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Neuromyelitis optica spectrum disorder (NMOSD) is an autoimmune inflammatory disease of the central nervous system (CNS), characterized by pathogenic, complement-activating autoantibodies against the main water channel in the CNS, aquaporin 4 (AQP4). NMOSD is frequently associated with additional autoantibodies and antibody-mediated diseases. Because the alternative pathway amplifies complement activation, our aim was to evaluate the presence of autoantibodies against the alternative pathway C3 convertase, its components C3b and factor B, and the complement regulator factor H (FH) in NMOSD. Four out of 45 AQP4-seropositive NMOSD patients (~9%) had FH autoantibodies in serum and none had antibodies to C3b, factor B and C3bBb. The FH autoantibody titers were low in three and high in one of the patients, and the avidity indexes were low. FH-IgG complexes were detected in the purified IgG fractions by Western blot. The autoantibodies bound to FH domains 19-20, and also recognized the homologous FH-related protein 1 (FHR-1), similar to FH autoantibodies associated with atypical hemolytic uremic syndrome (aHUS). However, in contrast to the majority of autoantibody-positive aHUS patients, these four NMOSD patients did not lack FHR-1. Analysis of autoantibody binding to FH19-20 mutants and linear synthetic peptides of the C-terminal FH and FHR-1 domains, as well as reduced FH, revealed differences in the exact binding sites of the autoantibodies. Importantly, all four autoantibodies inhibited C3b binding to FH. In conclusion, our results demonstrate that FH autoantibodies are not uncommon in NMOSD and suggest that generation of antibodies against complement regulating factors among other autoantibodies may contribute to the complement-mediated damage in NMOSD.
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Introduction

Neuromyelitis optica spectrum disorder (NMOSD) is a rare inflammatory disease of the central nervous system (CNS) with a prevalence of 0.7-10/100,000 worldwide (1) and is characterized by pathogenic complement-activating autoantibodies against aquaporin 4 (AQP4), the main water channel of the CNS (2, 3). Most commonly, relapsing and often bilateral optic neuritis, longitudinally extensive transverse myelitis, and brainstem symptoms characterize NMOSD (4–7).

Complement is an essential effector system of the humoral arm of innate immunity (8). The complement system can be activated via three main pathways, the classical, the lectin and the alternative pathways. It provides a first-line defense against infections, participates in the clearance of immune complexes and cellular waste, and influences adaptive immune responses (8–10). Complement gene mutations and polymorphisms that result in altered protein function and thus excessive activation, inappropriate regulation or failure in proper targeting of complement attack may lead to pathogenic complement activation, which by causing inflammation and tissue damage is implicated in the pathogenesis of several diseases (11). In addition to genetic alterations, autoantibodies to complement proteins can cause or contribute to diseases via binding to their target, which in turn may impair the function of the respective proteins and result in pathological complement activation (12–14).

Complement has also been implicated in the pathogenesis of NMOSD. CNS lesions are characterized by deposition of complement proteins along with IgG, IgM, and loss of astrocytic AQP4 (15–17). Patients with NMOSD have higher levels of complement activation products in the blood, and the three complement pathways are functionally abnormal even during the remission period (18–20). Autoantibodies to complement C1q were described in NMOSD patients (19). Autoantibodies can activate complement via the classical pathway when bound to their target proteins, which was recently described for AQP4-autoantibodies, as well (5, 21). AQP4 autoantibodies, also known as NMO-IgG, mainly belong to the IgG1 subclass, and astrocytes transfected by AQP4 are susceptible to cell death by IgG and IgM AQP4-antibodies in the presence of complement (22, 23). The pathogenic role of NMO-IgG in the presence of human complement is also supported by the results of passive transfer experiments (5, 21) and in vivo disease models, where complement inhibition was proven to be beneficial (24). Moreover, clinical experience also sustains the role of complement activation in disease pathogenesis, since treatment with the monoclonal anti-C5 antibody eculizumab reduced attack frequency, and stabilized or improved neurological disability of patients with NMOSD (25, 26). Thus, therapeutic complement inhibition is a promising strategy in the treatment of NMOSD (24, 27), and eculizumab has been approved for treating AQP4-IgG positive NMOSD.

Of the three major pathways of complement, the alternative pathway is particularly powerful because via the so-called amplification loop it can enhance complement activation initiated by any complement pathway (8, 28, 29). This is based on the generation of C3b and formation of the C3bBb alternative pathway C3 convertase (30). Therefore, proper regulation of the alternative pathway is essential in maintaining homeostasis. Antibodies to components of the alternative pathway may result in a wide spectrum of diseases. Antibodies to the C3 convertase, i.e. C3 nephritic factors (C3NeFs), may stabilize the convertase resulting in increased complement activation, which has been associated with C3 glomerulopathies (13, 14, 31). Autoantibodies to factor H (FH), the major soluble regulatory protein of the alternative complement pathway, are described in kidney diseases such as atypical hemolytic uremic syndrome (aHUS) and dense deposit disease, and are thought to cause pathogenic complement activation by blocking functional domains of this complement inhibitor protein (14, 32–34).

FH is a 155-kDa serum glycoprotein that upon binding to C3b inhibits the activation of the alternative pathway and the amplification loop. FH acts as a cofactor for the serum protease factor I in the enzymatic inactivation of C3b (cofactor activity), prevents assembly of the C3bBb convertase and accelerates its disassembly if already formed (decay accelerating activity) (35, 36). FH is composed of 20 homologous domains termed short consensus repeats (SCRs), of which SCR1-4 mediate the cofactor and decay accelerating activities of the protein, and SCR19-20 function as recognition domains for deposited C3b/C3d in the context of host surface glycans (37, 38). The physiological function of FH is critical for proper complement regulation. Altered FH activity caused by genetic changes and autoantibodies are associated with several inflammatory and autoimmune pathologies, such as age-related macular degeneration, C3 glomerulopathies and aHUS (36, 39).

Overactivation of the complement system was proven to be present in NMOSD; however, it is unclear what steps lead to complement activation in the pathogenesis of this disease. We hypothesized that autoantibodies against complement proteins may contribute to abnormal complement activation in NMOSD. Therefore, the aim of this study was to evaluate the presence of antibodies against the alternative pathway convertase C3bBb, its components C3b and factor B (FB) as well as the regulator protein FH in the serum of patients with AQP4-seropositive NMOSD.



Materials and Methods


Patients

Serum or EDTA-plasma samples of NMOSD patients were collected after informed consent in accordance with the Declaration of Helsinki. The study was approved by the National Ethical Committee (3893.316-12464/KK4/2010 and 42341-2/2013/EKU). Forty-five patients having NMOSD were included in this study and they all were seropositive for anti-AQP4 antibody determined by a commercially available cell-based assay (Euroimmune, Lübeck, Germany). The patients did not present other autoimmune diseases, cancer or infections. They were negative for antinuclear antibodies, except for patient #113; this was a single abnormality, no specific antigen was identified, and no other systemic autoantibodies (anti-dsDNA, anti-SSA, anti-SSB) were detected. Characteristics of the FH autoantibody-positive patients are summarized in Table 1.


Table 1 | Characteristics of NMOSD patients with FH autoantibodies.





Proteins, Sera and Antibodies

Purified human FH, FB, C3b, factor D, C1q, goat anti-human C1q antibody (Ab) and goat anti-human FH antibody (Ab) were purchased from Merck (Budapest, Hungary). Human serum albumin (HSA), bovine serum albumin (BSA), alpha1-antitrypsin, HRP-conjugated anti-human IgG, HRP-conjugated anti-human IgA, HRP-conjugated anti-human IgM, and monoclonal antibodies (mAbs) specific for IgG1, IgG2, IgG3, IgG4, Ig kappa and Ig lambda were purchased from Sigma-Aldrich (Budapest, Hungary). HRP-conjugated goat anti-mouse Ig and HRP-conjugated rabbit anti-goat Ig were purchased from DakoCytomation (Hamburg, Germany). HRP-conjugated goat anti-human C3 was from MP Biomedicals (Solon, OH). The anti-FH mAb A254 was purchased from Quidel (Biomedica, Budapest, Hungary), and the mAb C18 (40) was from Alexis Biochemicals (Lörrach, Germany). The anti-FH mAb IXF9 was described earlier (41).

Codon-optimized sequences of FHR-1, FHR-4B, FH SCRs 1-4, FH SCRs 8-14, FH SCRs 15-20 were synthesized (GenScript, Piscataway, NJ) and cloned into the pBSV-8His baculovirus expression vector, expressed in Spodoptera frugiperda Sf9 cells and purified by nickel affinity chromatography as described previously (42, 43). FH SCRs 19-20 and mutant 19-20 fragments were expressed in E. coli (44).



