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Due to the current organ shortage, living donor kidney transplantation is increasingly performed across HLA (human leukocyte antigen) or ABO antibody barriers. There is still uncertainty about the risk of antibody-mediated rejection (AMR) episodes, which may limit long-term graft survival. From March 2007 to December 2016, 58 sensitized living donor kidney transplant candidates were identified and 38 patients eventually included in the study: 36 patients (95%) had pre-transplant and pre-desensitization Luminex-detected donor-specific HLA antibodies (DSA), and 17/36 patients (47%) in addition had a positive crossmatch result. Two patients had no detectable DSA but a positive CDC B-cell crossmatch result. Patients were treated with pre- and post-transplant apheresis and powerful immunosuppression including the anti-CD20 antibody rituximab (N = 36) in combination with thymoglobulin (N = 20) or anti-IL2 receptor antibody (N = 18). The results of the 38 successfully desensitized and transplanted patients were retrospectively compared to the results of 76 matched standard-risk recipients. Desensitized patients showed patient and graft survival rates similar to that of standard-risk recipients (P = 0.55 and P = 0.16, respectively). There was a trend toward reduced death-censored graft survival in desensitized patients (P = 0.053) which, however, disappeared when the 34 patients who were transplanted after introduction of sensitive Luminex testing were analyzed (P = 0.43). The incidence of rejection episodes without borderline changes were in desensitized patients with 21% similar to the 18% in standard-risk patients (P = 0.74). Thirty-six patients had pre-transplant HLA class I and/or II DSA that were reduced by 85 and 81%, respectively, during pre-transplant desensitization (P < 0.001 for both). On day 360 after transplantation, 20 of 36 (56%) patients had lost their DSA. The overall AMR rate was 6% in these patients, but as high as 60% in 5 (14%) patients with persistent and de novo DSA during year 1; 2 (40%) of whom lost their graft due to AMR. Eleven (31%) patients with persistent DSA but without de novo DSA had an AMR rate of 18% without graft loss while one patient lost her graft without signs of AMR. Our desensitization protocol for pre-sensitized living donor kidney transplant recipients with DSA resulted in good graft outcomes with side effects and rejection rates similar to that of standard-risk recipients. Adequate patient selection prior to transplantation and frequent immunological monitoring thereafter is critical to minimize rejection episodes and subsequent graft loss.
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INTRODUCTION

The increasing number of patients with chronic kidney disease and the ongoing organ shortage have led to efforts to increase the number of living donor transplants. One possibility is living donor kidney transplantation across the human leukocyte antigen (HLA) barrier after desensitization prior to transplantation. A study by Montgomery et al. showed that the overall survival rate of patients who were desensitized for living donor kidney transplantation was significantly higher than the survival rate of patients waiting for a compatible allograft from a deceased donor (1). These results were later confirmed in a larger multicenter study from the United States, but did not hold up when the same analysis was performed for patients transplanted in the United Kingdom (2, 3). Several protocols exist for desensitization of kidney transplant recipients, that are all based on rapid reduction of HLA antibodies before transplantation and strong immunosuppression to permanently suppress de novo HLA antibody formation thereafter. Immunoadsorption (IA) has been shown to be effective in rapidly removing HLA antibodies before transplantation. Bartel et al. published encouraging results from 68 HLA-sensitized deceased donor kidney transplant recipients desensitized by IA (4). We demonstrated that HLA antibody removal by IA was effective in 10 recipients of crossmatch-positive living donor kidney transplants (5). A larger analysis of 23 HLA-sensitized recipients from our center confirmed the excellent results with a graft and patient survival rate of 100% at two years and a low rate of treatment-related adverse events and rejection episodes (6).

Since 2006, we have been consistently using this desensitization protocol and have gained broader experience with desensitization in a total of 58 patients, 38 of whom were eventually included in this study. The aim of this study was to compare the results of these 38 successfully desensitized patients with the results of 76 matched standard-risk recipients. The primary outcome measures were graft and patient survival while the secondary outcome measures included effectiveness of antibody-removal by desensitization with immunoadsorption, graft function, biopsy-proven rejection episodes, complications, and the course of donor-specific HLA antibodies (DSA) after transplantation. In addition, we aimed to determine the impact of the introduction of the highly sensitive Luminex assay to our routine in 2009 on the outcomes of these HLA antibody-incompatible transplants.



