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Cleavage of C3 to C3a and C3b plays a central role in the generation of complement-mediated defences. Although the thioester-mediated surface deposition of C3b has been well-studied, fluid phase dimers of C3 fragments remain largely unexplored. Here we show C3 cleavage results in the spontaneous formation of C3b dimers and present the first X-ray crystal structure of a disulphide-linked human C3d dimer. Binding studies reveal these dimers are capable of crosslinking complement receptor 2 and preliminary cell-based analyses suggest they could modulate B cell activation to influence tolerogenic pathways. Altogether, insights into the physiologically-relevant functions of C3d(g) dimers gained from our findings will pave the way to enhancing our understanding surrounding the importance of complement in the fluid phase and could inform the design of novel therapies for immune system disorders in the future.
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Introduction

Activation of the central complement component C3 (~1 mg mL-1) to C3a and C3b by classical/lectin (C4bC2a) or alternative (C3bBb) pathway C3 convertases plays an essential role in the generation of complement-mediated defence mechanisms against invading microbial pathogens. While the circulating C3a anaphylatoxin is involved in inducing inflammatory immune responses, C3b (reported (1) normal plasma concentration: ~210 ng mL-1 but levels are markedly higher on infection and under certain disease conditions although its short half-life (< 2 min) makes accurate measurements difficult) facilitates opsonophagocytosis and clearance of immune complexes through thioester-mediated opsonisation of primary amine- or hydroxyl-containing antigenic and self surfaces. Attachment of multiple copies of C3b and its breakdown products to antigenic surfaces in this way can result in C3d-complement receptor 2 (CR2/CD21) and antigen-B cell receptor (BCR) co-ligation which generates co-stimulatory signals for B cell activation in a C3d copy-dependent manner (2, 3) and has been widely explored in vaccine design (4–9).

Structure determination of native C3, C3b and C3c has provided crucial insights into the mechanistic basis behind the activation of C3 to C3b (10, 11) while complexes of C3b with factor I (FI) and the short consensus repeat (SCR) domains 1-4 of its cofactor factor H (FH1-4) have revealed the processes through which C3b is proteolytically cleaved into its successive opsonin fragments iC3b and C3dg (12) [normal plasma concentration: < 5.3 µg mL-1, half-life: 4 hours (13)]. Crystal structures have also shed light upon the molecular basis underlying the thioester-mediated attachment of C3d to antigenic surfaces (14), provided explanations of how the interactions of C3d with its receptors [CR2 (15) and CR3 (16)] facilitate the recognition of opsonised antigens, and the mechanisms by which pathogens such as Staphylococcus aureus utilise C3d-binding proteins [e.g. Sbi (17), Efb-C (18, 19) and Ecb/Ehp (20, 21)] to inhibit these interactions and evade the immune system. Furthermore, complexes of C3d with FH SCR domains 19 and 20, which also bind host surface polyanionic markers such as glycosaminoglycans and sialic acids, have been pivotal in understanding the regulatory measures in place to protect host tissues against the indiscriminate attachment of C3d to self versus non-self surfaces (22, 23).

However, while these seminal structural studies alongside an abundance of functional investigations have advanced our knowledge surrounding the interactions of C3 fragments with self and non-self surfaces at a molecular level, our understanding of the structural and functional aspects of fluid phase C3 activation products remains incomplete. During activation in the fluid phase, the majority of C3 molecules do not covalently attach to surface-exposed hydroxyl- or amine-nucleophiles but instead the highly reactive Cys–Gln thioester moiety within the thioester-containing C3d domain (TED) of C3 undergoes hydrolysis resulting in the generation of C3(H2O) and formation of the C3(H2O)Bb alternative pathway (AP) C3 convertase. Of the C3b generated by these fluid phase or surface-associated convertases, only approximately 10% is deposited onto reactive surfaces (24), leaving the remaining 90% to react with water wherein exposure of the cysteine free sulfhydryl can lead to dimerisation of C3b and its subsequent breakdown products iC3b and C3d(g). Evidence of these dimers has been demonstrated via visualisation of C3b generated from trypsin digestion of serum-derived C3 under non-reducing conditions (25) and in C3dg preparations purified from human serum following ‘aging’ at 37°C for 7 days (26).

C3b dimers, formed either by disulphide bonds or via other, undefined interactions, have also been found to bind CR1 with 25-fold higher affinity than monomeric C3b (25), induce histaminase release from human polymorphonuclear leukocytes (26), serve as binding platforms for factor B fragment Bb during formation of AP C5 convertases (27, 28) and act as potent AP activators in complex with IgG (29). In addition, dimers of C3dg have been isolated from C3-activated human serum following omission of N-ethylmaleimide (30) and the propensity of recombinant C3d to dimerise has been reported previously (31, 32). A crystal structure of dimeric C3dg purified from rat serum (33) provides further crucial evidence of the endogenous existence of these dimers. However, aside from this severely truncated C3dg dimer which is believed to have undergone proteolytic truncation during the crystallisation process (34), there is currently a gap in knowledge surrounding the structural significance of disulphide-linked dimers of C3 fragments as the thioester cysteine sulfhydryl is routinely removed prior to structural analyses. For instance, the free cysteine of C3b has been reacted with iodoacetamide prior to structural determination (11, 35, 36) and the vast majority of C3d constructs used for structural studies to date have harboured  a cysteine to alanine substitution in order to prevent dimerisation (14, 15, 22, 23).

In this study we therefore aimed to delineate the molecular details and explore the functional significance of dimeric human C3 fragments that can form following activation of C3 in the fluid phase. We provide confirmatory evidence showing the formation of disulphide-linked C3b dimers derived from serum-derived C3 and subsequently present the first crystal structure of a human C3d dimer at 2.0 Å resolution where dimerisation is mediated by disulphide linkage of the thioester cysteine residues. Through surface plasmon resonance (SPR) binding studies and preliminary cell experiments using mouse splenocytes and human peripheral blood mononuclear cells (PBMC) we show how dimeric C3d crosslinks surface-bound CR2 and could modulate B cell activation to potentially influence tolerance mechanisms. In the future, a deeper understanding of these newly-discovered physiologically-relevant roles of C3 fragment dimers could inform the design of autoimmune therapies and help to further elucidate the significance of complement in the fluid phase as it interacts with cells of the adaptive immune system and beyond.



Materials And Methods


Purification and Mild Trypsin Proteolysis of Human C3

C3 was purified from human serum by PEG precipitation (37), by slowly mixing the serum with PEG 4000 (in precipitation buffer: 100 mM sodium phosphate, 150 mM NaCl, 15 mM EDTA, 0.5 mM PMSF, pH 7.4) to a final concentration of 5% and then incubating the mixture on ice for 30 mins. After centrifugation, the supernatant was retained, and the process was repeated using PEG 4000 at a final concentration of 12%. The resulting pellet was resuspended in binding buffer and purified by weak anion exchange chromatography (column: 1 mL HiTrap DEAE Sepharose FF (Cytiva), binding buffer: 25 mM potassium phosphate, 5 mM EDTA, 50 mM EACA, pH 7.0, elution buffer: 25 mM potassium phosphate, 5 mM EDTA, 50 mM EACA, 300 mM NaCl, pH 7.0).

The C3 containing fractions were subsequently pooled and 100 µg was digested with Trypsin Gold protease (Promega) at 37°C for 2 mins before being quenched with 3% (w/w) soybean trypsin inhibitor (Sigma Aldrich). An additional t=0 sample was prepared by adding trypsin and trypsin inhibitor at the same time to a sample containing 10 µg C3 before the incubation. The digested protein was then incubated at 18°C for 2 hours, with timepoints taken every 15 mins and analysed using reducing and non-reducing tris-acetate SDS-PAGE.

For western blot analyses, PVDF membrane was initially washed in methanol and then soaked in western blot transfer buffer (methanol-free, Pierce) along with the gel and filter pads. The proteins from the SDS-PAGE gel were then blotted onto the PVDF membrane using a G2 semi-dry fast blotter (Pierce). After the membrane was blocked and subsequently washed, the immunodetection steps were completed on a SNAP id 2.0 western blotting system (Merck Millipore) according to manufacturer’s instructions. The antibodies used include a polyclonal rabbit anti-C3d (Dako) and a polyclonal goat anti-rabbit IgG (H+L) HRP conjugated (Invitrogen). To detect the HRP conjugated antibody, the membrane was incubated with ECL prime western blotting substrate (Amersham) and then imaged on a Fusion SL (VILBER) by chemiluminescence with molecular weight markers highlighted using a WesternSure pen (LI-COR).



