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Pathogenic gain-of-function variants in complement Factor B were identified as causative of atypical Hemolytic Uremic syndrome (aHUS) in 2007. These mutations generate a reduction on the plasma levels of complement C3. A four-month-old boy was diagnosed with hypocomplementemic aHUS in May 2000, and he suffered seven recurrences during the following three years. He developed a severe hypertension which required 6 anti-hypertensive drugs and presented acrocyanosis and several confusional episodes. Plasma infusion or exchange, and immunosuppressive treatments did not improve the clinical evolution, and the patient developed end-stage renal disease at the age of 3 years. Hypertension and vascular symptoms persisted while he was on peritoneal dialysis or hemodialysis, as well as after bilateral nephrectomy. C3 levels remained low, while C4 levels were normal. In 2005, a heterozygous gain-of-function mutation in Factor B (K323E) was found. A combined liver and kidney transplantation (CLKT) was performed in March 2009, since there was not any therapy for complement inhibition in these patients. Kidney and liver functions normalized in the first two weeks, and the C3/C4 ratio immediately after transplantation, indicating that the C3 activation has been corrected. After remaining stable for 4 years, the patient suffered a B-cell non-Hodgkin lymphoma that was cured by chemotherapy and reduction of immunosuppressive drugs. Signs of liver rejection with cholangitis were observed a few months later, and a second liver graft was done 11 years after the CLKT. One year later, the patient maintains normal kidney and liver functions, also C3 and C4 levels are within the normal range. The 12-year follow-up of the patient reveals that, in spite of severe complications, CLKT was an acceptable therapeutic option for this aHUS patient.
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Introduction

Hemolytic uremic syndrome (HUS) is characterized by the triad of hemolytic anemia, acute kidney failure, and thrombocytopenia. Most cases are children with infections by Escherichia Coli 0157:H7, Shigella or Salmonella, and generally evolve satisfactorily in a few weeks. Less frequently, HUS develops in the absence of a clear etiologic agent and has a worse evolution; these cases are denominated as atypical Hemolytic Uremic Syndrome (aHUS), which is very uncommon and is considered an ultrarare disease (1). Around 50-60% of aHUS patients have pathogenic variants in the complement genes CFH, MCP, CFI, C3 and CFB, or circulating anti-factor H autoantibodies (2). Moreover, pathogenic variants outside the complement system have been described in thrombomodulin, DGKE and plasminogen genes.

Mutations in complement CFH, CFI, C3 or CFB generate anomalies in the corresponding proteins, which are mainly produced in the liver and secreted into plasma; these anomalies persist after kidney transplantation, a reason that can explain the high level of disease recurrence in transplanted patients. Most of these complement pathogenic variants were described on the beginning of this century, when the complement inhibitor Eculizumab was not yet accessible, and combined liver-kidney transplantation was considered a therapy to cure HUS in patients with mutations in CFH or CFI (3).

CFB mutations were first described in aHUS patients in 2007 (4). In this paper, two different mutations in complement factor B (FB) were identified. A pedigree with several members affected shared mutation F286L, while the second mutation, K323E, was a “de novo” mutation in an unrelated patient. The two mutations generated hyperfunctional FB proteins which gave rise to a more active C3bBb convertase and an important C3 consumption in plasma, which was particularly evident in the patient carrying the K323E mutation. The follow-up of one patient from the F286L pedigree has been recently described (5); this patient underwent a kidney transplant without Eculizumab treatment in 2011 and has not suffered HUS relapses.

The patient carrying the K323E mutation underwent a combined liver kidney transplantation (CLKT) in March 2009; a short summary of the evolution during the first three months post-transplantation has been previously reported (6). In this work, we fully describe the clinical evolution, transplantation history and complement levels of this patient, throughout his 20 years of life. The patient presented HUS when he was 4-months old, suffered multiple recurrences and incidents for 8 years, and received a combined liver kidney transplantation (CLKT) at the age of 9 years. This CLKT restored complement levels as well as kidney and liver functions after the transplant surgery. The patient had several transplant related complications such as a B-cell non-Hodgkin lymphoma, and a chronic liver rejection that required a second liver graft 11 years after CLKT. In spite of these complications, CLKT was at that time the only opportunity for improving the critical situation of the patient, and the function of the kidney graft has remained normal all the time.



