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Editorial on the Research Topic 


Advances and Challenges of Allogeneic Stem Cell Transplantation 


The use of allogeneic stem cell transplantation (allo-SCT) is increasing over time worldwide (1, 2) and this is the result of three major facts: i) the evidence that allo-SCT can cure a progressively higher number of patients and many hematological diseases (1, 2); ii) the increase in the upper limit of age for allo-SCT eligibility (currently up to 75 years) (3); iii) the improvement of allo-SCT platforms both in terms of efficacy and toxicity (4, 5). However, many challenges in the field of allo-SCT still need to be overcome, mainly the reduction of relapse rate and of transplant related-mortality. Currently, we can assume that approximately 50% of the patients can be cured by allo-SCT, taking into account all the favorable and unfavorable variables associated with long-term outcome after transplantation (6).

The aim of this Research Topic entitled Advances and Challenges of allo-SCT was to collect articles that highlights the most recent evolutions of the transplant platform, together with a focus on the most intriguing new insights that will be developed in the next future. Twenty-one manuscripts have been submitted and eighteen out of them have been accepted for publication.

Interestingly four of these manuscripts cover the field of relapse prevention and treatment, either with donor-lymphocyte infusion (DLI) or with de-methylating agents. Su et al. reports on two strategies on prophylactic DLI in patients with relapsed-refractory acute leukemias: infusion from day +60 irrespective of minimal residual disease (MRD) (cohort 1) and on day +60 or +90 basing on MRD (cohort 2). In summary, they showed that a delay of prophylactic DLI up to day +90 basing on MRD could be associated with lower extensive cGVHD and better graft and relapse-free survival (GRFS). In the survey by the Gruppo Italiano Trapianto di Midollo Osseo (GITMO) published by Patriarca et al. on 254 patients with acute leukemias, 73% of the cases received DLI for leukemia relapse and only 10% received DLI as pre-emptive treatment. Nevertheless, by multivariate analysis, a pre-emptive use of DLI without evident leukemia relapse and multiple infusions of lymphocytes were associated with improved overall survival. In the last 15 years, several papers have been published on the topic of DLI. However, results have been contradictory, and the risk of graft versus host disease (GVHD) following lymphocytes infusion has hampered the extensive and homogeneous use of DLI as post-transplant adoptive immunotherapy. As a consequence, DLIs have been generally used to cure overt hematological relapse. Nevertheless, the use of DLI driven by MRD assessment seems to be the challenge for the next future (7), and an early use of DLI (from day +90) in case of MRD positivity, either by flow cytometry or by RT-qPCR on target genes at least in acute leukemias, should be explored in the context of multicentric prospective trials.

The other way to prevent relapse in acute leukemias is the use of post-transplant maintenance with molecular target drugs (e.g. FlT3 inhibitors, IDH inhibitors, BCL2 inhibitors,….) or de-methylating agents (e.g. oral azacitidine or decitabine) once again driven by MRD assessment. Antar et al. contribution was a very comprehensive review of these approaches, with a detailed algorithm for clinical use. Liu et al. report on a prospective use of low-dose decitabine as maintenance in patients with acute lymphoblastic leukemia (ALL), suggesting that this strategy could be promising in T-cell ALL. Overall, an early assessment of MRD (e.g. day +60/+90) may offer the opportunity to design a patient-specific protocol for relapse prevention, which should consider all the above-mentioned approaches. In particular, focusing on acute leukemias, the combination of immunotherapy (pre-emptive DLI) with molecular target therapies or de-methylating agents is intriguing and should be explored in multicentric trials (Figure 1).




Figure 1 | Relapse prevention following allo-SCT.



Many other manuscripts of this Research Topic cover topics related to transplant toxicity and non-relapse mortality, either focusing on conditioning intensity and stem cell source, or on CMV prophylaxis with letermovir, or on microbiome assessment and preservation, or on immune reconstitution monitoring.

Li et al. showed that decitabine could be used as conditioning regimen for myelodysplastic syndromes, allowing better long-term outcome with respect to decitabine alone without allo-SCT. Ma et al. confirmed previous observations that peripheral blood stem cells could be safely used in haploidentical transplantation, leading similar outcomes in comparison to a mix of bone marrow and peripheral blood stem cells. Finally, Song et al. reviewed the available data in the literature on the topic of conditioning intensity in acute myeloid leukemia and myelodysplastic syndromes, showing that reduced intensity conditioning regimens may be as effective as conventional regimens. Overall, the issue of conditioning intensity and drugs used in the conditioning is still a matter of debate, and in the last 15 years, we observed very different approaches, moving from very low intensity reduced intensity conditioning regimens, to reduced-toxicity regimens with new drug combinations (e.g. busulfan+fludarabine, treosulfan,…) (8, 9), to very intensive treatments (sequential conditioning) (10). This point clearly highlights that the choice of the conditioning needs to be patients-based, considering the type of disease, the co-morbidities, the frailty and the type of donor.

Terao et al. report on the effects of letermovir on T-cell reconstitution following haploidentical SCT with post-transplant cyclophosphamide and suggest that it may increase the levels of HLA-DR+ T-cells that may be implicated in the development of cGVHD. The use of letermovir for CMV prophylaxis between day 0 and +100 probably represents one of the most important advances in allo-SCT in the last 10 years. Both the registrative trial and several real-life analyses confirm that the incidence of CMV clinically significant infections dropped from more than 50% in the pre-letermovir era to 10-15% in the letermovir era (11, 12). Nevertheless, the issue of CMV in allotransplanted patients still need to be investigated, in particular concerning T-cell reconstitution during letermovir prophylaxis (is it delayed)? and the impact of late CMV reactivations after day +100, when letermovir is discontinued (the results of the multicentric randomized trial with letermovir from day +100 to day +200 are highly awaited). Allo-SCT platforms using post-transplant cyclophosphamide, which has been increasingly investigated in both haploidentical and non-haploidentical settings, appears to be associated with increased viral reactivation rate (13). While letermovir introduction might be a turning point in CMV reactivation prevention, other viruses are still lacking specific management (13). Moreover, deep relationships between intestinal microbiota composition and allo-SCT outcomes have been identified (14), particularly for predicting the mortality from infectious and non-infectious causes. Furthermore, therapeutic manipulations of the gut microbiota, such as fecal microbiota transplant, have emerged as promising therapeutic approaches for restoring the intestinal microbiota post-transplantation (15).

The topic of T-cell reconstitution and its interplay with microbiome has been covered in 3 articles. Milano et al. analysed the repertoire of TCR following cord-blood transplantation and showed that high TCR diversity at day +28 is associated with better patient outcomes. Andrlová et al. approached the topic of immune reconstitution focusing on unconventional T cells, specifically mucosal-associated invariant T cells, γδ-T cells, and invariant NK T cells. Evidences from published data suggest that the near future will face the development of pre-clinical and clinical trials exploring the manipulation of unconventional T-cell compartment and the interplay between microbiota and these unconventional cells. In line with this Research Topic, Alexander et al., on behalf of the Autoimmune Diseases Working Party of the EBMT, focused on the available data on microbiome perturbance following SCT for autoimmune diseases, showing that dysbiosis may influence the outcome in this setting of patients, as observed for conventional allo-SCT for hematological malignancies. Finally, Serpenti et al. showed that immune reconstitution may be useful for predicting severity of cGVHD and long-term outcome, by calculation of a risk-score at cGVHD onset. All these manuscripts clearly underline how intriguing is the topic of immune reconstitution and how complex are the connections with other biological aspects such as microbiome.

Finally, there is an urgent need to re-think the role of allo-SCT in certain diseases (e.g. aggressive lymphomas). This topic has been covered by a review published in the Research Topic by Goldsmith et al. At present, only relapsed and refractory diffuse large B cell lymphomas (DLBCL), primary mediastinic B cell lymphoma (PMBCL) and B-cell acute lymphoblastic leukemia (B-ALL) in patients younger than 25 years have a clear access to CART-cell therapies, in presence of non-responsive residual disease (16). Following the impressive results of the third line therapy with CART, the role of allo-SCT appears even more restricted to very high risk patients in complete remission. In this view, using the CAR-T therapy as a bridge to transplant may be an attractive but questionable option, considering the very high cost of CAR-T. Recently, EBMT and EHA proposed a revised version of recommendations to guide the delivery and management of CART-cell therapies (17). In the next future, CART will be available in many Countries for many other lymphoproliferative diseases such as mantle cell lymphoma, chronic lymphocytic leukemia and multiple myeloma and moreover for acute myeloid leukemias (AMLs). In this latter case, CART could be competitive with allo-SCT or complementary as treatment able to induce complete remission in refractory AML, before eradication with allo-SCT.

In summary, considering the articles published in this Research Topic, we can say that allo-SCT is going through a very enthusiastic phase of research and integration with novel strategies. Relapse prevention with maintenance or pre-emptive treatments, immune reconstitution and microbiome monitoring, modulation of conditioning intensity and integration with CART-cell therapy are some of the active Research Topics that the transplant community will deal with in the next future. Moreover, haploidentical transplantation, in particular followed by post-transplant cyclophosphamide GVHD prophylaxis, has been proved to be as effective as or even superior to HLA-matched allo-SCT. This clearly opened a new scenario, in which a very high risk disease, such as, for example, AML with MRD persistence, can be rapidly and successfully addressed to allo-SCT in first CR (18, 19). Allo-SCT will ultimately be a tailored therapy: not one transplant for many patients, but one transplant for one patient.
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Introduction

Cord blood transplantation (CBT) recipients are at increased risk of mortality due to delayed immune recovery (IR). Prior studies in CBT patients have shown that recovery of absolute lymphocyte count is predictive of survival after transplant. However, there are no data on the association of T-cell receptor (TCR) and clinical outcomes after CBT. Here we retrospectively performed TCR beta chain sequencing on peripheral blood (PB) samples of 34 CBT patients.



Methods

All patients received a total body irradiation based conditioning regimen and cyclosporine and MMF were used for graft versus host disease (GvHD) prophylaxis. PB was collected pretransplant on days 28, 56, 80, 180, and 1-year posttransplant for retrospective analysis of IR utilizing high-throughput sequencing of TCRβ rearrangements from genomic DNA extracted from PB mononuclear cells. To test the association between TCR repertoire diversity and patient outcomes, we conducted a permutation test on median TCR repertoire diversity for patients who died within the first year posttransplant versus those who survived.



Results

Median age was 27 (range 1–58 years) and most of the patients (n = 27) had acute leukemias. There were 15 deaths occurring between 34 to 335 days after transplant. Seven deaths were due to relapse. Rapid turnover of T cell clones was observed at each time point, with TCR repertoires stabilizing by 1-year posttransplant. TCR diversity values at day 100 for patients who died between 100 and 365 days posttransplant were significantly lower than those of the surviving patients (p = 0.01).



Conclusions

Using a fast high-throughput TCR sequencing assay we have demonstrated that high TCR diversity is associated with better patient outcomes following CBT. Importantly, this assay is easily performed on posttransplant PB samples, even as early as day 28 posttransplant, making it an excellent candidate for early identification of patients at high risk of death.
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Introduction

Patients undergoing hematopoietic cell transplantation (HCT) are at increased risk of transplant-related morbidity and mortality, in part due to the prolonged period of pancytopenia and immune dysregulation that results from the conditioning regimen and infusion of donor stem cells. The use of umbilical cord blood as a graft source has expanded treatment options for many patients, particularly ethnic and racial minorities (1). However, umbilical cord blood transplantation (CBT) recipients appear to be at even greater risk of non-relapse mortality (NRM) in the early posttransplant period when compared to recipients of bone marrow or peripheral blood stem cell grafts from related or unrelated HLA (human leukocyte antigen) matched adult donors (2, 3). CBT recipients have a significantly higher incidence of opportunistic infections in the first year posttransplant (4–6). Despite these challenges, when considering both NRM and relapse, CBT patients’ overall mortality risk is comparable to that observed with other graft sources (7–10), and cord blood continues to be one of the graft source for patients without conventional donors (7, 9, 11).

There is a dearth of assays to accurately measure functional rather than numerical reconstitution of the adaptive immune system after transplantation. This has made it difficult to directly address the role of delayed functional immune recovery on CBT outcomes, especially in the setting of many other contributing clinical variables. Immunophenotyping by flow cytometry and quantification of thymopoiesis by detection of TCR recombination excision circles (TRECs) have demonstrated markedly reduced and prolonged T-cell recovery and thymic activity after dCBT as compared to infusion of adult stem cell grafts (12, 13). However, the period of susceptibility to infections continues after numerical recovery by these surrogate measurements, and these assays have not demonstrated substantial value in predicting infectious mortality. The ability to more accurately measure cellular immune reconstitution in patients undergoing HCT (in this case CBT), with the goal of better assessing the consequent risk of morbidity and mortality, could lead to intervention strategies aimed at reducing this risk.

We had previously investigated clonal diversity of the T cell compartment of peripheral blood is a meaningful method of assessing cellular adaptive immune reconstitution. In the blood of a healthy adult, an individual T cell primarily expresses one of millions of different T Cell Receptors (TCRs); a clone is defined as the set of T cells expressing the same TCR (14, 15). The cellular adaptive immune system plays an important role in conveying protection against pathogenic infection, in part, through the development of a highly diverse repertoire of TCR genes, which is thought to be necessary for adequate protection against pathogens. This is evident in humans with primary or acquired immunodeficiency diseases [e.g., severe combined immunodeficiency (SCIDS), common variable immune deficiency (CVID), and HIV], in aging, and following HCT where loss of TCR diversity has been implicated in the increase in morbidity and mortality from infection that is observed in these clinical settings (16–19).

Due to the extremely large number of T-cell clones present in the healthy human, estimates of total T-cell repertoire diversity must be made from subsamples of the T-cell repertoire. Herein, we apply a high-throughput DNA sequencing method to immunosequence the CDR3 regions of rearranged TCRβ genes from peripheral blood mononuclear cells (PBMC) collected from 34 recipients of myeloablative conditioning CBT at Fred Hutchinson Cancer Research Center at multiple time points after transplant.



Materials and Methods


Study Design

Patients undergoing myeloablative single or double CBT at the Fred Hutchinson Cancer Research Center (FHCRC)/Seattle Cancer Care Alliance (SCCA) between August 2007 and 2010 on research protocols approved by the Center’s Institutional Review Board were eligible for this retrospective analysis of data collected prospectively. All patients consented to collection of blood samples for studies of immune reconstitution posttransplant. In addition, healthy adults were enrolled as controls in a study, “Immunology studies of Normal Healthy Individuals,” at Adaptive Biotechnologies. All subjects provided written informed consent to participate in the study, which was approved by Western Institutional Review Board.



Patients, Treatment Regimens, and Posttransplant Supportive Care

Patients were eligible for a myeloablative high-dose TBI-based CBT if they were aged ≤45 years old or treosulfan-based if they were ≤65 years old and lacked a suitably matched related or unrelated donor. The underlying disease was categorized as standard or high-risk based upon previously described criteria (20). CB donor selection was based on institutional guidelines and units were selected to optimize both HLA match and cell dose, avoiding, when possible, CB units which the patient had donor specific anti-HLA antibodies. All patients received unrelated donor CB grafts, which were 4 of 6 to 6 of 6 matched to the recipient at HLA-A, B, and DRB1 antigens. HLA typing was performed at the antigen level for HLA-A and B, and high-resolution HLA typing was performed for HLA-DRB1 alleles. The selection of two CB units was mandatory when a single CB unit did not meet the following criteria: HLA match 6 of 6 with a total nucleated cell count (TNC) dose of ≥2.5 × 107/kg or HLA match 5 of 6, 4 of 6 with a TNC dose of ≥4.0 (± 0.5) × 107/kg. In patients receiving a double CBT, the individual CB units were at least three of six HLA-A, B, and DRB1 matched to each other, and each contained a minimum of 1.5 × 107 TNC per kilogram. Of 38 patients potentially eligible, three patients without any blood samples stored for TCR analysis and one patient who died before day 28 were excluded. All patients received prophylactic antimicrobial and antifungal agents per institutional guidelines (21) and remained at our institution for a minimum of 100 days posttransplant. After discharge from our center, patients were seen as clinically indicated, with follow-up assessments per protocol at 6 months and 1 year to include a formal graft-versus-host-disease (GvHD) assessment and PB obtained for immune reconstitution studies and basic lab work.



Sequencing Assay and Evaluation of Immune Reconstitution Posttransplant

PB was collected pretransplant and on days 28, 56, 80–100, 180, and 1-year posttransplant for retrospective analysis of immune recovery utilizing high-throughput sequencing of TCRβ rearrangements from genomic DNA extracted from PBMCs. We sequenced the CDR3 region of TCRβ from approximately 250,000 PBMCs from each time point in surviving patients, and we sequenced four PBMC samples from each of four healthy controls over a 1-year time-course. The TCRβ CDR3 region was defined according to the IMGT collaboration (22), beginning with the second conserved cysteine encoded by the 3′ portion of the Vβ gene segment and ending with the conserved phenylalanine encoded by the 5′ portion of the Jβ gene segment. TCRβ CDR3 regions were amplified and sequenced using protocols described by Robins et al. (15). Briefly, a multiplexed PCR method was employed to amplify all possible rearranged genomic TCRβ sequences using 52 forward primers, each specific to a TCR Vβ segment, and 13 reverse primers, each specific to a TCR Jβ segment. Reads of length 60 bp were obtained using the Illumina HiSeq System. Raw HiSeq sequence data were preprocessed to remove errors in the primary sequence of each read, and to compress the data. A nearest neighbor algorithm was used to collapse the data into unique sequences by merging closely related sequences, to remove both PCR and sequencing errors.



Statistical Considerations

To test the association between TCR repertoire diversity and patient outcomes, we conducted a permutation test on median TCR repertoire diversity for patients who died within the first year posttransplant versus those who survived by generating 10,000 permutations of mortality labels. In this case, our test is ideal because the median is robust to outliers and a permutation test makes no assumptions about the distribution of TCR repertoire diversity among patients. To maintain consistency, the same approach was used to test the association of CD3+ cell counts and TREC values with patient mortality. Differences in patient characteristics according to outcome were assessed via a two-tailed Fisher’s exact test for binary data and a two-tailed Mann-Whitney U test for continuous data. While we could not assess all possible confounding factors in a multivariate model, we did calculate and report the marginal p value associated with each possible confounding factor separately.