Microtiter Plate Assays

Microtiter plate wells were coated with 5 µg/ml FH, FB, C3b, or HSA as negative control antigen, for 1 h at 20°C. To measure autoantibody binding to solid-phase C3bBb convertase, the convertase was built up in microtiter plate wells as previously described (45). After blocking with 5% BSA and 0.1% Tween-20 in phosphate buffered saline (BSA-PBS), patients’ serum samples diluted 1:50 in Dulbecco’s PBS (DPBS; Lonza, Budapest, Hungary) were added for 1 h. Bound IgG was detected by incubating the wells with HRP-conjugated anti-human IgG for 1 h. Color reaction was developed with TMB (Kem-En-Tec Diagnostics, Taastrup, Denmark) and absorbance was measured at 450 nm. Antibody positivity was determined based on the reactivity with the specific antigen and the negative control protein; those having an OD value ≥ the double of that of the control protein were considered positive. The identified samples were analyzed in additional assays (see below) to confirm autoantibody positivity and characterize specific binding sites and potential functional effects of the autoantibodies.

To detect IgM and IgA autoantibodies, samples were preincubated with Protein G-agarose beads (Sigma-Aldrich) to deplete IgG, and these IgG-depleted samples were added to wells coated with 5 µg/ml FH. The presence of IgM and IgA autoantibodies was detected as described above, except for using the corresponding HRP-conjugated detection antibodies instead of anti-human IgG. In some assays, prior to immobilization FH was treated with 10 mM Tris(2-carboxyethyl)phosphine (TCEP; Sigma-Aldrich) to generate reduced FH (46). To this end, 20 mM TCEP dissolved in 0.4 M Tris pH 7.4 was mixed 1:1 with 1 mg/ml FH and incubated for 30 min at 20°C. FH was then diluted and immobilized on microplate wells, and used for autoantibody binding assay as described above. Autoantibodies against C1q were analyzed as described previously (45). Briefly, microtiter plates were coated with 2 µg/ml C1q and, as negative control antigens, HSA and α1-antitrypsin. After blocking and washing, serum samples diluted 1:50 in DPBS containing 1 M NaCl were added. Autoantibody binding was detected with HRP-conjugated anti-human IgG diluted in DPBS containing 1 M NaCl.

To map the antibody binding sites within FH, recombinant FH fragments were immobilized and autoantibody binding was detected as described above. For the characterization of IgG isotypes, FH and HSA were immobilized and, after blocking with BSA-PBS, the plates were incubated with patients’ samples. For the detection, mAbs specific for IgG1, IgG2, IgG3, IgG4, Ig kappa and Ig lambda, followed by HRP-conjugated goat anti-mouse Ig, were used. To analyze the effect of anti-FH mAbs, the wells were incubated with the anti-FH mAbs prior to the addition of patients’ sera as described (33). To determine the avidity of the FH autoantibodies, NaSCN as a chaotropic salt was used as described (47, 48). Briefly, after incubation of the wells with the patients’ sera, 0.5 M NaSCN was added for 15 min at 20°C and, after washing, the bound IgG was detected with HRP-conjugated anti-human IgG. Titers of the samples were calculated based on a standard curve and avidity index was calculated as the ratio of bound antibodies in the presence and absence of NaSCN. To calculate the avidity profile, various concentrations of NaSCN were used. To measure the inhibitory effect of autoantibodies on C3b binding, wells were coated with FH19-20 at 5 µg/ml. After blocking with BSA-PBS, the wells were incubated with 500 µg/ml purified IgG, then 2 µg/ml C3b was added. C3b-binding was detected by HRP-conjugated anti-human C3.



Western Blot

The presence of native FHR-1 was analyzed by Western blotting. To this end, 0.4 µl patient serum diluted in non-reducing sample buffer was run on 10% SDS-PAGE. Proteins were blotted onto a nitrocellulose membrane, and after blocking, the membrane was incubated with the anti-FH mAb C18, which recognizes both FH and FHR-1 (40), followed by HRP-conjugated goat anti-mouse Ig. The blot was developed using the ECL detection kit (Merck).



IgG Isolation and Analysis

10 µl serum diluted in DPBS was incubated with protein G beads (Life Technologies, Budapest, Hungary) for 2 h at 20°C. After washing, the bound IgG fraction was eluted with non-reducing sample buffer and analyzed for the presence of FH and FHR-1 by SDS-PAGE and Western blotting using the anti-FH mAb C18 followed by HRP-conjugated  goat anti-mouse Ig for detection.

For epitope analysis of FH autoantibodies immobilized peptides were used. To this end, acetylated linear 15-mer peptides overlapping in 10 amino acids, and covering the FH SCRs 19-20 (amino acids 1107-1231) as well as their S1191L and V1197A modified peptides corresponding to the homologous FHR-1 sequence were designed. The peptides were prepared in duplicates on functionalized hydroxypropylmethacrylate non-cleavable gears of a nominal capacity of 66 nmol (Mimotopes, Clayton Victoria, Australia) by solid phase Fmoc/tBu peptide synthesis according to Geysen’s method (49), as described earlier (50), with slight modifications. Briefly, the Fmoc protecting groups were removed by 2 v/v% piperidine/2 v/v% 1,8-diazabicyclo[5.4.0]undec-7-ene in N,N-dimethylformamide, the Fmoc-protected amino acid derivatives were coupled by N,N′-diisopropylcarbodiimide/1-hydroxybenzotriazole in N,N-dimethylformamide using ~200 eq reagents. After building up the peptide chains, the N-terminal α-amino group was acetylated and the side chain protecting groups were cleaved with TFA/thioanisole/phenol/water/EDT 82.5:5:5:5:2.5 (v/v/v/v/v).) The peptides remained covalently attached to the gears and were used in linear epitope mapping of the anti-FH autoantibodies.

Autoantibody binding to the synthetic peptides was detected using a modified ELISA described earlier (51). After blocking the non-specific binding sites with 0.5% gelatin in PBS, the gears were incubated with 150 μl of 1:600 diluted sera in PBS/0.5% gelatin/0.05% Tween-20 for 1 h at 20°C. Autoantibody binding was detected using HRP-conjugated rabbit anti-human IgG (DakoCytomation) and TMB detection system. Gears were used repeatedly after thorough cleaning by sonication in PBS containing 1% SDS and 0.1% 2-mercaptoethanol. The ODs were normalized by the following formula: ODsample/ODmin, where ODsample is the mean of duplicate OD values of the test samples and ODmin represents the mean binding to the negative control HSP 480-489 peptide, chosen based on our previous study (50). Data were further normalized to OD obtained with sera of healthy controls.




Results


Identification of FH Autoantibodies in NMOSD Sera

In order to identify autoantibodies to complement proteins in sera of NMOSD patients, ELISA was performed using immobilized FH, C3b and FB, as well as solid-phase C3bBb convertase. Of the 45 samples analyzed, four were positive for FH autoantibodies (i.e., ~ 9%), and specific autoantibodies to C3b, FB or C3bBb were not detected in any of the samples (Figure 1 and data not shown). Some samples showed high background binding; these were considered negative for the autoantibodies if binding to all antigens, including HSA, was similar. In addition, we depleted IgGs from these autoantibody positive samples to facilitate the detection of IgM and IgA isotype FH autoantibodies, if present. There was no specific signal detected for these samples, except for the IgG-depleted serum of patient #210, where slight IgA positivity was observed (Supplementary Figure 1). We also tested the presence of autoantibodies to C1q; a few but none of the FH autoantibody positive NMOSD serum samples were positive for C1q autoantibodies (Supplementary Figure 2), confirming previous report (19).




Figure 1 | Screening of NMOSD sera for autoantibodies by ELISA. Microplate wells were coated with human serum albumin (HSA), FH, FB and C3b, and after blocking, incubated with sera of 45 NMOSD patients and controls (all serum samples diluted 1:50 in PBS). Binding of autoantibodies to these antigens was detected using HRP-conjugated anti-human IgG. Serum sample of a patient with atypical hemolytic uremic syndrome (aHUS) and of a patient with dense deposit disease (DDD), positive for FH and FB autoantibodies, respectively, were used as positive controls. NHS: normal human serum. Data are means of two measurements. Some samples showed reactivity or high background with all four antigens, and these were considered autoantibody negative. The four samples #64, #84, #113 and #210 showing clearly stronger reactivity with FH compared to reactivity with HSA, FB and C3b, were considered autoantibody positive.



