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Pure red cell aplasia (PRCA) after ABO-incompatible allogeneic hematopoietic stem cell transplantation (HSCT) is caused by persisting host-derived isohemagglutinins directed against donor red blood cell (RBC) antigens. ABO antigen-specific immunoadsorption (ABO-IA) with Glycosorb®, commonly used for desensitization therapy in ABO-incompatible living donor renal transplantation, specifically eliminates circulating isohemagglutinins and might represent a novel treatment option for post-HSCT PRCA. In this prospective observational (n = 3) and retrospective (n = 3) analysis of six adult HSCT-recipients with PRCA, ABO-IA was initiated at 159 (range: 104–186) days following HSCT. The median treatment frequency was 4.5 (range: 3.9–5.5) sessions/week. ABO-IA-treatment led to a continuous decrease in isohemagglutinin titers. Reticulocytes increased to ≥30 G/L after 17.5 (range: 4–37) immunoadsorption sessions over 28.5 (range: 6–49) days and continued to rise after that. By the end of the 3-month follow-up period after discontinuation of ABO-IA, all patients showed a sustained remission of PRCA and were independent of erythropoietin-stimulating agents and transfusions. No case of infection or graft-versus-host disease was observed. After a median follow-up of 22.03 (range: 6.08–149.00) months after ABO-IA-treatment, all patients were alive and showed a stable RBC engraftment of the donor blood group. Our data provide the first evidence for ABO-IA as an effective treatment for post-HSCT PRCA.
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INTRODUCTION

Matching of human leukocyte antigen (HLA) alleles between donors and recipients is the primary determinant of successful allogeneic hematopoietic stem cell transplantation (HSCT). Due to independent genetic inheritance, ABO mismatch between donor and recipient occurs in 30–50% of HLA-matched HSCTs but is not considered a hindrance for transplantation (1, 2). Although the influence of ABO incompatibility on the overall outcome after HSCT appears to be negligible, several associated complications such as the delayed recovery of erythropoiesis, hemolysis, or pure red cell aplasia (PRCA) have to be recognized (2, 3). The latter is related to the persistence of host B lymphocytes or plasma cells producing isohemagglutinins (IHAs) directed against donor red blood cell (RBC) antigens, leading to the disruption of erythroid hematopoiesis at the early precursor stage (2–4). Pure red cell aplasia occurs in up to 30% of all major ABO-incompatible HSCTs (4, 5). Apart from supportive measures including the administration of erythropoietin-stimulating agents (ESAs), other therapeutic approaches for PRCA include the modulation of immunosuppression, administration of immunosuppressive agents, or apheresis modalities like high-volume plasma-exchange (PE) or semi-selective immunoadsorption (5–12).

The Glycosorb® ABO immunoadsorption system is widely used for desensitization therapy in ABO-incompatible living donor renal transplantation due to its capability to remove anti-A and anti-B IHAs selectively (13, 14). In comparison to conventional antigen-unspecific immunoadsorption, ABO antigen-specific immunoadsorption (ABO-IA) using Glycosorb® might offer the benefit of effective post-HSCT PRCA treatment without the offset of affecting other blood components. In addition, immune-related complications [triggering of graft-versus-host disease (GVHD) or increased susceptibility to infections], which are associated with the use of the above mentioned alternative treatment modalities, are likely averted by Glycosorb®'s immunologically neutral mode of action (14). Here, we provide the first report available in the literature on the use of the Glycosorb® ABO immunoadsorption system to treat PRCA in six patients after HSCT.



MATERIALS AND METHODS


Study Design and Patients

In a prospective, observational study conducted between 07/2017 and 07/2019 and an additional retrospective analysis covering the years 06/2007 until 06/2017, we analyzed data of all adult patients (n = 6; prospective: 3, retrospective: 3) who received immunoadsorption using Glycosorb® ABO columns for PRCA following HSCT at the Medical University of Vienna. The Institutional Review Board approved the study protocol (#EK-1953/2017), and the study was conducted following the amended Declaration of Helsinki.