Results


Study Cohort

Thirty-four patients were included in the final analysis. This cohort was composed of 11 pediatric and 23 adult recipients (median age, 26.5 years), who primarily had acute leukemia (n = 26). Conditioning consisted of either high dose TBI (1,320 cGy), cytoxan and fludarabine or treosulfan, fludarabine, and low dose TBI (200 cGy) with cyclosporine and mycophenolate mofetil as GvHD prophylaxis. Recipients who experienced graft failure were excluded. We analyzed PB prior to transplant, and then at 1, 2, 3, 6, and 12 months after CBT, based on sample availability. Median follow up among all patients was 370 days, range 34–1,657. Table 1 summarizes the recipient, disease, and transplant characteristics of the patients.


Table 1 | Patient and unit characteristics of 34 cord blood transplantation (CBT) recipients.





Patient Mortality in the Study Cohort

Among the 34 recipients, there were 15 deaths occurring between 34 to 335 days after transplant. Seven deaths involved relapse, although one recipient died of influenza while in early relapse. Eight additional recipients experienced NRM; three died before day 56 (one of hepatic failure, one of diffuse alveolar hemorrhage and one of disseminated cytomegalovirus (CMV) infection). Five patients experienced NRM between 100 days and 1 year after transplant. Primary cause of death was multi-system organ failure in three recipients (one with fungal encephalitis); respiratory failure in two recipients (one with invasive pulmonary fungal infection). Finally, a single patient died from a secondary tumor at 1,589 days post-transplant. Table 2 summarizes features of the subjects when separated by outcome (1-year overall survival), including age, sex, CMV status at transplant, CR status (complete remission 2/3 or relapsed/refractory/progressive disease vs. all others), and presence of acute and chronic GVHD after transplant. None of these factors differed significantly between patients with and without NRM except for age.


Table 2 | Outcomes summary.





Changes in T Cell Clonal Diversity Posttransplant

We utilized the distribution of T-cell clones in up to ~250,000 PBMC from each sample (subject to availability of adequate material) to estimate the species richness of unique T cell receptor beta sequences in each recipient’s peripheral blood using an unseen species analysis. (15, 23) Estimated species richness was computed for each time point sampled (Figure 1). Myeloablative conditioning resulted in a large drop in T-cell diversity from pre-transplant values. T-cell diversity nadired at 2 months after transplant, with a slow but substantial increase in T-cell repertoire diversity by 1 year. However, T-cell diversity at 1 year in CBT recipients was still lower than that in a sample of four healthy adult subjects.




Figure 1 | T cell receptor (TCR) repertoire reconstitution after stem cell transplant. We obtained peripheral blood samples from each of 32 patients before transplant and five times after transplant. TCR repertoire size for each patient was estimated using high-throughput sequencing of TCR rearrangements, and the geometric mean of estimated TCR repertoire size is shown. After transplant, patients had a vastly reduced TCR repertoire which reached its minimum 56 days posttransplant before beginning a slow recovery. The value for healthy subjects is the geometric mean of sixteen samples (four samples per subject from four healthy controls). One-year posttransplant, myeloablative CBT patients still had much lower TCR repertoire sizes than healthy control subjects.





Tracking T Cell Clones Posttransplant

In order to assess the stability of the reconstituting adaptive immune system over time, we investigated the persistence of TCR clones found at early time-points in later samples. Using only patients with samples collected and sequenced at 28, 56, 100, 180, and 365 days post-transplant, we determined the top 10 TCR clones by frequency in each patient at the 28, 56, 100, and 180 day time-points and tracked their frequency over time in one representative CBT patient and one healthy subject (Figure 2). This comparison revealed substantial clonal turnover within the CBT patient, with large clonal expansions appearing over a short period of time and dropping to low frequency or disappearing entirely soon afterward.




Figure 2 | TCRB clonal frequency over time, cord blood transplantation (CBT) patient vs. healthy subject. (A) We have charted the frequency of the 10 most frequent TCRB clones observed 28 days after transplant in one representative CBT patient. These 10 clones were tracked forward in time, and their frequencies at day 56 are plotted. Likewise, we have plotted the change in frequency of the top 10 clones for each pair of adjacent time-points in this patient. Many of the most frequent TCRB clones observed in early time-points either dropped in frequency or disappeared within weeks. By day 180, a drop-in clone frequency between time-points was still evident but most of the top 10 TCRB clones were observed again at some frequency at day 365. (B) We performed a similar analysis for one representative healthy subject. Very little clonal turnover was observed; many of the most frequent TCRB clones persisted across time-points, remaining at similar frequencies throughout the 6-month time-course.



We next considered all 14 patients with complete sequencing data and classified each of the top 10 T-cell receptor beta (TCRB) clones at each time-point as either persistent or transient. A top-10 TCR clone that was observed (at any frequency) at a later time-point was considered persistent, and clones that were never again observed in samples from the same patient were considered transient. Figure 3 shows the mean number of persistent TCR clones in the top 10, at each time-point posttransplant. At 28 and 56 days posttransplant, we observed dynamic and highly unstable TCR repertoires in which many TCR clones that were present at high frequency in an early sample were never observed again. Starting at 100 days posttransplant, this pattern began to subside and patients’ TCR repertoires became more stable. To confirm that this pattern is highly unusual, we sequenced PBMC samples from four healthy subjects over the same length of time. The median number of transient TCR clones in the top 10 was 0 for these healthy controls at each time-point we studied, confirming that the high prevalence of transient TCR clones following transplant is indicative of an unusually unstable TCR repertoire.




Figure 3 | Persistence of T cell receptor (TCR) clones during immune reconstitution. Starting with each patient who survived through day 365 and for whom samples were available for sequencing at each time-point (N = 14), each of the top 10 TCR clones by frequency was classified as either persistent (observed again in the same patient at any later time point) or transient (not observed again at any level in subsequent samples from the same patient). We report the mean and standard deviation of the number of persistent TCRB clones among patients. The number of persistent clones was highly variable, ranging from 1 to 10, but the mean number of persistent clones increased with time indicating a stabilizing TCRB repertoire by 1-year posttransplant. Four healthy subjects were analyzed in the same fashion over a similar time-course; and the number of persistent TCR clones ranged from 9 to 10 with a median of 10.





Correlation of T-Cell Receptor Diversity With Patient Mortality

We found that the evolution of TCR diversity following transplant differed between patients who did and did not survive the first year posttransplant (Figure 4). Survivors’ average TCR repertoire size reached its nadir at 28 days posttransplant followed by a period of more rapid recovery. In contrast, those who died demonstrated an average TCR repertoire size that continued to decrease until day 100 such that the median TCR repertoire size of patients who subsequently died was significantly lower than that of survivors’ (p = 0.019 by permutation). Of the 10 patients who were alive at day 100 but died before 1-year posttransplant, median survival was 216 days, indicating that a robust statistical signal present at day 100 could allow for adequate time for the implementation of potential clinical interventions.




Figure 4 | T cell receptor (TCR) repertoire comparison by outcome. Peripheral blood samples were taken from each cord blood transplantation (CBT) patient before transplant and five times after transplant. TCR repertoire size for each sample was estimated using high-throughput sequencing of TCR rearrangements. Patients are divided into those who survived through 1-year posttransplant (black) and patients who died within 1 year (red). At each of six time-points (pre-tx, 28, 56, 100, 180, 365 days posttransplant), we report the geometric mean and standard deviation of TCR repertoire size for each group of patients. At day 100, the median TCR repertoire size of patients who died was significantly lower than that of patients who survived (p = 0.019 by permutation). For the six time-points in order, N = 17, 16, 18, 18, 19, 17 for patients who survived through day 365; N = 15, 14, 11, 10, 8 for patients who died before day 365. At each time-point, all surviving patients with TCR sequencing data are included.





Other Factors Affecting Patient Mortality

Posttransplant immune recovery is influenced by many factors, most significantly by the immunologic effects of GvHD and of the IST used for its prevention and treatment. To better determine the association of TCR diversity with risk of mortality, we evaluated treatment with IST, total absolute CD3+ counts and TREC levels as potential confounders of the association between TCR diversity and patient mortality. Twenty-six patients developed acute GvHD at a median of 23 days posttransplant, including 20 patients with grade II and 6 with grade III–IV acute GvHD. These patients were initially treated with prednisone at a dose ranging from 0.5 to 2 mg/kg. Twenty-seven patients (80%) received prednisone in the first 100 days at a median time of 28 days (range, 15–91; death soon after transplant was responsible for most of the patients which did not receive prednisone). Of these 27, 23 (85%) and 10 (37%) patients remained on prednisone therapy at 1 year after transplantation, respectively. We saw no relationship between prednisone treatment and clinical outcome in this cohort.



Correlation of Absolute CD3 Counts With Patient Mortality

Another potential confounding factor in the correlation of TCR diversity measurements with clinical outcome is the recovery of total CD3+ cell numbers. However, when the kinetics of T cell recovery were measured by the absolute CD3+ cells/µl in peripheral blood at the same time as the measurement of TCR diversity, little of the observed difference in TCR diversity could be explained by variations in absolute T cell counts; the correlation between diversity and absolute CD3 counts was very weak in this cohort (r = 0.05). This finding suggests that the estimation of clonal diversity using high-throughput sequencing provides information independent from the total density of circulating T cells. Furthermore, we found that the lymphocyte count following transplant did not differ between patients who did and did not survive the first year posttransplant (Figure 5).




Figure 5 | Impact of lymphocyte counts on survival. Peripheral blood samples were taken from each cord blood transplantation (CBT) patient before transplant and five times after transplant. Patients are divided into those who survived through 1-year posttransplant (black) and patients who died within 1 year (red). At each of six time-points (0, 28, 56, 100, 180, 365 days posttransplant), we report the mean and the mean standard error of lymphocyte counts for each group of patients. No significant differences were seen at any time point between the two groups. For the six time-points in order, N = 14, 16, 17, 17, 14, 17 for patients who survived through day 365; N = 15, 11, 10, 10, 6 for patients who died before day 365. At each time-point, all surviving patients with TCR sequencing data are included.



In order to assess the effect of absolute CD3+ counts on patient mortality, we conducted a permutation test at 56 and 100 days posttransplant comparing median CD3+ cell counts in survivors vs. non-survivors in the same fashion as we tested TCR repertoire diversity. In this cohort, CD3+ counts do not appear to be significantly lower in non-survivors than in survivors at 56 days (p = 0.23) or 100 days (p = 0.14) posttransplant.



Correlation of T Cell Receptor Excision Circles With Patient Mortality

T cell receptor excision circles (TRECs), created during TCR rearrangement in the thymus, provide a means to quantify thymopoiesis following stem cell transplant. To investigate the relationship of TRECs to patient outcome in our cohort, we measured TREC levels using PBMC samples taken at the same five times posttransplant used for TCR diversity analysis. Overall, TREC levels differed widely between patients. Mean TREC levels were initially very low both for patients who survived and for those who died (data not shown). TREC levels decreased over time among patients who died, but recovered in surviving patients, consistent with the important role thymopoietic reconstitution is known to play in immune recovery (24). Due to the large variation between patients and the relatively late recovery of TREC values even in survivors, TREC values did not predict clinical outcome in this cohort in the first year posttransplant. We were unable to ascertain the relationship between patient outcomes and TRECs beyond the first year posttransplant, since only a single mortality (at approximately 4.5 years posttransplant, due to secondary malignancy) was observed after the first 365 days.

In addition to GvHD treatment, total CD3+ counts, and TREC levels, the correlation of our TCR diversity measurement with clinical outcome may also be driven by other variables. Table 2 presents a comparison of characteristics of the 15 patients who died within 1 year of transplant versus the 19 patients who survived. Most factors appeared to be unrelated to mortality. However, the 15 non-survivors were significantly older than the survivors (p = 0.007), which indicates a correlation to patient mortality with or without TCR diversity acting as an intermediary. In this cohort, patient age and TCR repertoire size are not significantly correlated (r −0.28, two-tailed p = 0.15 by normal approximation), suggesting that TCR repertoire and patient age may be independently correlated with mortality risk. Taken together, our results indicate that in this cohort TCR repertoire diversity is a statistically significant correlate with patient survival and among several other clinical variables measured, patient age (which is uncorrelated to TCR repertoire diversity in this cohort) is the only other statistically significant correlate.



Comparison of T Cell Receptor Diversity by High-Throughput Sequencing and Spectratype

Spectratyping is a well-established technology for the assessment of the diversity of the TCR repertoire, which uses PCR with V gene segment-specific primers coupled with an analysis of amplicon length to assess the diversity of TCRs by V gene usage and CDR3 region length. The results of our high-throughput method are expected to recapitulate those obtained with spectratype analysis, with the additional benefits of providing sequence information for each clone, the ability to distinguish a moderately diverse repertoire (with enough TCR diversity for all V gene/CDR3 length classes to be represented) from a fully diverse repertoire, and assessment of quantitative output. Spectratype analysis was performed on all patients at the same time-points used for high-throughput sequencing thereby allowing us to compare these two methods. The results of this comparison are presented for 3 patients in Figure 6; our sequencing data do agree with spectratype analysis in most patients, and in some patients, sequencing provides additional clinically relevant data.




Figure 6 | Comparison of spectratype data with high-throughput sequencing. Here we present a subset of the data generated, including the results for Vb1–Vb5 (i.e., one spectratype reaction) for three representative patients at 56 days posttransplant, including two patients who died during the first year posttransplant and one patient who survived. For patients B and C, spectratyping and high-throughput sequencing (HTS) agree, indicating an oligoclonal repertoire in patient B and a diverse repertoire in patient C. Patient A appears much more oligoclonal in our high-throughput sequencing (HTS) data than in the spectratype data; HTS estimated a very low TCRB repertoire size for patient A, who went on to die 195 days posttransplant. Taken together, these data indicate that HTS and spectratyping data are in agreement when analyzed in a similar fashion, and HTS offers an additional depth of data and the advantage of quantitative rather than qualitative output.






Discussion

In this study, we have demonstrated a significant correlation between our measurement of immune reconstitution using high-throughput TCR sequencing at day 100 posttransplant and subsequent risk of mortality in a cohort of 34 CBT patients. This result is in accordance with our initial hypothesis that delayed immune reconstitution, as measured by low diversity of TCR rearrangements in circulating T cells, puts patients at high risk. Indeed, the primary objective of this study was to evaluate whether a more direct measure of T cell clonal diversity (as measured by high-throughput sequencing) was correlated with clinical outcome, in particular an increased risk of mortality during the first year posttransplant in patients undergoing myeloablative CBT. Differently than our study, Buhler et al. recently showed that TCR diversity was not predictive of GVHD, relapse, death, or infections post-HCT in a cohort of 116 donor/recipient pairs undergoing an allogeneic HCT (unrelated = 42; related = 70; haploidentical = 4) (25). However, the latter study analyzed TCR diversity shortly before transplantation (time point 1) and at 1-year post-HCT (time point 2). Using our same approach at multiple time points after HCT, Leick et al. showed instead a significant correlation between increased clonal expansion and acute GVHD in a cohort of 99 related or unrelated donor (57 unrelated, 42 related) allogeneic HCT recipients (26).

Monitoring for risk of leukemic relapse posttransplant can be determined by DNA-based analysis of patient/donor chimerism and sensitive assays for minimal residual disease. In contrast to other risks that contribute to morbidity and mortality, the risk of infectious complications is not easy to analyze in a quantitative fashion. The development of assays which provide a direct measure of immune reconstitution could help identify those patients at higher risk of life-threatening complications and could lead to medical intervention strategies. Direct measure of hematopoietic recovery is easily accomplished by obtaining complete blood counts and measurement of TRECs is adequate to assess thymopoietic reconstitution in the first years posttransplant. However, a direct measure of early immune system recovery, especially with respect to T cell function as opposed to T cell numbers, is lacking. Existing measures of TCR diversity that might fill this role, e.g., spectratype analysis, do not provide the quantitative information necessary for robust and consistent analysis.

New methods to directly measure immune recovery in post-hematopoietic cell transplant recipients, as proposed here, are vital in tailoring the medical management of individual patients. This is particularly important if we are able to identify those patients at greatest risk of future mortality through these direct measurements in time to intervene and effectively prevent mortality. The clinical utility of such foreknowledge will rely on further study: namely, the creation of a clinically meaningful scheme for stratifying patients into risk groups and the development of effective alternative therapies for high-risk patients.

The limited size of the patient cohort did not allow for a rigorous multivariate model that is necessary to prove that TCR diversity is a significant and independent predictor of mortality. Our data are also insufficient to determine whether the association of high TCR diversity with better patient outcomes is mediated by TCR diversity per se, nor can our data directly address whether higher TCR diversity necessarily indicates improved clinical immunocompetence. Yet we have demonstrated that the outcomes in this study match our a priori hypothesis, and have further demonstrated that this result cannot be immediately explained simply by alternative measures of immune reconstitution such as peripheral blood absolute CD3+ cell counts or TRECs, or by any of several other variables measured in our small cohort. It is acknowledged, however, that a thorough study of whether TCR diversity is an independent predictive measure of patient outcomes and whether low TCR diversity is directly causal of inferior outcomes must await an analysis with a larger cohort of patients.