Expression and Purification of Recombinant Proteins

The DNA sequence of human C3d (residues 1-310) comprised of C3 residues 996-1303 (pre-pro C3 numbering) with a Cys to Ala mutation at position 17(C3d)/1010 (pre-pro C3) (C3d17A) was previously cloned into the pET15b expression plasmid (14). To reproduce the wild-type sequence, the Ala at position 17 of the C3d17A construct was reverted back to a Cys (C3d17C) using site-directed mutagenesis. Both C3d constructs were expressed in the Escherichia coli BL21(DE3) (Sigma Aldrich) or Shuffle T7 (NEB) cell lines and purified using cation exchange (column: HiTrap SP HP [GE Healthcare], binding buffer: 50 mM MES pH 5.5, elution buffer: 50 mM MES, 500 mM NaCl pH 5.5) followed by size exclusion chromatography (column: HiLoad 16/600 Superdex 200 prep grade [GE Healthcare], buffer: 20 mM Tris, 150 mM NaCl pH 7.4).

The human CR2(SCR1-4)-Fc and FH19-20 constructs used in surface plasmon resonance experiments were expressed in Chinese hamster ovary (CHO) cells or Pichia pastoris respectively and purified as described previously [CR2(SCR1-4)-Fc (8); FH19-20 (38)]. The monomeric state of FH19-20 was confirmed using analytical ultracentrifugation (Supplementary Figure S9).



Crystallisation, Data Collection and Structure Determination of Dimeric C3d17C

Crystallisation was performed at 18°C using the hanging drop vapour diffusion method. A 15 mg mL-1 (432 µM) C3d17C solution was subjected to a grid screen containing 100 mM Tris pH 8, 50-300 mM NaCl and 16-26% PEG 4000. Crystals appeared in the condition containing 100 mM Tris pH 8, 200 mM NaCl, 24% PEG 4000, were mounted on loops, flash-frozen in liquid nitrogen and X-ray diffraction data collected on the IO4 beamline at the Diamond Light Source synchrotron (Oxfordshire, UK) (see Supplementary Table S1 for data collection statistics). Integration of Dectris PILATUS 6M pixel detector diffraction images and data reduction were performed using Xia2-DIALS and AIMLESS, respectively. The automated BALBES pipeline and COOT were used for molecular replacement and model building. Refinement was carried out in REFMAC and Phenix (refinement statistics can be found in Supplementary Table S2) and UCSF Chimera was used for superpositioning and generation of images. The structure of the C3d17C dimer is available in the protein data bank (PDB) with the following accession code: 6RMT.



Synthesis and Characterisation of N,N’-(propane-1,3-diyl) bis(2-bromoacetamide) Linker






A solution of K2CO3 (5.92 g, 42.8 mmol) in water (21 mL) was added to a solution of 1,3-diaminopropane (1.06 g, 14.3 mmol) in chloroform (35 mL) at 5°C with stirring. A solution of bromoacetyl bromide (8.65 g, 42.8 mmol) in anhydrous chloroform (15 mL) was then added dropwise to the mixture and the reaction was left stirring at room temperature for 18 hours. The resultant precipitate was filtered, washed with water (6 x 10 mL), and dried under vacuum to yield N,N’-(propane-1,3-diyl)bis(2-bromoacetamide) as a white solid (2.45 g, 55%). Subsequent characterisation of the linker was performed using 1H-NMR (Supplementary Figure S4A) and 13C-NMR (Supplementary Figure S4B). High resolution electrospray ionisation time-of-flight mass spectrometry m/z: [M + Na]+ calculated for C7H12Br2N2O2Na = 338.9143 Da, 338.9143 Da was observed.



Production, Purification and Characterisation of Chemically-Linked C3d Dimers

For the generation of chemically-linked C3d17C dimers, small-scale trials were performed involving combination of C3d17C with the N,N’-(propane-1,3-diyl)bis(2-bromoacetamide) linker in 0.1 M Tris, 0.15 M NaCl, 5 mM EDTA pH 7.5 at 0.55, 0.75 or 1.0 molar equivalences. Following overnight incubation at room temperature (21°C), linker-mediated C3d17C dimerisation was confirmed using reducing SDS-PAGE and electrospray time-of-flight mass spectrometry (Supplementary Figure S5). A larger scale reaction at 0.75 molar equivalence (3.75 mg C3d17C, 0.026 mg linker) was subsequently carried out as described above and subjected to size exclusion chromatography to separate the chemically-linked dimeric C3d17C from monomeric C3d17C (Supplementary Figures S6A, B). Particle size analysis yielded a single species (Supplementary Figure S6C), analytical ultracentrifugation confirmed the dimeric state of the chemically-linked C3d17C (Supplementary Figure S6D) and both biophysical techniques showed a lack of aggregate formation. Chemically-linked dimeric C3d17C was subsequently digested with trypsin (Sigma Aldrich) (1:50 ratio) at 37°C over a time course (Supplementary Figure S6E). The digestion reaction was stopped by addition of a trypsin inhibitor (Sigma Aldrich) (1:2 ratio). Electrospray ionization time-of-flight mass spectrometry of the trypsin-digested dimeric C3d17C fragments followed by analysis using the Masshunter Qualitative Analysis and BioConfirm (Agilent) software packages was used to confirm chemical linkage at position 17C of C3d (Supplementary Table S3) and the presence of an intact internal disulphide bond (Supplementary Table S4).



Surface Plasmon Resonance

All surface plasmon resonance experiments were performed on a Biacore S200 sensor (GE Healthcare) at 25°C with HBST (10 mM HEPES, 150 mM NaCl, 0.005% Tween-20, pH 7.4) used as the running buffer. CR2-Fc and FH19-20 were prepared in 10 mM sodium acetate pH 5 and immobilised at 300 RU (CR2-Fc: 20 µM, FH19-20: 240 µM) to different flow cells of CM5 chips (GE Healthcare) using standard amine coupling involving preparation of the dextran matrix with 100 mM N-hydroxysuccinimide (NHS) and 40 mM 1-ethyl-3-(dimethylaminopropyl) carbodiimide (EDC) followed by quenching with 1 M ethanolamine-HCl pH 8.5. Monomeric C3d17A and chemically-linked dimeric C3d17C used as analytes were prepared to a fixed concentration, serially diluted in HBST and injected in duplicate. 10 mM sodium acetate, 1 M NaCl pH 4 was used as the regeneration buffer but could not regenerate the chip surface of the highly avid interactions between dimeric C3d17C and CR2-Fc/FH19-20. Data were analysed using the Biacore S200 Evaluation Software 1.0. Responses from blank reference flow cells were subtracted from ligand-immobilised flow cells and all data were double-referenced (buffer inject subtracted).



Flow Cytometric Analysis of B Cell Activation

Human peripheral blood mononuclear cells (PBMC) were isolated from leukocyte cone blood collected from healthy volunteers (NHS Blood and Transplant Service), using density-gradient centrifugation in LeucosepTM tubes (Greiner-Bio-One). PBMCs were frozen and stored in liquid nitrogen in accordance with UCB Biopharma UK HTA License Number 12,504. Frozen PBMCs were thawed and diluted into cold RPMI 1640 medium (Gibco) supplemented with 10% (v/v) foetal bovine serum, 1% (v/v) penicillin-streptomycin (Sigma Aldrich) and 1% (v/v) GlutaMAX (Gibco). For experiments on isolated B cells, B cells were purified from PBMCs by negative selection using the Miltenyi Biotec Human B Cell Isolation Kit II as per the manufacturer’s instructions. Following centrifugation, cells were counted, assessed for viability, which typically exceeded 90% for PBMCs and 80% for B cells, and re-suspended to the desired density in ambient medium.

PBMCs or B cells were then seeded onto sterile V-bottom plates at a density of 150,000 or 40,000 cells/well respectively and allowed to recover at 37°C with 5% CO2 for 1h. Monomeric C3d17A or chemically-linked dimeric C3d17C were serially diluted in media and added to the cells in duplicate to give final concentrations ranging from 2 µM to 0.1 nM (based on the molecular weight of monomeric C3d17A for both constructs in order to control for the number of binding sites). Following a 30 min incubation period with the C3d constructs, additions of either goat F(ab’)2 anti-human IgM LE/AF (Southern Biotech) at a final concentration of 10 µg mL-1 or media were made and the cells incubated for a further 18h at 37°C with 5% CO2.