Hematopoietic Stem Cell Transplantation

Patients either received myeloablative conditioning (MAC) therapy with cyclophosphamide 120 mg/kg and 13.2 Gy hyperfractionated total body irradiation (TBI) or reduced-intensity conditioning (RIC) therapy according to the FLAMSA-RIC protocol (fludarabine 120 mg/m2, cytarabine 8 g/m2, amsacrine 400 mg/m2, cyclophosphamide 120 mg/kg, 4 Gy TBI). The graft source was peripheral blood stem cells (PBSC) with a target cell dose of >4 × 106 CD34+ cells/kg recipient body weight administered on day 0 in all patients. Standard GVHD prophylaxis consisted of cyclosporine A (CSA) + methotrexate (MTX) following MAC or CSA + mycophenolate mofetil (MMF) following RIC. Administration, dosing, and tapering of GVHD prophylaxis followed the recommendations of the European Blood and Marrow Transplantation Society (15). Patients additionally received anti-thymocyte globulin (ATG-Fresenius) at cumulative doses of 30 mg/kg in case of a 10/10 HLA-matched unrelated donor or 60 mg/kg in case of a 9/10 HLA-matched unrelated donor. Transfusion policies regarding the use of blood groups in ABO-incompatible HSCT followed published recommendations (2). Packed RBCs and single-donor cytomegalovirus (CMV)-negative platelet concentrates were administered to maintain hemoglobin levels ≥8.0 g/dL and platelet counts ≥20 G/L, respectively. Red blood cell units were leukocyte-reduced by filtration and irradiated with 30 Gy, whereas platelet concentrates were pathogen-reduced using the intercept technology. Prophylactic RBC exchange was performed in one patient with a bidirectional ABO-mismatch undergoing RIC, as described previously (16). Chimerism analysis was performed using the Mentype® Chimera polymerase chain reaction (PCR) amplification kit (Biotype Diagnostic GmbH, Dresden, Germany).



Pure Red Cell Aplasia

All included patients met the following diagnostic criteria for PRCA: (1) reticulocytopenia <30 G/L for more than 60 days after HSCT in association with neutrophil recovery, (2) lack of erythroblasts in the bone marrow, (3) major or bidirectional ABO mismatch between donor and recipient, and (4) exclusion of other causes for the condition (e.g., disease relapse, infection etc.).

Bone marrow biopsy, performed before ABO-IA-treatment, documented the absence of RBC precursors in all study participants. Parvovirus B19 infection and Human Herpesvirus-6 reactivation were excluded in bone marrow samples using specific PCR assays; other viral reactivations (CMV, herpes simplex virus 1/2, varicella-zoster virus, Epstein-Barr virus, adenovirus) were ruled out using PCR testing in peripheral blood samples.

All patients received transfusion support to maintain the outlined thresholds and were started on darbepoetin alfa at a weekly dose of 150 μg or epoetin theta at a weekly dose of 30,000 I.E. after diagnosis of PRCA. The tapering schedule of GVHD prophylaxis was performed per-protocol and was not altered in an attempt to treat PRCA.



Immunoadsorption

ABO antigen-specific immunoadsorption was performed according to a standardized protocol (14). In brief, plasma was separated from whole blood by centrifugation using the COBE® SPECTRA™ (COBE Laboratories, Zaventem, Belgium; n = 2) or the Spectra Optia® (Terumo BCT, Lakewood, CO, USA; n = 4) apheresis system. Anticoagulation was performed with citrate (ACD-A, anticoagulant citrate dextrose, formula A; Baxter, Munich, Germany) and sodium heparin (Heparin Immuno, Baxter-Immuno AG, Vienna, Austria; infusion rate: 1000 IE/h). After separation, the plasma passed a Glycosorb® ABO immunoadsorption column (Glykorex Transplantation AB, Lund, Sweden), which contains synthetic terminal trisaccharides from A- or B-ABO blood group antigens bound to a sepharose matrix (14) and was then re-transfused together with the separated blood cells. Conservation and regeneration of each Glycosorb® column assigned explicitly to the same patient was performed as described previously (14).