MATERIALS AND METHODS


“Heidelberg Algorithm” Criteria and Patient Selection

Patients transplanted under the “Heidelberg Algorithm” by December 2016 were considered for inclusion in the study. The “Heidelberg Algorithm” was developed in 2005 and applied since April 2006 to identify and treat patients on the Heidelberg waiting list who are at particularly high risk for AMR after transplantation (Supplementary Table 1) (7–9). Based on results from the Collaborative Transplant Study, patients were considered at increased risk if they had a CDC-PRA-DTT ≥ 85% (current or past), HLA class I and II antibody positivity in ELISA screening, or HLA class I antibody positivity in ELISA screening at re-transplantation (donor-independent criteria), or a positive CDC B-cell crossmatch in re-transplant recipients with HLA class II antibody positivity in ELISA screening, or a positive CDC T-cell crossmatch (donor-dependent criteria). In addition, recipients of living donor kidneys were considered as high-risk if they had a DSA ≥ 1,000 MFI (after April 2009) (7–9). These patients were treated and monitored according to a specific algorithm that, for living donor kidney transplant recipients, included pre- and post-transplant desensitization, powerful antibody induction therapy and immunosuppression and close post-transplant antibody monitoring together with protocol biopsies (Supplementary Table 1).



Desensitization Therapy

IA was performed with Peptid-GAM-coated Globaffin columns that specifically bind IgG1, 2, and 4 and intermediately strong IgG3 and weakly IgM antibodies (Fresenius Medical Care, Bad Homburg, Germany) on an ADAsorb device (medicap clinic GmbH, Ulrichstein, Germany) together with an AS.TEC 204 centrifuge (Fresenius Medical Care). Treatment was repeated before transplantation until the CDC- and ELISA-crossmatch results became negative. In addition, DSA had to be negative in ELISA screening and below 1,000 MFI in Luminex testing (from March 2009). IA was applied on alternate days. Anticoagulation during IA consisted of 1,500 units of heparin per hour together with sodium citrate (ACD-A, Fresenius Kabi AG, Bad Homburg, Germany) at an infusion rate of 1:23 (citration infusion: blood flow). In patients with risk of bleeding, especially after surgery, the treatments were conducted without heparin and a sodium citrate infusion rate of 1:16. Resulting hypocalcemia was treated with calcium gluconate (10%, B. Braun, Melsungen, Germany). In patients with proven or suspected DSA of the IgM isotype, plasmapheresis was used additionally to account for the reduced IgM removal efficacy of IA.

After transplantation, apheresis treatments were continued in all patients on alternate days until good allograft function was achieved with a serum creatinine of <2 mg/dL and the DSA remained negative in ELISA screening and below a cut-off of 1,000 MFI in Luminex single antigen testing (from March 2009).



Immunosuppression and Infection Prophylaxis

In sensitized patients, immunosuppression with tacrolimus (target trough levels month 1: 10–15 μg/L, month 2: 10–12 μg/L, month 3: 8–10 μg/L, beyond year 1: 5–8 μg/L), enteric-coated mycophenolate sodium (720 mg twice daily) and methylprednisolone (20 mg during desensitization, 250 mg on day 0, tapered to 20 mg on day 9 after surgery) was started with the initiation of IA. Induction therapy was applied with thymoglobulin (N = 20, 2–7 infusions of 1.5 mg/kg body weight with a target lymphocyte count of ~0.2/nL within the first 14 days after transplantation), or basiliximab (N = 18, 20 mg on days 0 and 4 after transplantation). From May 2009, the induction therapy was changed from basiliximab to thymoglobulin in all sensitized patients due to an increased frequency of T cell-mediated rejection episodes. Basiliximab continued to be given in those patients who possessed low-level DSA that were identified in Luminex testing only but who had a negative crossmatch result (and a soluble CD30 (sCD30) concentration below 80 ng/mL, from October 2016).

In addition, rituximab was administered at a single dose of 375 mg/m2 body surface after the last IA treatment on day-1 before surgery (N = 36).