After a period of cooling on ice, the cells were stained for 1h with the LIVE/DEAD™ fixable near-infrared dead cell stain (1:1000 dilution, Invitrogen) along with the following labelled antibodies diluted in an ice-cold staining buffer (PBS supplemented with 1% BSA, 2mM EDTA and 0.05% NaN3): PerCP-Cy™5.5 mouse anti-human CD19 (1:40 dilution, Clone HIB19, BD Pharmingen) (for PBMC samples only), FITC mouse anti-human CD40 (1:20 dilution, Clone 5C3, BD Pharmingen), Brilliant Violet 421™ mouse anti-human CD69 (1:40 dilution, Clone FN50, BioLegend), PE mouse anti-human CD71 (1:20 dilution, Clone M-A712, BD Pharmingen) and APC mouse anti-human CD86 (1:20 dilution, Clone 2331, BD Pharmingen). The cells were subsequently washed and analysed on an Intellicyt® iQue Screener PLUS flow cytometer. The gating strategy applied for live, singlet CD19+ B cells and activation markers can be found in Supplementary Figures S12 and S13, respectively. Antibody capture beads were used for compensation. Data were expressed as mean values from at least 2 replicates ± standard deviation from the mean and depicted as scatter plots with curves fitted using a four-parameter variable slope non-linear regression model in GraphPad Prism (version 8.4.1). The geometric mean fluorescence intensity for the monomer and dimer were compared at both 0.1 nM and 2000 nM C3d concentration using an analysis of variance on the log transformed fluorescence fitting donor as a fixed effect. The downregulation of CD40 expression is expressed as a percentage reduction in fluorescence of the dimer compared to the monomer in the anti-IgM stimulated cells.



Ca2+ Influx Experiments

Intracellular Ca2+ measurements using flow cytometry were performed as described previously (39–41). Briefly, isolated C57BL/6 mouse splenocytes maintained at 37°C were Indo 1-AM loaded, stained with a rat anti-mouse CD45R/B220-APC antibody (Clone RA3-6B2, BD Pharmingen) and analysed on a BD LSR II flow cytometer (BD Biosciences) at RT. 4 or 10 µg of monomeric C3d17A or chemically-linked dimeric C3d17C were added to the cells 30s after data acquisition. After 90s, cells were stimulated with a suboptimal concentration of pre-mixed complexes composed of 0.056 µg mL-1 biotinylated F(ab’)2 goat anti-mouse IgM (µ-chain specific) (Jackson ImmunoResearch), ~3 µg mL-1 C3dg-biotin (produced in house) and ~1.3 µg mL-1 streptavidin (aIgM-b/C3dg-b/ST). Experiments were run for 10 min and intracellular Ca2+ influx of gated B220+ cells was analysed using the FlowJo® software (FlowJo LLC, BD).




Results

To elucidate the importance of dimeric human C3 breakdown fragments, we investigated the formation of disulphide-linked dimers of C3b and C3d through limited trypsin proteolysis of C3 and subsequently analysed the structural characteristics of dimeric C3d using X-ray crystallography. SPR was used to compare the binding kinetics and avidity of these dimers and monomeric C3d to CR2 and FH19-20 and C3d-induced changes in the activation state of B cells were explored using flow cytometric analyses.


Cleavage of C3 Results in the Spontaneous Formation of Disulphide-Linked C3b Dimers

C3 purified from human serum was cleaved with trypsin under mild proteolysis conditions and subsequently analysed using SDS-PAGE and anti-C3 α-chain western blotting (Figure 1). Over 50% of C3 is cleaved to C3b following digestion with trypsin after 2 minutes (Figure 1A) and a significant fraction of this C3b, visualised under non-reducing conditions, spontaneously forms disulphide-bonded dimers (Figure 1B). These dimers form instantly and remain stable for at least 2 hours (Supplementary Figure S1). In addition to the C3b dimers, a weak higher molecular weight band suggestive of a dimeric form of C3 can also be observed at t=0. The absence of these dimers in samples treated with reducing agent indicates their formation is mediated by disulphide bonds. In a similar manner, recombinant wild-type human C3d, with its native thioester cysteine intact (C3d17C), also forms disulphide-linked dimers under non-reducing conditions (Supplementary Figure S2).




Figure 1 | Cleavage of C3 results in the spontaneous formation of disulphide-linked C3b dimers. (A) Reducing Tris-Acetate SDS-PAGE (left panel) and anti-C3 α-chain western blot (right panel) analyses of serum-derived human C3 subjected to mild trypsin proteolysis at t=0 and t=2 minutes. Indicated are the intact and cleaved C3 α-chains (120 and 111 kDa, respectively) and C3 β-chain (75 kDa). Anti-C3 α-chain western blot analysis confirms the positions of the intact and cleaved C3α chains (right panel). (B) Non-reducing Tris-Acetate SDS-PAGE (left panel) and anti-C3 α-chain western blot (right panel) analyses of human C3 subjected to mild trypsin proteolysis at t=0 and t=2 minutes. Indicated are intact and cleaved C3 (195 and 186 kDa, respectively) as well as disulphide-linked C3b dimers (C3b2) and a faint band suggestive of a dimeric form of C3 (highlighted as C32 in grey font). Anti-C3 α-chain western blot analysis confirms the positions of intact C3 and monomeric and disulphide-linked dimeric C3b (right panel). Molecular weight markers shown are HiMark (M1) and PageRuler Plus (M2). Raw SDS-PAGE gel and western blot images can be found in Supplementary Figure S1.





Disulphide Linkage of the Thioester Cysteine Results in C3d Dimerisation

A crystal structure of wild-type human C3d, harbouring a cysteine at position 17/1010 (C3d numbering/intact pre-pro C3 numbering) (C3d17C), was obtained at 2.0 Å resolution (Figure 2, Supplementary Tables S1, S2). The structure clearly shows the formation of a dimer mediated by partial disulphide linkage of the thioester cysteine residues at position 17/1010 in both monomeric chains. This 17C-17C disulphide creates a link between the two C3d monomers at the C-terminus of helix α1, causing the convex molecular surfaces of the monomers to orient towards each other whilst simultaneously exposing their concave binding faces (Figure 2A). Closer examination of the C3d17C dimer interaction surface (Figure 2B) confirms that the overall (α-α)6 barrel configuration of both monomers remains unchanged and comparable to previously-published structures of monomeric C3d (0.61 Å (chain A)/0.40 Å (chain B) main chain (M1-P294) RMSD relative to PDB: 1C3D). The 2Fo-Fc electron density map at the C3d17C dimer interface shows that chain B residue 17C (Figure 2B inset) adopts a dual conformation with one conformer existing in an unpaired oxidized form, perhaps due to radiation damage. This indicates the disulphide bond linking the two C3d monomers can occur in a partially disconnected state which is consistent with results from size exclusion chromatography experiments suggesting C3d17C exists in a an almost equivalent monomer-dimer ratio in solution (Supplementary Figure S2).




Figure 2 | Structure of a disulphide-linked human C3d17C dimer at 2.0 Å resolution. (A) The ribbon diagram shows disulphide linkage of the monomeric subunits at position Cys17 results in the formation of a dimer 92.37 Å in length with a 0.61 Å (chain A)/0.40 Å (chain B) main chain (M1-P294) RMSD relative to the structure of C3d17A (PDB:1C3D). (B) Enlarged view of the C3d17C dimer interface showing the side chains of helix α1 residues M1-C17. Inset: 2Fo-Fc electron density contoured at 1.0 σ of the partially broken C17-C17 interchain disulphide bond (2.07 Å) resulting from oxidation of one conformer of Chain B Cys17. (C) Solid molecular surface representation of the C3d17C dimer in three different orientations rotated by 90° angles counter-clockwise. PDB accession code: 6RMT. See Supplementary Tables S1, S2 for data collection and refinement statistics.



Superimposition of the ligand-binding domains of CR2 (SCR1-2), the αMI integrin domain of CR3 or SCRs 19-20 of FH on to the dimeric C3d17C structure does not generate any molecular clashes (Supplementary Figures S3A–D). This important observation suggests dimerisation does not cause any interference in the formation of complexes between C3d or C3dg and their most physiologically-relevant binding partners. Staphylococcus aureus immune evasion proteins such as Efb-C, Ecb/Ehp and Sbi-IV are also predicted to bind the C3d17C dimer without any hindrance as the concave surfaces of both monomers are exposed and accessible. Significantly, as CR2 and CR3 interact with the C3d17C dimer via opposing surfaces, complement receptor crosslinking could play an important role in the function of C3d dimers (Supplementary Figure S3C). Moreover, the absence of steric hindrance following superimposition of the C3d17C dimer onto the C3b TED domain (Supplementary Figure S3E), suggests dimerisation of C3b, as proposed previously (42, 43), could occur in a similar fashion to C3d without affecting the ability of C3b to interact with the complement regulators FH and FI.



C3d Dimers Can Crosslink CR2 and FH19-20

As our structural analyses revealed the propensity of C3d17C to dimerise, we next analysed the binding interactions of C3d dimers in comparison to monomeric C3d17A using CR2 and FH19-20 as two important known binding partners. Given that our size exclusion chromatography experiments (Supplementary Figure S2) showed that monomeric and dimeric C3d exist in relatively equal amounts in solution we opted to create chemically stable dimers of C3d17C conjugated at the 17C position via a bromine-based linear linker (N,N’-(propane-1,3-diyl) bis(2-bromoacetamide), see Materials and Methods; Supplementary Figures S4–S6B). The N,N’-(propane-1,3-diyl) bis(2-bromoacetamide) linker was used as this class of chemical compound has been shown to selectively crosslink cysteine residues located within close spatial proximity (44). Dimeric C3d17C resulting from this chemical crosslinking reaction was subsequently validated using particle analysis (Supplementary Figure S6C), analytical ultracentrifugation (Supplementary Figure S6D) and mass spectrometry (Supplementary Tables S3, S4 and Supplementary Figure S6E) and utilised in SPR spectroscopy studies to gain insights into its binding patterns and kinetics.