Measurement of Isoagglutinin Titers

Anti-IgG warm reactive and NaCl cold/room temperature reactive (IgM) titers of circulating IHAs were measured by using the Diamed ID-Card gel card technology (Bio-Rad, Munich, Germany) as described elsewhere (17).



Data Analysis and Presentation

Data were collected from electronic patient charts. The time from HSCT to 3 months after discontinuation of ABO-IA was chosen as the individual follow-up period regarding PRCA-related outcomes. For analyzing long-term survival, the time from discontinuation of ABO-IA to the date of the last patient visit was assessed (all patients were alive at the time of manuscript submission). Engraftment was defined as the first of 3 consecutive days of an absolute neutrophil count (ANC) >500/μL. Descriptive data are presented as absolute numbers and continuous variables as median (range).




RESULTS


Patient Characteristics Before Initiation of Immunoadsorption

Demographic and HSCT-related data are presented in Table 1. The median reticulocyte count on day 60 after HSCT was 4.3 (2.3–5.9) G/L, and all patients were transfusion-dependent. A median number of 1.38 (0.76–1.78) packed RBCs was transfused per week between neutrophil engraftment and initiation of ABO-IA. Figure 1 shows the course of hemoglobin, reticulocytes, and thrombocytes during the individual follow-up period for each patient. Blood cell counts and other laboratory data at the time of the initiation of ABO-IA are shown in Table 2.


Table 1. Patient characteristics and transplant-related data.
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FIGURE 1. Course of hemoglobin (g/dL, full squares), reticulocytes (G/L, open squares) and thrombocytes (G/L, open circles, dotted line) in patient 1–6 (A–F). Black arrows depict the administration of two packed RBCs, black bars the administration of one thrombocyte concentrate. The gray area shows the phase of treatment with ABO antigen-specific immunoadsorption. ABO-IA, ABO antigen-specific immunoadsorption; IVIG, intravenous immunoglobulins; PE, plasma exchange; Tx, transplant.



Table 2. Laboratory parameters prior to ABO antigen-specific immunoadsorption and immunoadsorption-related data.
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Therapy with ESAs was initiated after a median of 55 (24–77) days post-HSCT but did not result in a clearance of PRCA after 14.0 (10.1–20.0) weeks of therapy. No other treatment for PRCA was initiated before ABO-IA. Tapering of immunosuppression was performed per-protocol from day 90 after HSCT onwards. No GVHD was present in any of the patients.



Effects of ABO Antigen-Specific Immunoadsorption

Treatment with ABO-IA was started 159 (104–186) days after HSCT. A median number of 24 (8–45) treatment sessions over 33 (12–71) days were performed in each patient via peripheral venovenous access. This corresponded to an individual treatment frequency of 4.51 (3.86–5.49) sessions per week. To promote the removal of circulating IHAs, two adsorbers (anti-A with anti-A, anti-B with anti-AB, and anti-A with anti-B) were connected either in parallel or in series in one patient with a donor-to-recipient ABO mismatch of A to 0 and the two patients with an AB to A/0 mismatch in 40.9, 34.4, and 100% of treatments, respectively (Figures 1A,C,F). In two patients with prolonged treatment duration, ABO-IA was combined with PE during 4.44 and 13.79% treatment sessions, respectively, to promote the elimination of circulating IgM-IHAs. To ensure short treatment intervals, some sessions of PE only were performed in the same two patients at weekends (2.22 and 6.90% of their treatments, respectively), when ABO-IA was unavailable due to logistic reasons (Figures 1A,C, Table 2). Further treatment-related data are presented in Table 2. After initiation of treatment, one patient was diagnosed with anti-GPIIb/GPIIIa positive immune thrombocytopenia and was given intravenous immunoglobulins plus prednisone 1 mg/kg body weight (Figure 1B). Likewise, the two above mentioned patients with prolonged duration of ABO-IA-treatment were additionally treated with low-dose prednisone (0.3 mg/kg body weight) and prednisone ≥1 mg/kg body weight, respectively (Figures 1A,C).