Because FH autoantibodies are strongly associated with the deletion of the CFHR1 gene in aHUS (52, 53), we investigated the sera of the above four patients for the presence of FHR-1 protein, since DNA samples were not available. The patients did not receive plasma treatment, thus exogenous origin of FHR-1 could be excluded. All four patients had both FHR-1 isoforms in their serum as detected by Western blot analysis (Figure 2).




Figure 2 | Western blot analysis of NMOSD sera for FHR-1 protein. 0.4 µl of serum samples were run on 10% SDS-PAGE and the blot was developed using the anti-FH mAb C18. The two isoforms of factor H-related protein 1 (FHR-1) are seen in the 4 FH autoantibody positive NMOSD patients (64, 84, 113, 210), in an NMOSD patient (301) negative for FH autoantibody, and in a healthy control sample (NHS). FHR-1 is missing in a FH autoantibody positive aHUS patient, used as a control sample, as typical for ~90% of aHUS patients with FH autoantibodies. The blot is representative of two experiments.



We also analyzed the presence of FH-autoantibody immune complexes in the patients’ sera. To this end, IgG was precipitated using Protein G beads, and the bound proteins were eluted and analyzed by Western blot using the anti-FH mAb C18. FH was detected in the sera of patients #64, #84 and #210, displaying stronger bands compared with the IgG of a healthy individual, used as control (Figure 3). In addition, FHR-1 was detected in the case of patient #210, indicating cross-reactivity of the FH autoantibody with FHR-1 (Figure 3).




Figure 3 | Detection of FH–autoantibody complexes. Western blot analysis of the IgG fractions for FH/FHR-1 – IgG complexes. 10 µl of serum samples were incubated with Protein G beads. The bound proteins, eluted with SDS-sample buffer, were run on 10% SDS-PAGE, transferred to nitrocellulose membrane, and the blot was developed with monoclonal anti-FH recognizing also FHR-1 (mAb C18). FH is detected in the FH-autoantibody positive NMOSD patients (NMO64, NMO84, NMO210), but not in the FH-autoantibody negative (NMO176) or healthy control sample. In addition, FHR-1 is also seen in the NMOSD sample with the highest autoantibody titer (NMO210). Normal human serum (NHS) was run as a control. The blot is representative of three experiments.





Biological Features (Isotype, Titer, Avidity) of the FH Autoantibodies

Next, we determined the isotypes of the FH autoantibodies by ELISA. The FH autoantibodies were of the IgG3 isotype in all four patients, and had κ light chains, except for #210, who had λ light chains. The autoantibody titers were determined by applying serial serum dilutions on HSA- and FH-coated microtiter plate wells. The autoantibody titers of three of the patients were low (#64, 1:200; #84, 1:100, and #113, 1:200) and one (#210, 1:800) was higher, similar to a typical, autoimmune aHUS-associated high-titer anti-FH antibody, used as positive control.

The avidity of the autoantibodies was determined using NaSCN to dissociate the FH-bound autoantibodies. A relatively low NaSCN concentration (0.5 M) was sufficient to dissociate the majority of the autoantibodies (Figure 4A). Autoantibodies of #210 showed slightly higher avidity, since ~80% of the autoantibodies were able to bind to FH at 0.25 M NaSCN, in contrast to the other patients’ autoantibodies. The small values of avidity indexes calculated at 0.5 M NaSCN (Figure 4B) indicated relatively low-avidity interaction between the autoantibodies of these NMOSD patients and FH.




Figure 4 | Avidity of FH autoantibodies. Avidity of the FH autoantibodies was determined by ELISA using NaSCN as a chaotropic agent. (A) Avidity profile of the autoantibodies. Residual binding of the FH autoantibodies from serum was measured after applying various NaSCN concentrations. Data are normalized to binding in the absence of NaSCN (=100% binding). A representative experiment out of two is shown. (B) Avidity indexes calculated at 0.5 M NaSCN. Avidity index is calculated as the ratio of remaining bound autoantibody after NaSCN elution (AU/ml)/autoantibody bound without NaSCN elution (AU/ml). Data are means ± SD of three measurements.





NMOSD-Associated FH Autoantibodies Bind to the FH C Terminus

Recombinant deletion mutants of FH, recombinant FHR-1 and, as a control, FHR-4B protein were used to determine the binding domains within FH. All four autoantibodies bound to the C-terminal domains of FH and cross-reacted with FHR-1 (Table 2). However, the binding profiles were slightly different: the three samples with low autoantibody titers bound strongly to FH15-20, FH19-20 and FHR-1, and comparatively weaker to purified, full-length FH, whereas the sample of patient #210, which showed a high background in ELISA and had relatively higher autoantibody titer, showed very weak  binding to FH15-20, but bound equally well to FH19-20, FH and FHR-1 (Table 2).


Table 2 | Summary of autoantibody binding sites on FH.



To confirm and further characterize the binding site of these FH autoantibodies, two C-terminally binding mAbs against FH were used in competition assays. The inhibition profiles were heterogeneous. The mAb C18 recognizing an epitope in SCR20 (44) caused ~30% and ~50% inhibition of autoantibody binding to FH in the case of patients #113 and #210, respectively, whereas it had no significant inhibitory effect in the case of patients #64 and #84. The mAb IXF9 recognizing an epitope within FH SCR18-19 (41) inhibited autoantibody binding to FH by ~30% in the case of patients #64, #84 and #113, whereas its slight inhibitory effect did not reach statistical significance in the case of patient #210 (Figure 5). In the case of a control sample from an FH autoantibody positive aHUS patient, mAb IXF9 did not inhibit autoantibody binding to FH, but mAb C18 almost completely blocked autoantibody binding (Figure 5).




Figure 5 | Inhibition of autoantibody binding to FH by mAbs. Immobilized FH was preincubated with the anti-FH mAbs A254 (binding in SCR1), C18 (binding in SCR20) and IXF9 (binding in SCR18-19), then serum samples of the FH autoantibody positive four NMOSD patients and of an aHUS patient, used as control, were added to the wells. Autoantibody binding was detected by HRP-conjugated anti-human IgG. Data are normalized to autoantibody binding in the absence of mAb. Data are mean ± SD of three measurements. *p < 0.05, **p < 0.01 and ***p < 0.001, one-way ANOVA.



To further analyze the autoantibody binding sites, 14 recombinant FH19-20 fragments with different single amino acid exchanges were used. With this approach, in the case of patient #210 strongly reduced autoantibody binding (50% or less binding) to the R1182A, W1183L, K1186A, K1188A and E1198A mutants was found, indicating that these residues are included in the binding site of the autoantibody (Figure 6). This site is within the hypervariable loop of FH SCR20 and coincides with the autoantibody epitope identified for most aHUS patients, as well as with the binding epitope of mAb C18 (44, 47, 54). Using the three other patients’ sera, no significant reduction in autoantibody binding to any of the tested mutants was found, except for ~25% or less inhibition of binding to the D1119G, K1186A and E1198A mutants in the case of #64, suggesting that their binding epitope lies elsewhere in SCR19 or SCR20.




Figure 6 | Epitope mapping using mutant FH19-20 fragments. The wild type FH19-20 fragment and 14 mutants containing single amino acid exchanges were immobilized in microtiter plate wells and incubated with patient serum. Autoantibody binding was detected using HRP-conjugated anti-human IgG. Data are mean ± SD of three experiments. *p < 0.05 and ***p < 0.001, one-way ANOVA.



Linear epitope mapping of the autoantibodies was performed by peptide analysis using overlapping 15-mer peptides covering FH19-20. A heterogeneity of the binding sites of the autoantibodies was clearly detectable. Samples of #64 and #113 were positive for peptides derived from SCR19, the sample #210 reacted with peptides in SCR20, whereas autoantibodies of #84 bound to peptides of both SCRs (Figure 7A). Peptides corresponding to the differences in the FH SCR20-homolog domain of FHR-1, i.e. including the FH S1191L and V1197A amino acid exchanges, were also synthesized and analyzed. The peptide reactivity by the autoantibodies confirmed the cross-reactivity of the NMOSD-associated FH autoantibodies with FHR-1; interestingly, the sample of patient #210 showed strongly increased binding to the FHR-1 peptide 286-300 in comparison with the corresponding FH peptide 1187-1201 (Figure 7B). The identified peptides are shown on the FH19-20 structure in Figure 7C.




