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Abbreviations:
uPCR: urine protein creatinine ratio; FH: Factor H; SLK: simultaneous liver-kidney; AST: aspartate transaminase; aHUS: atypical haemolytic uraemic syndrome; C3G: C3 glomerulopathy.

Abstract:
Hereditary complement C3 deficiency is associated with recurrent bacterial infections and proliferative glomerulonephritis. We describe a case of an adult with complete deficiency of complement C3 due to homozygous mutations in C3 gene: c.1811delT (Val604Glyfs*2), recurrent bacterial infections, crescentic glomerulonephritis and end-stage renal failure. Following isolated kidney transplantation he would remain C3 deficient with a similar, or increased, risk of infections and glomerulonephritis. As C3 is predominantly synthesised in the liver, with a small proportion of C3 monocyte-derived and kidney-derived, he proceeded to simultaneous liver-kidney transplantation. The procedure has been successful with restoration of his circulating C3 levels, normal liver and kidney function at 26 months of follow up. Simultaneous liver-kidney transplant is a viable option to be considered in this rare setting.
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Introduction:
The complement system comprises of three main pathways and involves a number of regulatory proteins (1). Abnormalities in the function of one of these regulators, factor H (FH), is associated with a spectrum of complement-mediated renal damage, including atypical haemolytic uraemic syndrome (aHUS) and complement-mediated glomerulonephritis (C3 glomerulopathy, C3G) (2). The relationship between FH insufficiency and which renal disease manifests are complex, and are related to the location of the molecular defect, either on a recognition domain or a regulatory domain of FH. There is a high risk of recurrent aHUS post kidney transplant for aHUS (3), and prior to the introduction of eculizumab, simultaneous liver-kidney transplant (SLK) was performed in a small number of patients to reduce this risk by restoring liver-derived FH, with variable outcomes (4,5).

We describe the first reported case of SLK for primary C3 deficiency and immune-complex nephropathy associated with end stage renal disease. Since C3 is primarily synthesised in the liver (6), we predicted that SLK would, in addition to restoring renal function, rectify the C3 deficiency state. Our patient had anti-FH autoantibodies and these have been associated with aHUS and C3G in C3-sufficienct individuals. So, we outline the steps taken to stratify the risk of these conditions in the post-transplant phase where our patient would become C3-sufficient.

Case report:
A 29-year-old male from Pakistan developed multi-organ failure due to serogroup Y meningococcal meningitides septicaemia in the setting of complete deficiency of complement C3 due to homozygous mutations in the C3 gene: c.1811delT (Val604Glyfs*2). He had a history of frequent chest infections and tonsillitis during childhood and one episode of meningitis at the age of 10 years. He required haemofiltration acutely but was dialysis-independent on discharge. Three months later he developed haemoproteinuria. At the time of renal biopsy his creatinine was 128 mmol/L, eGFR 58 ml/min/1.73m2, albumin 26 g/L, urine protein creatinine ratio (uPCR) 824 mg/mmol. Renal biopsy showed crescentic glomerulonephritis. The biopsy contained 26 glomeruli with 24 containing cellular or fibrocellular crescents. The underlying tufts showed fibrinoid necrosis and capillary wall breaks. Arterioles, interlobular arteries and veins were normal. The immunoperoxidase staining was difficult to interpret because of background staining but there was no convincing evidence of glomerular IgA, IgG or C3 staining. Electron microscopy showed mesangial and subendothelial electron-dense deposits. The findings were consistent with either a pauci-immune or post-infectious glomerulonephritis. He received a single intravenous infusion of methylprednisolone and renal function improved. Eight months later he developed a dry cough, non-blanching rash on the legs and ankle swelling. Investigations showed further deterioration in renal function and repeat renal biopsy showed crescentic glomerulonephritis. Despite treatment with intravenous methylprednisolone and cyclophosphamide renal function did not improve and he was commenced on haemodialysis. Throughout the clinical course anti-MPO, PR3 and GBM antibodies were negative; serum complement C4 remained normal whilst serum complement C3 remained undetectable. Consistent with the absence of complement C3, both total and alternative pathway functional assays showed absent activity. Anti-complement factor H (FH) antibodies were strongly positive (>900 RU where >100 is deemed positive)(7); and anti-complement C1q antibodies were also strongly positive (>100, normal range 0-10). Serum factor H (0.94 g/L, normal range 0.35-0.59) and factor I (46 mg/L, normal range 38-58) were detectable. Direct sequencing of the complement factor H, factor I, CD46 and factor B genes were normal. MLPA analysis across the CFH-CFHR locus revealed homozygous CFHR3-1 deficiency but no mutations. One sister died of meningitis aged 6 years and another from renal failure aged 10 years.