In conclusion, using a fast high-throughput TCR sequencing assay we have demonstrated that high TCR diversity is associated with better patient outcomes following myeloablative CBT. Importantly, this assay is easily performed on posttransplant peripheral blood samples, even as early as day 28 posttransplant. Currently, there are no other clinical assays available that provide information on immune reconstitution this early posttransplant. While these data confirm that T cell clonal dynamics could serve as a predictive tool to identify patients at high risk of death this will require further investigation prospectively in larger and more homogeneous patient cohorts.
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We conducted a retrospective multicenter study including pediatric and adult patients with acute leukemia (AL) who received donor lymphocyte infusions (DLIs) after allogeneic hematopoietic stem cell transplantation (HCT) between January 1, 2010 and December 31, 2015, in order to determine the efficacy and toxicity of the immune treatment. Two hundred fifty-two patients, median age 45.1 years (1.6–73.4), were enrolled from 34 Italian transplant centers. The underlying disease was acute myeloid leukemia in 180 cases (71%). Donors were HLA identical or 1 locus mismatched sibling (40%), unrelated (40%), or haploidentical (20%). The first DLI was administered at a median time of 258 days (55–3,784) after HCT. The main indication for DLI was leukemia relapse (73%), followed by mixed chimerism (17%), and pre-emptive/prophylactic use (10%). Ninety-six patients (38%) received one single infusion, whereas 65 (26%), 42 (17%), and 49 patients (19%) received 2, 3, or ≥4 infusions, respectively, with a median of 31 days between two subsequent DLIs. Forty percent of evaluable patients received no treatment before the first DLI, whereas radiotherapy, conventional chemotherapy or targeted treatments were administered in 3, 39, and 18%, respectively. In informative patients, a few severe adverse events were reported: grade III–IV graft versus host disease (GVHD) (3%), grade III–IV hematological toxicity (11%), and DLI-related mortality (9%). Forty-six patients (18%) received a second HCT after a median of 232 days (32–1,390) from the first DLI. With a median follow-up of 461 days (2–3,255) after the first DLI, 1-, 3-, and 5- year overall survival (OS) of the whole group from start of DLI treatment was 55, 39, and 33%, respectively. In multivariate analysis, older recipient age, and transplants from haploidentical donors significantly reduced OS, whereas DLI for mixed chimerism or as pre-emptive/prophylactic treatment compared to DLI for AL relapse and a schedule including more than one DLI significantly prolonged OS. This GITMO survey confirms that DLI administration in absence of overt hematological relapse and multiple infusions are associated with a favorable outcome in AL patients. DLI from haploidentical donors had a poor outcome and may represent an area of further investigation.
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INTRODUCTION

Disease relapse is the leading cause of treatment failure and mortality in patients with acute leukemia (AL) undergoing allogeneic hematopoietic stem cell transplantation (HCT). Most relapses occur within 1 year after HCT and exhibit a progressive clinical course. Two main mechanisms may be responsible for relapse after HCT: tumor cells may escape from the impact of pre-transplant conditioning chemotherapy regimens or tumor cells may evade post-transplant immune control. Many treatment strategies, including pharmaceutical and cell-based treatments, have been developed and tested to prevent and treat relapses. Donor lymphocyte infusion (DLI) is a form of adoptive immunotherapy aiming to enhance the graft-versus-leukemia (GVL) effect after HCT. DLIs were first used in patients suffering from chronic myeloid leukemia (CML) relapse after HCT. In these patients, especially in the case of cytogenetic or molecular relapse, DLIs achieved a high rate of complete responses (up to 80%) compared to patients with other hematological disorders (1–3). In patients with acute leukemia, clinical responses have been reported to be fewer, particularly in the case of overt relapse and in the presence of acute lymphoid leukemia (4–8). Moreover, clinical success is limited by the occurrence of acute and chronic graft-versus-host disease (GVHD), marrow aplasia and infections, which can be all causes of treatment-related mortality in up to 20% of patients (9, 10). To determine the efficacy and toxicity of DLIs and to identify potential factors influencing the outcome, we conducted a retrospective multicenter study including patients with AL who received DLIs after HCT from related and unrelated donors.



METHODS


Study Design and Information Collection

This was a multicenter retrospective study carried out in Italian transplant centers coordinated by the Gruppo Italiano per il Trapianto Midollo Osseo e Terapia Cellulare (GITMO) network. Criteria for patient eligibility were the following: adult and pediatric patients, without age limit; diagnosis of acute myeloid leukemia (AML) or acute lymphoblastic leukemia (ALL); any stage of disease at transplant; first HCT from HLA-identical sibling or volunteer or mismatched related donor; myeloablative or reduced-intensity conditioning (RIC) regimen; and at least 1 unmanipulated DLI administered between January 1, 2010 and December 31, 2015. Exclusion criteria included: DLI treatment after second or further HCT, T-cell depleted transplant, and diagnosis other than AL. The primary endpoint was overall survival (OS). The secondary endpoints were: indications for DLI administration and the DLI schedule most commonly adopted among the GITMO centers, response rate, non-relapse mortality (NRM), hematological toxicity, and acute and chronic GVHD incidence. Thirty-four GITMO centers accredited for allogeneic HCT participated in the study. Information was collected in two phases. In the first phase, a survey was conducted to collect the data of the 34 participating centers from the GITMO registry. The data collected were the following: demographic data, relationship and HLA compatibility of patients and donors, AL type, conditioning, stem cell source, GVHD prophylaxis, acute and chronic GVHD after transplantation, relapse, patient and disease status at last follow-up, date of DLI administration, clinical indication for DLI administration, possible treatments administered before DLI, and date of possible second HCT. In the second phase, the participating centers were asked to provide data that were missing from the GITMO registry. The data provided were the following: cell doses, transfusion schedule, hematological and non-hematological toxicity, acute and chronic GVHD after DLIs, and disease response. Fifteen centers agreed to and completed the second part of the study.



Ethics Section

The study involving human participants was reviewed and approved by the Ethics Committee of the center of the national principal investigator, called “Comitato Unico Regionale Friuli-Venezia-Giulia” on 2017, 3 October (Protocol Number 26522) and by the Ethics Committees of all participating institutions. A written and informed consent was obtained from all patients according to the Declaration of Helsinki.



Definitions

DLI was defined as transfusion of unstimulated lymphocyte concentrates, collected from the original stem cell donor as buffy coat preparations, or as transfusion of unmanipulated mobilized peripheral blood stem cells (PBSC). RIC regimens were defined as described by Bacigalupo et al. (11). Acute GVHD was graded according to the 1994 Consensus Conference on acute GVHD grading criteria (12), and chronic GVHD was staged according to the criteria developed by the National Institute of Health (13). Hematological relapse was defined by recurrence of blasts in PB or infiltration of bone marrow (BM) by more than 5% blasts. Pre-emptive treatment was defined as DLI administration in cases of reappearance of minimal residual disease (MRD) (any AL cytogenetic or molecular or phenotypic marker previously detected at diagnosis) in absence of hematological relapse. Prophylaxis was defined as DLI treatment to prevent hematological relapse in patients with negative MRD. Mixed chimerism was defined as failure to achieve >95% of donor cells or decreased chimerism, with evidence of AL complete remission. Targeted therapy before DLI included hypomethylating agents in patients with AML and tyrosine kinase inhibitors in patients with ALL.



Statistical Analysis

Data were collected in an XLS database and imported into Stata/SE 9.0 for Windows (StataCorp, College Station, TX) for statistical analysis. The close-out date for analysis was December 2018. The starting points of our analyses were day of first HCT and day of first DLI. NRM was defined as death due to all causes not related to leukemia and was estimated with the cumulative incidence method. OS was defined as the time (days) from the aforementioned starting points to either death or last observation and was described using the Kaplan-Meier approach.

In univariate analysis, variables considered as possible prognostic factors were: age at transplantation (years), sex, AL type (AML or ALL), conditioning intensity (myeloablative or RIC), GVHD prophylaxis (calcineurin inhibitors plus methotrexate or calcineurin inhibitors plus methotrexate plus antithymocyte serum or post-transplant cyclophosphamide or other platforms), donor type (HLA-identical plus 1 antigen mismatched related donor vs. unrelated donor vs. haploidentical donor), time between HCT and first DLI (≤180 days, 181–365 days, 366–730 days, >730 days), indication for DLI administration (relapse or mixed chimerism or pre-emptive treatment/prophylaxis), treatment administered before DLI (no pharmacological treatment or conventional chemotherapy or targeted therapy), number of infusions, and acute or chronic GVHD after HCT (yes or no). Acute and chronic GVHD were treated as time-dependent variables. Multivariate stepwise analyses included all variables found to be significant at p ≤ 0.10 on univariate analysis. Retention in the stepwise model required the variable to be significant at p ≤ 0.05.




RESULTS


Patient and Transplant Information (Table 1)

Two hundred fifty-two patients were enrolled from 34 Italian transplant centers. Thirty centers (86%) provided data for <10 patients. One hundred thirty-three patients (53%) were male and median age at transplant was 45.1 years (range 1.6–73.4). Only 13 patients (5%) were younger than 18 years. The underlying disease was AML in 180 patients (71%), ALL in 68 patients (27%), and biphenotypic AL in 4 patients (2%). The majority of HCTs (180, 71%) were performed between 2011 and 2015, whereas the other procedures were done before 2011. Twenty percent of patients had active AL at transplant. Preparative regimens before HCT were myeloablative in 179 transplants (72%). One hundred fifty patients (60%) had a related donor, who was HLA-identical sibling, 1 locus HLA mismatched, or haploidentical in 98, 3, and 49 cases, respectively; 102 patients (40%) had an unrelated donor. An high resolution DNA typing was performed at HLA-A, -B, -C, -DRB1 loci; 65 out of 91 evalutable unrelated transplants (71%) were HLA-matched, while a single mismatch at HLA-A, -B, or -C locus was present in 10 (11%), 6 (7%), and 10 recipient and donor pairs (11%), respectively. One hundred sixty-nine patients (67%) received PBSC, and 83 (33%) received BM. GVHD prophylaxis consisted of calcineurin inhibitor (cyclosporine or tacrolimus) plus methotrexate in 80 patients (32%), calcineurin inhibitor plus methotrexate plus antithymocyte globulin (ATG) in 120 patients (48%), post-transplant cyclophosphamide-based prophylaxis in 13 patients (5%), and other platforms in the remaining 39 patients (15%). Most common miscellaneous GVHD prophylaxis regimens were used in haploidentical transplants and included rapamycin-based and ATG plus basiliximab-based platforms. Sixty-nine of the evaluable patients (32%) developed grade I-IV acute GVHD, which reached grade III–IV only in 10 cases (4%). Chronic GVHD occurred in 98 of evaluable patients (47%) and was severe in 26 cases (12%).


Table 1. Characteristics of patients and allogeneic transplants.
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DLI Administration (Table 2)

All patients received at least one DLI. The first DLI was administered at a median time of 258 days (55–3,784) after HCT. The main indication for DLI was leukemia relapse after HCT (172 patients, 73%), followed by mixed chimerism (39 patients, 17%) and pre-emptive/prophylactic use (24 patients, 10%). Ninety-six patients out of 252 (38%) received one single infusion, whereas 65 (26%), 42 (17%), and 49 patients (19%) received 2, 3, or ≥4 infusions, respectively, with a median of 31 days between two subsequent DLIs. Forty percent of evaluable patients received no treatment before the first DLI, whereas radiotherapy, conventional chemotherapy or targeted treatments were administered in 3, 39, and 18%, respectively. The percentage of patients who did not receive any treatment in association with DLIs increased to 87 and 90% after the second and third DLI, respectively. The median dose of the first DLI was 1 × 106/kg (0.01–10) for the informative patients. In case of multiple infusions, an escalating schedule was mainly chosen, with median doses ranging from 1 × 106/kg CD3+ lymphocytes (0.01–10) for the first infusion to 10 × 106/kg CD3+ lymphocytes (0.05–50) for the fifth or further infusion. Median and range of CD3+ cells/kg of the first DLI were 1 × 106 (0.5–10), 1 × 106 (0.1–10), and 0.3 × 106 (0.05–1) in recipients of DLIs from HLA identical sibling, unrelated and haploidentical donors, respectively. A sequential schedule was administered to 36/98 (37%) recipients of DLIs from HLA identical sibling donors, 32/102 (31%) recipients of DLIs from unrelated donors and to 25/52 (48%) recipients of DLIs from haploidentical donors, respectively (p = 0.127) After the first DLI, acute GVHD was reported in 13% of informative patients and was grade III-IV in 3% of patients. The percentage of patients who developed acute GVHD decreased to 11 and 7% after the second and third DLI, respectively. In contrast, the percentage of evaluable patients who developed chronic moderate-severe GVHD requiring treatment increased from 2% after the first DLI to 7 and 14% after the second and third DLI, respectively. Grade III-IV neutropenia and/or thrombocytopenia occurred in 11% of the evaluable patients after the first DLI and the rate was not significantly different after subsequent infusions. Severe infections were reported in 6 out 98 informative DLIs (6%) and included invasive mycoses (2 patients), viral infections (2 cases), and recurrent bacterial enteritis (2 patients). Forty-five patients who received DLI because of relapse were evaluable for response after cell infusion: 14 patients (31%) reached complete remission, 16 patients (35%) had stable disease, and 15 (33%) experienced leukemia progression. Forty-six patients (18%) received a second HCT after a median of 922 days (149–1,970) from the first HCT and after a median of 232 days (32–1,390) from the first DLI. There was no significant difference in the proportion of patients undergoing second HCT after receiving DLI according to immunotherapy indication. In fact, 35 out of 172 patients (20%) who received DLI because of relapse required a second transplant compared to 3 out of 39 (8%) and 3 out of 24 (12%) of those who were treated with DLI because of mixed chimerism or as prevention, respectively (p = 0.136).


Table 2. Characteristics of DLIs.
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Outcome

With a median follow-up of 878 days (55–6,754) after the first HCT and 461 days (2–3,255) after the first DLI, 81 of the 248 evaluable patients (33%) were alive and 167 (67%) were dead. Of these latter, 141 (84%) died because of leukemia progression and 26 (16%) because of NRM. Causes of NRM were related to DLI (15 patients, 9%), second HCT (6 patients, 4%), secondary malignancy (2 cases, 1%), and to other causes (3 patients, 2%). NRM events were equally distributed between patients treated in small centers (providing data of ≤10 patients) and large centers (providing data of more than 10 patients): in fact, 12 out of 127 patients (9%) from small centers and 14 out of 121 patients (11%) from large centers died because of NRM (p = 0.736). Median survival was 915 days (55–6,754) from the first HCT and 466 days (2–3,255) from the first DLI, respectively. One-, three-, and five-year OS of the whole group from the beginning of DLI treatment was 55, 39, and 33%, respectively (Figure 1). Prognostic factors that were significantly (p < 0.10) associated with OS after DLI in the univariate proportional hazards model were: age, donor type, treatment before DLI, indication for DLI, number of DLI, time between transplant and first DLI (Table 3). In multivariate analysis, older recipient age and transplants from haploidentical donors significantly reduced OS (HR 1.020; 95% CI 1.008–1.033; p = 0.001 and HR 2.815; 95% CI 1.702–4.656; p = 0.000, respectively), whereas DLI for mixed chimerism or as pre-emptive/prophylactic treatment compared to AL relapse and a schedule including more than one DLI significantly prolonged OS (HR 0.379; 95% CI 0.219–0.646; p = 0.000; HR 0.202; 95% CI 0.098–0.415; p = 0.000; HR 0.876; 95% CI 0.767–1.000; p = 0.050, respectively). Moreover, a time between transplant and first DLI longer than 2 years significantly improved OS (HR 0.411; 95% CI 0.229–0.740; p = 0.003; Table 4). Patients who received DLI because of relapse reported a 3-year OS of 32%, which was significantly lower than the 3-year OS of 55 and 58% for those patients who were treated with DLI because of mixed chimerism (p = 0.002) or pre-emptive/prophylactic use (p = 0.008; Figure 2). Moreover, transplants from haploidentical donors showed a 3-year OS of 25%, which was significantly lower than that reported in transplants from unrelated donors (3-year OS 48%, p = 0.000; Figure 3). In addition, patients who received a second HCT after receiving DLI showed a trend of longer OS compared to patients who received only one transplant followed by DLI (p = 0.077; Figure 4).
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FIGURE 1. Overall survival of the 252 patients treated with DLIs.



Table 3. Univariate analysis of overall survival data from first DLI.
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Table 4. Multivariate analysis of overall survival data from first DLI.
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FIGURE 2. Overall survival according to DLI indication.
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FIGURE 3. Overall survival according to donor.
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FIGURE 4. Overall survival according to number of allogeneic transplants.


Since DLIs from haploidentical donor were an independent predictor for worse OS, we compared toxicity and efficacy of DLIs among matched related, unrelated and haploidentical donors. There was no significant difference in the distribution of NRM events among the 3 groups (p = 0.313), while acute GVHD was significantly more frequent after DLIs from unrelated donors (21%) and haploidentical donors (28%) in comparison with DLIs from HLA-identical sibling donors (7%) (unrelated DLIs vs. HLA-identical sibling DLIs: p = 0.041; haploidentical DLIs vs. HLA-identical sibling DLIs: p = 0.020). Moreover, taking in account the 45 patients who received DLIs because of leukemia relapse and were evaluable for response, we observed a significant lower rate of leukemia control (complete remission and stable disease) after DLIs from haploidentical donors (33%) in comparison with DLIs from unrelated donors (78%) (p = 0.036), while no significant difference in efficacy was reported if DLIs from matched related donors and those from haploidentical donors were compared (p = 0.282).




DISCUSSION

The first aim of the present survey was to take a picture of the DLI strategy in AL patients in Italian transplant centers. We found that DLIs were administered in 73% of patients after AL clinical recurrence, whereas they represented a way of preventing hematological relapse for less than one third of cases, who received them because of mixed chimerism or MRD positivity. The median time of about 8 months between HCT and first DLI confirmed that immunotherapy was used late in the course of the disease. A few EBMT registry studies have established the efficacy of DLIs either in the setting of overt relapse or used prophylactically. In AML relapse after first HCT, DLIs prolonged OS in comparison with no DLIs (14). Comparison of DLIs and second HCT showed that the clinical benefit of DLIs was comparable to that of salvage HCT (15). Moreover, in a matched-pair analysis, prophylactic DLIs significantly improved outcome in high-risk AML, but failed to achieve an OS advantage in ALL and in standard risk AML (16). In our study, several reasons for reluctance to administer DLI earlier after HCT may be hypothesized. First, physicians may have feared life-threatening complications of DLIs such as GVHD and severe infections. Indeed, in our study, toxicity after DLI was quite low, with fatal adverse events reported in 9% of patients, confirming the NRM incidence reported in previous studies. Moreover, the incidence of severe acute and chronic GVHD was lower than that reported in other registry studies (17), although our analysis may have been limited by the small number of informative patients. Second, a prevention strategy needs standardized markers of MRD and regular monitoring after CT, which might not be available in all Italian centers. Third, contacting and preparing donors can be time-consuming, particularly if they are volunteer donors and lymphocyte donation has to be authorized by a GITMO committee, which is in charge of reviewing clinical HCT history and indication for DLI. Cryopreservation of unmanipulated mobilized PBSC instead of leukapheresis products can enhance DLI availability and accelerate infusions; however, data of the GITMO registry did not allow identification of the two different products.

As expected, we reported a significant OS benefit for patients receiving DLI because of mixed chimerism or MRD positivity in comparison with patients receiving DLI because of hematological relapse. These outcomes are in line with those reported by the EBMT and the Japanese registry studies (14, 15, 18). Moreover, multivariate analysis showed that the greater the number of DLIs administered, the greater the OS improvement. In our study, about 60% of patients received a DLI schedule including more than one DLI at escalating doses, with a median interval of about 1 month between two subsequent infusions. A multiple DLI schedule was administered in a higher percentage of patients compared to previous registry studies, in which 49–61% of patients received one single dose. The more favorable outcome observed in our study for DLIs administered at least 2 years after HCT could reflect the greater clinical benefit of DLIs in late relapses in comparison with early recurrences after HCT, as already reported (14). Multivariate analysis showed no better outcome for patients who received chemotherapy or targeted treatments in association with DLI. These treatments were combined in 57% of patients at the time of first DLI and in a much lower percentage of patients at the following infusions. Although chemotherapy before DLI may theoretically induce leukemia debulking and improve DLI response, no advantage of chemotherapy plus DLI over DLI alone was observed in the AML relapse (18) or pre-emptive settings (19). More promising results were shown by hypomethylating agents: a few cycles of azacitidine or decitabine before DLI in relapsed patients with myeloid neoplasms could activate immune response and promoted some long-term responses, even if the latter were observed in small samples of patients and need confirmation in larger prospective studies (20–23).