Figure 7 | Linear epitope mapping of the FH autoantibodies. Overlapping 15-mer solid phase peptides (A) covering the 19-20 domains of FH and (B) containing the FH S1191L and V1197A FHR-1 specific amino acid exchanges (indicated by yellow highlighting) were incubated with patients’ sera. Autoantibody binding was detected using HRP-conjugated anti-human IgG, and is expressed as ratio of ODsample/ODmin, where ODsample is the mean of duplicate OD values of the patients’ samples, while ODmin represents the mean antibody binding to the negative control HSP480-489 peptide. On the y axis the initial and final amino acid of each tested peptide is displayed with the single-letter amino acid sequence indicated in between. (C) The schematic picture of the FH C-terminal domains shows the identified epitopes highlighted in red (1112-1121), green (1132-1146) and blue (1212-1221), corresponding to the color codes of the one-letter amino codes in A.



The SCR19 peptide 1114-PIDNGDIT-1121 was previously identified as a binding site for FH-autoantibodies detected in patients with non-small cell lung cancer, and the autoantibodies recognized FH particularly when FH was reduced. To further characterize the NMOSD-associated FH autoantibodies in this regard, the binding of autoantibodies to FH and TCEP-treated, reduced FH was compared. In this assay, the three samples that showed SCR19 reactivity in the epitope mapping assays, #64, #84 and #113 showed markedly increased binding to reduced FH, whereas in the case of #210 and an aHUS patient sample with known SCR20-binding autoantibodies, reduction of FH did not result in enhancement of reactivity (Figure 8).




Figure 8 | Autoantibody binding to reduced FH. Microplate wells were coated with equimolar amounts of HSA, FH and TCEP-treated, reduced FH, and after blocking, incubated with patients’ sera diluted 1:50 in PBS. Autoantibody binding was detected by HRP-conjugated anti-human IgG. As controls, sera of two FH autoantibody-negative NMO patients (#176 and #193), an aHUS patient and a healthy control (normal human serum, NHS) were used. Goat antiserum was used to prove that FH and reduced FH were immobilized on the plate. Data are mean ± SD of two experiments.





FH Autoantibodies of NMOSD Patients Inhibit the Interaction of FH With C3b

To assess whether FH autoantibodies of the NMOSD patients interfere with FH function, we analyzed the interaction of C3b with the FH19-20 fragment in the presence of the autoantibodies. IgG of patients #64 and #84 inhibited C3b binding to FH19-20 by ~40%, IgG of patient #113 by ~30%, and that of patient #210 by ~70%. By contrast, IgG derived from healthy individuals or NMOSD patients without autoantibodies to FH did not affect C3b binding (Figure 9).




Figure 9 | Inhibition of C3b binding to FH19-20 by FH autoantibodies. The immobilized FH19-20 fragment was incubated with IgG purified from the sera of NMOSD patients, healthy human sera (C) or serum of an aHUS patient with FH autoantibodies, then C3b was added. C3b binding was detected using HRP-conjugated anti-human C3 antibodies. Data are normalized to binding in the absence of IgG (=100%) and are means + SD of three measurements.






Discussion

Anti-complement autoantibodies are involved in several different diseases (12–14). For most autoantibodies a directly pathogenic role is not proven and therefore a matter of debate, such as in the case of C3NeF. FH autoantibodies appear pathogenic in aHUS and dense deposit disease, as functional consequence of the presence of the autoantibodies was described in terms of interfering with the interaction of FH with C3b and host cells and with the cofactor activity of FH, respectively (33, 34). FH autoantibodies are reported in 8-25% of aHUS patients in different cohorts and are strongly associated with homozygous deletion of the CFHR1 gene, but are more rarely reported in patients with C3 glomerulopathies including dense deposit disease (32, 53, 55). On the other hand, FH autoantibodies might have a protective role such as described in patients with non-small cell lung cancer (46, 56). FH autoantibodies were also reported in inflammatory, autoimmune diseases where their role is less clear (57, 58). In addition, autoantibodies against the C3bBb convertase and its components C3b and FB are described in diseases associated with alternative complement pathway dysregulation (14, 45, 59–61). Therefore, we studied whether autoantibodies against C3bBb, C3b, FB and FH occur in NMOSD, a spectrum disease characterized by pathological complement activation.

FH autoantibodies were detected in four out of 45 NMOSD serum samples (~9%), while no antibodies against C3b, FB and C3bBb were found in these samples (Figure 1). The relevance of C1q autoantibodies that were detected in some samples (Supplementary Figure 2) should be investigated in the future. Three of the four identified FH autoantibodies were similar to each other by having low-titer, low-avidity autoantibodies and displaying identical binding profile to FH domains. The fourth autoantibody, that of patient #210, was clearly different and resembled more the aHUS-associated antibodies than the other three, by having high-titer FH autoantibodies and binding to the same hypervariable loop on SCR20 of FH (Figures 5–9) as the aHUS-associated autoantibodies (44). The autoantibodies bound to FH domains 19-20, and also recognized the homologous protein FHR-1, similar to FH autoantibodies associated with aHUS (44, 62, 63). However, in contrast to most autoantibody-positive aHUS patients, these four NMOSD patients did not lack the FHR-1 protein. The clear detectability of native FHR-1 in immune complexes of patient #210 could have been because of the higher autoantibody titer and avidity, as well as stronger reactivity with FHR-1 peptides in the case of this patient compared with the three other NMOSD patients (Figures 3, 4, 7). In both NMOSD and aHUS, the IgG3 isotype dominated among the FH autoantibodies, indicating infection- or inflammation-related generation of the autoreactive antibodies. Recently, based on the slight structural differences between the C termini of FH and FHR-1, and the lack of FHR-1 in most aHUS patients, we proposed a model for the generation of the aHUS-associated autoantibodies in the context of infection and induced neo-epitope due to slight structural change in the FH C terminus upon binding to microbial proteins (44). Collectively, the results of our experiments suggest a mechanism of autoantibody generation in the NMOSD patients different from that in the aHUS patients.

The FH19-20 and FHR-1 peptides recognized by the four NMOSD autoantibodies are in part similar to those described in aHUS patients (Figure 7) (54). These include the linear epitopes 1152-1171 in FH SCR19, which showed weak reactivity with the FH autoantibody positive NMOSD sera and strong reactivity with aHUS sera, and the peptides 1207-1226 in FH SCR20. The FH SCR19 peptides 1107-1131 and 1132-1146 showed reactivity only with the FH autoantibody positive NMOSD sera, but not with aHUS sera. The peptides FH SCR20 1177-1191 and the homologue FHR-1 276-290 showed only weak reactivity with the NMOSD sera compared with the strong reactivity of the autoantibody positive aHUS sera (Figure 7) (54). The FHR-1 peptide 286-300 showed strong reactivity with the serum of patient #210, and this peptide was non-reactive with aHUS sera. Interestingly, FH autoantibodies found in patients with non-small cell lung cancer recognize the peptide PIDNGDIT in FH SCR19, inhibit FH binding to lung carcinoma cells and cause increased C3-deposition when binding to FH that is already bound to the cancer cell surface (46). In our experiments, the linear epitope analysis showed the common recognition of epitope PPPIDNGDIT (SCR19 1107-1131) by FH autoantibodies of patients #64, #84 and #113, and these samples also showed enhanced reactivity with reduced FH (Figures 7-8). In the lung cancer study, the patients’ sera reacted strongly with reduced FH compared with the non-reduced protein, suggesting a cryptic epitope and/or a cancer-specific, posttranslational modification of the protein that is recognized by the autoantibodies. Similarly, it is possible that in NMOSD lesions the ongoing inflammation and damage of glial cells cause a slightly reducing microenvironment that may influence the conformation of FH, and allow for inflammation-driven induction of autoreactivity against this complement regulator.

Although recognizing different epitopes, autoantibodies of all patients affected binding of FH to C3b, with that of patient #210 strongly inhibiting the FH-C3b interaction (Figure 9). Since the interaction of the FH C terminus with C3b is critical for docking FH to C3b-covered surfaces and allowing FH to act as a regulator at the surface (37, 38, 64), the presence of these interfering autoantibodies may contribute to ongoing complement activation and damage of host cell surfaces, e.g. on astrocytes, where complement activation was initially triggered by NMO-IgG.