In contrast to monomeric C3d17A, which displays a conventional association-steady state-dissociation binding pattern when flowed over surface-immobilised CR2-Fc and FH19-20 (Figure 3A left), the binding of dimeric C3d17C to the same ligands was found to be noticeably distinct and suggestive of a two-state binding interaction (Figure 3A right). At low concentrations up to the first replicate of 15.63 nM (dashed line), the highly avid interactions with negligible dissociation indicate a bivalent binding mode whereby the C3d17C dimer crosslinks two CR2-Fc or two FH19-20 molecules. During the first injection of 15.63 nM C3d17C dimer, 25 RU of material binds to the surface and 10 RU remain avidly bound to the surface after regeneration. While at the second 15.63 nM injection, 18 RU of material binds to the surface and only 2RU remains avidly bound at the end (Supplementary Figure S7). In both cases an equivalent amount of material is eluted during regeneration, indicating the first injection likely saturates the highly avid binding sites. As the surface cannot be fully regenerated of these high avidity complexes, the subsequent cycle commences at a higher baseline response. At this point and higher concentrations, the high avidity binding sites for dimeric C3d17C on CR2-Fc or FH19-20 remain saturated causing the binding mode to switch to less favourable/avid readily-disrupted interactions suggestive of 1:1 binding between the C3d17C dimer and CR2-Fc or FH19-20 although some cross-linked C3d17C dimer-CR2-Fc and C3d17C dimer- FH19-20 complexes persist (1-2 RU of material remaining bound to the surface after regeneration). At the highest three concentrations of dimeric C3d17C (62.5-250 nM), the less favourable 1:1 interactions (between 1 C3d17C dimer: 1 CR2-Fc or FH19-20 molecule) which are readily eluted from the surface dominate (Figure 3A right inset). Consistent with these results, the unusual binding patterns observed here were also evident in a further two independent experiments (Supplementary Figure S8) and cannot be attributed to higher order species of analyte or ligand as biophysical techniques showed the dimeric C3d17C and FH19-20 preparations used did not contain aggregates (Supplementary Figures S6C, D and S9). A model illustrating the binding events described here is presented in Figure 3B (for CR2-Fc) and the superposition displayed in Figure 3C illustrates the feasibility of CR2 crosslinking by dimeric C3d17C at a structural level.




Figure 3 | Dimeric C3d17C crosslinks CR2 and FH19-20. (A) SPR sensorgrams showing serially-diluted concentrations of 250 nM monomeric C3d17A (left) or dimeric C3d17C (right) flowed in duplicate over flow cells of a CM5 sensor chip immobilised with CR2-Fc (top) or FH19-20 (bottom). The binding of C3d17A to CR2-Fc and FH19-20 follows a conventional association-steady state-dissociation pattern while the binding of dimeric C3d17C to the same ligands generates an unusual two-state binding interaction. At concentrations up to the first 15.63 nM replicate (dashed line) the binding patterns depict highly avid interactions suggestive of the formation of dimeric C3d17C-CR2-Fc and dimeric C3d17C-FH19-20 crosslinked complexes which are not fully eluted from the surface. Thus, the subsequent injection cycles commence at a higher baseline response where the high avidity binding sites for dimeric C3d17C on CR2-Fc or FH19-20 remain saturated. This causes the binding mode to switch to less favourable, readily-disrupted interactions suggestive of the formation of 1:1 complexes, although some crosslinked complexes persist. Inset: baseline-adjusted sensorgrams showing the less favourable 1:1 complexes (1 C3d17C dimer: 1 CR2-Fc or FH19-20 molecule) which form at higher concentrations of dimeric C3d17C (62.5-250 nM) and are readily eluted from the surface. Arrows depict the regeneration period. See Supplementary Figure S7 for further details and Supplementary Figure S8 for results from an additional two independent experiments. (B) Schematic model depicting the proposed mechanistic basis behind dimeric C3d17C-mediated crosslinking of surface-associated CR2 (SCR 1-4). At low concentrations, C3d17C dimers crosslink two surface-associated CR2 (SCR 1-4) molecules via highly avid interactions involving the acidic residue-lined concave face of C3d and the basic amino acid-rich SCRs 1 and 2 of CR2 (top). Once a critical threshold concentration has been surpassed, the increase in dimeric C3d17C molecules relative to available CR2 binding sites outcompetes the second binding site on C3d17C dimers and favours the formation of 1:1 complexes (middle). Unlike C3d17C dimers, monomeric C3d17A lacks the ability to crosslink CR2 and is restricted to the formation of 1:1 complexes (bottom). (C) Superposition of SCR1-2 of CR2 (PDB accession code: 3OED) onto its binding sites on the C3d17C dimer demonstrating how dimeric C3d17C could crosslink CR2, as indicated by the SPR data gathered, at a structural level.





Dimeric C3d Is a More Potent Modulator of B Cell Activation Than Monomeric C3d

Following on from our SPR studies which indicated dimeric C3d may have the capacity to crosslink CR2, our next aim was to analyse the effects of dimeric compared to monomeric C3d on B cell activation. Flow cytometry was employed to examine changes in the expression of four surface-associated B cell activation markers (CD40, CD69, CD71 and CD86) resulting from stimulation of isolated human B cells with monomeric C3d17A or chemically-linked dimeric C3d17C alone or in the presence of BCR-crosslinking anti-IgM F(ab’)2. As shown in Supplementary Figure S10, although agonism of the BCR by anti-IgM significantly enhances expression of all the activation markers (except CD40), neither monomeric C3d17A nor dimeric C3d17C appears to influence the activation of isolated B cells in an appreciable manner, as measured by the markers examined.

A more general approach, using Ca2+ influx as a measure of B cell activation was therefore taken next. Here, incubation of B220+ mouse splenocytes with monomeric C3d17A or dimeric C3d17C prior to stimulation with a suboptimal dose of a biotinylated- anti-IgM/C3dg-biotin/streptavidin (a-IgM-b/C3dg-b/ST) BCR/CR2-crosslinking complex was found to inhibit BCR/CR2-mediated Ca2+ influx in a concentration-dependent manner (Figure 4A and Supplementary Figure S11). The observed blocking effect was more pronounced following treatment with dimeric C3d17C, particularly at the lower concentration of 4 µg (Figure 4A), and for both constructs is only evident when C3d is added ahead of the a-IgM-b/C3dg-b/ST complex and when a suboptimal dose of anti-IgM (i.e. unable to trigger Ca2+ influx in the absence of CR2 engagement) within the crosslinking complex is used. Thus, the perceived inhibition of Ca2+ influx and hence B cell activation is likely to result from sequestration of CR2 by monomeric C3d17A, and to a greater extent, due to avidity and possibly via CR2-CR2 crosslinking as suggested by our SPR experiments, dimeric C3d17C, reducing the proportion of CR2 available for crosslinking with the BCR.




Figure 4 | Monomeric C3d17A and to a greater extent dimeric C3d17C alter the activation state of murine (A) and human (B) B cell populations. (A) Ca2+ influx experiment showing incubation with 4 µg C3d17A monomer or C3d17C dimer (30 s) 90 seconds prior to the addition of BCR/CR2-crosslinking complexes (a-IgM-b/C3dg-b/ST) (120 s) significantly retards and reduces Ca2+ influx in CD45R/B220-gated Indo 1-AM-loaded C57BL/6 mouse splenocytes with a more pronounced blocking effect apparent with dimeric C3d17C. 10 µg of either form of C3d completely eliminates Ca2+ influx (Supplementary Figure S11) suggesting the observed blocking effect is concentration dependent and likely a result of CR2 sequestration by monomeric C3d17A/dimeric C3d17C reducing the proportion of CR2 available for crosslinking with the BCR. BCR/CR2-crosslinking complexes were composed of a suboptimal dose (0.056 µg mL-1) of biotinylated F(ab’)2 goat anti‐mouse IgM (a-IgM-b), C3dg-biotin (C3dg-b) and streptavidin (ST). The C3d17A monomer/C3d17C dimer-mediated blocking of Ca2+ influx was not evident when higher, more optimal concentrations of a-IgM-b/ST were used or when all the reaction components were added simultaneously. (B) Flow cytometric analysis of CD19+ B cells stimulated with monomeric C3d17A or dimeric C3d17C in the presence or absence of BCR-crosslinking anti-IgM F(ab’)2 (10 µg mL-1) reveals C3d-induced changes in the expression of surface-associated B cell activation markers. While no C3d-mediated changes in CD71 expression are evident, at higher concentrations (≥ 3 nM) both monomeric C3d17A and dimeric C3d17C appear to downregulate CD40, with a more pronounced reduction in expression in the presence of dimeric C3d17C. Conversely, in the presence of anti-IgM, both monomeric C3d17A and to a greater extent dimeric C3d17C synergistically upregulate CD69 and CD86 although at concentrations ≥ 10 nM both forms of C3d are also capable of enhancing expression of these activation markers in the absence of anti-IgM. Data are of PBMC B cell populations from a representative donor and displayed as mean values (n=2) ± standard deviation from the mean with curves fitted using a non-linear regression model. Results from an additional two donors can be found in Supplementary Figure S14.