Case Description, Diagnostic Assessment, Therapeutic Intervention, Follow-Up and Outcomes

A 4-month-old male was diagnosed with HUS and treated with peritoneal dialysis from the 5th day of disease onset. The patient had a bad evolution, with renal failure, anemia, severe hypertension, and peritonitis by Staphylococcus Epidermidis, and after 20 days he suffered a second HUS episode and was transferred to our Hospital. At that moment, in addition to altered hematologic parameters, complement analysis indicated very low C3 levels (35,4 mg/dL; normal range: 77-135) with normal C4 (43,8 mg/dL; normal range: 14-60); Factor H, Factor I, and MCP levels were on the normal range. Hematological parameters and glomerular filtration normalized after 1 month, but hypertension remained partially uncontrolled and hemolysis markers such as haptoglobin were persistently low. After 6 months, the patient suffered a third episode with severe hypertension which required as many as six hypotensive drugs. Moreover, he endured two episodes of acute pulmonary edema with respiratory distress caused by hypertensive crisis. He developed a severe anemia that required 17 erythrocyte concentrates, mild thrombocytopenia, proteinuria in the nephrotic range, and cardiac insufficiency. He also suffered acute renal failure which required diuretic and hemodialysis support. A renal biopsy performed during this episode indicated thrombotic microangiopathy, with major vascular involvement and mild glomerular damage (Supplementary Figure 1).

The patient suffered 5 subsequent HUS episodes; treatment with immunosuppressive drugs (vincristine and prednisone) and several plasma exchanges courses were tried without success. Uncontrolled hypertension with hemodynamic instability required prolonged hospitalizations. He underwent chronic dialysis at the age of three years, and 10 months later both kidneys were removed in an attempt to avoid the severe complications associated to HUS episodes (Figure 1). Nonetheless, the hypertension continued after bilateral nephrectomy, and the patient had several episodes of acrocyanosis on all the fingers of the lower extremities (Raynaud’s phenomenon) because of systemic microangiopathy (Supplementary Figure 2).




Figure 1 | Clinical evolution since HUS onset to bilateral nephrectomy. Timeline of HUS episodes, treatments and renal outcome along the first four years of life of the patient. Supportive treatments included blood transfusions and plasma therapy, as well as different combinations of hypotensive drugs (Hydralazine, Atenolol, Furosemide, Nifedipine, Minoxidil and Enalapril); immunosuppressive drugs (Vincristine and M-Prednisolone) were used occasionally. The patient entered into chronic dialysis at the age of 36 months, and at the age of 46 months both kidneys had to be removed to avoid further HUS episodes. PD, Peritoneal Dialysis; HD, Hemodialysis; PE, Plasma Exchange; PI, Plasma Infusion.



Although hematological parameters normalized after bilateral nephrectomy, the clinical course of the patient under chronic hemodialysis continued to be torpid, with severe hypertension with cardiac repercussion, stroke-like episodes not clearly explained, and bad tolerance to hemodialysis sessions. All the time, plasma levels of complement C3 were low, while levels of C4 and C5 were normal. When he was 5 years-old, a pathogenic gain-of-function variant in complement Factor B (FB) was identified (4); genetic studies also showed the presence of the two aHUS-risk haplotypes CFH(H3) y MCPggaac in heterozygosis. This molecular diagnosis opened the possibility of a combined liver kidney transplantation (CLKT), since by that time complement inhibition with Eculizumab was not available. While waiting for CLKT, the patient continued with a regimen of hemodialysis and plasma infusions.

At the age of 9 years, the patient received a CLKT from an 8-year-old child. Immediately before the surgery, he was treated with intensive plasma exchange to ensure removal of his circulating FB; two other plasma exchange sessions were performed the third- and fourth-days post-transplantation, coinciding with mild anemization without signs of hemolysis. Systemic heparinization was used as part of our liver transplant protocol. Normal kidney and liver functions were evident 2 weeks post-transplantation (Figure 2), and plasma levels of complement C3 reached normal values for the first time in the patient’s life (Figure 3). The patient remained in hospital for 30 days. Suspicion of hepatic acute rejection in early postoperative period was treated with a pulse of metilprednisolone, with good response; histopathology of the biopsy discarded the rejection. The patient continued stable for 4 years under immunosuppressive treatment (induction with Basiliximab, and maintenance with corticosteroids, tacrolimus and mycophenolate mofetil).