Standard risk patients received immunosuppression with cyclosporine A (target trough levels month 1: 180–200 μg/L, month 2: 150–180 μg/L, month 3–year 1: 120–150 μg/L, beyond year 1: 100–120 μg/L) together with enteric-coated mycophenolate sodium and methylprednisolone at the same dose as in sensitized recipients. Induction therapy was conducted with basiliximab on days 0 and 4 after transplantation.

Prophylaxis with valganciclovir was performed for 3 months in cytomegalovirus-positive patients and/or recipients of a cytomegalovirus-positive organ. Fungal prophylaxis consisted of 1 mL of nystatin four times daily for 3 months. Pneumocystis jirovecii prophylaxis was conducted by alternate day administration of trimethoprim (160 mg) and sulfamethoxazole (800 mg) for 6 months.



Immunology

CDC crossmatches were performed with unseparated peripheral blood mononuclear cells as well as isolated donor T and B lymphocytes using the standard CDC technique without anti-human immunoglobulin enhancement. In addition, a solid-phase ELISA crossmatch assay (AbCross, Biotest, Dreieich, Germany) was used. PRA screenings were performed using CDC and ELISA techniques. DSA of the IgG isotype against HLA antigens were determined by ELISA and, since March 2009, in addition by Luminex technologies using the AbIdent kits of Biotest (Dreieich, Germany), and the LABScreen Single Antigen kit of One Lambda (Canoga Park, CA, USA), respectively. For the detection of DSA of the IgM isotype by Luminex, 1:100 diluted PE-conjugated F(ab')2 fragments of donkey anti-human IgM, Fc antibodies (Dianova, Hamburg, Germany) were used. HLA typings of donors and recipients were performed using PCR-SSP and sequencing. The HLA alloantibodies were measured after transplantation on days 7, 30, 180, 360, and every 6 months thereafter. Additional testing was performed if deterioration of allograft function was noted. We and others use different cut-offs for the determination of DSA before and after transplantation (10). While our pre-transplant cut-off is 1,000 MFI, post-transplant DSA are considered relevant at a cut-off of 500 MFI to capture low level de novo DSA and because in vivo antibody adsorption in the allograft may lead to falsely low antibody reactivity. Since October 2016, pre-transplant and pre-desensitization serum samples were further tested for sCD30 using human sCD30 Instant ELISA (eBioscience, San Diego, CA) according to the manufacturer's instructions. An sCD30 concentration ≥80 ng/mL before transplantation was used as cut-off for positivity.



Statistical Analysis

The primary outcome measure was graft and patient survival while secondary outcome measures included effectiveness of antibody-removal by desensitization with immunoadsorption, graft function, biopsy-proven rejection episodes, complications, and the course of DSA after transplantation. In addition, the impact of the introduction of the highly sensitive Luminex assay to clinical routine in 2009 on the outcomes of HLA antibody-incompatible transplants was determined.

Data are given as median and range, mean and standard error of the mean, or number and percent. Statistical analyses were performed using SPSS Statistics 28 (IBM). For group comparisons t-test and Mann-Whitney-U-test were used, chi-square test for categorial variables.

Reduction of immunoglobulins or DSA was calculated with the Wilcoxon matched-pairs signed rank test. Graft survival was calculated according to the Kaplan-Meier method.




RESULTS


Patient Selection and Baseline Demographics

Fifty-eight HLA-sensitized living donor kidney transplant candidates who met the “Heidelberg Algorithm” criteria and were desensitized between March 2007 and December 2016 were identified and screened for eligibility (Supplementary Table 1; Figure 1). Twenty patients were excluded from the analysis due to transplantation in the co-presence of a major ABO incompatibility (N = 10), a single pre-transplant plasmapheresis treatment only due to very low DSA levels (N = 7), or an unsuccessful desensitization (N = 3). The 38 successfully desensitized patients met at least one criterion of the “Heidelberg algorithm”: 36 patients (95%) had pre-transplant and pre-desensitization DSA, and 17/36 patients (47%) in addition had a positive crossmatch result. Two patients (number 22 and 23) had no detectable DSA but a positive CDC B-cell crossmatch result.


