D) Concentration of C7-CLU complex in EDTA plasma from healthy donors. Data are shown as mean ± SD. The CV values in all presented datasets were below 10%. Groups were compared using one-way ANOVA followed by Tukey’s multiple comparisons test. One-way ANOVA, followed by Dunnett’s multiple comparison test was used when comparing zymosan-activated NHS against non-activated control. *** p < 0.001, **** p < 0.0001. Some error bars cannot be shown because the SD is too small.



Concentrations of the C7-CLU complex were measurably low in purified clusterin, and were comparable with clusterin-depleted NHS (Figure 6B). No signals were observed for both commercially-purified C7 and recombinant clusterin (Figure 6B).




3.7 Quantification of the C7-CLU complex in healthy serum and plasma donors

Next, our custom sandwich ELISA was used to measure the C7-CLU complex in both NHS and plasma samples acquired from healthy volunteers. We were able to measure the C7-CLU complex directly in serum from healthy donors. Levels of C7-CLU complex were elevated in NHS, compared to C7-depleted NHS (Figure 6B). Incubating NHS with purified C7 resulted in a marked increase in C7-CLU levels, suggesting that the purified complex was not degraded by any components in NHS (Figure 6B). C7-CLU levels in NHS incubated with purified clusterin were comparable with NHS (Figure 6B). On the other hand, activation of NHS with zymosan resulted in an overall decrease of the concentration of the complex, compared to non-activated NHS (Figure 6C). Notably, the concentration of the C7-CLU complex decreased in a time-dependent manner, indicating that complement activation reduces the detection of the complex.

Lastly, we assessed whether we could detect the complex not just in serum, but also in a sample preparation of EDTA-plasma. We measured the C7-CLU complex in a small subset of 8 EDTA-plasma samples obtained from healthy donors. Results show that the concentration of the complex ranged between 700 and 1800 AU/ml (Figure 6D).




3.8 The C7-CLU complex co-elutes at a higher molecular weight than expected

Thus far, the C7-CLU complex was characterized via the capture of the complex using monoclonal antibodies. To further confirm complex formation between C7 and clusterin, the C7-CLU complex was isolated based solely on its molecular weight. To this end, size exclusion chromatography was used to fractionate pooled NHS, where 32 fractions were collected (Figure 7A) and subsequently analyzed by Western blot and ELISA. Importantly, quantification of the exact size of proteins with high molecular weights (e.g., 200 kDa peak) is generally broad and extended to 8 fractions (2.4 ml). Furthermore, protein structure and association, within the column, may change its separation during SEC, which makes it difficult to determine the molecular weight precisely.




Figure 7 | C7 and CLU co-elute in high molecular weight complexes. (A) Fractions of pooled NHS (F30-F62) were obtained by size exclusion chromatography and subsequently separated by SDS-PAGE under non-reducing conditions and immunoblots were probed with (B) anti-C7 mAb, M7-HB2H or (C) anti-clusterin mAb, MC-2D5. (D) Summary of (B, C) illustrating the fractions that were either positive or negative for C7 and clusterin. ± indicates fractions where a very faint band was detected due to minute amounts of the protein. (E) Concentration of the C7-CLU complex and native C7 in serum fractions. Note the difference between the y-axis scales, which translates to small concentrations of complexed C7, relative to native C7. NHS, normal human serum.



No C7 or clusterin was detected in fractions between F30-F34. Taking the aforementioned limitations into account, C7 was detected within a molecular range between 50-350 kDa, and the majority of C7 protein was detected at as size range between 100-200 kDa (Figure 7B). Clusterin was detected in the majority of fractions ranging between 66 kDa and 350 kDa (Figure 7C). A comparison between fractions containing C7 and clusterin is illustrated in Figure 7D. The peaks of native C7 detected in the immunoblot were further corroborated by measuring the concentration of C7 in each fraction (Figure 7E). Concentrations of the C7-CLU complex peaked in fractions that, according to the marker proteins, have a much higher molecular weight than expected (i.e. above 200 kDa), indicating that the complex is not composed of one molecule of C7 and clusterin each. It is important to stress that only around 6% of C7 is found complexed to clusterin, relative to the concentration of native C7 in serum fractions. Furthermore, the fact that these fractions contained little to no native C7 (i.e. F40-F42; Figure E) was expected, as native C7 peaks around 100 kDa and the amount of the C7-CLU complex was very low, compared to native C7, explaining the absence of C7 in these fractions in Western blots (Figure 7B). In contrast, the non-reducing – albeit denaturing – conditions of the SDS-PAGE produced a peak for clusterin at a very higher molecular weight, indicating that considerable amounts of clusterin are either complexed with another clusterin molecule, or different proteins, which could withstand denaturing conditions. In contrast, the clusterin peaks at the lower molecular weight would correspond with that of native clusterin.