It is important to note that these NMOSD patients, particularly #210, despite having FH autoantibodies with overlapping characteristics and similar, C-terminal binding sites as the aHUS-associated FH autoantibodies, did not have manifest kidney disease. This might also be related to the relatively low avidity of the NMOSD-associated FH autoantibodies or difference in the exact binding site, compared to FH autoantibodies from aHUS patients’ sera. In addition, a fraction of the autoantibodies could bind FHR-1 instead of FH. However, it is theoretically possible that co-existence of AQP4-antibodies and FH-antibodies may contribute to subclinical impairment of kidney functions. Complement regulators are important in preventing peripheral organ injury in NMOSD patients and in the animal model of NMOSD (65, 66). However, the urine proteome and metabolome of NMOSD is different from multiple sclerosis (67, 68). Whether this reflects kidney alterations in a subgroup of patients with FH autoantibodies maybe worth investigating.

A characteristic feature of NMOSD is the increased frequency of associated autoantibodies and autoimmune diseases. Antibodies against gastrointestinal antigens may be present (69), and antinuclear antibodies were detected in 44% of patients with NMOSD (70). AQP4-antibodies were detected in patients with rheumatologic diseases in the presence of NMOSD-associated syndromes (71, 72), and temporal changes in SLE-associated antibody levels overlap with dynamics of AQP4-antibodies (73). Generation of autoantibodies against complement regulators, such as FH may be part of a co-existing condition in patients with susceptibility to multiple autoimmunity (72). We also describe that autoantibodies against the natural complement inhibitor FH in NMOSD patients impair the interaction of FH with C3b, which is the basis of its complement regulatory activity. This in turn may contribute to disease activity.

Limitations of our study include the low patient and sample number due to the rarity of the disease, and the lack of complement-active serial serum samples that restricted the breadth and the power of the analyses. At present, no clear conclusion on the correlation of the presence of FH autoantibodies with the clinical manifestation can be drawn. Analysis of additional patient cohorts and samples is expected to establish the frequency and the biological characteristics of the FH autoantibodies in NMOSD, and also whether and how these autoantibodies may contribute to the pathology of the disease and influence the clinical phenotype.

In conclusion, our results demonstrate that systemic FH autoantibodies are not uncommon in NMOSD, and they influence binding of FH to its main ligand, complement C3b. Our data also suggest that generation of autoantibodies against complement regulating factors among other autoantibodies may contribute to the complement-mediated damage in NMOSD.



Author’s Note

Parts of this work were presented at the 25th International Complement Workshop, September 14-18, 2014, Rio de Janeiro, Brazil (Mol. Immunol. 2014, 61: 227).



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by National Ethical Committee (3893.316-12464/KK4/2010 and 42341-2/2013/EKU). The patients/participants provided their written informed consent to participate in this study.



Author Contributions 

MJ initiated and supervised the study. BU and ZS performed autoantibody detection and characterization, Western blot and competition assays. KU designed and synthesized peptides. ET performed peptide binding assays. HN, ZI and ZP provided serum samples and patient data. SH and TJ provided recombinant mutant proteins. AE interpreted data. All authors contributed to the article and approved the submitted version. BU, ZI and MJ wrote the manuscript with the help of the other authors.



Funding

This work was financially supported in part by the National Research, Development and Innovation Fund (OTKA, grant K 109055), by the Institutional Excellence Program to ELTE (NKFIH-1157/8/2019, D11206 to MJ), by the Hungarian Academy of Sciences (Lendület Program, grant LP2012-43 and research grant 01063 to MJ, and research grant TKI2017-02064 to. ZP), by Scleroseforeningen (R399-A28099-B15690 and R431-A29926 to ZI, and A31515 to HN), Lundbeckfonden (R118-A11472 to ZI), and Region of Southern Denmark (14/24200 to. ZI). The work also received support as part of FIEK_16 project; project no. FIEK_16-1-2016-0005 has been implemented with the support provided from the National Research, Development and Innovation Fund of Hungary, financed under the FIEK_16 funding scheme.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.660382/full#supplementary-material



Abbreviations

aHUS, atypical hemolytic uremic syndrome; AQP4, aquaporin 4; C3NeF, C3 nephritic factor; CNS, central nervous system; FB, factor B; FH, factor H; FHR-1, factor H-related protein 1; NMOSD, neuromyelitis optica spectrum disorder; SCR, short consensus repeat.



References

1. Papp, V, Magyari, M, Aktas, O, Berger, T, Broadley, SA, Cabre, P, et al. Worldwide Incidence and Prevalence of Neuromyelitis Optica: A Systematic Review. Neurology (2021) 96(2):59–77. doi: 10.1212/WNL.0000000000011153

2. Lennon, VA, Kryzer, TJ, Pittock, SJ, Verkman, AS, and Hinson, SR. IgG Marker of Optic-Spinal Multiple Sclerosis Binds to the Aquaporin-4 Water Channel. J Exp Med (2005) 202(4):473–7. doi: 10.1084/jem.20050304

3. Lennon, VA, Wingerchuk, DM, Kryzer, TJ, Pittock, SJ, Lucchinetti, CF, Fujihara, K, et al. A Serum Autoantibody Marker of Neuromyelitis Optica: Distinction from Multiple Sclerosis. Lancet (2004) 364(9451):2106–12. doi: 10.1016/S0140-6736(04)17551-X

4. Jacob, A, McKeon, A, Nakashima, I, Sato, DK, Elsone, L, Fujihara, K, et al. Current concept of neuromyelitis optica (NMO) and NMO spectrum disorders. J Neurol Neurosurg Psychiatry (2013) 84(8):922–30. doi: 10.1136/jnnp-2012-302310

5. Jarius, S, Wildemann, B, and Paul, F. Neuromyelitis Optica: Clinical Features, Immunopathogenesis and Treatment. Clin Exp Immunol (2014) 176(2):149–64. doi: 10.1111/cei.12271

6. Sellner, J, Boggild, M, Clanet, M, Hintzen, RQ, Illes, Z, Montalban, X, et al. EFNS Guidelines on Diagnosis and Management of Neuromyelitis Optica. Eur J Neurol (2010) 17(8):1019–32. doi: 10.1111/j.1468-1331.2010.03066.x

7. Wingerchuk, DM, Banwell, B, Bennett, JL, Cabre, P, Carroll, W, Chitnis, T, et al. International Consensus Diagnostic Criteria for Neuromyelitis Optica Spectrum Disorders. Neurology (2015) 85(2):177–89. doi: 10.1212/WNL.0000000000001729

8. Ricklin, D, Hajishengallis, G, Yang, K, and Lambris, JD. Complement: a Key System for Immune Surveillance and Homeostasis. Nat Immunol (2010) 11(9):785–97. doi: 10.1038/ni.1923

9. Merle, NS, Church, SE, Fremeaux-Bacchi, V, and Roumenina, LT. Complement System Part I - Molecular Mechanisms of Activation and Regulation. Front Immunol (2015) 6:262. doi: 10.3389/fimmu.2015.00262

10. Merle, NS, Noe, R, Halbwachs-Mecarelli, L, Fremeaux-Bacchi, V, and Roumenina, LT. Complement System Part II: Role in Immunity. Front Immunol (2015) 6:257. doi: 10.3389/fimmu.2015.00257

11. de Cordoba, SR, Tortajada, A, Harris, CL, and Morgan, BP. Complement Dysregulation and Disease: from Genes and Proteins to Diagnostics and Drugs. Immunobiology (2012) 217(11):1034–46. doi: 10.1016/j.imbio.2012.07.021

12. Daha, NA, Banda, NK, Roos, A, Beurskens, FJ, Bakker, JM, Daha, MR, et al. Complement Activation by (auto-) Antibodies. Mol Immunol (2011) 48(14):1656–65. doi: 10.1016/j.molimm.2011.04.024

13. Dragon-Durey, MA, Blanc, C, Marinozzi, MC, van Schaarenburg, RA, and Trouw, LA. Autoantibodies Against Complement Components and Functional Consequences. Mol Immunol (2013) 56(3):213–21. doi: 10.1016/j.molimm.2013.05.009

14. Jozsi, M, Reuter, S, Nozal, P, Lopez-Trascasa, M, Sanchez-Corral, P, Prohaszka, Z, et al. Autoantibodies to Complement Components in C3 Glomerulopathy and Atypical Hemolytic Uremic Syndrome. Immunol Lett (2014) 160(2):163–71. doi: 10.1016/j.imlet.2014.01.014

15. Lucchinetti, CF, Mandler, RN, McGavern, D, Bruck, W, Gleich, G, Ransohoff, RM, et al. A role for Humoral Mechanisms in the Pathogenesis of Devic’s Neuromyelitis Optica. Brain (2002) 125(Pt 7):1450–61. doi: 10.1093/brain/awf151