Kidney transplantation was considered, however there were concerns of the risk of overwhelming sepsis during the post-transplantation period due to the use of transplantation-requiring immunosuppressive therapy in the setting of complete C3 deficiency. Since plasma C3 is predominantly hepatic in origin (6), it was decided to proceed to SLK. Eighteen months after starting dialysis he received a non-heart beating SLK transplant from a 58 year old donor, matched for blood group (A). The liver was a whole graft with a cold ischaemic time of 6 hours and 48 minutes, the kidney had a cold ischaemic time of 8 hours 51 minutes. There were no intra-operative surgical complications. His post-operative immunosuppression was intravenous methylprednisolone and tacrolimus (prograf) 2mg twice a day. His immediate post-operative course was unremarkable, with no requirement for prolonged organ support. He received empirical broadspectrum antimicrobials (piperacillin-tazobactam and anidulofungin) as per protocol. 

His liver graft function was excellent without episodes of acute cellular rejection. A rise in his aspartate transaminase (AST) to 205 IU/L on day 6 post-transplant was attributed to subtherapeutic tacrolimus levels (3.2 microgram/L), since the AST fell on dosing optimisation. His renal graft function was excellent with good urine output and no requirement for post-operative renal replacement therapy. Complement C3 levels were measured daily post-transplant and were within normal range at day 6 post-transplant (figure 1). He was discharged on day 12 post-transplant on an immunosuppression regimen of tacrolimus (6mg twice a day, trough level 6.1mcg/L) and prednisolone (20mg once a day).

At 26 months post-transplant his liver function (albumin 45 g/L, bilirubin 8, AST 20 IU/L, alkaline phosphatase 68 IU/L, gamma-glutamyl transferase 14 IU/L) and kidney function (creatinine 114 mmol/L, eGFR 64 ml/min/1.73m2, uPCR <10 mg/mmol) remain preserved. Complement C3 (1.38 g/L) and C4 (0.28 g/L) levels are within the normal range. Classical (103%) and alternative (106%) pathway activity were both normal. Anti-FH antibodies remained detectable (table 2). There have been no post-procedure infections and his baseline immunosuppression regimen is tacrolimus (1.5mg twice a day) with prednisolone (5mg once a day).

Discussion:
The complement system is integral to innate and adaptive immune function (1). It involves proteins which can be activated via three main pathways (alternate, classical and lectin), with a sequential cascade of enzymatic reactions (1). C3 is a protein central to the classical and alternate complement pathways, which is predominantly synthesised in the liver (6). There is evidence for extra-hepatic synthesis. Studies in bone marrow transplantation has shown that monocyte-derived C3 may contribute up to approximately 2.6% of the plasma C3 pool (8). Kidney-derived synthesis of C3 is also well documented, contributes about 5% of the circulating pool (9), influences tolerance to the transplanted kidney (10) and susceptibility to urosepsis (11). Consequently, liver transplantation would be predicted to restore the majority of the circulating plasma C3 pool and combining this procedure with kidney transplantation would result in normal transplant kidney-derived synthesis of C3. It is well documented that primary C3 deficiency manifests with recurrent bacterial infection (12). Although proliferative glomerulonephritis is reported it is notable that renal disease and end-stage renal failure is relatively uncommon.