In order to further investigate C3d-mediated changes in the activation state of B cells within mixed populations of cells, as would occur in vivo, flow cytometry was utilised to explore differences in the expression of CD40, CD69, CD71 and CD86 on CD19+ cells within donor human PBMC samples (see Supplementary Figures S12 and S13 for gating strategy applied). In contrast to the results gathered from isolated human B cells (Supplementary Figure S10), a clear dose-dependent relationship between C3d and B cell activation was observed in these experiments indicating other mononuclear cell types may be involved in B cell-responsiveness to free C3d, as measured by expression of the markers analysed (Figure 4B). At concentrations ≥ 10 nM, both monomeric C3d17A and chemically-linked dimeric C3d17C are able to enhance expression of the early B cell activation markers CD69 and CD86 even in the absence of BCR engagement by anti-IgM. In concert with anti-IgM although both forms of C3d synergistically upregulate expression of these markers in a concentration-dependent manner, dimeric C3d17C is found to be approximately three-fold more effective at enhancing activation than monomeric C3d17A (47nM vs 139 nM (CD69) and 18 nM vs 59 nM (CD86) geometric mean EC50s), perhaps through more avid interactions with CR2.

Interestingly, in contrast to CD69 and CD86, both monomeric C3d17A and dimeric C3d17C appear to downregulate CD40, particularly in the presence of anti-IgM, with a more pronounced reduction in expression evident in the presence of dimeric C3d17C. Differently still, despite achieving a substantial increase in expression in the presence of anti-IgM in the experimental time period, CD71 does not appear to be influenced by either form of C3d. Importantly, the differential marker-specific trends observed are consistent across cells gathered from all three donors analysed (data from donors 2 and 3 can be found in Supplementary Figure S14) suggesting free C3d (unattached to an antigen) may regulate B cell activation in a selective manner and that dimeric C3d may have more potent modulatory roles than C3d monomers.




Discussion

Pre-treatment of C3b with sulfhydryl-alkylating agents and routine use of a recombinant thioester cysteine deletion construct (C17A) in the past has prohibited the structural and functional analysis of disulphide-linked dimers of C3 fragments that can form following activation in the fluid phase. Concurrent with previous findings (25), in this study we provide evidence showing trypsin-mediated cleavage of C3 results in the spontaneous formation of a significant fraction of disulphide-linked C3b dimers (Figure 1). Interestingly, our results additionally suggest the formation of a dimeric form of C3. This dimeric fraction could conceivably involve the hydrolysed form of C3 (C3(H2O)) in which the exposed thioester cysteine sulphydryl renders it prone to the formation of disulphide-linked dimers as observed with C3b (25) as well as the related thioester-containing complement protein fragments C4Ab and C4Bb (45).

Furthermore, here we verify that C3 breakdown product C3d, with its native thioester cysteine intact (C3d17C), forms disulphide-linked dimers in an analogous fashion to C3b and in the first X-ray crystal structure of a human C3d dimer we confirm that dimerisation is mediated by disulphide linkage of the thioester cysteine residues at position 17/1010 (C3d numbering/intact pre-pro C3 numbering) (Figure 2) in a manner that would also permit the analogous dimerisation of C3b (Supplementary Figure S3E). Importantly, this dimer retains the ability of C3d to bind SCR domains 1-2 of CR2, the αMI integrin domain of CR3 and SCR domains 19-20 of FH (Supplementary Figures S3A–D).

In order to complement our structural studies, we next analysed the binding of a stable chemically-linked C3d17C dimer (Supplementary Figures S5, S6) to CR2 (SCR1-4) and FH19-20 using SPR. Here dimeric C3d17C showed higher avidity binding to both of the interacting partners examined, and in contrast to monomeric C3d, was found to crosslink surface-associated CR2 as well as FH19-20 (Figure 3, Supplementary Figures S7 and S8). This crosslinking by disulphide-linked C3d17C dimers cannot be explained by the formation of higher order aggregates of dimeric C3d17C (Supplementary Figures S6C, D) or FH19-20 (Supplementary Figure S9) and is a finding that has not been observed previously but could indicate a potential physiologically-relevant role of these dimers. Future investigations will elucidate whether dimeric C3d17C can crosslink its other receptor, CR3, or a combination of CR2 and CR3, as suggested by our structural superpositions (Supplementary Figures S3B, C).

Finally, we investigated the effects of dimeric compared to monomeric C3d on the activation state of primary human and murine B cells using flow cytometry and Ca2+ influx experiments. In contrast to results from resting tonsillar B cells (46), when assayed in isolation, we found B cells purified from human PBMCs appeared to be unresponsive to both forms of free C3d (Supplementary Figure S10). However, both monomeric C3d17A, and to a greater extent dimeric C3d17C, inhibited BCR/CR2-mediated Ca2+ influx in B220+ murine splenocytes when added prior to stimulation with a BCR/CR2-crosslinking complex (Figure 4A and Supplementary Figure S11). Further to previous reports using biotinylated C3dg (with a C17A mutation) in the presence of streptavidin (39, 46), these results suggest that pre-ligation of CR2 by naturally-occurring fluid phase C3d(g) dimers could inhibit BCR/CR2 crosslinking-mediated Ca2+ responses in B cells by sequestering the CR2/CD19/CD81 receptor complex from the BCR with higher avidity than C3d monomers.

Both dimeric and monomeric C3d were also found to induce changes in the expression of B cell activation markers on human CD19+ cells within PBMC samples (Figure 4B and Supplementary Figure S14). Specifically, in the presence of anti-IgM, both monomeric C3d17A and to a three-fold greater extent dimeric C3d17C, synergistically upregulated CD69 and CD86 which is consistent with previous reports showing independent ligation of CR2 and the BCR (i.e. without crosslinking) by simultaneous stimulation with biotinylated-C3dg/streptavidin complexes and anti-IgM can augment B cell activation (47). Our results, however, additionally show that dimeric C3d17C is more efficient at augmenting CR2/BCR-dependent activation and that BCR engagement may not be necessary for upregulation of certain activation markers as at higher concentrations both forms of C3d were also capable of enhancing expression of the early activation markers CD69 and CD86 in the absence of anti-IgM. Although these findings in human PBMCs differ from a recent report suggesting C3d inhibits the BCR-induced expression of CD69 on isolated tonsillar B cells (46), they are likely more representative of in vivo conditions, where interactions between different cell types and associated factors occur continuously.

In contrast to CD69 and CD86, both monomeric and dimeric C3d appeared to downregulate CD40, with a more pronounced reduction in expression in the presence of dimeric C3d17C. CD40 is involved in the regulation of several B cell processes including germinal centre reactions (48), isotype switching (49) and somatic hypermutation (50) and has also been shown to prevent B cells from becoming anergic (51). Although further investigations are required to explain the C3d-mediated downregulation of CD40 expression on B cells observed in our study, it is possible that C3d stimulation of CR2 or CR3 expressed on other PBMC cell types [e.g. T cells (52–55) and natural killer cells (56)] induces the production of higher levels of soluble CD40L that drive internalisation of CD40 or prevent efficient staining by occluding the receptor. Alternatively, the known binding of CD40L to CR3 (57) could be outcompeted by CR3 interactions with C3d, particularly in its dimeric form, elevating the levels of soluble CD40L available for binding CD40. Further experiments investigating the effects of free monomeric and dimeric C3d on IgG titre and hence B-cell differentiation or antibody class switching following activation of PBMCs with T cell supernatants or co-culture with IL-2 or CD40L-producing feeder cells will help to understand this process further.

Nonetheless, the preliminary data presented here suggest fluid-phase C3d(g), particularly in its dimeric form, could alter the activation of B cells and may direct them towards an anergic state. Although further verification is required, this proposed role would be logical in terms of helping to limit the involvement of complement in the generation of humoral immune responses in the absence of a threat and is consistent with reports of CR2 ligation being involved in the anergy of autoreactive B cells (47, 58, 59). Thus, in the future, C3d(g) dimers could have implications for the development of novel therapies for autoimmune diseases, for example through their effects on CD40/CD40L interactions, particularly as downregulation of CD40 was shown to be a beneficial outcome of Rituximab treatment of systemic lupus erythematosus (SLE) patients (60) and CD40/CD40L levels have been linked to anti-DNA autoantibody titres in lupus patients (61) and mouse models (62). By extension, these newly-uncovered functions of C3d could also offer a possible explanation as to why humoral immune responses are inhibited, rather than enhanced, by certain vaccine constructs composed of antigens linked to linear repeats of C3d placed in close proximity to each other (47, 63).