Figure 2 | Evolution of renal and hepatic function after combined liver-kidney transplantation. Follow up of Creatinine, Prothrombin and Alaninaminotransferase (ALT) levels in the patient before and after transplantation. Creatinine levels dropped immediately after transplant surgery, reaching normal levels 5 days later. The hepatic function normalized during the second week.






Figure 3 | Complement profile from 2000 to 2020. Evolution of C3 and C4 levels, and of the C3/C4 ratio, in plasma samples from patient HUS21 since HUS onset in 2000, at the age of 4 months. The horizontal dashed lines indicate the lower limit of normal values. The boxes in the X axis mark the dates of the liver-kidney transplantation (March 2009), and of the second liver transplant (February 2020).



On September 2013, the patient was diagnosed with a diffuse large B cell non-Hodgkin’s lymphoma stage 3, with infiltration in scalp and skull, and was treated with chemotherapy (R-CHOP/R-COPDAM) and rituximab. At the beginning of the treatment, he suffered a septic shock and endured at Intensive Care Unit for 9 days. The infectious episode induced coagulopathy and multiorgan failure (with hepatic, kidney, and cardiac involvement) with good outcome. After 3 months, the chemotherapy was ended with evident signs of remission. All along the chemotherapy treatment, tacrolimus and mycophenolate mofetil were stopped and only corticosteroids were maintained.

On February 2014, he suffered from a liver graft dysfunction with a light increase of transaminases without ultrasonographic signs of dilated biliary tract. He received intravenous antibiotics and ursodeoxycholic acid by suspicion for cholangitis. Liver biopsy showed moderate periportal fibrosis, but no histological features of chronic rejection. Subsequently to liver rejection in 2014, the patient developed high levels of de novo donor-specific antibodies (DSA) against DQ9 (MFI: 21705). These DSA were maintained with a similar MFI (between 21000 and 32000) at least until February 2020, just before the second liver graft; moreover, serological viral studies were negative. Sirolimus was included in the immunosuppressive treatment, and the corticosteroids and ursodeoxycholic acid doses were increased. Following several cholangitis and infectious episodes, in 2018 a second liver biopsy showed ductal proliferation with inflammation and branding fibrosis. Diagnosis of chronic liver rejection was established, and tacrolimus and mycophenolate mofetil were reintroduced. Percutaneous transhepatic cholangiography showed multiple biliary structures of the biliary tree without obstruction in the anastomotic site. Several biliary dilatations and external biliary drainage were performed, and finally, a biliary stent was positioned. However, the patient continued suffering cholangitis episodes by multidrug-resistant bacteria, requiring frequent hospitalization. During all this period, the glomerular filtration rate decreased during the acute infection episodes but normalized afterwards, with no signs of kidney rejection. On February 2020, the patient received a second cadaveric liver graft. By that moment, creatinine-based glomerular filtration rate was normal (> 90 ml/min/1.73 m2).

Currently, the patient has a good clinical condition, although he displays a low height for its expected genetic height (height: 158.5 cm (-3.18SD); weight: 56.2Kg (-1.79 SD); data related to Spanish population). He receives immunosuppressive treatment with corticosteroids, tacrolimus and mycophenolate mofetil, with maintained hepatic function after his second liver graft: AST 34 UI/L (<40); ALT 48 UI/L (<35); GGT 30 UI/L (<73); total bilirubin 0.79 mg/dL (0.30-1.20), albumin 4.3 g/dL (2.9-5.2). Kidney function is also good, with a normal GFR calculated both by Creatinine and by Cystatin C (creatinine 1 mg/dl (0.70-1.30); GFR calculated by CKD-EPI >90 ml/min/1.73 m2 (N >75); Cystatin C 1.20 mg/L (0.64-1.23); GFR calculated by CKD-EPI Cyst C 72 mL/min/1.73m2 (N>60); protein/creatinine ratio 0.08 (N<0.2).

The main clinical and treatment events after CLKT are shown in Figure 4; as shown in Figure 3, plasma levels of C3, C4, and the C3/C4 ratio, have always remained within the normal range. Now, the patient is under the supervision on a different hospital (adult section) for the hepatic and kidney post-transplantation follow-up.