[image: Figure 1]
FIGURE 1. Flow chart for patient selection. Fifty-eight sensitized patients were screened, and 38 patients eventually included in the analysis. Each sensitized patient (N = 38) was matched with two standard risk recipients (N = 76) for time after transplantation, i.e., the first standard risk recipient transplanted before and the first transplanted after surgery of the desensitized candidate. Patients were further stratified according to the date of transplantation, either before March 2009 or thereafter. In March 2009, highly sensitive Luminex testing was introduced into clinical routine at our center.


Results of 38 desensitized living donor kidney transplant recipients were analyzed and retrospectively compared to results of 76 standard-risk living donor kidney recipients matched for the time of transplantation. Patients were further divided into two different groups derived from two different eras, before (N = 4) and after (N = 34) the introduction of highly sensitive Luminex testing in March 2009, and analyzed separately.

Most demographic data were comparable between the desensitized and standard-risk recipients (Table 1). In addition to the degree of sensitization, significant differences between the groups were a higher number of previous transplants (P = 0.01), a lower number of related donors (P = 0.01), a longer postoperative hospital stay (18 vs. 13 days) presumably due to the more complex procedure (P < 0.001), and the pre- and post-operative treatment (P < 0.001) in desensitized patients. The majority of desensitized patients received immunosuppression with tacrolimus except for one patient who received cyclosporine A due to tacrolimus intolerance. In contrast, 72% of standard-risk recipients received cyclosporine A treatment according to center protocol for immunological low-risk recipients at that time.


Table 1. Baseline patient characteristics.
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Graft Survival and Function

Figure 2 shows patient and graft survival. Patient survival did not significantly differ between desensitized and standard-risk control patients (P = 0.55; Figure 2A). There was a trend toward reduced death-censored graft survival in desensitized patients (P = 0.053, Figure 2B) that was mainly driven by reduced survival in the early era before highly sensitive Luminex testing was introduced into clinical routine at our center (P = 0.038; Figure 2C). In the Luminex era (from March 2009), however, death-censored graft survival did not significantly differ between the two groups (P = 0.43; Figure 2D).
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FIGURE 2. Patient and graft survival. Patient survival did not significantly differ between groups (A) while there was a trend toward reduced death-censored graft survival (B) that was driven by results obtained from the era before Luminex testing became available in clinical routine (C). In contrast, death-censored graft survival in both groups was nearly identical in the Luminex era (D).


Serum creatinine, MDRD-GFR and protein-to-creatinine ratio was also not significantly different between the two groups. At day 360 after transplantation, median serum creatinine was 1.36 mg/dL in desensitized and 1.38 mg/dL in standard-risk patients (P = 0.88). The respective numbers for MDRD-GFR were 55 and 54 mL/min (P = 0.38), and for protein-to-creatinine-ratio 11 and 14 g/mol creatinine (P = 0.35).



Rejection Episodes

The incidence of rejection episodes without borderline changes were with 21% not significantly different in desensitized patients from the 18% rate in standard-risk patients (P = 0.74, Table 2). AMR were more frequent in desensitized than in standard-risk recipients (16 vs. 7%, P = 0.12), without reaching statistical significance.


Table 2. Rejection and complications.
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Infectious and Surgical Complications

Table 2 summarizes the infectious and surgical complications. Viral infections, such as cytomegalovirus infection (P = 0.18) or polyoma virus replication (P = 0.24), tended to be more frequent in desensitized compared to standard-risk recipients. No significant differences were found for bacterial (P = 0.71) or fungal infections (P = 0.16). Surgical complications, such as lymphoceles, were also not significantly different between both groups (P = 0.12) while a higher frequency of bleeding complications was observed in desensitized patients (P = 0.004), most likely due to the perioperative desensitization therapy.