In our study, older age of recipients and haploidentical donors were identified as adverse prognostic factors. Although pediatric patients were included in the study, they represented only 5% of the patients, therefore the worse outcome should be probably referred to the elderly adult patients. Moreover, a significantly shorter OS was reported by DLI from mismatched related donors, who included almost exclusively haploidentical donors. The inferior outcome seems to be caused by both lower efficacy in leukemia relapses and more toxicity, in term of acute GVHD, but these results should be interpreted with caution, because of the small number of DLIs from haploidentical donors and the heterogeneity of the GVHD prophylaxis platforms used in our study. Moreover, median dose of the first DLI was 1 log lower after haploidentical transplants in comparison with matched related and unrelated transplants and sequential doses were administered less often after haploidentical than after other HCTs: therefore, inferior doses could have impaired efficacy. Large prospective studies comparing DLIs from haploidentical and conventional donors are still lacking, particularly in the setting of the leukemia relapse. In the context of a prophylactic or pre-emptive strategy, a few small studies comparing T-repleted haploidentical or HLA-identical DLIs in refractory or very high-risk AML observed higher rates of acute GVHD and NRM (24, 25), while a large recent prospective study including 189 AL patients in first complete remission reported a prolonged graft and relapse-free survival after haploidentical HCT with an homogeneous ATG-based prophylaxis followed by DLI in comparison with HCT from matched related donors (26). Clinical trials are needed to establish the optimal timing and cell dose in both therapeutic and prophylactic settings after haploidentical HCT and the relationship with GVHD and disease response (27).

Although the GVL effect has been reported to be lower in ALL than in myeloproliferative diseases (8, 16), in our study, ALL patients had a long-term outcome comparable to that of AML patients. Indeed, at present, other options such bispecific antibodies or chimeric antigen receptor-T cells seem to be more appealing than DLIs for the prevention and treatment of ALL relapse.

DLI administration was followed by a second HCT in 46 patients. It could be hypothesized that the second transplant was performed in patients not achieving a durable complete response after DLI. Therefore, in these patients, DLI represented a “bridge to” a second salvage HCT, allowing them to achieve a slight, but not statistically significant, OS prolongation compared to patients who received DLI alone.

We acknowledge that this study has some limitations. One is the heterogeneity of recipient and donor features of the HCTs included in the study, with 34 participating centers, the majority of which provided data for <10 patients. Another limitation is that only some of the Italian centers agreed to the second phase of the study. Therefore, evaluation of toxicity and clinical response to DLIs was based on a smaller patient population.

However, this survey presents the current “state of the art” of DLI strategy in AL in Italy and allows us to make a few practical and research considerations. From the organizational point of view, the GITMO network may promote a policy of DLI administration as pre-emptive treatment either allowing all centers to detect MRD in AL patients in centralized laboratories or accelerating authorization for leukaphereses from volunteer donors. Moreover, this survey could be the basis for further studies, either retrospective, including more homogeneous populations, or prospective, aiming to address unresolved items, such as DLI from haploidentical donors and DLI schedules according to different indications and different donors.
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Relapse is the main cause of mortality in patients with acute myeloid leukemia (AML) after allogeneic hematopoietic stem cell transplantation (allo-HSCT). Adverse cytogenetic or molecular risk factors, as well as refractory disease or persistent measurable residual disease (MRD) at the time of transplantation are associated with an increased risk of recurrence. Salvage therapy for AML relapse after allo-HSCT is often limited to chemotherapy, donor lymphocyte infusions and/or second transplants and is rarely successful. Effective post-transplant preventive intervention in high risk AML may be crucial. The most frequent and promising approach is the use of post-transplant maintenance with hypomethylating agents or with FLT3 tyrosine kinase inhibitors when the target is present. Moreover, IDH1/IDH2 inhibitors and BCL-2 inhibitors in combination with other strategies are promising approaches in the maintenance setting. Here we summarize the current knowledge about the preemptive and prophylactic use of pharmacologic agents after allo-HSCT to prevent relapse of AML.
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Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is currently considered the optimal curative treatment option for patients with unfavorable risk acute myeloid leukemia (AML) (1–3). The implementation of non-myeloablative conditioning regimens and the improvement in supportive care has led to decrease in the transplant-related mortality (TRM) and to significant increase in the number of transplant candidates, including older patients and/or those with comorbidities (4, 5). However, reduced-intensity conditioning (RIC) is associated with higher rate of relapse (6). Allo-HSCT is generally recommended when the benefit of relapse reduction outweighs the risk of non-relapse mortality (NRM)/morbidity and this is based on the assessment of cytogenetic and molecular genetic features as well as donor, patient, and transplant-related factors (7–10). This includes intermediate or high-risk cytogenetic/molecular disease groups defined by the 2017 European Leukemia Net (ELN) guidelines, achievement of complete remission (CR) after more than one induction chemotherapy, refractory disease and the presence of pre-transplant measurable residual disease (MRD) positivity (7, 11, 12).

Disease relapse in transplanted patients in first CR (CR1) occurs in 30%–40% of cases and harbors a particular poor prognosis if it occurs in the first 6 months post-transplant (13). Relapse rates are even higher among patients who undergo allo-HSCT beyond CR1 or those with refractory disease (14, 15).

The treatment options for AML patients who relapse after transplant are very limited and highly depend on the patient performance status at the time of relapse (16). Commonly used treatment options for patients who are candidates for intensive therapy are salvage chemotherapy, often associated with donor lymphocyte infusion (DLI), allogeneic stem cell boost, or even second allo-HSCT from the same or different donor (17–24). In contrast, patients who are not eligible for intensive therapy are usually offered low intensity chemotherapy, hypomethylating agents (HMA), targeted therapies, participation in clinical trials, and withdrawal of immunosuppression or supportive care, all aiming at controlling the disease rather than achieving remission (25–27).

Salvage treatments post-allo-HSCT can induce remissions only in a minority of patients (20%) and the 2-year overall survival (OS) rates are usually below 20% (28–30). Alternatively, preventive strategies have been studied to reduce the incidence of relapse including the use of myeloablative conditioning (MAC), prophylactic DLI, graft manipulation, early withdrawal of immunosuppression or intensive surveillance. Intensification of conditioning regimen by using MAC is associated with a lower relapse rate but with higher TRM. Thus, there is no difference in OS when MAC or RIC are used in allo-HSCT for AML (31). Prophylactic DLI is associated with a decrease in the relapse rate at the expense of more graft-versus-host disease (GVHD) and therefore an increased morbidity and mortality (32).

The low efficacy of these strategies to prevent post-transplant relapse led to the introduction of alternative approaches such as prophylactic pharmacological interventions for patients with unfavorable risk, or preemptive strategies for patients with risk of imminent recurrence indicated by MRD positivity by flow cytometry, cytogenetic testing, molecular analysis or loss of donor chimerism. The ideal maintenance agent should target an active driver pathway, such as tyrosine kinase inhibitors (TKIs) targeting FLT3 (such as sorafenib and midostaurin) or HMA (i.e., azacitidine and decitabine). These agents have an acceptable non-hematologic toxicity with manageable drug–drug interactions. Moreover, they enhance the graft-versus-leukemia effect (GVL) with non-significant effect on GVHD. For instance, in vitro and murine studies showed that HMAs has an important immunologic effect after transplantation in expanding circulating T regulatory (Tregs)/natural killer (NK) cells and up-regulating the expression of tumor antigens on leukemic blasts leading to increased GVL effect without increasing the risk of GVHD (33–35). Moreover, the use of FLT3 inhibitors as maintenance post-transplant is supported by the observation of an anti-leukemic synergism between sorafenib and alloreactive donor cells (36, 37). One recent study demonstrated that sorafenib promotes GVL activity in mice and humans through interleukin-15 production in FLT3-ITD leukemia cells (38).

Here, we summarize the clinical data on a number of agents being studied as maintenance/preemptive therapies after allo-HSCT in AML focusing mainly on TKIs (FLT3 inhibitors) and HMAs (azacitidine and decitabine).


MRD Assessment

There are two approaches to reduce the risk of frank AML relapse following allo-HSCT, prophylactic and preemptive strategies. Prophylactic strategies are defined as the initiation of treatment in the absence of any measurable disease after transplant. Prophylactic therapy is given to patients with high risk of relapse in the aim to eradicate residual malignant cells which are undetectable by currently available monitoring techniques. In contrast, preemptive strategies are initiated for patients with risk of imminent relapse presenting as any evidence of disease activity at MRD level to prevent frank hematological relapse.

MRD persistence at transplant has been identified as an independent and strong risk factor for post-transplant relapse that can be at least partially overcome by additional intervention such as augmented conditioning (7, 39, 40). Similarly, growing evidence strongly suggests that MRD detection by multi-parametric flow cytometry (MFC), molecular techniques, or chimerism analyses after allo-HSCT may be used as a predictor of imminent relapse (41). These should be part of routine post-transplant follow-up since MRD detection can improve outcomes by guiding subsequent therapy aiming to unleash or enhance the GVL effect (39).

Dynamic MRD monitoring after allo-HSCT may improve outcomes; however, there is a relative paucity of data and lack of clear recommendation on how we should test MRD (frequency, qualitative and/or quantitative, on peripheral blood or bone marrow), when we should react and what could be the best available MRD-directed intervention post-allo HSCT (42).

The main methods for detection of MRD in patients with AML after allo-HSCT are MFC, molecular genetics and chimerism analyses (43). MFC is the standard and most commonly used MRD method to identify residual leukemic cells reaching a sensitivity of 10−3 to 10−5 (39–44). Several studies have demonstrated a higher risk of relapse in AML patients with positive MRD detected by MFC after transplant compared to those without evidence of MRD (≤ 0.1% leukemia cells) by the same detection method (45, 46). MRD by flow cytometry has many drawbacks including the lack of standardization, its lower sensitivity, the need for high technical expertise to differentiate between leukemic from regenerating bone marrow cells, biological heterogeneity of the leukemic population and the possibility of false negative results related to sample processing, hemodilution, number of events analyzed and immunophenotypic switch (45–47).

Another method of MRD assessment is donor/recipient chimerism analysis that can detect host-derived hematopoiesis based on genomic differences between the recipient and the donor. Decrease in donor chimerism in AML is often associated with disease relapse (48). Sensitivity of chimerism is dependent on the method applied, ranging from only 10−2–10−3 in the conventional method using fragment analysis of short tandem repeats (STR) or in XY-FISH analysis method in sex-mismatched donor/recipient, to a high sensitivity of 10−4–10−5 if variant-allele-specific quantitative PCR that can detect small DNA insertions or deletion or evaluation of CD34+ cell subset in AML were used (48–50). In consequence, chimerism analysis should be routinely performed after allo-HSCT on days +30, +100, +270, and +365 in conjunction with other MRD markers and clinical parameters to wisely decide on preemptive intervention (51).

The last method of MRD assessment is molecular analysis. Currently, the most widely applied strategy for molecular MRD monitoring is real-time quantitative PCR (RQ-PCR) which can detect mutated genes, fusion gene transcripts or overexpressed genes and can detect leukemic cells at 10−6 sensitivity (42, 43). PCR based methods are characterized by high specificity and sensitivity for leukemic cells detection and low risk of contamination; however, their use depends on identifying pretreatment AML-associated mutation at diagnosis and these molecular targets must be stable while on therapy (52, 53). For instance, some mutations like NPM1 mutation, RUNX1-RUNX1T1 and CBF-MYH11 in core binding factor (CBF) AML are relatively stable during disease course hereby are suitable for PCR MRD monitoring (12). It was recently shown that NPM1 MRD-positivity at levels >0.1% to >10% beyond Day +60 post allo-HSCT are associated with increased relapse rates and reduced survival. Hence, preemptive interventions are considered for patients with persistent NPM1 MRD levels at >0.1%–1% and more intervention should be considered if MRD is >10% (54, 55). Persistent CBF-fusion transcripts after allo-HSCT are translated into higher cumulative relapse incidence (RI) and shorter leukemia-free survival (LFS). Thus, preemptive interventions should be considered in case of persistent MRD positivity (>1%) of RUNX1–RUNX1T1 or CBFB-MYH11 in two consecutive measurements or if there is >0.5 log increase in the transcripts in repeated analysis (56, 57).

Other mutations such as FLT3 (ITD and TKD), RAS, IDH1, IDH2, and MLL-PTD may theoretically be measurable by MRD detection but are poor MRD markers and have not been integrated into routine care yet, since these mutations are relatively unstable throughout treatment. Moreover, some of these mutations are lost during disease course and treatment due to leukemia clonal evolution (58). As a result, ELN guidelines recommend against using them as single markers (39).

In contrast to the limited frequency (50%) of mutations mentioned above, over-expression of Wilms Tumor 1 (WT1) gene is present in almost 90% of patients with AML and can be measured in peripheral blood with better sensitivity and specificity than in bone marrow. WT1 expression analysis in MRD assessment is recommended by ELN using a standardized and certified ELN assay (59). Several reports showed that persistent high bone marrow or continuous increase in peripheral blood WT1 transcripts at 3 months post-transplant are associated with higher risk of relapse (60, 61). Conversely, patients with sustained low WT1 levels after transplant have excellent outcomes (62).

Other emerging technologies like digital-droplet based PCR and next-generation sequencing (NGS) assays are expected to be particularly useful in AML (63–65).



Hypomethylating Agents as Maintenance Therapy After Allo-HSCT in AML

Table 1 summaries the studies that use HMA for relapse prevention after allo-HSCT in AML. HMAs are clinically active in AML and myelodysplastic syndromes (MDS) and represent an important new treatment modality, particularly in elderly and/or unfit patients, due to their favorable toxicity profile (77). HMA have significant antitumor activity in relapsed AML patients after allo-HSCT with a 20%–40% CR rate (78, 79). Azacitidine (AZA) which is the first reported DNMT inhibitor, appears to be well tolerated after transplantation. In vitro and murine studies showed that AZA has an important immunologic effect after transplantation in expanding circulating Treg cells and up-regulating the expression of tumor antigens on leukemic blasts leading to increased GVL effect without increasing the risk of GVHD (33).


Table 1 | Studies using HMA for relapse prevention after allo-HSCT in AML.





Prophylactic Therapy With HMA After Allo-HSCT

AZA and decitabine have been tested in several prospective and retrospective studies as maintenance therapy to avoid relapse post-allo-HSCT. These early-phase studies generally demonstrated tolerability, feasibility and established the optimal dosage and schedule for future trials (66, 68–72, 74–76). de Lima et al. (66) reported the results of the first phase 1 dose-finding study of maintenance AZA post-transplant in 45 patients with high-risk AML (n = 37) or MDS (n = 8). The investigators examined subcutaneous AZA at different dosing schedule (8, 16, 24, 32, and 40 mg/m2). The optimal dose was 32 mg/m2 given for 5 consecutive days every 28 days. After a median follow up of 20.5 months, the NRM was 9%. One-year event-free survival (EFS) and 1-year OS were 58% and 77%, respectively. The rates of grade II-III acute GVHD and chronic GVHD were 27% and 37%, respectively. The authors concluded that low dose azacitidine is safe and may prolong OS and EFS in heavily pretreated AML and MDS patients as post-transplant maintenance (66).

In another report by Oshikawa and colleagues (68), AZA plus gemtuzumab ozogamicin (GO) were used in 10 patients with high-risk AML after allo-HSCT. After a median follow-up of 474 days from allo-HSCT, the NRM rate was 10% and the 1-year disease-free survival (DFS) and OS were 60% and 70%, respectively (68).

Furthermore, in a prospective trial by Craddock et al. (71), 37 AML patients received AZA at a median time of 54 days post-transplant and at a dose of 36 mg/m2/day for 5 days every 28 days up to 12 months. AZA was well tolerated in the majority of patients. Only 17 patients had grade I–II acute GVHD. Day 100 and 1-year NRM were 0% and 8%, respectively. The 1-year and 2-year OS were 81% and 49%, respectively (71).

Moreover, El-Cheikh and colleagues (72) reported their results of an observational study on AML (n = 13) and MDS (n = 5) patients who received post-transplant reduced dose AZA of 32 mg/m2/day for 5 days monthly, for up to five years. At the time of last follow up, 13 patients were still alive in CR, and had full donor chimerism. The 1-year DFS and OS were 63% and 70%, respectively (72).

More recently, MD Anderson Cancer Center group reported the results of first randomized controlled trial (74). In this study, 187 patients with high-risk AML or MDS who were in CR after allo-HSCT received AZA (n = 93) or placebo (n = 94) at a dose of 32 mg/m2/day for 5 days for 12 months. However, most of the patients in the AZA arm (74.6%) did not receive the planned 12 cycles of treatment due to relapse, death, toxicity or upon patient’s request. The investigators closed the study early due to slow accrual. Relapse-free survival (RFS) was comparable between both groups; however, stratification by number of AZA cycles administered showed a trend toward improved RFS in patients receiving more AZA therapy cycles (74).

In addition to injectable AZA, an oral formulation of AZA (CC-486) has been recently tested in a phase 1/2 dose-finding study on 30 patients with AML (n = 26) and MDS (n = 4) in CR as maintenance therapy after allo-HSCT (75). The study included 4 dosing schedules of 150-300 mg per day for 7 or 14 days every 28 days for up to 12 cycles. Oral AZA (CC-486) seemed safe and generally well tolerated with only 3 patients (10%) developing grade III acute GVHD. Median OS was not reached after 19 months follow-up and the 1-year OS were 86% and 81% in the 7-day and 14-day dosing cohorts, respectively (75).

Decitabine is another HMA that has been evaluated in the maintenance setting post allo-HSCT. Pusic et al. (69) tested the safety and efficacy of decitabine maintenance after allo-HSCT in 22 patients with AML (n = 17) and MDS (n = 5). Decitabine was given at a dose of 5, 7.5, 10, and 15 mg/m2/day for 5 consecutive days every 6 weeks. The toxicity profile was acceptable. Acute GVHD grade I-II and grade III–IV occurred in 27% and 9%, respectively. The 2-year DFS and OS were 48% and 56%, respectively. The investigators concluded that the dose of 10 mg/m2 for 5 days every 6 weeks appeared safe and optimal rather than the 15 mg/m2 and could be administered after transplant in high-risk patients (69).