Figure 4 | Post-transplant clinical evolution. The main clinical episodes after combined liver-kidney transplantation (CLKT) are indicated. The first complication, 4 years after transplantation, was a lymphoproliferative disease, which was treated with chemotherapy and reduction/abrogation of the immunosuppressive regimen. Immunosuppression was reintroduced 5 months later, after a hepatic failure and detection of high levels of anti-HLA-II antibodies. Taking into account the bad evolution of the liver graft, the patient underwent a second liver transplant in 2020, which remains functional until now. In spite of these findings, the renal function has remained stable since the CLKT in 2009.





Discussion, Take-Away Lessons

In the last 20 years, there has been an important improvement in the comprehension of the molecular bases underlying atypical Hemolytic Uremic Syndrome. The complement system was initially considered an important mediator of the endothelial damage characteristic of this rare disease, and the subsequent identification of pathogenic variants and/or polymorphisms in one or more complement genes further strengthen its role as disease causative (2). In the aHUS patient described here, the identification of a gain-of-function mutation in complement Factor B explained the high and constitutive consumption of complement C3 in the patient´s plasma.

The fact that the liver is the main source of plasma Factor B (7) anticipated HUS recurrence after an isolated kidney transplantation, thus hampering this possibility for our patient. By that time, several aHUS patients with mutations in Factor H, most of them children, underwent CLKT. Although initial experiences had a fatal outcome (8–10), the introduction of pre-emptive plasmapheresis with plasma exchange proved to be very successful (11–13). At the light of these experiences, and in the absence of other therapies, it was decided that the CKLT was the only curative option for our patient with the Factor B mutation. This decision was adopted after a consensus meeting between nephrologists, hepatologists, surgeons, and immunologists from Hospital La Paz, and complement researchers involved in the case. In spite of its risks, the intervention was accepted by the patient’s parents, and it could be done in 2009, upon the availability of liver and kidney grafts from a donor of the same age that the patient. The CLKT allowed immediate restoration of the renal function in the patient, who remained without problems under immunosuppressive treatment for four years.

A B-cell lymphoma was the first complication of the patient. The B-cell lymphoma could be related with the immunosuppressive treatment, but the association of immunosuppression with subsequent complications after CLKT is only partially understood (14–16). The risk of tumor appearance induced by the immunosuppression treatment increases with postransplantation time. The overall incidence of tumors in the pediatric age after a solid organ transplantation is around 6%, with values of 7% in liver and around 3% in renal grafts. There are few data on combined transplantation, but tumor incidence seems to be like that of single liver transplantation, around 8% (17). These percentages raise when the follow-up is prolonged into adulthood. In all solid organ transplantation, between 80 and 90% of the tumors are of lymphoid origin. In addition, in our patient, the immunosuppression received prior to transplantation could increase the tumor risk.

The immunosuppression regimes in CLKT and isolated kidney transplantation are very similar; moreover, in CLKT the liver graft confers immunoprotection to the kidney graft. This effect was first observed in experimental animals (18) and later on in patients (19). The presence of DSA was considered a predisposition factor to graft rejection in isolated kidney transplantation (20, 21). However, in the case of CLKT, the liver graft protects the kidney from the hyperacute reaction, and it also decreases the acute cellular response (22). In a more recent cooperative study, the authors evidenced that the presence of DSA antibodies in CLKT rises the mortality, but they did not find a clear relationship with the kidney and liver graft evolution (23).

Cholangitis associated to chronic liver rejection was an additional and severe complication in the patient, with a 6-year evolution that conducted to a second liver graft in 2020 that remains functional. Although the patient suffered several complications along the post-transplant period, in 2009 CLKT was the only therapeutic approach, since complement inhibitors such as Eculizumab were not available. The combined transplantation allowed the patient to leave dialysis and to improve his social and academic life; currently, he is enrolled on a university degree. Further complications were solved in a tertiary hospital, and the patient continues under immunosuppressive therapy with adequate follow-up.