Data on IgG- and IgM-IHA titers were available for the three patients enrolled in the prospective protocol and showed a continuous decrease during ABO-IA-treatment (Figure 2). Reticulocyte counts increased to ≥30 G/L after a median of 17.5 (4–37) treatments and after 28.5 (6–49) days from the initiation of ABO-IA. ABO antigen-specific immunoadsorption was discontinued in 5/6 (83%) patients when reticulocyte counts increased to levels ≥80 G/L, suggesting the resolution of PRCA (Figure 1). Only one patient showed a reticulocyte count of 6.2 G/L, when ABO-IA was stopped due to logistic reasons (Figure 1C). However, in this patient, reticulocyte counts started to rise 2 days after the last ABO-IA and reached >360 G/L within the next 2 weeks, strongly suggesting a positive response to the treatment.
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FIGURE 2. Course of IHA-titer [Coombs-IgG (full line) and NaCl/room temperature-IgM (dotted line)] before (full circles) and after (open circles) immunoadsorption as well as reticulocyte count (G/L, open squares) in patient 1–3 (A–C): antiA1-IHAs (A1) and antiA2-IHAs (A2) in patient 1 (A), antiB-IHAs (B) in patient 2 (B), antiA1-IHAs (C1), antiA2-IHAs (C2) and antiB-IHAs (C3) in patient 3 (C). The gray area shows the treatment period with ABO antigen-specific immunoadsorption. IHA, isohemagglutinins.


In addition to PRCA, five (83%) patients also presented with distinct thrombocytopenia (≤50 G/L, Figure 1) when ABO-IA-therapy was initiated. In thrombocytopenic patients (n = 5), ABO-IA-treatment resulted in an increase of thrombocyte counts from 40 (1–50) to 69 (7–91) G/L at the time of the final ABO-IA.

No side effects attributed to ABO-IA were observed during or after any of the procedures. One patient developed an anaphylactic reaction during PE, presumably caused by frozen plasma units (Octaplas) as substitution fluid. All ABO-IA-sessions were conducted according to schedule, and none had to be aborted due to patient-related complications apart from rarely occurring treatment interruptions due to cannula dislocations.



Follow-Up

All patients achieved remission of PRCA and sustained transfusion independence during the individual follow-up period. Only one patient, who developed an immune thrombocytopenia, received RBCs due to episodes of gastrointestinal bleeding on three time-points within the first month after the last ABO-IA (reticulocyte counts remained high, Figure 1B). The median hemoglobin and reticulocyte levels at 30 and 90 days after discontinuation of ABO-IA were 11.6 (7.9–12.9) g/dL and 152.0 (53.5–227.1) G/L, and 13.0 (8.9–14.0) g/dL and 94.2 (50.0–191.8) G/L, respectively (Figure 1). During the individual follow-up, thrombocyte counts continued to rise to a median of 137 (28–148) G/L in the five patients, who were thrombocytopenic at the time of initiation of ABO-IA. Importantly, no cases of GVHD or infections requiring systemic antimicrobial therapy were documented during ABO-IA-treatment and the first 3 months after the last ABO-IA. Conversion to the donor blood group was observed in all patients. All patients were alive after a median follow-up of 22.03 (6.08–149.00) months after discontinuation of ABO-IA.