In another study, decitabine was evaluated in a phase 1 dose-finding study as maintenance therapy post allo-HSCT in 16 patients with MDS (n = 11) or secondary AML (n = 5) (70). No aggravation of preexisting acute GVHD was observed and mild/moderate chronic GVHD occurred in only 2 patients (12.5%). In conclusion, the investigators considered 5 mg/m2/day to be the most appropriate starting dose for decitabine maintenance (70).



Preemptive Therapy With HMA After Allo-HSCT

MRD-triggered preemptive therapy with HMA is another strategy to avoid relapse of AML after transplant. The German group has tested this concept in 2 prospective studies (67, 73). The first trial was a single-center phase II study of 20 patients with MDS/AML evaluating the administration of AZA preemptively post allo-HSCT after a decrease of CD34+ donor chimerism to <80%, while still in complete hematologic remission (67). All patients received AZA for 4 cycles at a dose of 75 mg/m2/day for 7 days. Sixteen-patients (80%) had response with either increasing CD34+ donor chimerism to >80% (n = 10; 50%) or stabilization (n = 6; 30%) with no evidence of relapse. Furthermore, 11 patients (55%) with stable disease or with subsequent drop in donor chimerism to <80% after initial response received a median of 4 (range: 1–11) additional cycles of AZA. Most patients (65%) ultimately developed hematologic relapse but their relapse was delayed by a median of 231 days after the decrease in donor chimerism.

In the second prospective trial (RELAZA-2) (73), 53 AML/MDS patients who developed MRD positivity after transplant (n = 24) or after conventional chemotherapy (n = 29) received AZA at a dose of 75 mg/m2/day for 7 days monthly for up to 24 cycles. MRD positivity were defined by a drop of 80% or less in CD34+ donor chimerism or an increase in NPM1 mutation, RUNX1-RUNX1T1 and CBFb–MYH11 >1% in the bone marrow or peripheral blood without evidence of hematological relapse. One-year RFS was 46%, and 26 (49%) patients eventually relapsed. The authors concluded that AZA could be effectively used to prevent or delay hematologic relapse in MRD-positive patients with AML/MDS (73).

Overall, these data clearly show that AML patients can tolerate maintenance therapy after allo-HSCT with HMA (azacitidine or decitabine) albeit at lower doses, with a favorable safety profile and apparently a reduction in the risk of disease relapse after transplant. Moreover, the results of preemptive studies could serve as the basis to design future studies of MRD-guided therapy using HMAs with other targeted therapies, including immuno-modulating agents.



FLT3 Inhibitors as Maintenance Therapy After Allo-HSCT in AML

Table 2 summaries the studies that use FLT3 inhibitors for relapse prevention after allo-HSCT in AML. FLT3-internal tandem duplication (ITD) mutation is found in approximately 30% of patients with AML (91, 92). These patients have a high risk of relapse and low cure rates (93, 94). Patients with FLT3-ITD mutation also have a higher risk of early relapse after allo-HSCT compared to patients with wild type FLT3 (38% vs. 28% in Center for International Blood and Marrow Transplant Research (CIBMTR) analysis) (94, 95). Treatment options for patients with FLT3-mutated AML who relapse after transplant are limited to chemotherapy, second allo-HSCT, and FLT3 inhibitors alone or combined with DLI, all of which are rarely effective in the long term, even though, a small fraction of those patients can achieve long-standing responses with sorafenib (22, 96–99). The use of FLT3 inhibitors as maintenance treatment after allo-HSCT is supported by the observation of an anti-leukemic synergism between sorafenib and allo-reactive donor cells (36, 37). Moreover, marrow aplasia induced by chemotherapy leads to elevated FLT3-ligand levels that may increase on-target activity of FLT3 inhibitors (100–103).


Table 2 | Studies using FLT3 inhibitors for relapse prevention after allo-HSCT in AML.



Sorafenib was the first TKI studied in the setting of post-transplant maintenance therapy in AML with FLT3-ITD mutation. It showed benefit in survival and improvement of outcomes in a phase I study, several retrospective studies and two randomized studies (80–86, 104). Chen and colleagues (80) reported the results of the first phase I trial on sorafenib after transplant in 22 patients with FLT3 mutated AML. They found that sorafenib could be safely used after allo-HSCT with a maximum tolerated dose (MTD) of 400 mg twice daily. The 2-year progression-free survival (PFS) was 72% with a corresponding 2-year OS of 78% after allo-HSCT. Our group has reported the results of a pilot study in 6 patients with FLT3-ITD AML who received sorafenib (n = 5 maintenance, n = 1 salvage) after transplant. Grade II skin GVHD was observed in 5 of 6 patients shortly after sorafenib initiation, suggesting a possible immunomodulatory effect. Remarkably, all patients were alive after a median follow-up of 16 months and had sustained molecular remission (81). In a single institution observational study, sorafenib maintenance was evaluated in patients with FLT3-ITD AML who underwent allo-HSCT in CR1. Patients on sorafenib maintenance (n = 26) had an improved 2-year OS (81% vs. 62%, p = 0.029) and improved PFS (82% vs. 53%, p = 0.008) compared to historical controls (n = 54) (82).

In a multicenter study, single agent sorafenib was used as post-transplant maintenance in 28 adults with FLT3 positive AML (83, 84). Twenty-five patients were given sorafenib as primary prophylaxis and three patients received it after relapse post allo-HSCT in combination with salvage chemotherapy and were then continued as maintenance after achievement of CR. At a median follow-up of 18 months, 25 patients were in CR with full donor chimerism with 1-year DFS and OS of 91% and 89%, respectively. A recent update of this study after a median follow-up of 40 months further demonstrated promising long-term outcomes with sorafenib maintenance with 2-year PFS and OS of 73% and 80%, respectively.

Recently Bazarbachi and colleagues (85) reported the results of European Society for Blood and Marrow Transplantation (EBMT) registry-based study on 462 allo-grafted FLT3-mutated AML patients (FLT3-ITD-95%) over a median follow-up of 39 months for surviving patients. Among these patients, 28 received post-transplant sorafenib maintenance as prophylactic (n = 19) or preemptive therapy (n = 9), started at a median of 55 days post-transplant (range 1–173 days) and a median dose of 800 mg/day (range 200–800 mg/day). Multivariate analysis showed that maintenance sorafenib significantly decreased RI [hazard ratio (HR) = 0.39; p = 0.05] with improvement in LFS (HR = 0.35; p = 0.01) and OS (HR = 0.36; p = 0.03). A matched-pair analysis was then performed on 52 patients (26 patients in the sorafenib group and 26 in the control group). The 2-year LFS and OS were 79% and 83%, respectively, in the sorafenib group (p = 0.02) vs. 54% and 62%, respectively, in the control group (p = 0.007).

In a recent double-blind prospective trial (SORMAIN) (86), 83 transplanted FLT3-ITD adult AML patients were randomized to receive either maintenance sorafenib (n = 43, up to 400 mg twice daily) or placebo (n = 40) started between days 60 and 100 after transplant for up to 24 months. The 2-year RFS was significantly improved in the sorafenib group (85%) compared to the placebo group (53%) (HR = 0.39, 95% CI, 0.18 to 0.85 p = 0.01). Sorafenib was generally well tolerated and the most common grade III–IV adverse events was acute GVHD (20%) in sorafenib group compared to (17%) in the placebo group.

More recently the Chinese group reported the results of a phase III randomized open-label multi-centers trial on 202 FLT3-ITD AML adult patients who underwent allo-HSCT (87). The patients received either sorafenib maintenance (n = 100; 400 mg BID) or placebo (n = 102) within 30–60 days post-transplant and for 6 months. After median follow up of 22 months, eleven and 30 patients relapsed in the sorafenib and control groups. The 2-year OS were 83% and 71%, (P = 0.025) and LFS were 81% and 54% (P < 0.001) in the sorafenib and control groups, respectively.

Acute Leukemia Working Party of the EBMT published a very recent clinical practice recommendation on allo-HSCT in AML patients with FLT3-ITD (105). The group recommends post-transplant maintenance with sorafenib in all cases except in patients with active acute GVHD. Sorafenib should be started as soon as possible after disease evaluation and MRD assessment at a dose of 400 mg daily in two divided doses and the dose may be increased to 800 mg daily in case of positive MRD and for a minimum of 2 years, depending on tolerance.

Midostaurin is another FLT3 inhibitor that has activity as single agent in AML harboring FLT3-ITD or FLT3 tyrosine kinase domain (TKD) mutation. It was also evaluated in the maintenance setting. Based on the RATIFY trial (106), midostaurin received FDA approval in combination with 3 + 7 induction chemotherapy for newly diagnosed FLT3-mutated AML. However, in this trial midostaurin maintenance was not offered for patients who underwent allo-HSCT.

The RADIUS phase II prospective trial randomized 60 patients with FLT3-ITD AML to standard of care (n = 30) or midostaurin (n = 30) starting 28–60 days post-transplant (88). The estimated RFS at 18-month was 76% in the standard of care arm compared to 89% in the midostaurin arm (HR = 0.46; 95% CI 0.12–1.86, P = 0.26), corresponding to relapse rates of 24% and 11%, respectively (P = 0.27).

In another phase II prospective study by Schlenk et al. (89) on 284 newly diagnosed FLT3-ITD AML patients, midostaurin maintenance treatment was also offered for patients receiving allo-HSCT in CR1 (56%). In a landmark analysis in patients who were event-free at day +100 after transplant (n = 116), those who received maintenance therapy within 100 days post-transplant (n = 72) had better EFS and OS (p = 0.004 and p = 0.01, respectively) than patients who did not.

Gilteritinib is another potent inhibitor of FLT3 with activity against FLT3-ITD and FLT3-TKD. In the phase 3 ADMIRAL trial, 371 adult patients with relapsed or refractory FLT3-mutated AML were randomly assigned in a 2:1 ratio to receive either gilteritinib or salvage chemotherapy. Patients who had a response and proceeded to allo-HSCT continued in the trial and could resume gilteritinib as maintenance therapy. Median OS in gilteritinib arm was 9.3 months compared to 5.6 months in the chemotherapy arm (107). A follow up on long-term survivors was recently presented in ASCO meeting 2020 (108). After 18 months of follow-up, gilteritinib continued to show better OS rates compared to salvage chemotherapy (27% vs. 15%). A total of 63 gilteritinib-treated patients had OS more than 18 months. A higher proportion of patients on gilteritinib achieved remission and underwent allo-HSCT. After a median of 3.5 months, 35 of 63 (56%) patients underwent allo-HSCT; 25 of these 35 patients (71%) received post-transplant gilteritinib maintenance. The authors concluded that the long-term survival in patients receiving gilteritinib is related to ongoing remission, subsequent allo-HSCT, or post-transplant gilteritinib maintenance therapy. Gilteritinib is currently being prospectively tested as maintenance therapy after allo-HSCT in FLT3-ITD AML patients in an ongoing randomized, double-blind, placebo-controlled phase III trial (NCT02997202) (109). This study aims to enroll and randomize 346 adult patients with AML in CR1 to receive maintenance therapy with either 120 mg gilteritinib per day or placebo for 24 months.

Quizartinib, another selective and highly potent FLT3 inhibitor, was also evaluated in a phase I dose-finding and safety study (90). Thirteen adult patients with FLT3-ITD mutated AML in morphological remission following allo-HSCT received one of two quizartinib dose levels at 40 mg/day (n = 7) and 60 mg/day (n = 6), administered orally for up to 24 months. Around 77% of patients received quizartinib for at least 1 year and preliminary data indicated an acceptable tolerability and a reduced relapse rate compared with historical cohorts with only one (1/13) relapse.



Future Perspective

Based on the previously discussed trials, introducing single agent AZA as maintenance therapy can generally delay but mostly not prevent relapse after allo-HSCT. Combining AZA with DLI is a promising concept of MRD-guided post-transplant interventions since it reduces disease burden by cytotoxic therapy and reinforce an allo-immune reaction by cellular approach. This concept was evaluated in a phase II study of 30 patients with high-risk AML (n = 20) and MDS (n = 10) who were treated with prophylactic post-transplant AZA followed by escalated doses of DLI. Two-year OS and DFS were both 65.5%. Acute and chronic GVHD were reported in 31.5% and 53% of patients, respectively (110).

Many targeted agents such as isocitrate dehydrogenase (IDH) Inhibitors (IDH1, ivosidenib; IDH2, enasidenib), hedgehog (Hh) inhibitor (glasdegib), and BCL2 inhibitor (venetoclax) in combination therapy have been evaluated and showed encouraging results in relapsed/refractory (R/R) AML or in AML/MDS patients ineligible for intensive chemotherapy (111–117). Both IDH inhibitors were approved by the FDA for the treatment of R/R AML. These drugs induce cellular differentiation and may promote an allo-immunologic reaction by antigen upregulation on leukemic cells. This mode of action implies that these agents may have an interesting activity in IDH-mutated AML patients as salvage or even as maintenance therapy after transplant (111, 112). Currently, there are several ongoing prospective trials evaluating the role of IDH inhibitors in the maintenance setting after transplant in IDH-mutated AML (NCT03515512 and NCT03564821). The safety and efficacy of combination venetoclax plus AZA in R/R AML after allo-HSCT has been proven only in case series (113–116). The same combination is being tested in post-transplant AML patients as maintenance therapy (NCT04128501).

Although combination HMA and FLT3 inhibitors was not investigated in the setting of maintenance therapy after allo-HSCT in AML, this combination has shown efficacy in AML. DiNardo and colleagues reported the results of the combination of venetoclax with low dose AZA in 81 elderly patients; analysis of primary and adaptive resistance was caused by an enrichment of clones harboring activated signaling pathways such as FLT3 or RAS or biallelically perturbing TP53 which helped in determining the predictors of outcome using this combination therapy (117). And we know from previous studies that combination of AZA plus sorafenib is effective and well tolerated in relapsed/refractory FLT3-ITD AML (118). Thus, the combination of FLT3 inhibitor and HMA seems to be a potential strategy to prevent relapse post-transplant in high risk AML patients and it is worth being investigated.

Hedgehog inhibitor (glasdegib) has recently shown promising results in a randomized phase II study when combined with low-dose cytarabine (LDAC) as compared to LDAC alone in AML/MDS frail patients (119). A single agent glasdegib is being investigated in a phase II study as maintenance therapy following allo-HSCT for high-risk patients (NCT01841333).

Finally, despite maintenance treatment, most of the patients still relapse. Different mechanisms of resistance may emerge. For example, in patients with FLT3-ITD mutation, acquisition of point mutations in the FLT3 drug binding site, or activation of alternative pathways such as mutations of the NRAS gene are the most described mechanism of resistance.91 Many combinatorial strategies have evolved and probably overcome this resistance such as combination of FLT3-TKIs with epigenetic therapy including histone deacetylase inhibitors and HMA, which revealed promising and synergistic antileukemic in vitro efficacy mainly by downregulation of the JAK/STAT pathway (120).

Figure 1 summarizes the treatment guidelines to prevent relapse of AML after allo-HSCT.




Figure 1 | Proposed treatment guidelines to prevent relapse of AML after allo-HSCT. MRD, measurable residual disease; IDH, isocitrate dehydrogenase; AZA, azacitidine; DLI, donor lymphocyte infusion.





Summary

	MRD measurement using MFC and RQ-PCR methods should be incorporated in the treatment decision process for adult AML patients after transplant.


	MRD will enable to identify high-risk patients to define patients at risk of relapse who would benefit from preemptive approaches with HMA and targeted therapies.


	Azacitidine use as maintenance therapy in high-risk AML and as preemptive MRD-triggered therapy could be considered after transplant for at least 12 months at a dose of 32 mg/m2 for 5 days and 75 mg/m2 for 7 days, respectively.


	In FLT3-ITD AML patients, post-transplant maintenance therapy with sorafenib at a dose 400–800 mg/day in two divided doses should be strongly considered for 24 months.


	Other FLT3 inhibitors such as midostaurin and gilteritinib are attractive in the maintenance setting and warrant further investigation in larger prospective studies.


	The use of other agents (IDH inhibitors, BCL-2 inhibitors, Hedgehog inhibitors) and combination therapy with DLI are being evaluated and could have a promising result in the post-transplant maintenance setting.
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Allogeneic hematopoietic cell transplantation (allo-HCT) and chimeric antigen receptor T cell (CAR T) therapy are the main modalities of adoptive cellular immunotherapy that have widely permeated the clinical space. The advent of both technologies revolutionized treatment of many hematologic malignancies, both offering the chance at sustained remissions for patients who would otherwise invariably succumb to their diseases. The understanding and exploitation of the nonspecific alloreactivity of allo-HCT and the graft-versus-tumor effect is contrasted by the genetically engineered precision of CAR T therapy. Historically, those with relapsed and refractory hematologic malignancies have often been considered for allo-HCT, although outcomes vary dramatically and are associated with potential acute and chronic toxicities. Such patients, mainly with B-lymphoid malignancies, may now be offered CAR T therapy. Yet, a lack of prospective data to guide decisions thereafter requires individualized approaches on whether to proceed to allo-HCT or observe. The continued innovations to make CAR T therapy more effective and accessible will continue to alter such approaches, but similar innovations in allo-HCT will likely result in similarly improved clinical outcomes. In this review, we describe the history of the two platforms, dissect the clinical indications emphasizing their intertwining and competitive roles described in trials and practice guidelines, and highlight innovations in which they complement or inform one another.
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Introduction

The expanding field of immuno-oncology has unlocked the possibility of treating and potentially curing patients with the most life-threatening relapsed and refractory hematologic malignancies. The clinical benefit of allogeneic hematopoeitic cell transplantation (allo-HCT) is mediated by a graft-versus-tumor effect which results from alloreactivity of donor T cells to host major and minor histocompatibility antigens (1–3). Over the past fifty years, we have better understood and refined the process of allo-HCT, improving its success and limiting its complications (4–6). Nevertheless, disease persistence and transplant-related toxicity have driven the necessity for continued innovation.

Now, at the leading edge of immune-oncology, genetically engineered chimeric antigen receptor T (CAR T) therapies promise to advance the treatment of refractory malignancies by combining B-cell-like target recognition with T-cell machinery and memory (7, 8). Notable responses, even among patients who had progressed after allo-HCT, led to the FDA approval of commercial CAR T therapies in young patients with acute lymphoblastic leukemia (ALL), and later in adults with relapsed refractory large cell B cell lymphomas (9). Similar to allo-HCT, disease recurrence after CAR T and treatment-related toxicities require ongoing innovation in product development and toxicity mitigation strategies.