To correct the complement dysregulation and the very low C3 levels caused by the gain-of-function mutation in Factor B was an important consideration when discussing the therapeutic options for our patient. Our conclusion was that, although liver transplantation would add additional risks to kidney transplantation, the CLKT was the only available option to completely normalize complement activation. Nowadays, our patient would have likely been approached with an isolated kidney transplantation and the use of Eculizumab. However, during the last 15 years it has been an extraordinary progress in the development of drugs inhibiting different levels of the complement cascade, providing novel therapeutic options to aHUS patients. In this changing scenario, a next generation of complement inhibitors acting upstream of C5 activation would soon be available for the treatment of complement dysregulation disorders. One of these novel drugs, which may be better and more appropriate than Eculizumab for some patients, is Pegcetacoplan (24, 25), a PEGylated pentadecapeptide that binds to C3 and C3b, and regulates the activation of C3 and the activity of the AP C3 convertase. Pegcetacoplan has been recently approved by the FDA for the treatment of adults with paroxysmal nocturnal hemoglobinuria (26).

CLKT is still nowadays a valid therapeutic option for aHUS patients. Thus, the experts recommend not to completely discard CLKT (which could be the only option in countries or situations where Eculizumab is not available), and to discuss all the options with patients and families (27). CLKT in aHUS patients with complement mutations has been extensively reviewed by Zuber et al. in 2013 (28), and by Saland et al. in 2014 (29); these papers included 16 cases with CFH mutations (14 successful), one with C3 mutation (unsuccessful), one with CFB mutation (this patient), 2 cases with a hybrid CFH::CFHR1 gene (one successful), and an additional case as personal communication (28).

Functional characterization of the Factor B K323E variant purified from the patient’s plasma showed increased resistance of the C3 convertase to dissociation by the complement regulators Factor H and DAF (4). The gain-of-function consequences of the K323E variant were confirmed in another study where Factor B pathogenic variants identified in other aHUS patients were functionally characterized (30). Further characterization of recombinant Factor B K323E showed that it is functionally very similar to a C3 nephritic factor, which most of the times does not allow activation of the complement terminal pathway (31). Two aHUS patients with another Factor B pathogenic variant and very low C3 levels in plasma have been recently described (32), and the authors consider that the excessive activation of the fluid-phase C3 convertase could predispose to aHUS or to C3 glomerulonephritis, depending on the presence of additional predisposing genes or environmental factors. In this context, it could be relevant that the aHUS-risk haplotype MCPgggac is present in our patient with the K323E mutation in Factor B, and in all the affected members of the family carrying the F286L mutation (4). One of the members of that family is a girl who presented HUS at the age of 3 months and had a bad clinical evolution, comparable in many aspects to the evolution of our patient with the K323E mutation. Nonetheless, C3 levels in the girl’s plasma were never as low as observed in our patient; this could reflect that the K323E mutation is more pathogenic for Factor B function than the F286L mutation. The girl with the F286L mutation received a kidney graft in 2011 and has remained stable without Eculizumab prophylaxis (5). It is likely that the absence of the MCPggaac aHUS-risk haplotype in the kidney graft have contributed to the successful evolution of this patient after transplantation. In the case of the patient with the K323E mutation, further genetic studies showed that donor and receptor shared the MCPggaac aHUS-risk haplotype but not the CFH(H3) haplotype; the absence of the CFH-risk polymorphism in addition to the presence of wild-type Factor B in the liver graft likely contributed to a better regulation of the C3 convertase in the receptor.

In conclusion, we describe the clinical evolution and therapeutic strategy in a boy with a gain–of-function mutation in complement Factor B. CLKT as a therapeutic option was justified because of a torpid evolution during 8 years, with several life-threatening events and the unavailability of complement-inhibiting drugs at that time. CLKT allowed the immediate restauration of kidney function and a stable evolution for four years, but after a B-cell lymphoma and a liver rejection, the patient needed a second liver graft 11 years later. Renal function and complement levels have remained normal all the time since the CKLT, and the patient has not suffered any aHUS recurrence.
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Supplementary Figure 1 | Kidney biopsy. (A) Hematoxylin and Eosin staining of a glomerulus, showing mesangiolysis with fragmented red blood cells and double contours in capillary walls. (B) Masson trichrome staining, showing small arteries with intimal thickening, mucoid intimal edema, and endothelial swelling.

Supplementary Figure 2 | Acrocyanosis on the feet fingers. The two images correspond to a microangiopathy episode occurring after the patient underwent bilateral nephrectomy.
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aHUS, atypical Hemolytic Uremic syndrome; DGKE, Diacylglycerol kinase Epsilon; CLKT, combined liver kidney transplantation; DSA, donor specific antibodies; MFI, median fluorescence intensity.
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