On the whole, our cell experiments not only suggest free fluid-phase C3d(g) (unattached to a surface) may regulate B cell activation in a selective manner but also that there are clear functional differences between monomeric and dimeric C3d with the latter being a more potent modulator of the activation state of B cells as a consequence of high avidity receptor interactions or through receptor crosslinking. In addition, they indicate other PBMC cell types play an important role in the responsiveness of B cells, in terms of the activation markers analysed, to C3d, perhaps through the provision of sensitising or synergising co-stimulatory molecules or via CR2-CR2 or CR2-CR3 crosslinking between cells. Although these preliminary experiments have brought to light some of the potentially physiologically-relevant functions of fluid-phase C3d(g) dimers, further investigations probing the molecular mechanisms underlying these roles are warranted. In a wider context, it would also be interesting to explore possible connections between the levels of C3d(g) dimers, their distribution in the body and pathological conditions associated with uncontrolled C3 activation, such as C3 glomerulopathy, as we surmise local upregulation of fluid phase C3d(g) concentrations is likely to enhance C3d(g) dimerisation.

In summary, in this study we reaffirm the spontaneous formation of disulphide-linked C3b dimers following cleavage of C3 and present the first structure of a fluid phase disulphide-linked human C3d dimer. Through accompanying functional analyses we show that these dimers could have physiologically-relevant roles in crosslinking CR2 and selectively modulating B cell activation, possibly to trigger tolerogenic pathways. Overall, our findings shed light on a fundamental aspect of complement biology that is often overlooked and could have the potential to inform the design of novel therapeutics for immune system disorders in the future.



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.



Author Contributions

JE, KM, AM, BG, and AAW designed the experiments. CB performed preliminary structural studies. AAW performed the crystallisation and circular dichroism experiments. SC and AAW reprocessed the crystallography data and refined the structures. RD purified C3, guided by ML, and carried out the trypsin proteolysis, molecular modelling and structural analyses. TH produced and purified the FH constructs. AGW, BA, and RM synthesised and characterised the linker and conducted initial linkage experiments. BG and AAW performed the SPR experiments under the guidance of KM and with helpful discussions from CH who also analysed the data. LK completed the Ca2+ influx experiments. The B cell activation flow cytometry experiments were performed by AM and KW with the assistance of IM. JE and AAW wrote the manuscript with valuable contributions from all the authors. All authors contributed to the article and approved the submitted version.



Funding

This research was supported by the Biotechnology and Biological Sciences Research Council Follow On Fund BB/N022165/1. AAW was sponsored by a PhD studentship granted by Raoul and Catherine Hughes and the University of Bath Alumni Fund. RD was supported by a Medical Research Council GW4 Doctoral Training Partnership. BG and KM were funded by a Northern Counties Kidney Research Grant and Alexion Pharmaceuticals funded TH’s PhD studentship via Complement UK. KM also recognises the support from Kidney Research UK grant (RP-006-20270301). CH was funded by Newcastle University. 



Acknowledgments

The authors would like to acknowledge the team at the Diamond Light Source synchrotron (Oxfordshire, UK) for access to the IO4 beamline  and Gyles Cozier for his help with data collection. Shaun Reeksting from the Material and Chemical Characterisation Facility (MC2, University of Bath) is also thanked for his assistance with the mass spectrometry analyses and Alexandra Solovyova of Newcastle University protein and proteome analysis (NUPPA) facility for her help with AUC analyses. Phil Stanley from UCB Biopharma UK is thanked for helping with the statistical analysis of the flow cytometry data.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.714055/full#supplementary-material



References

1. Qi, J, Wang, J, Chen, J, Su, J, Tang, YQ, Wu, X, et al. Plasma Levels of Complement Activation Fragments C3b and Sc5b-9 Significantly Increased in Patients With Thrombotic Microangiopathy After Allogeneic Stem Cell Transplantation. Ann Hematol (2017) 96:1849–55. doi: 10.1007/s00277-017-3092-9

2. Carter, R, and Fearon, D. Polymeric C3dg Primes Human B Lymphocytes for Proliferation Induced by Anti-IgM. J Immunol (1989) 143:1755–60.

3. Dempsey, P, Allison, M, Akkaraju, S, Goodnow, C, and Fearon, D. C3d of Complement as a Molecular Adjuvant: Bridging Innate and Acquired Immunity. Science (1996) 271:348–50. doi: 10.1126/science.271.5247.348

4. Ross, T, Xu, Y, Bright, R, and Robinson, H. C3d Enhancement of Antibodies to Hemagglutinin Accelerates Protection Against Influenza Virus Challenge. Nat Immunol (2000) 1:127–31. doi: 10.1038/77802

5. Green, T, Newton, B, Rota, P, Xu, Y, Robinson, H, and Ross, T. C3d Enhancement of Neutralizing, Antibodies to Measles Hemagglutinin. Vaccine (2001) 20:242–8. doi: 10.1016/S0264-410X(01)00266-3

6. Henson, S, Smith, D, Boackle, S, Holers, V, and Karp, D. Generation of Recombinant Human C3dg Tetramers for the Analysis of CD21 Binding and Function. J Immunol Methods (2001) 258:97–109. doi: 10.1016/S0022-1759(01)00471-9

7. Green, TD, Montefiori, DC, and Ross, TM. Enhancement of Antibodies to the Human Immunodeficiency Virus Type 1 Envelope by Using the Molecular Adjuvant C3d. J Virol (2003) 77:2046–55. doi: 10.1128/Jvi.77.3.2046-2055.2003

8. He, Y, Pappworth, I, Rossbach, A, Paulin, J, Mavimba, T, Hayes, C, et al. A Novel C3d-Containing Oligomeric Vaccine Provides Insight Into the Viability of Testing Human C3d-Based Vaccines in Mice. Immunobiology (2017) 223:125–34. doi: 10.1016/j.imbio.2017.10.002

9. Yang, Y, Back, CR, Grawert, MA, Wahid, AA, Denton, H, Kildani, R, et al. Utilization of Staphylococcal Immune Evasion Protein Sbi as a Novel Vaccine Adjuvant. Front Immunol (2019) 9:3139. doi: 10.3389/fimmu.2018.03139

10. Janssen, B, Christodoulidou, A, McCarthy, A, Lambris, J, and Gros, P. Structures of Complement Component C3 Provide Insights Into the Function and Evolution of Immunity. Nature (2005) 437:505–11. doi: 10.1038/nature04005

11. Janssen, B, Christodoulidou, A, McCarthy, A, Lambris, J, and Gros, P. Structure of C3b Reveals Conformational Changes That Underlie Complement Activity. Nature (2006) 444:213–6. doi: 10.1038/nature05172

12. Xue, X, Wu, J, Ricklin, D, Forneris, F, Di Crescenzio, P, Schmidt, C, et al. Regulator-Dependent Mechanisms of C3b Processing by Factor I Allow Differentiation of Immune Responses. Nat Struct Mol Biol (2017) 24:643–51. doi: 10.1038/nsmb.3427

13. Nilsson, B, and Ekdahl, KN. Complement Diagnostics: Concepts, Indications, and Practical Guidelines. Clin Dev Immunol (2012) 2012:962702. doi: 10.1155/2012/962702

14. Nagar, B, Jones, R, Diefenbach, R, Isenman, D, and Rini, J. X-Ray Crystal Structure of C3d: A C3 Fragment and Ligand for Complement Receptor 2. Science (1998) 280:1277–81. doi: 10.1126/science.280.5367.1277

15. van den Elsen, J, and Isenman, D. A Crystal Structure of the Complex Between Human Complement Receptor 2 and its Ligand C3d. Science (2011) 332:608–11. doi: 10.1126/science.1201954

16. Vorup-Jensen, T, and Jensen, R. Structural Immunology of Complement Receptors 3 and 4. Front Immunol (2018) 9:2716. doi: 10.3389/fimmu.2018.02716

17. Clark, E, Crennell, S, Upadhyay, A, Zozulya, A, Mackay, J, Svergun, D, et al. A Structural Basis for Staphylococcal Complement Subversion: X-Ray Structure of the Complement-Binding Domain of Staphylococcus Aureus Protein Sbi in Complex With Ligand C3d. Mol Immunol (2011) 48:452–62. doi: 10.1016/j.molimm.2010.09.017