As the novelty and success of CAR T therapies continue to escalate, many now wonder whether CAR T and allo-HCT will continue to coexist and complement one another, or whether some selective pressure, be it cost, convenience, efficacy, or toxicity, will favor only one to persist or to dominate the clinical landscape. At this point, the answer varies depending on the specific disease, practitioner perspective, and even geographic area of practice. Many still view CAR T therapy as a bridge to allo-HCT in patients with ALL, although that stance is not ubiquitous (10). Compare that to multiple myeloma (MM), in which the promise of CAR T efficacy from clinical trials has all but removed allo-HCT from the late-stage MM algorithm, although some centers continue this practice (11, 12).

While at this point it may be impossible to predict whether CAR T or allo-HCT will outlast the other, it is clear that they have been both competitive and complementary. Additionally, lessons have been translated from one platform to the other, such as the management of cytokine release syndrome (CRS), improved efficacy with lymphodepletion, and the potential for “off-the-shelf” allogeneic universal CAR T cells (UCAR T).

In this review, we will provide a historical overview of the two therapies, drawing attention to similarities and differences. We will then analyze the clinical trial data on the interplay between allo-HCT and CAR T therapy and the lessons that have been learned from each. We will describe the knowledge gaps that still exist regarding the sequencing or substitution of one platform with the other, and the ongoing preclinical and clinical work aiming to resolve them. Lastly, we will examine the future directions in which both strategies are heading, emphasizing the indications in which they will be complementary and in which one could out-compete the other.



Cellular Therapies: The Parallel and Intertwining Histories of Allo-HCT and CAR T


Hematopoeitic Cell Transplantation and the Birth of Adoptive Immunotherapy

In the middle of the 20th century, preclinical work by Jacobsen, Lorenz, and colleagues gave credence to the concept of the transplantation of bone marrow following lethal irradiation (13, 14). Over the next twenty-five years, numerous physician-scientists sought to translate this to a clinical therapy, initially for radiation-induced aplasia, but subsequently for congenital immunodeficiencies, aplastic anemia, and eventually for acute leukemias (4). Much of the initial clinical work was limited by frustrations and failures. While early reports described the feasibility of allogeneic bone marrow collection, storage, and intravenous infusion into a recipient, little progress was made regarding the impact of histocompatibility differences between donor and host; those with insufficient preparation rejected the graft and those with complete myeloablation often developed profound graft-versus-host disease (GVHD) (15). The development of canine and murine models by Thomas et al. led to a rudimentary understanding of histocompatibility, which they then translated to clinical application. Specifically in hematologic neoplasia, they initially studied syngeneic bone marrow transplantation in a small number of patients who had identical twins. While they observed normal recovery of hematopoiesis, most would relapse (1, 2). Under the hypothesis that the syngeneic immune cells lacked the ability to immunologically target the leukemic cells, they designed a regimen in which the transplant recipients would receive repeated infusions of syngeneic donor lymphocytes along with subcutaneous injections of autologous, lethally-irradiated leukemia cells in order to provide continual antigenic stimulation. This first “immunotherapy” was modestly successful at delaying leukemia relapse, and provided the initial evidence of a graft-versus-leukemia (GVL) effect.

As most patients do not have identical twins, investigators focused on HLA-identical sibling transplantation. As transplant physicians gained experience, refinements in conditioning regimens, improvements in supportive care, and the addition of post-transplant immunosuppression lessened transplant-related mortality and improved survival. One observation was that patients who developed both acute and chronic GVHD were noted to have decreased incidence of relapse, which in some cases translated to improved survival (16). Nevertheless, severe GVHD was often fatal and limited the prospects of allo-HCT, therefore investigators sought to find improved methods of GVHD prevention. T-cell depleted grafts were assessed preclinically and clinically, and while they were associated with reduced GVHD, relapse and graft failure rates were significantly higher negating any beneficial effects (17). This was especially notable in myeloid malignancies, less so in acute lymphoblastic leukemia.

These initial observations stressed the importance of the T-cell mediated GVL effect. With a deeper understanding of the adoptive immunotherapy aspect of allo-HCT, new modifications and therapies were possible. Donor lymphocyte infusions were administered to patients with mixed donor chimerism or early relapse, with durable remissions achieved especially in myeloid malignancies (18–20). Additionally, reduced-intensity conditioning regimens were designed that allowed for older and frailer patients to undergo allo-HCT, with a heavier reliance on the GVL effect (21).



The Advent of CAR T Therapy

At the same time that nonspecific adoptive cellular therapies (e.g., donor lymphocyte infusions, tumor-infiltrating lymphocytes) were being clinically deployed, novel gene-transfer techniques were allowing for the preclinical ex vivo engineering of T-cells harboring CARs. Initially, gene transduction occurred via retroviral vectors, but methods involving lentiviral, adenoviral, and non-viral methods would be developed thereafter (7, 22). The initial CAR constructs included an extracellular antigen-specific binding moiety, usually a single chain variable fragment (scFV) of a monoclonal antibody, fused to a transmembrane segment, and an intracellular domain consisting of the CD3ζ signaling domain of the T-cell receptor (TCR) (23, 24). While these first-generation CARs could redirect the specificity of T-cells to target antigens in an HLA-independent fashion, the intracellular signaling of CD3ζ alone lacked the strength to induce proliferation and prolonged antineoplastic activity, resulting in rapid CAR T-cell exhaustion and only modest reduction in tumor growth in vivo (25).

In order to achieve the goal of a “living drug”, in which the CAR T cells could continue to proliferate and display persistent antineoplastic activity following the in vivo administration, investigators examined methods in which to augment intracellular signaling. Chimeric costimulatory receptors (CCRs) were first developed and introduced into human primary T-cells. Engagement of the CCRs (specifically that with a CD28 intracellular signaling domain) led to increased IL-2 production which allowed for persistence of the T-cells in TCR-activation situations which would otherwise promote apoptosis (26). CD28 and other costimulatory domains, such as 4-1BB (CD137), were then fused with CD3ζ. These “second generation” CAR T cells utilizing one of several potential costimulatory endodomains demonstrated increased persistence, proliferation, and antitumor activity, preclinically (27, 28). In a proof-of-concept clinical pilot, Savoldo et al. treated 6 patients with relapsed non-Hodgkin’s lymphoma who were simultaneously infused with a “first generation” CAR T product harboring only a CD3ζ endodomain and a “second generation” CAR T product harboring both CD3ζ and CD28 endodomains (29). Both had the same CD19-specific scFv exodomain. Peripheral blood examination demonstrated that the second-generation CAR T-cells expanded in vivo significantly more in the first two weeks after infusion and persisted longer. Additionally, ex vivo engagement of their native TCR could promote their restimulation. In contrast, the first generation CAR T-cells did not expand, could not be restimulated, and did not persist in the infused patients. With expansion and persistence demonstrated in humans, along with efficacy signals in targeting CD19+ B cell malignancies, these second-generation CAR T cells were primed for widespread clinical investigation.




Clinical Applications of CAR T-Cell Therapy and the Role of Allo-HCT

Current treatment algorithms now incorporate CAR T therapy for specific hematologic malignancies. The initial target for CAR T-cell therapy was CD19, chosen for its broad and high expression on B-cell leukemias and lymphomas, as well as for restriction of its expression to the B-cell lineage which would predict limited off-target effects (30). Theoretically, targeting B-cells would also limit humorally-mediated rejection of the CAR T cells. As such, the CD19 CAR T products would be the first to obtain regulatory approval for B-cell acute lymphoblastic leukemia (B-ALL) in patients up to age 25 and in certain B-cell non-Hodgkin’s lymphomas (NHL). Following a similar path, the CAR-targeting of a lymphoid/plasma cell-restricted surface antigen, B-cell maturation antigen (BCMA), has multiple myeloma on the precipice of at least one approved CAR T product.

How the role of allo-HCT has been impacted by these CAR T therapies is dependent on numerous disease, patient, and therapy factors (Table 1). While there is a lack of prospective data addressing the specific intertwining roles of CAR T and allo-HCT, the decisions often require individualized consideration as well as reliance on subgroup data from within existing trials and expert opinion. Hereafter, we dissect such information as it exists for these three disease groups in which CAR T therapy is part of the current treatment paradigm.


Table 1 | Comparisons of indications and outcomes of allogeneic hematopoeitic transplantation and CAR T-cell therapy.





Acute Lymphoblastic Leukemia

Treatment of B-ALL has evolved tremendously over the past decade. Prolonged, intensive combination chemotherapy regimens have been very successful at curing a majority of pediatric patients with ALL (50). These pediatric-inspired regimens have been translated to young adult populations, improving relapse-free and overall survival relative to historical comparators, albeit to a lesser extent than that seen in pediatric populations (51). Even some middle-aged and older adults may be cured with front-line chemotherapy, without the need to proceed to allo-HCT.

Concurrently with the advances in therapy, there has been an evolution in the understanding of the clinical and biological heterogeneity of B-ALL. This has allowed for more precise risk stratification based on clinical factors (e.g., age, blast count at diagnosis), cytogenetic/molecular factors (e.g., BCR-ABL translocation, Philadelphia chromosome-like ALL, TP53 alterations with hypodiploidy), and treatment response (e.g., minimal residual disease [MRD] post-induction) (52). Patients with high-risk features are conventionally recommended to proceed with allo-HCT in first clinical remission (CR1) (31, 32, 53). This recommendation is based on observational data suggesting a very high risk of relapse with conventional chemotherapy, and “genetically randomized” prospective trials repeatedly demonstrating a survival benefit in high-risk subsets for those who received HLA-matched sibling allo-HCT.

In both pediatric and adult patients with B-ALL, relapsed and refractory disease carries a dismal prognosis (35). Immediately prior to CAR T therapy, two immunotherapies, inotuzumab ozogamicin and blinatumomab were able to significantly prolong event-free survival and overall survival compared to salvage chemotherapy (54, 55). However, the vast majority of patients in both trials still relapsed and died within 24 months, and long-term survival was achieved only in the minority who proceeded to allo-HCT. Blinatumomab did subsequently establish a niche in converting MRD positive to MRD negative status in patients in CR1 or greater, the majority of whom are bridged to allo-HCT once MRD is no longer detected (56).

The recent advent of CD19-targeting CAR T cells (CART19) provided yet another therapy to the arsenal directed against relapsed/refractory B-ALL. In phase I and II trials, the second-generation CART19 had unprecedented success in achieving remissions in heavily-pretreated patients with B-ALL (Tables 2 and 3). With this success, new questions emerged, namely the sequencing of CART19 and allo-HCT, whether CART19 should be used as a bridge to allo-HCT or could be a “destination” in and of itself, and if there were any differences in safety or efficacy in patients who had already undergone allo-HCT prior to CART19. There is yet to be a prospective trial in which patients have been randomly assigned to allo-HCT or observation following CART19, therefore the existing data is limited to an extent by selection of patients fit to undergo allo-HCT post-CART19 and those with a suitable donor. Additionally, there is heterogeneity regarding the length of follow-up and reporting of outcomes following allo-HCT.


Table 2 | Response and relapse outcomes in trials assessing CD19 CAR-T therapy with CD28/CD3ζ co-stimulatory domains in B-cell acute lymphoblastic leukemia with potential bridging to allogeneic hematopoietic cell transplantation.




Table 3 | Response and relapse outcomes in trials assessing CD19 CAR-T therapy with 4-1BB/CD3ζ co-stimulatory domains in B-cell acute lymphoblastic leukemia with potential bridging to allogeneic hematopoietic cell transplantation.



There is a lack of consensus regarding which B-ALL patients should proceed to allo-HCT after CART19, and among the clinical trials of CART19 such decisions were usually informed by patient age, institutional practice, and the expected persistence of the CAR T cell product (67, 68). A key determinant of persistence appears to be whether the co-stimulatory domain employed is CD28 or 4-1BB, with the CD28 constructs demonstrating relatively short persistence. In a phase I/II NIH study of a CD28 CART19 in children and young adults, initially 12 patients achieved a MRD negative CR, of whom 10 proceeded to allo-HCT with durable remission, whereas the two transplant-ineligible patients relapsed (69). The study expanded to 53 patients, 51 with B-ALL, and in the long-term follow-up (median 22.5 months), 60.8% achieved CR, 90% of which were MRD negative (57). Twenty-one of the 28 patients with MRD negative CR proceeded to allo-HCT, after which 2/21 (9.5%) relapsed, compared to 6/7 (85.7%) of those in MRD negative CR who did not proceed to transplant. This difference translated to significant improvement in leukemia-free survival (HR 16.9, 95% confidence interval [CI] 3.4-85.1, p=0.0006). In a large adult trial, 53 patients received a CD28 CART19 with 83% CR and 67% MRD negative CRs (58). Median event-free survival (EFS) was 6.1 months and median OS was 12.9 months. Of those who were MRD negative (n=32), half proceeded to allo-HCT and the other half did not. Allo-HCT was not associated with improved EFS or OS, although survival was poor regardless of transplant.

In the initial phase I/II trial of the 4-1BB CART19, tisagenlecleucel/CTL019, out of University of Pennsylvania and Children’s Hospital of Philadelphia, Maude et al. (60) reported that only three of 30 pediatric and young adult patients underwent subsequent allo-HCT while in MRD- remission (60). Nevertheless this remission persisted 7 to 12 months after tisagenlecleucel infusion. A similarly low rate of allo-HCT after tisagenlecleucel was reported in the phase II ELIANA trial of this product in a similar population, in which only eight of 75 patients proceeded to allo-HCT while in remission (63). Two of the eight had MRD positivity and two others had lost B-cell aplasia within 6 months of the infusion. Of those eight patients, four were known to remain in remission at follow-up while the other 4 had an unknown disease status. An updated analysis of ELIANA demonstrated persistence of tisagenlecleucel with ongoing B-cell aplasia in some patients with follow-up for multiple years, which correlated with ongoing remission (70). Survival was unprecedented and irrespective of subsequent allo-HCT. Based on these results, some argue that the unique biology of pediatric B-ALL and persistence of tisagenlecleucel provide the potential for durable remission without the need to proceed to allo-HCT in this population (71).

Not all 4-1BB CART19 constructs have been associated with persistence and prolonged B-cell aplasia in children. In a phase I/II study of 45 children and young adults, Gardner et al. (62) produced 4-1BB CART19 at a defined 1:1 of CD4+:CD8+ cells, achieving 93% (40 of 43) MRD negative CRs among those who received the product (62). Median duration of B-cell aplasia, however, was relatively short, only 3 months. Loss of B-cell aplasia correlated with occurrence of relapse. Eleven patients underwent consolidative allo-HCT, two of whom were MRD+ by next-generation sequencing pre-transplant and recurred following transplant. Summers et al. (72) provided an updated analysis of this trial in which there was a suggested benefit in leukemia-free survival from consolidative allo-HCT in transplant-naïve patients after CART19 as well as among patients who lose B-cell aplasia in ≤63 days, even those with a prior allo-HCT (72).

In a phase II study out of Hebei Yanda Lu Daopei Hospital, Pan et al. treated 51 children and adults with a 4-1BB CART19 which led to 85% MRD- CR/CRi in those who entered with active disease and 100% conversion of MRD+ patients to MRD- (61). Sixty-percent (27/45) of these patients proceeded to allo-HCT, the majority of which were from haploidentical donors. Following allo-HCT, two died from complications of the transplant and two patients relapsed. Comparatively, nine of the 18 patients who did not proceed to allo-HCT relapsed at a median time of 64 days, although the reasons for foregoing transplant were unclear. Late relapse (90+ days after CART19) was also significantly better among allo-HCT recipients (p=0.023). A more recent Chinese study corroborated such findings in a similarly heterogeneous population (65). Jiang et al. prospectively compared outcomes of 47 4-1BB CART19 recipients who achieved MRD- CR. 21 transplant-naïve patients proceeded to allo-HCT at a median 44 days after CAR-T. Twenty-six patients did not proceed to transplant as three had previous allo-HCT, five were contraindicated, three lacked donor, and the rest chose to forego it for personal reasons. Two patients died of complications from the transplant (chronic GVHD, infection), and two experienced CD19-negative relapse. Overall, consolidative allo-HCT was associated with improved EFS and RFS (p<0.05) although there was no significant difference in OS. Importantly, no patient was precluded from allo-HCT due to CAR T-related toxicities. Although these studies did not differentiate the outcomes based on patient age, they support transplanting all transplant-naïve patients who achieve MRD-negativity with 4-1BB CART19 on the basis of protection from relapse, although survival benefits are unclear.

Among United States trials of 4-1BB CART19 for B-ALL in adults, there is a suggestion that bridging to allo-HCT provides better outcomes than CAR T therapy in isolation. In a pilot study out of University of Pennsylvania, tisagenlecleucel was administered to five patients at a high dose in a fractionated schedule (HDF), all of whom achieved a CR. In the follow-up study, single infusion of a high dose 4-1BB CART19 was complicated by a high incidence of CRS-related death, and a low dose lacked efficacy, therefore the protocol underwent two amendments ultimately settling on HDF for the remaining participants (66). The MRD- CR rate among HDF recipients (n=20) was 90%, with 2-year EFS and OS of 49.5% and 73%, respectively. Efficacy and safety outcomes were notably better in the HDF schedule than either single-infusion schema. Nine of 24 patients who had achieved CR were consolidated with allo-HCT at a median of 2.6 months after CART19. Landmark analysis by allo-HCT demonstrated a significant improvement in EFS (p=0.029) and nonsignificant improvement in OS (p=0.09). Work out of the Fred Hutchinson Cancer Research Center produced similar findings in a trial of 53 adults with B-ALL who received a 4-1BB CART19 (64, 73). 45 patients achieved MRD-negative CRs, of whom eighteen (40%) proceeded to allo-HCT. In univariate analysis, allo-HCT was associated with longer EFS compared to no allo-HCT (HR 0.31, p=0.014), as well as after adjusting for other factors associated with improved EFS.