DISCUSSION

Our data demonstrate the successful resolution of PRCA in six major/bidirectional ABO-incompatible allogeneic HSCT recipients by ABO-IA using the Glycosorb® ABO immunoadsorption system. Of note, the time between initiation of ABO-IA and the recovery from PRCA was short, and no cases of GVHD or infection occurred during the treatment phase or the follow-up period of 3 months after the last treatment.

To date, conflicting results exist concerning the natural course of PRCA after HSCT. While PRCA may resolve spontaneously in some patients receiving supportive measures only (administration of ESAs), others need specific treatment (18). The probability of a spontaneous remission is low, if IHAs directed against donor RBCs persist for more than 60 days (2). One strategy to overcome PRCA is the tapering of immunosuppression to elicit a graft-mediated immune effect against residual IHA producing B- and plasma cells of the host (4, 18, 19). This approach has been reported effective in several cases but poses the patient at a significant risk of developing GVHD, which can be a fatal complication (20). Other strategies use immunosuppressive agents, including high-dose steroids, rituximab, bortezomib or daratumumab, in an attempt to suppress the production of anti-donor IHAs or employ antigen-unspecific apheresis modalities to remove circulating host IHAs (5–12).

Of the strategies mentioned above, the chimeric monoclonal anti-CD20 antibody rituximab is currently among the most widely applied with several reports indicating its efficacy (6, 11). However, not all patients respond with a complete resolution of PRCA to its use (9–11). In addition, rituximab may cause infusion reactions and substantially increases the susceptibility to infections due to a long-lasting B-cell depletion (21). While the detailed pathophysiological background of PRCA after major ABO-incompatible HSCT is not fully elucidated, it is well-acknowledged that host IHAs directed against donor RBCs are responsible for the development of PRCA (4). Interestingly, Griffith et al. (22) provided evidence that host plasma cells, in which the CD20-expression is down-regulated, rather than host B cells are the primary source of anti-donor IHAs, which explains the resistance of at least some cases of PRCA to rituximab treatment.

In contrast to rituximab, apheresis modalities, including PE and immunoadsorption, do not inhibit or eliminate antibody-producing cells but rapidly remove circulating IHAs. The feasibility of both apheresis modalities in the treatment of PRCA following major ABO-incompatible HSCT has previously been demonstrated (5–8). However, the few published studies on the effects of immunoadsorption on PRCA all used antigen-unspecific immunoglobulin-adsorbers. While these adsorbers and, notably, also PE non-specifically remove IgG and IgM from the circulation, the Glycosorb® ABO immunoadsorption columns specifically bind and remove anti A- and/or anti B-IHAs only. As a result, the pool of remainder immunoglobulins is preserved and the humoral immune response remains unimpaired (17). This is an important aspect in the HSCT setting, as infections are a significant contributor to morbidity and mortality in the early post-transplant phase (23, 24). Indeed, no episodes of infection or GVHD were documented in our patients during ABO-IA and the 3-month follow-up period thereafter. Adding to the favorable adsorption profile, the Glycosorb® ABO antigen-specific adsorbers were previously shown to be superior in terms of blood group-specific IgM removal as compared to semi-selective adsorbers based on staphylococcal protein A, synthetic peptide GAM146 or immobilized polyclonal sheep antibodies directed at human immunoglobulin in ABO-incompatible kidney transplant (17, 25).

In general, immunoadsorption may be more efficient than PE in removing circulating antibodies due to the higher plasma volume processed during a single session. Evidence for this predication in PRCA following major ABO-incompatible HSCT was previously provided by Rabitsch et al. (7), who successfully treated two patients non-responding to PE with immunoadsorption. Further, immunoadsorption lacks potential side effects conferred by PE, including electrolyte disturbances, anaphylactic reactions caused by plasma as replacement fluid, and, of note, bleeding complications by the depletion of fibrinogen and other coagulation factors (26). The latter may especially be relevant in HSCT recipients with PRCA, as these patients often additionally feature profound thrombocytopenia (27). Indeed, at the time of ABO-IA initiation, five out of six patients in our cohort presented with distinct thrombocytopenia, which significantly improved following ABO-IA. ABO antigens are not exclusively expressed on the surface of RBC but also on platelets, which may also absorb soluble A and B antigens from plasma (27). Thus, the successful removal of IHAs may have accounted for the rising thrombocyte counts in some of our patients. In contrast, one patient with immune thrombocytopenia did not respond to the treatment with ABO-IA, as the detected GPIIb/GPIIIa antibodies are not bound by the Glycosorb® columns.