4 Discussion

To date, there are a few studies that focus on dissecting the properties of C7 beyond its integral role in MAC assembly. In order to better understand the role of C7, we investigated the molecular characteristics of C7 purified from human serum. Our Western blot analysis of serum-purified C7 revealed an additional form of C7 with a molecular weight (75 kDa) lower than that of native C7 (100 kDa). Initially, we believed that a truncated C7 variant, due to alternative splicing, existed in circulation. However, given that we detected C-terminal residues in the 75 kDa band, we excluded the presence of a functionally truncated variant, as truncated proteins do not comprise end terminal sequences. Further analysis of the 75 kDa band by mass spectrometry revealed an abundance of clusterin, and a strong association between C7 and clusterin was identified.

Clusterin (also known as apolipoprotein J) is a ubiquitously expressed apolipoprotein, with various paradoxical functions (28). Several isoforms are generated from the clusterin protein precursor, the largest being a glycosylated form of α-β heterodimers (75-80 kDa) that is secreted from cells (29, 30). Clusterin is the first molecule identified to possess chaperone activities outside the cell (31). It is involved in the clearance of misfolded proteins from the extracellular matrix by binding to pathogenic protein aggregates, inducing their internalization and degradation (32, 33).

Clusterin inhibits the terminal complement pathway by binding C5b-9, resulting in a lytically inactive complex (34). C7, C8β and the b domain of C9 possess high affinity binding sites for clusterin, hence, the binding site is conserved between terminal complement proteins (35). Early descriptions state that clusterin inhibits C5b-6 initiated hemolysis (36), as well as complement-lysis activity via binding to nascent C5b-7 before it attaches onto a target membrane (37, 38). However, ligand blot analysis revealed that polymerized C9 competes for clusterin binding, thereby inhibiting clusterin interaction with other complement proteins. Consequently, clusterin was shown to inhibit TCC by binding to exposed sites on polymerized C9, and not to circulating native terminal complement proteins (35, 39). The presence of a neo-epitope on C9, exposed only upon formation of nascent C5b-9 or membrane-bound C5b-9 (40, 41), further supports the competitive binding of clusterin to exposed sites on polymerized C9. Overall, these studies do not suggest that clusterin binds circulating terminal complement proteins.

Here, we provided evidence of a complex between clusterin and a terminal complement protein, C7, in circulation. The complex between C7 and clusterin was observed using polyclonal, allotype-specific and native-restricted C7 antibodies across three independent pools of serum donors. This process limited the possibility of detecting artifact protein-protein interactions due to cross-reactive antibodies. Furthermore, using mAbs that only bind epitopes on native C7 ensured that C5b-7 components, or any of the intermediary components leading to the formation of the MAC (42, 43), were not co-purified. This was further corroborated by mass spectrometry analysis, as C7 was the only terminal complement protein detected with significant coverage (Supplementary Table 1). Thus, we ruled out the possibility that clusterin co-purification was derived from C5b-9-bound clusterin. However, whether clusterin forms a complex with other terminal complement proteins must be further investigated, given that C7, C8 and C9 possess a binding site to clusterin, as mentioned above. We are currently investigating the potential association of native C9 with clusterin; however, preliminary experiments do not suggest that purified C9 forms a complex with clusterin (Supplementary Figure 3).

We further performed experiments using multiple NHS pools in order to expand the profile of individuals with varying C7 polymorphisms. The C7 gene contains numerous single nucleotide variants, some of which are rare within a given population (18). The mapping and characterization of C7 variants unveiled several abnormalities in the C7 protein, including variants that could alter the binding properties of C7 (44). By the same token, we considered that clusterin association with C7 may be an exceptional phenomenon caused by a genetic variant, giving rise to a C7 protein that harbors uncharacteristic binding properties. However, the interaction between C7 and clusterin, and the measurement of the C7-CLU complex, was confirmed in independent NHS pools as well as in individual plasma donors. We hence concluded that the association between these two proteins was not due to C7 polymorphism, but that it occurs within a normal population.

Size exclusion chromatography is a standard method used to characterize protein complexes in medical fluids (45, 46), without the need to manipulate the environment, such as in the case of capture antibodies. SEC analysis therefore was used to validate the presence of the C7-CLU complex in circulation, revealing that the molecular weight of the complex was much higher than the expected range of 200 kDa. It is important to highlight that the majority of circulatory C7 is not bound to clusterin, as the concentration of the C7-CLU complex was a fraction of serum concentrations of native C7. Looking at the size, the complex may be slightly bigger than a complex composed of one molecule of C7 and clusterin each. Dimerization of complement molecules, such as CFHR proteins (47), is not a novel phenomenon. A dimer macromolecule of the C7-CLU complex, with a size range of 650-400 kDa, cannot be excluded as well. Based on the structure and binding abilities of clusterin (48), and the very high molecular weight we, however, speculate that two or more clusterin molecules may be bound to one copy of C7. On the other hand, it could well be that a “free-rider” or a bridging factor is part of the C7-CLU complex. For instance, albumin, the most abundant protein in circulation is often a constituent of protein complexes (49), thus, the very high molecular weight of the C7-CLU complex could be attributed to an association with albumin. Interestingly, low levels of the C7-CLU complex were also detected in fractions between 200 and 150 kDa, which could be due to the reconstitution of monomeric complexes. Ultimately, the observed data showcase the existence of the C7-CLU complex in circulation and lay ground for future investigation of protein-protein interactions within the complex.