FH regulates activity of the alternative complement pathway, and the liver is also the main site for FH synthesis (13). Dysregulation of the alternative pathway, which is most frequently due to abnormalities in FH function, can cause complement-mediated renal thrombotic microangiopathy (aHUS) and also complement-mediated glomerulonephritis (C3G) (2). Whether or not aHUS or C3G develops in the setting of abnormalities of FH depends on the nature of the molecular defect. Complement-mediated aHUS requires both defective regulation of complement activation along the renal endothelium and intact complement to mediate endothelial injury. These conditions can occur when there is a defect in the specific domains of FH that are critical for enabling the protein to interact with complement along the renal endothelium. These include mutations, and also autoantibodies, that bind to the surface-recognition domains of FH. C3G arises when there is uncontrolled C3 activation (for example in the rare cases of complete FH deficiency) or when there are factors (mutations or antibodies) that can interfere with the specific domains of FH that are required for regulating C3 in plasma. Prior to transplantation our patient had anti-FH antibodies but was not at risk of either aHUS or C3G as he had complete deficiency of C3. However, because successful SLK transplantation would restore circulating (and therefore intact plasma complement) and transplant kidney-derived C3, we needed to consider the relevance of the anti-FH antibodies detected in our patient pre-procedure. We performed analysis of these anti-FH antibodies to determine if they were targeting surface recognition domains of FH (potentially placing the patient at risk of aHUS) or if they were targeting the regulatory domains of FH (potentially placing the patient at risk of C3G). Using epitope-mapping (14) we demonstrated that these anti-FH antibodies targeted a region within the regulatory domains of the protein, specifically within the first 5 short consensus repeat domains of the FH protein (supplementary Figure 1a). We next wanted to determine if this interaction was functionally relevant i.e. did binding of these antibodies to FH actually result in any reduction in the regulatory functions of FH. Using alternative pathway-dependent haemolytic assays in vitro we did not see any interference in FH function using up to 40mg/ml total IgG derived from the patient (supplementary Figure 1b-d). We therefore concluded that the risk of either aHUS or C3G post-transplant attributable to these pre-existing anti-FH antibodies was negligible.

Our patient was homozygous for an allele that results in deletion of the genes encoding the FH-related proteins, FHR1 and FHR3. This deletion polymorphism is common and has been associated with protection against age-related macular degeneration (15) and IgA nephropathy (16). FHR3 appears to influence susceptibility to Neisseria infections, binding of FHR3 to the surface of Neisseria can facilitate complement activation and is detrimental to the pathogen (17). Assuming the donor liver was not homozygous for the deletion polymorphism then we theorise that liver transplant-derived FHR3 might actually confer some host protection against Neisseria infection.