Desensitization and HLA Antibodies

After a median of 8 pre-transplant IA treatments, total IgG was reduced by 98%, total IgM by 70%, HLA class I DSA by 85% and HLA class II DSA by 81% (P < 0.001 for all; Figure 3). After desensitization and before transplantation, all DSA were completely eliminated, according to the antibody detection technique at the respective time point. Table 3 summarizes the outcomes of desensitized patients according to their pre- and post-transplant presence of DSA. Two of 38 patients (number 22 and 23) had no DSA but a positive B cell crossmatch result. These patients showed primary graft function, no AMR, and no graft loss or death during clinical follow-up. Of 36 patients with pre-transplant DSA in the range of 500 to 999 MFI (N = 3) or 1,000 to 17,682 MFI (N = 33), 20 patients (56%) completely had lost their DSA on day 360 after transplantation. Only 1 of these 20 patients (6%) with a pre-transplant DSA of 2,698 MFI against HLA DRB1*03:01 (DR17) experienced AMR early after transplantation, and lost her graft more than 4 years after transplantation after cardiac surgery and infectious complications. Eleven patients showed persistence of DSA that had already been identified pre-transplant. Two of them (18%) suffered from AMR without graft loss and one patient lost her graft without signs of AMR. AMR was as high as 60% when the 5 patients were analyzed who had persistent DSA on day 360 together with de novo DSA development at some time during the first year after transplantation; two of these five patients lost their allograft. Compared to patients with loss of DSA, patients with persistent DSA had a higher MFI before desensitization (4,034, range 1,426–15,918 vs. 1,701, range 596–17,682, P < 0.001). Another two patients had (transient) de novo DSA without persistent DSA that disappeared during further follow-up with no AMR or graft loss.
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FIGURE 3. Immunoglobulin (A,B) and donor-specific human leukocyte antigen antibody (C,D) reduction during desensitization. After the first immunoadsorption (IA) session, total IgG was reduced by 72% (A) and total IgM by 23% (B). After a median of 8 IA treatments, the reduction in IgG and IgM reached 98 and 70%, respectively. During pre-transplant desensitization (immunoadsorption and plasmapheresis), human leukocyte (HLA) class I donor-specific HLA antibodies (DSA) were reduced by 85% and HLA class II DSA by 81%. ***p < 0.001.



Table 3. Donor-specific HLA antibody results and outcomes.
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Sixteen patients (44%) with pre-transplant DSA also had an sCD30 value of ≥80 ng/mL prior to transplantation as an indication of a pre-activated immune system. Nine of these 16 patients (56%) had persistent DSA and 4/16 patients (25%) suffered from AMR compared to only 7/20 (35%, P = 0.31) and 2/20 patients (10%, P = 0.34), respectively, with an sCD30 value below 80 ng/mL (P = 0.38). Most importantly, graft loss in patients with pre-transplant DSA was observed in 4/16 patients (25%) who were sCD30 positive, while only 1/20 patients (5%) with an sCD30 value below the cut-off experienced graft loss (P = 0.15) translating in a sensitivity of 80% and a NPV of 95%.




DISCUSSION

Several desensitization strategies have been published that allow transplantation across the HLA-antibody barrier. Most published protocols have used plasmapheresis and intravenous immunoglobulins, with graft survival rates ranging from 77% to 94% depending on the degree of sensitization, and concomitant AMR rates up to 15% (8, 11–15). Our group has developed a strategy to eliminate preexisting DSA by immunoadsorption, allowing safe transplantation even in highly sensitized recipients. Thorough pre-transplant risk stratification and effective antibody elimination combined with post-transplant antibody monitoring reduced AMR rates and improved graft survival. We present here the results of 38 desensitized patients transplanted at our center from 2007 to 2016 and compare them with 76 standard-risk patients who were matched for time after transplantation.