Our study on the C7-CLU complex is limited by the lack of structural analysis. Electron microscopy has been extensively used to identify epitopes involved in MAC formation, providing invaluable information on the pore-forming properties of the complex (20, 50, 51). As such, a better understanding of the interaction between C7 and clusterin could be achieved by pinpointing the epitopes involved in C7-CLU complex formation. The clusterin binding site is conserved between the terminal complement proteins, as described above. Clusterin hence binds to complement domains that display a high degree of homology. The N-terminal domains of C7, C8 and C9 are highly homologous, but C7 is distinguished by the presence of 4 additional domains at the C-terminus (9, 52). Consequently, clusterin would most likely bind to C7 via the N-terminal domains. Electron microscopy will therefore be the next crucial step in assessing the exact domains that participate in the formation of the C7-CLU complex. Additionally, the use of surface plasma resonance (SPR) would provide greater insight on a potential direct interaction between highly purified C7 and clusterin, as it is a more sensitive technique that can showcase real-time binding, compared to ELISAs. Moreover, we observed that when clusterin was purified from serum, C7 was co-purified at substantially lower amounts, whereas serum-purified C7 yielded significantly higher amounts of clusterin. This was further supported by the results obtained from the C7-CLU ELISA, as the amount of the C7-CLU complex was markedly lower in serum-purified clusterin, compared to serum-purified C7. The mapping of the C7-CLU epitopes could therefore explain why the interaction between C7 and clusterin is less prominent upon capturing clusterin.

The majority of complement proteins are produced in the liver, nevertheless, the liver is not the primary site for C7 synthesis (53). Studies revealed that C7 is mainly produced in granulocytes (54), endothelial (55) and bone-marrow-derived cells (56). Thus, the mere presence or absence of C7 regulates the formation of MAC locally (57). Essentially, when C5b6 is formed, it is not regionally restricted, but circulates or diffuses to other areas. Once this complex meets locally-produced C7, the reactive lysis mechanism is initiated, causing the lysis of unsensitized cells (58). If insufficient levels of C7 are present, it acts as a limiting factor, preventing further activation, irrespective of the presence of other inhibitors (57). Another potential modulatory role for native C7 lies in its ability to bind the proenzyme plasminogen, and the active enzyme, plasmin. C7 has been reported to augment the activation of plasminogen and protect it from being degraded by α2-antiplasmin. Given that plasminogen was also associated with C7 incorporated in the C5b-9 complex, it is plausible that C7 could mediate plasminogen-associated inflammatory responses (59). The regulatory functions of C7 are not well understood yet, nevertheless, both C7 and clusterin have been shown to possess complement regulatory properties. This shared role could provide insight for the association between these two proteins.

Upon an immune response, a substantial amount of MAC is generated, triggering complement inhibitors like clusterin to scavenge these complexes (60). Clusterin binds to the nascent MAC before C9 molecules fully polymerize, leaving the structure in a soluble state with one to three copies of C9 (61, 62). We believe that clusterin’s ability to scavenge complement proteins plays a key role in the formation of the C7-CLU complex. Whether the formation of the complex originates in plasma or on local sites is not known, as our findings were restricted to the analysis of the C7-CLU complex in fluid-phase. Clusterin expression was reported in different types of endothelial-derived cells and has been shown to play a protective role in endothelial cell function (63–65). Furthermore, C7 acts as an anti-inflammatory decoy by trapping soluble C5b-9 on endothelial cell membranes, thereby inhibiting the excessive inflammatory effects of circulating C5b-9 (66). Given that both C7 and clusterin are expressed by endothelial cells, we cannot disregard the possibility that C7-CLU complexes form on endothelial cells. The C7-CLU complex does not appear to hinder the formation of the MAC, as we have showed that the concentration of the complex decreases upon NHS activation. Moreover, preliminary analysis does not indicate that the C7-CLU complex significantly impedes the formation of the TCC in healthy sera (Supplementary Figure 4). Given that the C7-CLU complex does not interfere with normal complement function, future investigations should examine whether the complex possesses a pathological role. Preliminary data collected from a subset of patients with systemic lupus erythematosus, sepsis, rheumatoid arthritis and atherosclerosis revealed that plasma concentrations of the C7-CLU complex varied between the four groups (data not shown). Future experiments will therefore concentrate on measuring C7-CLU levels in a large cohort of patient samples, using the custom C7-CLU ELISA, to assess whether the complex plays a role in complement-related diseases.

Our current findings refute the presence of an alternatively spliced C7; however, we revealed the presence of a novel complement complex formed between complement C7 and the complement inhibitor clusterin. Furthermore, we established a custom C7-CLU immunoassay that could specifically detect the complex in healthy donors, prompting further investigation of the role of the complex in homeostatic environments, in order to gain insight into the effector and regulatory functions of complement proteins in circulation, and of C7 in particular.
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