16. Misu, T, Fujihara, K, Kakita, A, Konno, H, Nakamura, M, Watanabe, S, et al. Loss of Aquaporin 4 in Lesions of Neuromyelitis Optica: Distinction from Multiple Sclerosis. Brain (2007) 130(Pt 5):1224–34. doi: 10.1093/brain/awm047

17. Roemer, SF, Parisi, JE, Lennon, VA, Benarroch, EE, Lassmann, H, Bruck, W, et al. Pattern-Specific Loss of Aquaporin-4 Immunoreactivity Distinguishes Neuromyelitis Optica from Multiple Sclerosis. Brain (2007) 130(Pt 5):1194–205. doi: 10.1093/brain/awl371

18. Hakobyan, S, Luppe, S, Evans, DR, Harding, K, Loveless, S, Robertson, NP, et al. Plasma Complement Biomarkers Distinguish Multiple Sclerosis and Neuromyelitis Optica Spectrum Disorder. Mult Scler (2017) 23(7):946–55. doi: 10.1177/1352458516669002

19. Nytrova, P, Potlukova, E, Kemlink, D, Woodhall, M, Horakova, D, Waters, P, et al. Complement Activation in Patients with Neuromyelitis Optica. J Neuroimmunol (2014) 274(1-2):185–91. doi: 10.1016/j.jneuroim.2014.07.001

20. Veszeli, N, Fust, G, Csuka, D, Trauninger, A, Bors, L, Rozsa, C, et al. A Systematic Analysis of the Complement Pathways in Patients with Neuromyelitis Optica Indicates alterAtion but no Activation During Remission. Mol Immunol (2014) 57(2):200–9. doi: 10.1016/j.molimm.2013.09.010

21. Bradl, M, and Lassmann, H. Experimental Models of Neuromyelitis Optica. Brain Pathol (2014) 24(1):74–82. doi: 10.1111/bpa.12098

22. Herwerth, M, Kalluri, SR, Srivastava, R, Kleele, T, Kenet, S, Illes, Z, et al. In Vivo Imaging Reveals Rapid Astrocyte Depletion and Axon Damage in a Model of Neuromyelitis Optica-Related Pathology. Ann Neurol (2016) 79(5):794–805. doi: 10.1002/ana.24630

23. Kalluri, SR, Illes, Z, Srivastava, R, Cree, B, Menge, T, Bennett, JL, et al. Quantification and Functional Characterization of Antibodies to Native Aquaporin 4 in Neuromyelitis Optica. Arch Neurol (2010) 67(10):1201–8. doi: 10.1001/archneurol.2010.269

24. Asavapanumas, N, Tradtrantip, L, and Verkman, AS. Targeting the complement system in neuromyelitis optica spectrum disorder. Expert Opin Biol Ther (2021) 16:1–14. doi: 10.1371/journal.pone.0106824

25. Holmoy, T, Hoglund, RA, Illes, Z, Myhr, KM, and Torkildsen, O. Recent Progress in Maintenance Treatment of Neuromyelitis Optica Spectrum Disorder. J Neurol (2020). doi: 10.1080/14712598.2021.1884223

26. Pittock, SJ, Berthele, A, Fujihara, K, Kim, HJ, Levy, M, Palace, J, et al. Eculizumab in Aquaporin-4-Positive Neuromyelitis Optica Spectrum Disorder. N Engl J Med (2019) 381(7):614–25. doi: 10.1056/NEJMoa1900866

27. Pilch, KS, Spaeth, PJ, Yuki, N, and Wakerley, BR. Therapeutic Complement Inhibition: a Promising Approach for Treatment of Neuroimmunological Diseases. Expert Rev Neurother (2017) 17(6):579–91. doi: 10.1080/14737175.2017.1282821

28. Meri, S. Self-Nonself Discrimination by the Complement System. FEBS Lett (2016) 590(15):2418–34. doi: 10.1002/1873-3468.12284

29. Zipfel, PF, Heinen, S, Jozsi, M, and Skerka, C. Complement and Diseases: Defective Alternative Pathway Control Results in Kidney and Eye Diseases. Mol Immunol (2006) 43(1-2):97–106. doi: 10.1016/j.molimm.2005.06.015

30. Ricklin, D. Manipulating the Mediator: Modulation of the Alternative Complement Pathway C3 Convertase in Health, Disease and Therapy. Immunobiology (2012) 217(11):1057–66. doi: 10.1016/j.imbio.2012.07.016

31. Spitzer, RE, Vallota, EH, Forristal, J, Sudora, E, Stitzel, A, Davis, NC, et al. Serum C’3 lytic System in Patients with Glomerulonephritis. Science (1969) 164(3878):436–7. doi: 10.1126/science.164.3878.436

32. Dragon-Durey, MA, Loirat, C, Cloarec, S, Macher, MA, Blouin, J, Nivet, H, et al. Anti-Factor H Autoantibodies Associated with Atypical Hemolytic Uremic Syndrome. J Am Soc Nephrol (2005) 16(2):555–63. doi: 10.1681/ASN.2004050380

33. Jozsi, M, Strobel, S, Dahse, HM, Liu, WS, Hoyer, PF, Oppermann, M, et al. Anti factor H Autoantibodies Block C-Terminal Recognition Function of Factor H in Hemolytic Uremic Syndrome. Blood (2007) 110(5):1516–8. doi: 10.1182/blood-2007-02-071472

34. Meri, S, Koistinen, V, Miettinen, A, Tornroth, T, and Seppala, IJ. Activation of the Alternative Pathway of Complement by Monoclonal Lambda Light Chains in Membranoproliferative Glomerulonephritis. J Exp Med (1992) 175(4):939–50. doi: 10.1084/jem.175.4.939

35. Ferreira, VP, Pangburn, MK, and Cortes, C. Complement Control Protein Factor H: the Good, the Bad, and the Inadequate. Mol Immunol (2010) 47(13):2187–97. doi: 10.1016/j.molimm.2010.05.007

36. Kopp, A, Hebecker, M, Svobodova, E, and Jozsi, M. Factor h: a Complement Regulator in Health and Disease, and a Mediator of Cellular Interactions. Biomolecules (2012) 2(1):46–75. doi: 10.3390/biom2010046

37. Kajander, T, Lehtinen, MJ, Hyvarinen, S, Bhattacharjee, A, Leung, E, Isenman, DE, et al. Dual Interaction of Factor H with C3d and Glycosaminoglycans in host-nonhost Discrimination by Complement. Proc Natl Acad Sci U S A (2011) 108(7):2897–902. doi: 10.1073/pnas.1017087108

38. Morgan, HP, Schmidt, CQ, Guariento, M, Blaum, BS, Gillespie, D, Herbert, AP, et al. Structural Basis for Engagement by Complement Factor H of C3b on a self surface. Nat Struct Mol Biol (2011) 18(4):463–70. doi: 10.1038/nsmb.2018

39. Boon, CJ, van de Kar, NC, Klevering, BJ, Keunen, JE, Cremers, FP, Klaver, CC, et al. The Spectrum of Phenotypes Caused by Variants in the CFH Gene. Mol Immunol (2009) 46(8-9):1573–94. doi: 10.1016/j.molimm.2009.02.013

40. Oppermann, M, Manuelian, T, Jozsi, M, Brandt, E, Jokiranta, TS, Heinen, S, et al. The C-terminus of complement regulator factor H mediates target recognition: Evidence for a Compact conformation of the Native Protein. Clin Exp Immunol (2006) 144(2):342–52. doi: 10.1111/j.1365-2249.2006.03071.x

41. Prodinger, WM, Hellwage, J, Spruth, M, Dierich, MP, and Zipfel, PF. The C-Terminus of Factor H: monoclonal Antibodies Inhibit Heparin Binding and Identify Epitopes Common to Factor H and Factor H-Related Proteins. Biochem J (1998) 331( Pt 1):41–7. doi: 10.1042/bj3310041

42. Castiblanco-Valencia, MM, Fraga, TR, Silva, LB, Monaris, D, Abreu, PA, Strobel, S, et al. Leptospiral Immunoglobulin-Like Proteins Interact with Human Complement Regulators Factor H, FHL-1, FHR-1, and C4BP. J Infect Dis (2012) 205(6):995–1004. doi: 10.1093/infdis/jir875

43. Kuhn, S, and Zipfel, PF. The Baculovirus Expression Vector pBSV-8His Directs Secretion of histidine-Tagged Proteins. Gene (1995) 162(2):225–9. doi: 10.1016/0378-1119(95)00360-I