In summary, until randomized controlled trials address the specific question of allo-HCT after CART19 for B-ALL, the decision to proceed to transplant must be individualized based on key patient, disease, and product factors. Most would argue that recipients of a CD28-based CART19 should proceed to allo-HCT due to lack of persistence (71). Young patients who receive tisagenlecleucel, which to date is the only FDA approved commercial product, may be able to forego allo-HCT, as sustained remissions have been seen in such patients. Prior allo-HCT or extensive prior treatment may also favor avoiding subsequent allo-HCT after CART19. Loss of B-cell aplasia, especially within 6 months of CAR T infusion in patients with B-ALL, likely warrants consideration of allo-HCT among those who initially forego it (74). Some argue that predicting persistence of 4-1BB CART19 is difficult and that relapse could occur due to lack of persistence or secondary to the loss of CD19 on leukemia cells; therefore it is reasonable to offer and prepare for allo-HCT in all patients following CART19 (75). The decision to pursue allo-HCT is only likely to become more obfuscated as CAR T therapies with new and/or multiple targets, improved persistence, and universal allogeneic off-the-shelf CAR T (UCART) are developed and deployed.



Non-Hodgkin’s Lymphoma

The role of CAR T therapy is actively evolving in the treatment strategy of Non-Hodgkin’s lymphoma (NHL), and varies based on NHL subtype. Likewise, the role of allo-HCT is also in flux for NHL, in large part due to the introduction and dissemination of CAR T therapy. Hereafter, we address the trial data for CAR T therapy based on NHL subtype as well as the dynamic status of allo-HCT in these diseases.


Diffuse Large B-Cell Lymphoma

The treatment paradigm for early relapsed or refractory diffuse large B-cell lymphoma (DLBCL) involves salvage chemotherapy followed by autologous stem cell transplantation (ASCT) for those that respond to the salvage regimen, in transplant-eligible patients (76, 77). Historically, allo-HCT consolidation after an initial salvage regimen was associated with decreased incidence of relapse compared to ASCT, but was more toxic resulting in comparable relapse-free and overall survival (78). Studies did posit an immunotherapeutic graft-versus-lymphoma effect that could be exploited in the event of relapse after ASCT or failure to mobilize sufficient stem cells, therefore allo-HCT was relegated to such scenarios (79). A CIBMTR analysis examining allo-HCT in the era immediately prior to the development of novel agents and CAR T therapy highlighted the limited options for and poor prognosis of patients necessitating allo-HCT for advanced DLBCL. Relapse rate was inversely correlated with conditioning intensity, although myeloablative regimens yielded non-relapse mortality of 56%, translating to similarly poor 5-year survival of around 20% (80).

While direct comparisons to allo-HCT are lacking and follow-up is still limited, data from the major trials of CD19 CAR T therapy for relapsed/refractory DLBCL and real-world registries suggest durable CR rates of 30 to 40% with treatment-related toxicities that are more benign and relegated to the acute setting (Table 4). In the pivotal ZUMA-1 trial, axicabtagene ciloleucel (axi-cel), a CD19-targeting CAR T cell with a CD28 co-stimulatory domain, yielded an objective response rate of 82% and CR rate of 54% (86). In an updated analysis with a median follow-up of 27.1 months, a significant number of patients had converted from SD or PR at one month to CR by 6 months (84). The estimated 24-month overall survival was 50.5%, and durable remissions were highlighted by an estimated 24-month PFS of 75.0% and 72.0% among those with a CR and PR, respectively. No patient had undergone an allo-HCT prior to axi-cel, and only two patients underwent allo-HCT while responding to axi-cel. Unlike the experience with B-ALL, loss of B-cell aplasia was not a predictor of disease recurrence, and durable responses did not appear to require prolonged persistence of functional CAR T cells. Grade 3 or worse cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS) occurred in 11% and 32% of patients, respectively, but no deaths were attributed to axi-cel, and most treatment-related toxicities were confined to the peri-treatment period.


Table 4 | Summary of trials of CD19 CAR-T therapy with B-cell non-Hodgkin lymphoma.



Tisagenlecleucel was examined in the pivotal single-armed, phase II JULIET trial in DLBCL and transformed follicular lymphoma (83). Patients with a prior allo-HCT were excluded. A notably higher percentage of patients had relapsed after a prior ASCT compared to the ZUMA-1 trial. The best ORR was 52%, 40% with CR and 12% with PR, with 43% conversion rate from PR/SD to CR at a median of 2 months post-infusion, but as late as 17 months. The estimated 12-month PFS was 83% among those with a CR or PR, and 12-month OS was 50% for all who received an infusion. Grade 3 or higher CRS or ICANS occurred in 22% and 12% of patients, respectively, although were mainly confined to the 8-week period after infusion. No deaths were attributed to the CAR T product. Similar to axi-cel, many patients had loss of B-cell aplasia although this was not associated with disease recurrence. Five non-responders proceeded to allo-HCT, although none of the patients proceeded to allo-HCT while experiencing a response to CAR T.

These two pivotal trials led to the commercial approval of axi-cel and tisagenlecleucel for DLBCL relapsed after or refractory to at least two lines of therapy. They demonstrated notable efficacy in a population of patients with historically poor outcomes, even in those with chemorefractory disease or high-risk features. In comparison, chemosensitivity is usually a prerequisite for proceeding to allo-HCT as chemorefractoriness portends a high risk of relapse in this setting. Such findings were corroborated by real-world reports of CD19 CAR T for DLBCL, with comparable efficacy and an improved safety profile, in part due to the learned management of acute toxicities (87, 88). With comparable or improved efficacy relative to allo-HCT and toxicities that appear generally more tolerable and limited in duration, CAR T therapy has likely supplanted allo-HCT for the treatment of multiply relapsed DLBCL.



Mantle Cell Lymphoma

Mantle cell lymphoma, although rare, is uniquely challenging in that it invariably relapses following initial therapy with induction and ASCT consolidation, its clinical course is often aggressive, and it frequently becomes refractory to chemotherapy and novel agents. Although novel therapies such as Bruton’s tyrosine kinase (BTK) inhibitors have prolonged survival, progression is often inevitable and associated with poor survival (89). Allo-HCT has been offered as a potentially curative option with the advantages of providing an uncontaminated graft with theoretical GVL effect, although the advent of numerous targeted agents has been providing longer responses, and patients are more heavily treated at the point of allo-HCT consideration. Reduced-intensity conditioning (RIC) regimens have been favored due to the usual advanced age and comorbidities of MCL patients. In a retrospective registry study by the European Bone Marrow Transplant Lymphoma Working Party, MCL patients undergoing allo-HCT with RIC experienced 1-year NRM of 24%, with long-term disease-free survival of 30% at 4 years (90).

Brexacabtagene autoleucel (KTE-X19) recently garnered accelerated regulatory approval for the treatment of relapsed/refractory MCL. KTE-X19 is the same construct as axi-cel, with a CD28 co-stimulatory domain, although it undergoes a manufacturing process that selectively removes circulating CD19-expressing malignant cells to prevent premature CAR T activation (45). In the ZUMA-2 trial, 74 patients who had relapsed after chemotherapy (anthracycline or bendamustine), an anti-CD20 monoclonal antibody, and BTK inhibitor were treated in a single arm, multicenter phase II trial of KTE-X19, with dosing based on the established dose of axi-cel. The ORR was 85% with a CR rate of 59%, with responses comparable across high risk subgroups. Among those with an initial PR or SD, 57% improved to CR. The 12-month estimated PFS was 61% and OS was 83%. Grade 3 or higher CRS occurred in 15% and ICANS in 31%. One patient had grade 4 cerebral edema. Two deaths occurred relating to the conditioning chemotherapy. One patient proceeded to allo-HCT while in a PR. There are no data comparing allo-HCT with CAR-T in these patients and we currently lack long term follow-up after CAR-T to assess true long term PFS. If CAR-T results in 30% or higher long term disease free survival, in light of lower NRM, it will likely be considered superior to allo-HCT in these patients.



Follicular Lymphoma

Follicular lymphoma (FL) is the second-most common NHL and the most common indolent lymphoma. Patients have a variable course, but generally the disease is considered incurable and many patients receive multiple lines of therapy during the course of their disease (91). While not all patients require upfront therapy, those with early treatment failure (disease progression within 24 months of chemoimmunotherapy or 12 months of rituximab monotherapy) have worse outcomes with standard therapy, and warrant more aggressive treatment (92). In the absence of transformed disease and in those who are eligible for transplantation, many will undergo salvage chemoimmunotherapy with the intent to undergo high-dose chemotherapy with ASCT if a CR is achieved. In retrospective studies, ASCT has been associated with prolonged survival compared to salvage chemo-immunotherapy alone (93). Matched-sibling donor allo-HCT provides comparable long-term survival to ASCT, with a significantly lower-risk of relapse but higher upfront NRM (94). Of those patients that survive beyond 24 months, survival was shown to be superior in those who received allo-HCT. In general, nonmyeloablative and RIC regimens are used, some incorporating immunotherapy or radioimmunotherapy (40, 95). Long term PFS may be as high as 70-80% in highly-selected patients. Anecdotally, however, the increased arsenal of novel and investigational therapies for FL, including CAR T cells, is decreasing the use and utility of allo-HCT.

Small prospective trials of CD19 CAR T cells demonstrate the promise of CAR T therapy among patients with relapsed/refractory FL, prompting ongoing larger clinical trials. Among patients treated in the initial prospective case series study of CTL019/tisagenlecleucel out of the University of Pennsylvania, 14 patients who received treatment had advanced FL, 8 of whom had double-refractory disease, three who had undergone prior ASCT and one with a prior allo-HCT (81). 10 of 14 (71%) of patients had a CR at 6 months and remained in remission at a median of 29.3 months. 70% were progression-free at 28.6 month, and 89% who responded maintained the response by the median follow-up period. Severe CRS occurred in five patients (18%) and severe ICANS occurred in three (11%), one case being fatal.

Hirayama and colleagues from the Fred Hutchison Cancer Institute included 8 patients with multiply-relapsed FL (3 with a prior ASCT and 1 with a prior allo-HCT) in their phase I/II study of CD4:CD8 ratio-defined CD19 CAR T (96). Seven (88%) achieved a CR, all of whom remained in remission and one of whom proceeded to allo-HCT. The eighth patient had SD and subsequently underwent radiation therapy with no progression at 36 months. A notable criticism was the high dose of cyclophosphamide that patients received as part of lymphodepletion (97). Importantly, while CRS and ICANS occurred in 50% of patients, no severe adverse events were reported. Axi-cel and tisagenlecleucel are actively being studied in multicenter phase II trials in FL in the ZUMA-5 and ELARA studies, respectively (42). Results from the interim analysis of ZUMA-5 reported an ORR of 95% and CR rate of 80% among 80 patients with FL. With a median follow-up of 11.5 months, 68% of patients had ongoing responses. CRS and ICANS occurred in 11% and 19% of patients (43). While the high response rates and manageable toxicities are promising in multiply recurrent FL, the length of follow-up in these trials is limited. It is therefore unknown whether CAR T therapy will compare favorably or unfavorably with allo-HCT with RIC. Although the novelty of CAR T therapy may lead physicians to lean toward it, this is an area that deserves long term analysis as CAR T should provide durable PFS of 70% or better in order to be a competitive substitute for alloHCT.



CAR T Therapy and the Waning Role of Allo-HCT in NHL

As the clinical trial data for CAR T therapy in NHL mount, the role of allo-HCT becomes more questionable. In large part, the toxicities related to CD19 CAR T therapies are acute, limited in severity, and manageable, which makes them more appealing compared to the potentially long-lasting infectious and GVHD complications seen in allo-HCT.

Unlike B-ALL, current evidence does not support consolidative allo-HCT for NHL patients responding to CAR T (98). Additionally, as responses may be delayed and evolve over a prolonged duration, active observation is generally recommended even in patients with a PR or SD post-CAR T. Patients with SD, however, are less likely to achieve a subsequent remission. Therefore, individualized consideration may be given to allo-HCT prior to progression based on the extent of disease, donor availability, and other patient-specific factors. While loss of B-cell aplasia may trigger pursuit of allo-HCT in B-ALL, it has not been associated with disease recurrence in DLBCL, and therefore should not be considered a decision point for transplant (68).

Whether allo-HCT has a role following NHL progression after CAR T therapy is also a point of controversy. While theoretically it would be the principal option that could lead to a durable remission, in practicality it is difficult to achieve a remission pre-transplant in such patients that would justify pursuit of allo-HCT. Additionally, allogeneic transplantation likely eradicates the CAR T cells, which could otherwise potentially be stimulated through a variety of investigational methods in order to attempt to attain a response. Lenalidomide, PD-1 inhibitors, and the bispecific CD3-CD20 monoclonal antibody mosunetuzumab have all demonstrated the potential to recapture a response in patients who progressed after CAR T therapy (99–103). Therefore, pursuit of a clinical trial or off-label use of such agents may be preferred over or should be considered before proceeding with allo-HCT based on the respective risk-to-benefit ratios in such heavily pre-treated patients. As it pertains specifically to bispecific antibodies in NHL, their ease of use and promise of efficacy positions them competitively with CAR T therapy, highlighting evolving dilemmas of patient selection and sequencing of novel immunotherapies.

There is limited experience with CAR T after allo-HCT in NHL as such patients were excluded from larger clinical trials. However, a number of small reports demonstrate that it is safe and feasible to construct donor-derived CAR Ts or pseudo-donor-derived CAR Ts (104–107). In such studies, severe and active graft-versus-host disease (GVHD) was a key exclusion criterion and, while GVHD developed or worsened in a few patients, the severity was mild. Further study is needed in larger homogenous populations to determine if the safety and efficacy of donor-derived CAR T therapy is comparable.

In summary, whereas CD19 CAR T arguably has a complementary role in bridging to allo-HCT in the B-ALL algorithm, it may supplant allo-HCT in most patients with relapsed NHL based on favorable toxicity and at least comparable efficacy. Longer follow-up is needed in most of the NHL CAR T trials in order to confirm this implication.




Multiple Myeloma

While therapy for multiple myeloma (MM) has dramatically improved over the past two decades, it is generally considered incurable and most patients will die of their disease (108). During the 1990s and early 2000s, during which time novel therapies (i.e., proteasome inhibitors, immunomodulatory drugs, monoclonal antibodies) were in clinical development, allo-HCT was studied in the treatment of MM in several fashions (12). Several studies evaluated ASCT followed by RIC allo-HCT compared to tandem ASCT (109–112). Two meta-analyses of such studies yielded no differences in OS but a significantly higher risk of NRM (113, 114). Allo-HCT as a salvage therapy after relapse has been shown to provide a PFS benefit without OS benefit for a small percentage of patients, as reported in a number of retrospective series and registry studies, and outcomes have been comparable or worse than salvage ASCT in selected patients (12, 115, 116). Therefore, consensus guidelines recommend the use of allo-HCT in these settings only in the context of well-designed clinical trials (117, 118). Interestingly, there are a number of clinical trials ongoing combining allo-HCT with novel therapies as consolidation and maintenance, which may shift the paradigm at a later date. However, they are contending with the ongoing development of CAR T therapy for MM.

B-cell maturation antigen (BCMA) is a cell-surface antigen found on some mature B-cells and normal plasma cells, malignant plasma cells, and importantly not expressed on hematopoeitic stem cells, non B and plasma cell hematopoietic lineages or non-hematopoietic tissue. The first-in-human trial of a BCMA CAR T therapy with a CD28 costimulatory domain demonstrated promising anti-myeloma efficacy (119). The two patients receiving the highest dose level of 9 × 106 CAR T cells/kg body weight had at least a very good partial response, although both had severe CRS and prolonged cytopenias.

In a single-center, phase I, dose-finding clinical trial of a 4-1BB BCMA CAR T therapy, the overall response rate was 12 (48%) of 25 heavily pre-treated MM patients (120). Median duration of response was 124.5 days and 3 patients had durable responses at the time of reporting. Eight (32%) had grade 3+ CRS, one who died of candidemia following prolonged therapy for CRS, and three (12%) had grade 3+ ICANS.

The safety and preliminary efficacy of the BCMA CAR T using 4-1BB costimulatory endodomain, bb2121/idecabtagene vicleucel (ide-cel), was studied in a multicenter phase I trial (121). The ORR among 33 patients was 85%, with a 45% CR/sCR rate and a median PFS of 11.8 months. The follow-up pivotal phase II KarMMa trial of ide-cel yielded a 73% ORR and 31% CR/sCR rate with a median PFS and duration of response of 8.6 and 10.6 months, respectively, and low rate of grade 3+ CRS (5%) and ICANS (3%) (122). Based on these data, regulatory approval for ide-cel in refractory MM patients who have failed at least three independent lines of therapy is actively being pursued.

The LCAR-B38M and JNJ-4528 CAR T therapies are identical constructs comprised of a 4-1BB costimulatory endodomain and two BCMA-targeting single-domain antibodies targeting distinct BCMA epitopes. In the Chinese phase I LEGEND-2 study of LCAR-B38M, 57 patients were infused with 3 split infusions (123). Seven percent had grade 3 CRS, only one patient had ICANS. The ORR was 88%, with a 74% CR rate. Of those with CR, 39/42 were MRD-negative. The 18-month OS was 68%, with a median duration of response of 22 months, 27 months in those with CR. Another smaller trial of the LCAR-B38M products examined 17 patients with high risk features (i.e., extramedullary disease, poor cytogenetics, triple-class refractoriness). While initial responses were promising (88% ORR), factors such as extramedullary disease and the development of anti-CAR T antibodies were associated with relapse, and the 12-month PFS was only 53% (124). The phase Ib/II CARTITUDE-1 study in the United States of JNJ-4528 is ongoing with a 100% ORR and 76% sCR in the first 29 patients and similarly tolerable safety profile, albeit one delayed death from sequelae of grade 4 CRS (47, 48).

The BCMA CAR T platforms are the best positioned to break into clinical practice in the near future. Other CAR targets such as CS-1, immunoglobulin kappa light chain, and CD138 are being explored (11, 125, 126). Additionally, ongoing clinical trials are focused on the appropriate sequencing of BCMA CAR T, specifically addressing whether it should be deployed earlier in patients who experience a suboptimal response from induction therapy and ASCT or frontline for those with high-risk features. Follow-up for BCMA CAR T-treated patients within these trials is still maturing, so it remains unclear whether a durable remission, as seen in some B-ALL and NHL patients, can be expected. The historically inconsistent survival and NRM outcomes in allo-HCT, combined with the substantial treatment burden experienced by the typical MM patient, suggest that this practice will likely be replaced by CAR T therapy, should it deliver on its promise of high responses and some durable remissions. It is unlikely that CAR T will be used as a bridge to allo-HCT, and none of the trials have reported such a practice in any participant.