In our study, ABO-IA was discontinued after clinical response by an increase in reticulocyte counts to levels ≥80 G/L could be documented. This decision was based on findings of our previous work, demonstrating sustained remissions without documented cases of PRCA relapse following IHA clearance by conventional immunoadsorption (7, 8). The mechanism of these persistent remissions is unclear. However, it may be hypothesized that the reduction of the IHA titers allows for breakthrough hematopoiesis to occur, which leads to scavenging of residual antibodies and immunological tolerance by excess donor RBCs and ABO antigen. Notably, the median time between the initiation of ABO-IA and the increase of reticulocyte counts was short (median of 28.5 days to reach ≥30 G/L), corroborating the highly efficient elimination of IHAs as demonstrated in three patients with available serial IHA measurements (Figure 2). Previous studies on the successful treatment of PRCA after major ABO-incompatible HSCT reported on a time to response of 16–204 days using PE or antigen-unspecific immunoadsorption (5), 21–49 days for rituximab (11), and up to 16 months using a combination of different therapies (6), respectively. Differences in the treatment schedule as well as other confounders (3, 4) may have accounted for the observed variation in response times in our as well as other studies using immunoadsorption or PE. In this context, longer intervals between each treatment session may cause a rebound of circulating IHAs (28) and should therefore be kept short.

A major shortcoming of the Glycosorb® ABO immunoadsorption columns are the high costs when each adsorber is used only once, as recommended by the manufacturer (€ 3932 for a single use including all disposables and personnel time at our center). A recent study in 71 ABO-incompatible renal transplant recipients, however, provided evidence for an efficient and safe re-use of the columns (13). In our study, up to eight ABO-IA-treatments were safely conducted with one adsorber in the same patient. Despite the significant reduction of treatment-related expenses by this approach, the costs considerably exceed those of semi-selective immunoadsorption or PE (29) and also of pharmacological treatment options like rituximab (30). As a comparison, the costs of PE with 4 L of human albumin, including disposables and personnel costs, amount to € 1194 at our center (29) but can increase significantly, if fresh frozen plasma is used as substitution fluid to prevent bleeding in thrombocytopenic patients (26).

Our study has several limitations. First, the number of included patients is small. However, this also applies to most other studies reporting on post-HSCT PRCA directed treatments, which likely reflects the rarity of this complication. Second, this is an observational study and, thus, patients were not treated on a uniform treatment protocol. Treatment frequencies and adsorber configurations accordingly varied between patients. Third, patients were treated in a center with a dedicated facility and high-level experiences in available methods of PE and immunoadsorption. The Glycosorb® adsorbers are mainly used for desensitization therapy in ABO-incompatible living donor renal transplantation and ABO-IA may, thus, not be available in centers exclusively performing HSCT. However, ABO-IA using the Glycosorb® ABO immunoadsorption system can be performed with devices for plasma separation as used in commonly available PE and does not require devices for adsorber loading and desorption like for semi-selective immunoadsorption.

In conclusion, our data provide the first evidence for ABO-IA using Glycosorb® ABO immunoadsorption columns as an efficient and safe therapeutic option for the treatment of PRCA after ABO-incompatible allogeneic HSCT. Of note, ABO-IA—in contrast to other treatment modalities—does not confer an increased susceptibility to infectious complications or the development of GVHD and may be more efficient in the removal of circulating IHAs than other apheresis modalities.
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