44. Bhattacharjee, A, Reuter, S, Trojnar, E, Kolodziejczyk, R, Seeberger, H, Hyvarinen, S, et al. The Major Autoantibody Epitope on Factor H in Atypical Hemolytic Uremic Syndrome is Structurally Different from its Homologous Site in Factor H-Related Protein 1, Supporting a Novel Model for Induction of Autoimmunity in this Disease. J Biol Chem (2015) 290(15):9500–10. doi: 10.1074/jbc.M114.630871

45. Strobel, S, Zimmering, M, Papp, K, Prechl, J, and Jozsi, M. Anti-factor B Autoantibody in Dense Deposit Disease. Mol Immunol (2010) 47(7-8):1476–83. doi: 10.1016/j.molimm.2010.02.002

46. Campa, MJ, Gottlin, EB, Bushey, RT, and Patz, EF Jr. Complement Factor H Antibodies from Lung Cancer Patients Induce Complement-Dependent Lysis of Tumor Cells, Suggesting a Novel Immunotherapeutic Strategy. Cancer Immunol Res (2015) 3(12):1325–32. doi: 10.1158/2326-6066.CIR-15-0122

47. Nozal, P, Bernabeu-Herrero, ME, Uzonyi, B, Szilagyi, A, Hyvarinen, S, Prohaszka, Z, et al. Heterogeneity but Individual Constancy of Epitopes, Isotypes and Avidity of Factor H Autoantibodies in Atypical Hemolytic Uremic Syndrome. Mol Immunol (2016) 70:47–55. doi: 10.1016/j.molimm.2015.12.005

48. Suwannalai, P, Scherer, HU, van der Woude, D, Ioan-Facsinay, A, Jol-van der Zijde, CM, van Tol, MJ, et al. Anti-Citrullinated Protein Antibodies Have a Low Avidity Compared with Antibodies Against Recall Antigens. Ann Rheum Dis (2011) 70(2):373–9. doi: 10.1136/ard.2010.135509

49. Geysen, HM, Meloen, RH, and Barteling, SJ. Use of Peptide Synthesis to Probe Viral Antigens for Epitopes to a Resolution of a Single Amino Acid. Proc Natl Acad Sci U S A (1984) 81(13):3998–4002. doi: 10.1073/pnas.81.13.3998

50. Uray, K, Hudecz, F, Fust, G, and Prohaszka, Z. Comparative Analysis of Linear Antibody Epitopes on Human and Mycobacterial 60-kDa Heat Shock Proteins Using Samples of Healthy Blood Donors. Int Immunol (2003) 15(10):1229–36. doi: 10.1093/intimm/dxg122

51. Fust, G, Uray, K, Bene, L, Hudecz, F, Karadi, I, and Prohaszka, Z. Comparison of Epitope Specificity of Anti-Heat Shock Protein 60/65 IgG Type Antibodies in the Sera of Healthy Subjects, Patients with Coronary Heart Disease and Inflammatory Bowel Disease. Cell Stress Chaperones (2012) 17(2):215–27. doi: 10.1007/s12192-011-0301-7

52. Dragon-Durey, MA, Blanc, C, Marliot, F, Loirat, C, Blouin, J, Sautes-Fridman, C, et al. The High Frequency of Complement Factor H Related CFHR1 Gene Deletion is Restricted to Specific Subgroups of Patients with Atypical Haemolytic Uraemic Syndrome. J Med Genet (2009) 46(7):447–50. doi: 10.1136/jmg.2008.064766

53. Jozsi, M, Licht, C, Strobel, S, Zipfel, SL, Richter, H, Heinen, S, et al. Factor H Autoantibodies in Atypical Hemolytic Uremic Syndrome Correlate with CFHR1/CFHR3 Deficiency. Blood (2008) 111(3):1512–4. doi: 10.1182/blood-2007-09-109876

54. Trojnar, E, Jozsi, M, Uray, K, Csuka, D, Szilagyi, A, Milosevic, D, et al. Analysis of Linear Antibody Epitopes on Factor H and CFHR1 Using Sera of Patients with Autoimmune Atypical Hemolytic Uremic Syndrome. Front Immunol (2017) 8:302. doi: 10.3389/fimmu.2017.00302

55. Hofer, J, Giner, T, and Jozsi, M. Complement Factor H-Antibody-Associated Hemolytic Uremic Syndrome: Pathogenesis, Clinical Presentation, and Treatment. Semin Thromb Hemost (2014) 40(4):431–43. doi: 10.1055/s-0034-1375297

56. Amornsiripanitch, N, Hong, S, Campa, MJ, Frank, MM, Gottlin, EB, and Patz, EF Jr. Complement Factor H Autoantibodies are Associated with Early Stage NSCLC. Clin Cancer Res (2010) 16(12):3226–31. doi: 10.1158/1078-0432.CCR-10-0321

57. Foltyn Zadura, A, Memon, AA, Stojanovich, L, Perricone, C, Conti, F, Valesini, G, et al. Factor H Autoantibodies in Patients with Antiphospholipid Syndrome and Thrombosis. J Rheumatol (2015) 42(10):1786–93. doi: 10.3899/jrheum.150185

58. Foltyn Zadura, A, Zipfel, PF, Bokarewa, MI, Sturfelt, G, Jonsen, A, Nilsson, SC, et al. Factor H Autoantibodies and Deletion of Complement Factor H-Related protein-1 in Rheumatic Diseases in Comparison to Atypical Hemolytic Uremic Syndrome. Arthritis Res Ther (2012) 14(4):R185. doi: 10.1186/ar4016

59. Marinozzi, MC, Roumenina, LT, Chauvet, S, Hertig, A, Bertrand, D, Olagne, J, et al. Anti-Factor B and Anti-C3b Autoantibodies in C3 Glomerulopathy and Ig-Associated Membranoproliferative GN. J Am Soc Nephrol (2017) 28(5):1603–13. doi: 10.1681/ASN.2016030343

60. Paixao-Cavalcante, D, Lopez-Trascasa, M, Skattum, L, Giclas, PC, Goodship, TH, de Cordoba, SR, et al. Sensitive and Specific Assays for C3 Nephritic Factors Clarify Mechanisms Underlying Complement Dysregulation. Kidney Int (2012) 82(10):1084–92. doi: 10.1038/ki.2012.250

61. Vasilev, VV, Noe, R, Dragon-Durey, MA, Chauvet, S, Lazarov, VJ, Deliyska, BP, et al. Functional Characterization of Autoantibodies against Complement Component C3 in Patients with Lupus Nephritis. J Biol Chem (2015) 290(42):25343–55. doi: 10.1074/jbc.M115.647008

62. Moore, I, Strain, L, Pappworth, I, Kavanagh, D, Barlow, PN, Herbert, AP, et al. Association of Factor H Autoantibodies with Deletions of CFHR1, CFHR3, CFHR4, and with Mutations in CFH, CFI, CD46, and C3 in Patients with Atypical Hemolytic Uremic Syndrome. Blood (2010) 115(2):379–87. doi: 10.1182/blood-2009-05-221549

63. Strobel, S, Abarrategui-Garrido, C, Fariza-Requejo, E, Seeberger, H, Sanchez-Corral, P, and Jozsi, M. Factor H-Related Protein 1 Neutralizes Anti-Factor H Autoantibodies in Autoimmune Hemolytic Uremic Syndrome. Kidney Int (2011) 80(4):397–404. doi: 10.1038/ki.2011.152

64. Jozsi, M, Oppermann, M, Lambris, JD, and Zipfel, PF. The C-Terminus of Complement Factor H is Essential for Host Cell Protection. Mol Immunol (2007) 44(10):2697–706. doi: 10.1016/j.molimm.2006.12.001

65. Yao, X, and Verkman, AS. Complement Regulator CD59 Prevents Peripheral Organ Injury in Rats Made Seropositive for Neuromyelitis Optica Immunoglobulin G. Acta Neuropathol Commun (2017) 5(1):57. doi: 10.1186/s40478-017-0462-4

66. Saadoun, S, and Papadopoulos, MC. Role of Membrane Complement Regulators in Neuromyelitis Optica. Mult Scler (2015) 21(13):1644–54. doi: 10.1177/1352458515571446

67. Gebregiworgis, T, Nielsen, HH, Massilamany, C, Gangaplara, A, Reddy, J, Illes, Z, et al. A Urinary Metabolic Signature for Multiple Sclerosis and Neuromyelitis Optica. J Proteome Res (2016) 15(2):659–66. doi: 10.1021/acs.jproteome.5b01111