18. Hammel, M, Sfyroera, G, Ricklin, D, Magotti, P, Lambris, JD, and Geisbrecht, BV. A Structural Basis for Complement Inhibition by Staphylococcus Aureus. Nat Immunol(2007) 8:430–7. doi: 10.1038/ni1450

19. Ricklin, D, Ricklin-Lichtsteiner, SK, Markiewski, MM, Geisbrecht, BV, and Lambris, JD. Cutting Edge: Members of the Staphylococcus Aureus Extracellular Fibrinogen-Binding Protein Family Inhibit the Interaction of C3d With Complement Receptor 2. J Immunol (2008) 181:7463–7. doi: 10.4049/jimmunol.181.11.7463

20. Hammel, M, Sfyroera, G, Pyrpassopoulos, S, Ricklin, D, Ramyar, KX, Pop, M, et al. Characterization of Ehp, A Secreted Complement Inhibitory Protein From Staphylococcus Aureus. J Biol Chem (2007) 282:30051–61. doi: 10.1074/jbc.M704247200

21. Amdahl, H, Jongerius, I, Meri, T, Pasanen, T, Hyvarinen, S, Haapasalo, K, et al. Staphylococcal Ecb Protein and Host Complement Regulator Factor H Enhance Functions of Each Other in Bacterial Immune Evasion. J Immunol (2013) 191:1775–84. doi: 10.4049/jimmunol.1300638

22. Kajander, T, Lehtinen, M, Hyvarinen, S, Bhattacharjee, A, Leung, E, Isenman, D, et al. Dual Interaction of Factor H With C3d and Glycosaminoglycans in Host-Nonhost Discrimination by Complement. Proc Natl Acad Sci USA (2011) 108:2897–902. doi: 10.1073/pnas.1017087108

23. Morgan, H, Schmidt, C, Guariento, M, Blaum, B, Gillespie, D, Herbert, A, et al. Structural Basis for Engagement by Complement Factor H of C3b on a Self Surface. Nat Struct Mol Biol (2011) 18:463–70. doi: 10.1038/nsmb.2018

24. Law, SKA, and Dodds, AW. The Internal Thioester and the Covalent Binding Properties of the Complement Proteins C3 and C4. Protein Sci (1997) 6:263–74. doi: 10.1002/pro.5560060201

25. Arnaout, M, Melamed, J, Tack, B, and Colten, H. Characterization of the Human Complement (C3b) Receptor With a Fluid Phase C3b Dimer. J Immunol (1981) 127:1348–54.

26. Melamed, J, Arnaout, M, and Colten, H. Complement (C3b) Interaction With the Human Granulocyte Receptor - Correlation of Binding of Fluid-Phase Radiolabeled Ligand With Histaminase Release. J Immunol (1982) 128:2313–8.

27. Kinoshita, T, Takata, Y, Kozono, H, Takeda, J, Hong, K, and Inoue, K. C5 Convertase of the Alternative Complement Pathway - Covalent Linkage Between 2 C3b Molecules Within the Trimolecular Complex Enzyme. J Immunol (1988) 141:3895–901.

28. Hong, K, Kinoshita, T, Pramoonjago, P, Kim, Y, Seya, T, and Inoue, K. Reconstitution of C5 Convertase of the Alternative Complement Pathway With Isolated C3b Dimer and Factors B and D. J Immunol (1991) 146:1868–73.

29. Jelezarova, E, Luginbuehl, A, and Lutz, H. C3b2-IgG Complexes Retain Dimeric C3 Fragments at All Levels of Inactivation. J Biol Chem (2003) 278:51806–12. doi: 10.1074/jbc.M304613200

30. Shigeoka, A, Gobel, R, Janatova, J, and Hill, H. Neutrophil Mobilization Induced by Complement Fragments During Experimental Group-B Streptococcal (GBS) Infection. Am J Pathol (1988) 133:623–9.

31. Gilbert, H, Eaton, J, Hannan, J, Holers, V, and Perkins, S. Solution Structure of the Complex Between CR2 SCR 1-2 and C3d of Human Complement: An X-Ray Scattering and Sedimentation Modelling Study. J Mol Biol (2005) 346:859–73. doi: 10.1016/j.jmb.2004.12.006

32. Li, K, Okemefuna, A, Gor, J, Hannan, J, Asokan, R, Holers, V, et al. Solution Structure of the Complex Formed Between Human Complement C3d and Full-Length Complement Receptor Type 2. J Mol Biol (2008) 384:137–50. doi: 10.1016/j.jmb.2008.08.084

33. Zanotti, G, Bassetto, A, Battistutta, R, Folli, C, Arcidiaco, P, Stoppini, M, et al. Structure at 1.44 Angstrom Resolution of an N-Terminally Truncated Form of the Rat Serum Complement C3d Fragment. Biochim Biophys Acta Protein Struct Mol Enzym (2000) 1478:232–8. doi: 10.1016/S0167-4838(00)00040-6

34. Isenman, DE, and van den Elsen, JMH. The Structures of Human Complement Fragments C3d and C4Ad and the Functional Insights That They Have Provided. In: Structural Biology of the Complement System. Vol. Ch. 5.  Morikis, D, and Lambris, JD, editors. CRC Press. (2005). p. 111–42.

35. Forneris, F, Ricklin, D, Wu, J, Tzekou, A, Wallace, RS, Lambris, JD, et al. Structures of C3b in Complex With Factors B and D Give Insight Into Complement Convertase Formation. Science (2010) 330:1816–20. doi: 10.1126/science.1195821

36. Forneris, F, Wu, J, Xue, X, Ricklin, D, Lin, Z, Sfyroera, G, et al. Regulators of Complement Activity Mediate Inhibitory Mechanisms Through a Common C3b-Binding Mode. EMBO J (2016) 35:1133–49. doi: 10.15252/embj.201593673

37. Tack, BD, and Prahl, JW. Third Component of Human Complement: Purification From Plasma and Physicochemical Characterization. Biochemistry (1976) 15:4513–21. doi: 10.1021/bi00665a028

38. Herbert, AP, Uhrin, D, Lyon, M, Pangburn, MK, and Barlow, PN. Disease-Associated Sequence Variations Congregate in a Polyanion Recognition Patch on Human Factor H Revealed in Three-Dimensional Structure. J Biol Chem (2006) 281:16512–20. doi: 10.1074/jbc.M513611200

39. Lyubchenko, T, dal Porto, J, Cambier, JC, and Holers, VM. Coligation of the B Cell Receptor With Complement Receptor Type 2 (CR2/CD21) Using its Natural Ligand C3dg: Activation Without Engagement of an Inhibitory Signaling Pathway. J Immunol (2005) 174:3264–72. doi: 10.4049/jimmunol.174.6.3264

40. Kulik, L, Marchbank, KJ, Lyubchenko, T, Kuhn, K, Liubchenko, A, Haluszczak, GA, et al. Intrinsic B Cell Hypo-Responsiveness in Mice Prematurely Expressing Human CR2/CD21 During B Cell Development. Eur J Immunol (2007) 37:623–33. doi: 10.1002/eji.200636248

41. Kulik, L, Chen, KA, Huber, BT, and Holers, VM. Human Complement Receptor Type 2 (CR2/CD21) Transgenic Mice Provide an In Vivo Model to Study Immunoregulatory Effects of Receptor Antagonists. Mol Immunol (2011) 48:883–94. doi: 10.1016/j.molimm.2010.12.019

42. Bexborn, F, Andersson, P, Chen, H, Nilsson, B, and Ekdahl, K. The Tick-Over Theory Revisited: Formation and Regulation of the Soluble Alternative Complement C3 Convertase (C3(H2O)Bb). Mol Immunol (2008) 45:2370–9. doi: 10.1016/j.molimm.2007.11.003

43. Perkins, SJ, and Sim, RB. Molecular Modeling of Human Complement Component C3 and its Fragments by Solution Scattering. Eur J Biochem (1986) 157:155–68. doi: 10.1111/j.1432-1033.1986.tb09652.x

44. Yang, P, Zou, H, Chao, E, Sherwood, L, Nunez, V, Keeney, M, et al. Engineering a Long-Acting, Potent GLP-1 Analog for Microstructure-Based Transdermal Delivery. Proc Natl Acad Sci USA (2016) 113:4140–5. doi: 10.1073/pnas.1601653113

45. Clemenza, L, and Isenman, DE. The C4A and C4B Isotypic Forms of Human Complement Fragment C4b Have the Same Intrinsic Affinity for Complement Receptor 1 (Cr1/Cd35). J Immunol (2004) 172:1670–80. doi: 10.4049/jimmunol.172.3.1670

46. Kovacs, KG, Macsik-Valent, B, Matko, J, Bajtay, Z, and Erdei, A. Revisiting the Coreceptor Function of Complement Receptor Type 2 (CR2, CD21); Coengagement With the B-Cell Receptor Inhibits the Activation, Proliferation, and Antibody Production of Human B Cells. Front Immunol (2021) 12:620427. doi: 10.3389/fimmu.2021.620427

47. Lee, Y, Haas, KM, Gor, DO, Ding, XD, Karp, DR, Greenspan, NS, et al. Complement Component C3d-Antigen Complexes Can Either Augment or Inhibit B Lymphocyte Activation and Humoral Immunity in Mice Depending on the Degree of CD21/CD19 Complex Engagement. J Immunol (2005) 175:8011–23. doi: 10.4049/jimmunol.175.12.8011

48. Han, SH, Hathcock, K, Zheng, B, Kepler, TB, Hodes, R, and Kelsoe, G. Cellular Interaction in Germinal Centers - Roles of CD40 Ligand and B7-2 in Established Germinal Centers. J Immunol (1995) 155:556–67.