Desensitized patients had patient and graft survival rates that were not significantly different from those of standard-risk recipients, whereas desensitized patients showed a trend toward lower death-censored graft survival (P = 0.053). However, this trend disappeared when the 34 patients transplanted after the introduction of the sensitive Luminex-SAB assay were analyzed. The Luminex-SAB procedure, which allows more sensitive detection of DSA, was introduced into pre-transplant identification as part of the “Heidelberg algorithm” starting in April 2009 (9). An MFI value above 1,000 was classified as a risk factor for immunologic graft loss. More recently, our group has introduced another biomarker to further improve pre-transplant risk assessment. Since 2016, the immune activation marker sCD30 has been integrated into our algorithm to identify patients at high immunological risk before transplantation. Several studies in deceased donor transplant recipients have shown that determination of sCD30 with a cut-off value of 80 ng/mL before transplantation is beneficial, as patients with the co-presence of DSA (MFI ≥ 1,000) and sCD30 (≥80 ng/mL) before transplantation were shown to be at a significantly higher risk for AMR and graft loss than patients with DSA but without sCD30 positivity (10, 16). These patients may require a more intensive induction regimen including thymoglobulin as well as special care after renal transplantation. The present study in living donor transplant recipients shows a similar trend as in previous studies. Desensitized patients with both DSA- and sCD30-positivity before transplantation were at a higher risk for graft loss compared to patients without sCD30 positivity, however, without reaching statistical significance.

Living kidney transplant recipients were treated with repeated IA until the CDC crossmatch became negative and measured DSA were below the 1,000 MFI threshold. A median of 8 IA treatments before transplantation reduced IgG by 98% and IgM by 78% in sensitized patients. IA can treat large plasma volumes, which may improve antibody removal compared with desensitization with plasmapheresis: 95% of all patients studied were successfully desensitized and transplanted, compared with the much lower frequency of only 80% reported when plasmapheresis and intravenous immunoglobulins were used (17). Another advantage of IA is its specificity: bleeding complications in terms of transfusion requirement or intervention occur at a higher rate of up to 70% with multiple plasmapheresis treatments than with our desensitization protocol (17). Compared with newer desensitization strategies such as desensitization with imlifidase, immunoadsorption allows better risk assessment before transplantation. DSA that can be easily removed by IA before transplantation are more likely to be lost after transplantation. Conversely, antibodies that cannot be removed by IA may persist after transplantation and damage the renal graft (18). In contrast, imlifidase degrades IgG, and DSA are lost for several days regardless of the level of re-synthesis, making risk assessment impossible (19). Another advantage of IA compared to imlifidase is the fact that it can be used several times and even for weeks or months, while imlifidase may be given only once (20).

In previous studies, graft survival at two years was only about 50% when patients were desensitized prior to transplantation (21). Importantly, when IA is used as the main method of desensitization, antibody rebound after treatment must be considered. Therefore, according to our protocol, we performed repeated IA after transplantation in addition to the immunosuppression described above until good graft function was achieved (e.g., serum creatinine < 2.0 mg/dl). Interestingly, DSA remained below a threshold of 1,000 MFI in 6 of 10 sensitized patients during the post-transplant observation period in a previously published cohort (5). In the present study, 20 of 36 patients (56%) had persistently negative DSA on day 360 after transplantation.

The use of strong immunosuppression may lead to negative side effects such as infectious complications. However, in the present study, no significant difference was observed, neither with respect to bacterial infections nor with respect to viral infections such as cytomegalovirus or polyoma infections. Thus, the present study demonstrates that treatment with repeated IA is feasible without severe infectious complications and without the need to replace immunoglobulins (22). Since April 2009, two depleting antibodies, thymoglobulin and rituximab, have been used in combination. In the present study, there is no evidence of increased infectious complications, but probably the numbers are too small. In the field of ABO-incompatible renal transplantation, more infectious complications have been observed probably due to the use of rituximab (23). Therefore, studies analyzing possible infectious side effects in sensitized renal transplant recipients are needed.

Limitations of the present study include the retrospective and monocentric character of the study with a rather small number of patients who experienced only a limited number of adverse events such as AMR and graft loss due to AMR as well as differences in the immunosuppressive regimens between sensitized (mostly tacrolimus as calcineurin-inhibitor) and standard risk (mostly cyclosporine A as calcineurin-inhibitor) patients.

In conclusion, both pre-transplant characterization of the immune status of sensitized kidney transplant recipients by measuring B-cell (DSA) and T-cell (sCD30) activity and post-transplant monitoring (DSA and non-DSA) play an important role in the management of living kidney transplantation across the HLA barrier. The algorithm we have described for identifying sensitized living kidney transplant recipients, consistent desensitization with repeated IA, and the peri-graft management described lead to good graft outcomes with side effects comparable to those of standard-risk recipients.
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