68. Nielsen, HH, Beck, HC, Kristensen, LP, Burton, M, Csepany, T, Simo, M, et al. The Urine Proteome Profile Is Different in Neuromyelitis Optica Compared to Multiple Sclerosis: A Clinical Proteome Study. PLoS One (2015) 10(10):e0139659. doi: 10.1371/journal.pone.0139659

69. Banati, M, Csecsei, P, Koszegi, E, Nielsen, HH, Suto, G, Bors, L, et al. Antibody Response Against Gastrointestinal Antigens in Demyelinating Diseases of the Central Nervous System. Eur J Neurol (2013) 20(11):1492–5. doi: 10.1111/ene.12072

70. Pittock, SJ, Lennon, VA, de Seze, J, Vermersch, P, Homburger, HA, Wingerchuk, DM, et al. Neuromyelitis Optica and Non Organ-Specific Autoimmunity. Arch Neurol (2008) 65(1):78–83. doi: 10.1001/archneurol.2007.17

71. Jarius, S, Jacobi, C, de Seze, J, Zephir, H, Paul, F, Franciotta, D, et al. Frequency and Syndrome Specificity of Antibodies to Aquaporin-4 in Neurological Patients with Rheumatic Disorders. Mult Scler (2011) 17(9):1067–73. doi: 10.1177/1352458511403958

72. Wingerchuk, DM, and Weinshenker, BG. The Emerging Relationship Between Neuromyelitis Optica and Systemic Rheumatologic Autoimmune Disease. Mult Scler (2012) 18(1):5–10. doi: 10.1177/1352458511431077

73. Kovacs, KT, Kalluri, SR, Boza-Serrano, A, Deierborg, T, Csepany, T, Simo, M, et al. Change in Autoantibody and Cytokine Responses During the Evolution of Neuromyelitis Optica in Patients with Systemic Lupus Erythematosus: A Preliminary Study. Mult Scler (2016) 22(9):1192–201. doi: 10.1177/1352458515613165



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Uzonyi, Szabó, Trojnár, Hyvärinen, Uray, Nielsen, Erdei, Jokiranta, Prohászka, Illes and Józsi. 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-12-660382-g004.jpg
% rest binding

00

0
NaSCN [M]

s

20

Avidity index (0.5 M NaSCN)






OEBPS/Images/fimmu-12-660382-g007.jpg
H107-GKEGRPPPIONGOIT-1121.
1192.0PPONGOITSFPLS.1126
AH17NGDITSFPLSVYAPA-131.
Z2.SFPLSVYAPASSVEY-113.
H2TAVAPASSVEYaCONL 1141
HI2SSVEYACONLYQLEG 1146
1437.0CONLYGLEGNKRIT1151
1142 YOLEGNKRITCRNGA-1156
147 NKRITCRNGAWSEPP.1161
1152.CRNGQWSEPPKCLHP-1
HSTWSEPPKCLHPOVISR.A171
HEZKCLHPCVISREIMEN.1175
467.CISREMENYNIAL 1161
TLEMENTMALRWIAK- 1186
HTTYALRWTAKQKLYS-1151
162 RWTAKQKLYSRTGES.1106-
B TAKOKLYSRTGESVE 1156
167.QKLYSRIGESVERVC 1201
1192.RTGESVEFVCKRGYR.1206-

1202 KRGYRLSSREHTLRT-1216

RHTLRTICWOGKLEYP-1226

12T TOWDGKLEVPTCAKR.A231

o 3
. N

P 17T YALRWTAKQKLYS- 1191
FHR.A 76 YNALRWTAKGKLYE 250
FH 1162 RWTAKQKLYSRTOES. 1196

FHR.A 24 RWTAKOKLYLRTES 295
FH 184 TAKGKLYSRTGESVE 1185
FHR.A 283 TAKOKLYLRTGESAE 297
FH H167.OKLYSRIGESVEFVC.1201
FHR.1 286 CKLYLRTGESAERVC 300

FH 1192.RTGESVEFVCKRGYR.1206-

FHR.A 291 RIGESAEFVCKRGYR 105
= hioss

= ot
= Nwozio

197 VEFVCKRGYRLSSRS-1211
FHRA 296 AEFVCKRGYRLSSRS 310

Normatized 00

FHSCR19

FHSCR20

——oss
Shiiois
=0

o T





OEBPS/Images/fimmu-12-660382-g009.jpg
00

3 control

W NVO with ant-FH

3 NMO wio anti-FH

3 aHUS with ant-FH

3
Iq 989 %

snHe

£61 ONN
9LL OWN

012 NN
£11 ONN
8 OWN
9 OWN

"
9
»
2]





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Autoantibodies Against the Complement Regulator Factor H in the Serum of Patients With Neuromyelitis Optica Spectrum Disorder

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Patients

          



          		

            Proteins, Sera and Antibodies

          



          		

            Microtiter Plate Assays

          



          		

            Western Blot

          



          		

            IgG Isolation and Analysis

          



        



        



        		

          Results

        

          		

            Identification of FH Autoantibodies in NMOSD Sera

          



          		

            Biological Features (Isotype, Titer, Avidity) of the FH Autoantibodies

          



          		

            NMOSD-Associated FH Autoantibodies Bind to the FH C Terminus

          



          		

            FH Autoantibodies of NMOSD Patients Inhibit the Interaction of FH With C3b

          



        



        



        		

          Discussion

        



        		

          Author’s Note

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions 

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-12-660382-g005.jpg
% binding

% binding

wio
mAb

wio
mAb.

A254  C18

NMO113

A254  C18

A254

c18

IXF9

IXF9

IXF9

o
£
3
£
35
®

120-
100-
80-
60-
40
20-

IXF9

NMO210

120 -
100
80
60
40
2

wio
mAb

A254 C18  IXF9





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
NMOB4 NMOB4 NMO113. NMO210

FH ) ) ® .
FHI-4 i - < -
FHB-14 - = = -
FHI5-20 + . . ]
FH19-20 + + + +
FHR-1 + + . +
FHR-48 - - - -

The binding sites of the autoantbodiss were detemined using ecombinant FH agments
Containing Gomais 14 (FH1-4), 814 (FHB-14), 15-20 FH1S20) and 19-20 (FH19-20)
purtoc! FH, horecombinant FH rolted FHA1 anct PHR-48 proteins,th latter s as a
negaive control

%2,1% Sacicales weak bisdiax “%* incicales roncient D ** hdloales 1 bl





OEBPS/Images/fimmu-12-660382-g001.jpg
i

12

(ostv) ©6] uewny-puy

Sample ID





OEBPS/Images/fimmu-12-660382-g003.jpg
FH-autoantibody positive






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-660382-g008.jpg
0 HsA
3 factor H
. reduced

factor H

>
S J

I
F TS S
PP





OEBPS/Images/fimmu-12-660382-g006.jpg
NMO 84

NMO 64

150-

(%) Butpuiq qyoiny

100-

(%) Buipuiq qyoiny

osizLy
voiziy
voozia
veoziy
vg6L1a
468111
vegLis
vosLis
uvsLLL
1E81IM
vzeLiy
1251IM
v6ELLD
061110
M

osizLy
volziy
voozia
veoziy
vg6L1a
468110
vesLis

uvgLLL
1e81IM
vzeLiy
1251IM
v6eLLD
061110
1M

8

H19.

i

9

i

H

NMO 210

NMO 113

8 3

(%) Buipuig qyoiny

(%) Buipuiq qyoiny

osLzLy
volziy
voozia
veozia
vg6L1a
468110
vegLis
vosLis
uv8LLL
1e81IM
vzeLiy
1251M
v6eLLD
061110
m

mutant

o
S

I
i





OEBPS/Images/fimmu-12-660382-g002.jpg





OEBPS/Images/table1.jpg
Age at onset ()

NMOB4 2
NMOB4 @
NMO113 54
NMO210 61

gnosis

relapsing ON and LETM
reapsing ON end LETM
reapsing ON and LETM
LE™M

AQP4-AD

Al four patints positudfor FH autoantivodios are fomalo and have NVIOSD for 5 years.
A pationts avo ant AQP4 antbocses (AQP4-Ab) i ther serum as determined by a col-
Based assay: Ol oot fewiis. L ETAE Briotudinaly axianaie Mansvars meelie:





OEBPS/Images/fimmu.2021.660382_cover.jpg
, frontiers
in Immunology

Autoantibodies Against the
Complement Regulator Factor H
in the Serum of Patients With
Neuromyelitis Optica Spectrum
Disorder