49. Aversa, G, Punnonen, J, Carballido, J, Cocks, B, and de Vries, J. CD40 Ligand-CD40 Interaction in Ig Isotype Switching in Mature and Immature Human B Cells. Semin Immunol (1994) 6:295–301. doi: 10.1006/smim.1994.1038

50. Zan, H, Cerutti, A, Dramitinos, P, Schaffer, A, Li, Z, and Casali, P. Induction of Ig Somatic Hypermutation and Class Switching in a Human Monoclonal IgM+ IgD+ B Cell Line In Vitro: Definition of the Requirements and Modalities of Hypermutation. J Immunol (1999) 162:3437–47.

51. Eris, JM, Basten, A, Brink, R, Doherty, K, Kehry, MR, and Hodgkin, PD. Anergic Self-Reactive B Cells Present Self Antigen and Respond Normally to CD40-Dependent T Cell Signals But Are Defective in Antigen Receptor-Mediated Functions. Proc Natl Acad Sci USA (1994) 91:4392–6. doi: 10.1073/pnas.91.10.4392

52. Tsoukas, CD, and Lambris, JD. Expression of CR2/EBV Receptors on Human Thymocytes Detected by Monoclonal Antibodies. Eur J Immunol (1988) 18:1299–302. doi: 10.1002/eji.1830180823

53. Fischer, E, Delibrias, C, and Kazatchkine, M. Expression of CR2 (the C3dg/EBV Receptor, CD21) on Normal Human Peripheral Blood T Lymphocytes. J Immunol (1991) 146:865–9.

54. Levy, E, Ambrus, J, Kahl, L, Molina, H, Tung, K, and Holers, VM. T Lymphocyte Expression of Complement Receptor 2 (CR2/CD21) - A Role in Adhesive Cell-Cell Interactions and Dysregulation in a Patient With Systemic Lupus Erythematosus (SLE). Clin Exp Immunol (1992) 90:235–44. doi: 10.1111/j.1365-2249.1992.tb07935.x

55. Wagner, C, Hansch, GM, Stegmaier, S, Denefleh, B, Hug, F, and Schoels, M. The Complement Receptor 3, CR3 (CD11b/CD18), on T Lymphocytes: Activation-Dependent Up-Regulation and Regulatory Function. Eur J Immunol (2001) 31:1173–80. doi: 10.1002/1521-4141(200104)31:4<1173::aid-immu1173>3.0.co;2-9

56. Min, XY, Liu, CF, Wei, Y, Wang, N, Yuan, GL, Liu, D, et al. Expression and Regulation of Complement Receptors by Human Natural Killer Cells. Immunobiology (2014) 219:671–9. doi: 10.1016/j.imbio.2014.03.018

57. Zirlik, A, Maier, C, Gerdes, N, MacFarlane, L, Soosairajah, J, Bavendiek, U, et al. CD40 Ligand Mediates Inflammation Independently of CD40 by Interaction With Mac-1. Circulation (2007) 115:1571–80. doi: 10.1161/CIRCULATIONAHA.106.683201

58. Prodeus, AP, Goerg, S, Shen, LM, Pozdnyakova, OO, Chu, L, Alicot, EM, et al. A Critical Role for Complement in Maintenance of Self-Tolerance. Immunity (1998) 9:721–31. doi: 10.1016/S1074-7613(00)80669-X

59. Birrell, L, Kulik, L, Morgan, BP, Holers, VM, and Marchbank, KJ. B Cells From Mice Prematurely Expressing Human Complement Receptor Type 2 Are Unresponsive to T-Dependent Antigens. J Immunol (2005) 174:6974–82. doi: 10.4049/jimmunol.174.11.6974

60. Tokunaga, M, Fujii, K, Saito, K, Nakayamada, S, Tsujimura, S, Nawata, M, et al. Down-Regulation of CD40 and CD80 on B Cells in Patients With Life-Threatening Systemic Lupus Erythematosus After Successful Treatment With Rituximab. Rheumatology (2005) 44:176–82. doi: 10.1093/rheumatology/keh443

61. Desai-Mehta, A, Lu, LJ, Ramsey-Goldman, R, and Datta, SK. Hyperexpression of CD40 Ligand by B and T Cells in Human Lupus and Its Role in Pathogenic Autoantibody Production. J Clin Invest (1996) 97:2063–73. doi: 10.1172/JCI118643

62. Kaneko, Y, Hirose, S, Abe, M, Yagita, H, Okumura, K, and Shirai, T. CD-40-Mediated Stimulated of B1 and B2 Cells: Implication in Autoantibody Production in Murine Lupus. Eur J Immunol (1996) 26:3061–5. doi: 10.1002/eji.1830261236

63. Suradhat, S, Braun, RP, Lewis, PJ, Babiuk, LA, Littel-van den Hurk, SV, Griebel, PJ, et al. Fusion of C3d Molecule With Bovine Rotavirus VP7 or Bovine Herpesvirus Type 1 Glycoprotein D Inhibits Immune Responses Following DNA Immunization. Vet Immunol Immunop (2001) 83:79–92. doi: 10.1016/s0165-2427(01)00369-5




Conflict of Interest: KM is a consultant for and receives funding or renumeration from Gemini Therapeutics Ltd., Freeline Therapeutics, MPM Capital and Catalyst Biosciences.

CH has recently received consultancy or SAB payments from Freeline Therapeutics, Q32 Bio Inc., Roche, GlaxoSmithKline and Gyroscope Therapeutics and has received research funding from Ra Pharmaceuticals; all funds were donated to Newcastle University. TH is funded by Alexion Pharmaceuticals. Authors AM, KW, IM, and AL are or were employed by UCB-Pharma and may hold shares and/or stock options.

The remaining 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.


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 © 2021 Wahid, Dunphy, Macpherson, Gibson, Kulik, Whale, Back, Hallam, Alkhawaja, Martin, Meschede, Laabei, Lawson, Holers, Watts, Crennell, Harris, Marchbank and van den Elsen. 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.


OEBPS/Images/fimmu.2021.714055_cover.jpg
, frontiers
In Immunology

Insights Into the Structure-Function
Relationships of Dimeric
C3d Fragments





OEBPS/Images/fimmu-12-714055-g002.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Insights Into the Structure-Function Relationships of Dimeric C3d Fragments

      

        		

          Introduction

        



        		

          Materials And Methods

        

          		

            Purification and Mild Trypsin Proteolysis of Human C3

          



          		

            Expression and Purification of Recombinant Proteins

          



          		

            Crystallisation, Data Collection and Structure Determination of Dimeric C3d17C

          



          		

            Synthesis and Characterisation of N,N’-(propane-1,3-diyl) bis(2-bromoacetamide) Linker

          



          		

            Production, Purification and Characterisation of Chemically-Linked C3d Dimers

          



          		

            Surface Plasmon Resonance

          



          		

            Flow Cytometric Analysis of B Cell Activation

          



          		

            Ca2+ Influx Experiments

          



        



        



        		

          Results

        

          		

            Cleavage of C3 Results in the Spontaneous Formation of Disulphide-Linked C3b Dimers

          



          		

            Disulphide Linkage of the Thioester Cysteine Results in C3d Dimerisation

          



          		

            C3d Dimers Can Crosslink CR2 and FH19-20

          



          		

            Dimeric C3d Is a More Potent Modulator of B Cell Activation Than Monomeric C3d

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-714055-g004.jpg





OEBPS/Images/fimmu-12-714055-g005.jpg
H n
Br/ﬁfNV\/Nm/\Br
o o





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-714055-g001.jpg
Reducing

Anti-C3a WB
L 2
0:
258
£
250{
"
B o ofem Joseizo
& R [csetin
1o0fee
7
e
nlm
55
Time min): 0 2 Time (riey: 0 2
Non-reducing
SDS-PAGE Anti-C3a W8
a1 2
Bl | (& 656,573
20
= -
250: 2o o2 19
i e
]| 130 e 150 e
al | o] e

Timsiaainke 0 2 [P ereg





OEBPS/Images/fimmu-12-714055-g003.jpg