To our knowledge, this is the first reported case of SLK for primary C3 deficiency associated with end-stage renal disease due to proliferative glomerulonephritis and in a patient with pre-existing anti-FH antibodies. We considered that the risk benefit for performing isolated kidney transplantation was sub-optimal since the patient would remain C3 deficient and at risk of the same recurrent infections and associated glomerulonephritis as pre-transplant; indeed we considered that the infection risk would actually increase as a consequence of the necessary transplantation-associated immunosuppression. So we proceeded to SLK to restore circulating C3 and 26 months following procedure the patient remains well. We report this case to demonstrate that it is a viable option in this rare setting. 
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Figure 1:
Daily C3 levels post simultaneous liver-kidney transplant. The lower limit of normal is 0.7g/L.
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Figure 2:
Results of complement related data at baseline and after simultaneous liver-kidney transplant.
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SUPPLEMENTAL DATA:
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Supplemental Figure 1. Epitope mapping and Cell protection assays.  (A) Epitope mapping of patient immunoglobulin (IgG) binding to various Factor H (FH) fragments by ELISA (Moore et al, 2010). Sheep (SRBC) or rabbit (RRBC) red blood cells were incubated with normal human serum (NHS) supplemented with a dilution series of IgGs under alternative pathway (AP) conditions for 30 min.(B) Normalized lysis data of SRBC lysis at 20 % NHS. The assay concentration of purified patient IgG was diluted from 6 mg/ml. The mAb OX24 was diluted from 0.2 mg/ml. (C) RRBC lysis in NHS. (D) Normalized RRBC lysis at 30 % of NHS in response to IgG samples. The assay concentration of purified patient IgG was diluted from 6 mg/ml. The control human IgG was diluted from 0.2 mg/ml. OD – optical density; EDTA – ethylene diamine tetraacetic acid; R1 (4-5) – SCR domains 4 and 5 of Factor H-related protein 1.
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SUPPLEMENTAL DATA METHODOLOGY:
Factor H autoantibody and Factor H fragment binding analysis: A 96 well Maxisorb™ ELISA plate (Nunc) was coated with 50 μl/well of purified factor H or Pichia Pastoris produced fragments at 5 μg/ml (or equimolar equivalent for fragments) in Dulbecco's PBS (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.76 mM KH2PO4, pH 7.4) and incubated overnight at 4 °C. Plates were washed once with PBS, then blocked with 200 μl PBS/0.1% Tween (PBS-T) per well for 1 h at room temperature (RT). Plates were washed 3 times with PBS/0.1% Tween. Patient sample was diluted 1/50 in PBS-T and 50 μl applied in triplicate to the test and control plates. Known positive and negative samples and no serum control were included. A standard curve was established using positive sample (Newcastle Positive), applied in doubling dilution from 1/25 to 1/3200. Samples and controls were incubated for exactly 1 h at RT followed by 3 washes with PBS-T. A 1/20,000 dilution of HRP conjugated goat anti-human IgG (Jackson Immunoresearch via Stratech, UK, product code 109-035-008-JIR) in PBS-T (50 μl/well) was then applied for exactly 1 h. Both test and control plates were washed 3 times with PBS-T, 50 μl/well of TMB substrate was applied (readymade, Leico Technologies, Universal Biologicals, UK) and plates developed for 5–10 min. The reaction was stopped using 50 μl/well 10% H2SO4 and OD450 nm measurements taken using an EL-800 plate reader (Biotek, UK). The readings from the control ‘block only’ plate were subtracted from the factor H/fragment coated plate. An ELISA was considered valid when the range between positive and negative control was greater than 1.0 (OD450). Readings from the background subtracted positive control standard curve were assigned 4000 RU for a 1/25 dilution of Newcastle positive serum. These were plotted using PrismGraph 8 software, which allowed automatic interpolation of sample RU from a curve fit based on four- parameter logistic non-linear regression.
Patient IgG Purification: Immunoglobulin was extracted from 10ml of patient plasma using a 5ml HiTrapTM protein G column attached to a AKTA purifier (at 40C) according to manufacturer’s instructions. IgG was eluted with 0.1M Glycine pH 2.5 directly into 1M Tris pH 8.0. Samples were dialysed into GVB prior to use.
Haemolytic Assays: Sheep or rabbit erythrocytes (TCS Bioscience, UK) were washed with gelatine veronal buffer (GVB, 5 mM veronal, 145 mM NaCl, 0.1 % (w/v) gelatin, pH7.4) and the cell concentration was adjusted to produce an A410 reading of 1.0 when 100 μl of completely lysed cell supernatant was measured in a 96 well plate. Cells were then suspended in 15 or 20 % (v/v) of NHS and incubated with either patient's IgG, OX24 mAb or control IgG at a range of concentration’s from doubly diluted from 6 mg\ml at 37°C for 30 min.  Complement activation was restricted to the alternative pathway by adding MgCl2 and EGTA to a final concentration of 7 and 10 mM, respectively. The amount of lysis was determined by measuring the absorbance at 410 nm (A410), and was normalised using an A410 for when no FH reagents were present.
Chemicals: All chemicals were purchased from the Sigma chemical company unless otherwise stated.
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