The Expanding Frontier of CAR T and Allo-HCT


CAR T and Allo-HCT in Myeloid Malignancies: An Inseparable Fate

The most common indications for allo-HCT in adults are acute myeloid leukemia (AML) and myelodysplastic syndrome (MDS) (127). Despite the toxicities associated with the transplant itself, relapse remains the most significant cause of treatment failure and death after allo-HCT, highlighting the need for further disease-modifying innovation without added toxicity (128–130). Unlike B-cell malignancies, to date most CAR target antigens for myeloid malignancies have significant overlap with normal myeloid cells and hematopoietic stem/progenitor cells (HSPCs), the eradication of which would likely be poorly tolerated (131). Some of these antigens have been targeted in early clinical trials of CAR T cells with variable toxicity and success thus far, reviewed in detail in Mardiana and Gill (36).

CD123 is one such antigen already being targeted by other investigational immunotherapies (132). Preclinical work suggests that it is a viable CAR target for AML, although it could lead to myeloablation requiring allo-HCT rescue. It is also expressed on vascular endothelium, heightening the risk for toxicity such as capillary leak syndrome (133–135). One risk mitigation strategy has been the production of transient CAR T cells infused serially, a concept that was safe and feasible in a pilot study, but which was discontinued during phase I (136). An ongoing study at the City of Hope Medical Center incorporates a truncated epidermal growth factor receptor (EGFRt) into second-generation CAR T cells, allowing for inactivation with EGFR monoclonal antibodies (37). Early clinical activity has been reported, allowing two of six AML patients to proceed to a second allo-HCT after achieving CRs. Unexpectedly, myeloablation by the CD123 CAR T was not observed as hypothesized, although the intent was to bridge to allo-HCT. A “compound” CAR T cell, with two complete CAR constructs targeting those two antigens connected by a cleavable linker, was generated by Liu et al. and demonstrated promising efficacy in a phase I dose-escalation, with seven of nine participants achieving MRD-negative CR (38). Notably, given the overlap of these targets with normal hematopoietic stem cells, all experienced Grade IV pancytopenia, and six of seven responders went on to alloHCT.

As antigen overlap remains a significant challenge and the immediately perceived role of AML CAR T therapy is as a bridge to allo-HCT, one novel concept is that of genetically engineering an allograft to remove the target antigen from the normal hematopoietic system, and transplanting this allograft in sequence with donor-derived CAR T cells against the specific antigen (131). Kim et al. pioneered the preclinical work in murine and non-human primate models in which they first demonstrated that knock-out of CD33 in the donor hematopoietic stem and progenitor cell population resulted in normal hematopoiesis and myeloid function and normal multilineage engraftment (38). Subsequent administration of CART33 targeting CD33 was able to effectively eliminate CD33+ leukemia without notable off-target effects. Immunotherapeutic targeting of CD33 is already an approved AML therapy (gemtuzumab ozogamicin) with toxicity relating predominantly to the chemotherapy payload (137). The question remains as to how post-transplant immunosuppression will impact the persistence and efficacy of the donor-derived CAR T cells in this platform. Although it has yet to be clinically developed, it is hoped that the concept of combining CAR T therapy with genetically engineered allo-HCT will lead to a synergistic effect on AML with limited added toxicities.

Other approaches to improve the specificity of T-cell therapies for AML are in preclinical and clinical development, including dual-targeting CAR T cells that identify surface antigen combinations that are unique to leukemic blasts as well as T-cell receptor engineered (TCR) T cells that allow for the recognition of intracellular proteins specific to AML blasts (138–140). The existing perspective, however, is that the clinical advances to come from AML cellular therapy will likely need to be combined with allo-HCT in order to achieve the best outcomes. As more is learned about these complementary platforms, lessons from each are likely to benefit one another. 



Allogeneic “Off-the-Shelf” CAR T Therapy

Numerous challenges to the widespread implementation of autologous CAR T therapy have been described (141). The products are generated from a patient’s autologous T cells, which requires extensive and costly collection and manufacturing efforts. This process is time-intensive, and during the intervening period some patients have difficulty with disease control or complications from bridging chemotherapy. Additionally, the extensive pretreatment brings into question the potency and exhaustion of the cellular therapy.

Due to these limitations, numerous institutions and companies are actively developing “universal off-the-shelf” CAR T products derived from allogeneic sources (UCART), which overcome some of these hurdles although introduce new ones. Principally, alloreactivity can lead to rejection of the UCART mediated by the recipient T and NK cells, and alloreactivity from the UCART can lead to GVHD (142). Numerous studies of graft rejection and GVHD in the context of UCART have demonstrated the role of the T cell receptor (TCR) in recognizing non-self major histocompatibility complex (MHC) molecules and/or MHC molecules complexed with peptides, conferring alloreactivity (143–145). As such, the fundamental understanding of both of these concepts, and methods to mitigate them, are derived from decades of study and observation in allo-HCT.

A unique clinical development in allo-HCT that has translated to preclinical work in the UCART space involves the isolation and therapeutic exploitation of virus-specific T cells that have a limited TCR repertoire. Initially, such allogeneic virus-specific T cells were used in allo-HCT recipients to treat and prevent severe viral infections (146–148). Despite HLA mismatches between the cellular therapy and patients, de novo GVHD did not occur with any significant frequency. Therefore, such virus-specific T-cells are currently being bioengineered to harbor CARs for CD19 and other targets (149, 150).

With knowledge of the TCR as the main mediator of both rejection and GVHD, disruption of the TCR through one of a number of gene editing techniques has become the predominate means of preventing GVHD by UCART. In the initial preclinical work, Torikai et al. (151) demonstrated the feasibility of knocking out the gene for the T cell receptor constant α chain (TRAC) using zinc finger technology in CD19 CAR T cells, without impairment of their antitumor activity (151). Subsequent methods have employed transcription activator-like effector nuclease (TALEN) technology to develop UCART products, knocking out not only the TCR but also CD52 in the products, allowing for alemtuzumab-based extended lymphodepletion in order to enhance UCART engraftment and persistence and to mitigate UCART rejection without impacting the anti-tumor efficacy of the UCART product itself. Clinical trials of UCART are ongoing in multiple hematologic malignancies (142). The advent of CRISPR/Cas9 technology has allowed for both precision knockout of TRAC as well as T cell-specific antigens (e.g., CD7), allowing for possible deployment in T cell ALL without the risk of fratricide (152). Another novel approach that allows for efficient production of UCART products involves adeno-associated virus (AAV)-mediated transduction of the CAR transgene into the TRAC locus. This process exploits a site-specific endonuclease and homology-directed repair to simultaneously knock out the native TCR and allows for the CAR to be expressed under the usual transcriptional control of TRAC (153, 154). Many of these UCART technologies are in clinical development and, if successful, are poised to make CAR T therapy more accessible and affordable. How they will impact the landscape of CAR T and allo-HCT remains to be seen.




Discussion and Conclusions

Allogeneic hematopoietic cell transplantation and chimeric antigen receptor T cell therapy are the two principal cellular therapies that have widely permeated the clinical space outside of clinical trials, and remain the focus of many ongoing investigations. They span the spectrum of target specificity which, in part, predicts their efficacy and toxicity. Whether the two modalities complement or compete with one another depends substantially on the disease and the patient and requires a nuanced and individualized approach. For many histologic subtypes of NHL and for relapsed refractory MM, CAR T therapy appears to provide comparable or improved outcomes to allo-HCT with potentially less long-term complications and a chance of durable remissions as a destination therapy. However, allo-HCT already had very niched indications within these diseases secondary to substantial improvements in novel therapies, so likely there will continue to be a role for allo-HCT in select patients, albeit diminished. In B-ALL much of the evidence supports CAR T therapy as a complement serving as a bridge to allo-HCT, especially in adults. However, some patients, especially pediatric patients, may enjoy sustainable remissions with CAR T alone, with active observation for loss of CAR T persistence replacing the immediate need to proceed to transplant while in remission. Should CAR T therapy become a viable treatment option for myeloid malignancies, based on current research there is a high probability that it will be used in conjunction with allo-HCT due to the antigen overlap between malignant myeloid cells and non-malignant hematopoietic stem and progenitor cells. Technologies used to build newer CAR T may be able to simultaneously modify the allografts to limit off-target effects.

The pace of innovation in the adoptive immunotherapy space is accelerating, sparked by the success of both platforms; allo-HCT and CAR T. The ongoing research in both fields is routinely translated to one another and to other forms of investigational cellular therapies, providing strategies to manage complications, such as CRS, and increase accessibility with the prospect of UCART therapy. As the technologies evolve and new therapies emerge, the challenge will continue to be in synthesizing the data in reference to the specific disease and performance status of each patient in order to provide better and more tailored treatment for each individual.



Author Contributions

SG wrote the manuscript. AG and JD reviewed and edited the manuscript in detail. All authors contributed to the article and approved the submitted version.



Funding

NCI/NIH P50CA171963 Leukemia SPORE (JD), NIH/NCI: R35CA210084 NCI Outstanding Investigator Award (JD); Childrens Discovery Institute (JD).



Acknowledgments

We would like to acknowledge Dr. Joel Eissenberg for assisting in the editing of the manuscript.



References

1. Thomas, ED, Storb, R, Clift, RA, Fefer, A, Johnson, FL, Neiman, PE, et al. Bone-Marrow Transplantation. N Engl J Med (1975) 292:832–43. doi: 10.1056/NEJM197504172921605

2. Thomas, ED, Storb, R, Clift, RA, Fefer, A, Johnson, FL, Neiman, PE, et al. Bone-Marrow Transplantation. N Engl J Med (1975) 292:895–902. doi: 10.1056/NEJM197504242921706

3. Armitage, JO. Bone Marrow Transplantation. N Engl J Med (1994) 330:827–38. doi: 10.1056/NEJM199403243301206

4. Appelbaum, FR. Hematopoietic-Cell Transplantation at 50. N Engl J Med (2007) 357:1472–5. doi: 10.1056/NEJMp078166

5. Appelbaum, FR, Gundacker, H, Head, DR, Slovak, ML, Willman, CL, Godwin, JE, et al. Age and acute myeloid leukemia. Blood (2015) 107:3481–6. doi: 10.1182/blood-2005-09-3724.Supported

6. Gyurkocza, B, Rezvani, A, and Storb, RF. Allogeneic hematopoietic cell transplantation: the state of the art. Expert Rev Hematol (2010) 3:285–99. doi: 10.1586/ehm.10.21

7. Wang, X, and Rivière, I. Manufacture of tumor- and virus-specific T lymphocytes for adoptive cell therapies. Cancer Gene Ther (2015) 22:85–94. doi: 10.1038/cgt.2014.81

8. Maus, MV, Grupp, SA, Porter, DL, and June, CH. Antibody-modified T cells: CARs take the front seat for hematologic malignancies. Blood (2014) 123:2625–35. doi: 10.1182/blood-2013-11-492231

9. Pal, SK, Miller, MJ, Agarwal, N, Marina Chang, S, Chavez-MacGregor, M, Cohen, E, et al. Clinical cancer advances 2019: Annual report on progress against cancer from the American society of clinical oncology. J Clin Oncol (2019) 37:834–49. doi: 10.1200/JCO.18.02037

10. Bouziana, S, and Bouzianas, D. Exploring the Dilemma of Allogeneic Hematopoietic Cell Transplantation after Chimeric Antigen Receptor T Cell Therapy: To Transplant or Not? Biol Blood Marrow Transplant (2020) 26:e183–91. doi: 10.1016/j.bbmt.2020.04.003

11. D’Agostino, M, and Raje, N. Anti-BCMA CAR T-cell therapy in multiple myeloma: can we do better? Leukemia (2020) 34:21–34. doi: 10.1038/s41375-019-0669-4

12. Gertz, MA. When to recommend allogeneic transplant in multiple myeloma. Leuk Lymphoma (2015) 56:2512–7. doi: 10.3109/10428194.2015.1052808

13. Lorenz, E, Congdon, C, and Uphoff, D. Modification of Acute Irradiation Injury in Mice and Guinea-Pigs by Bone Marrow Injections. Radiology (1952) 58:863–77. doi: 10.1148/58.6.863

14. Perry, AR, and Linch, DC. The history of bone-marrow transplantation. Blood Rev (1996) 10:215–9. doi: 10.1016/S0268-960X(96)90004-1

15. Thomas, ED, Lochte, HL, Lu, WC, and Ferrebee, JW. Intravenous Infusion of Bone Marrow in Patients Receiving Radiation and Chemotherapy. N Engl J Med (1957) 257:491–6. doi: 10.1056/NEJM195709122571102

16. Sweeney, C, and Vyas, P. The Graft-Versus-Leukemia Effect in AML. Front Oncol (2019) 9:1217. doi: 10.3389/fonc.2019.01217

17. Saad, A, and Lamb, LS. Ex vivo T-cell depletion in allogeneic hematopoietic stem cell transplant: past, present and future. Bone Marrow Transplant (2017) 52:1241–8. doi: 10.1038/bmt.2017.22

18. Huff, CA, Fuchs, EJ, Smith, BD, Blackford, A, Garrett-Mayer, E, Brodsky, RA, et al. Graft-versus-host reactions and the effectiveness of donor lymphocyte infusions. Biol Blood Marrow Transplant (2006) 12:414–21. doi: 10.1016/j.bbmt.2005.11.520

19. El-Cheikh, J, Crocchiolo, R, Furst, S, Ladaique, P, Castagna, L, Faucher, C, et al. Donor CD3+ lymphocyte infusion after reduced intensity conditioning allogeneic stem cell transplantation: Single-center experience. Exp Hematol (2013) 41:17–27. doi: 10.1016/j.exphem.2012.09.008

20. Chang, YJ, and Huang, XJ. Donor lymphocyte infusions for relapse after allogeneic transplantation. When, if and for whom? Blood Rev (2013) 27:55–62. doi: 10.1016/j.blre.2012.11.002

21. Ringdén, O, Labopin, M, Ehninger, G, Niederwieser, D, Olsson, R, Basara, N, et al. Reduced intensity conditioning compared with myeloablative conditioning using unrelated donor transplants in patients with acute myeloid leukemia. J Clin Oncol (2009) 27:4570–7. doi: 10.1200/JCO.2008.20.9692

22. Sadelain, M. CAR therapy: the CD19 paradigm. J Clin Invest (2015) 125:3392–400. doi: 10.1172/JCI80010

23. Eshhar, Z, Waks, T, Gross, G, and Schindler, DG. Specific activation and targeting of cytotoxic lymphocytes through chimeric single chains consisting of antibody-binding domains and the gamma or zeta subunits of the immunoglobulin and T-cell receptors. Proc Natl Acad Sci U S A (1993) 90:720–4. doi: 10.1073/pnas.90.2.720

24. Sadelain, M, Rivière, I, and Brentjens, R. Targeting tumours with genetically enhanced T lymphocytes. Nat Rev Cancer (2003) 3:35–45. doi: 10.1038/nrc971

25. Brocker, T. Chimeric Fv-zeta or Fv-epsilon receptors are not sufficient to induce activation or cytokine production in peripheral T cells. Blood (2000) 96:1999–2001. doi: 10.1182/blood.V96.5.1999

26. Krause, A, Guo, HF, Latouche, JB, Tan, C, Cheung, NK, and Sadelain, M. Antigen-dependent CD28 signaling selectively enhances survival and proliferation in genetically modified activated human primary T lymphocytes. J Exp Med (1998) 188:619–26. doi: 10.1084/jem.188.4.619

27. Imai, C, Mihara, K, Andreansky, M, Nicholson, IC, Pui, C-H, Geiger, TL, et al. Chimeric receptors with 4-1BB signaling capacity provoke potent cytotoxicity against acute lymphoblastic leukemia. Leukemia (2004) 18:676–84. doi: 10.1038/sj.leu.2403302

28. Milone, MC, Fish, JD, Carpenito, C, Carroll, RG, Binder, GK, Teachey, D, et al. Chimeric receptors containing CD137 signal transduction domains mediate enhanced survival of T cells and increased antileukemic efficacy in vivo. Mol Ther (2009) 17:1453–64. doi: 10.1038/mt.2009.83

29. Savoldo, B, Ramos, CA, Liu, E, Mims, MP, Keating, MJ, Carrum, G, et al. CD28 costimulation improves expansion and persistence of chimeric antigen receptor-modified T cells in lymphoma patients. J Clin Invest (2011) 121:1822–6. doi: 10.1172/JCI46110

30. Kochenderfer, JN, Feldman, SA, Zhao, Y, Xu, H, Black, MA, Morgan, RA, et al. Construction and preclinical evaluation of an anti-CD19 chimeric antigen receptor. J Immunother (2009) 32:689–702. doi: 10.1097/CJI.0b013e3181ac6138

31. Goldstone, AH, Richards, SM, Lazarus, HM, Tallman, MS, Buck, G, Fielding, AK, et al. In adults with standard-risk acute lymphoblastic leukemia, the greatest benefit is achieved from a matched sibling allogeneic transplantation in first complete remission, and an autologous transplantation is less effective than conventional consolidation/. Blood (2008) 111:1827–33. doi: 10.1182/blood-2007-10-116582

32. Gupta, V, Richards, S, Rowe, J, and Acute Leukemia Stem Cell Transplantation Trialists’ Collaborative Group. Allogeneic, but not autologous, hematopoietic cell transplantation improves survival only among younger adults with acute lymphoblastic leukemia in first remission: an individual patient data meta-analysis. Blood (2013) 121:339–50. doi: 10.1182/blood-2012-07-445098

33. D’Souza, A, Fretham, C, Lee, SJ, Arora, M, Brunner, J, Chhabra, S, et al. Current Use of and Trends in Hematopoietic Cell Transplantation in the United States. Biol Blood Marrow Transplant (2020) 26:e177–82. doi: 10.1016/j.bbmt.2020.04.013

34. Khaled, SK, Thomas, SH, and Forman, SJ. Allogeneic hematopoietic cell transplantation for acute lymphoblastic leukemia in adults. Curr Opin Oncol (2012) 24:182–90. doi: 10.1097/CCO.0b013e32834f5c41

35. Duval, M, Klein, JP, He, W, Cahn, J-Y, Cairo, M, Camitta, BM, et al. Hematopoietic stem-cell transplantation for acute leukemia in relapse or primary induction failure. J Clin Oncol (2010) 28:3730–8. doi: 10.1200/JCO.2010.28.8852

36. Mardiana, S, and Gill, S. CAR T Cells for Acute Myeloid Leukemia: State of the Art and Future Directions. Front Oncol (2020) 10:697. doi: 10.3389/fonc.2020.00697

37. Budde, L, Song, JY, Kim, Y, Blanchard, S, Wagner, J, Stein, AS, et al. Remissions of Acute Myeloid Leukemia and Blastic Plasmacytoid Dendritic Cell Neoplasm Following Treatment with CD123-Specific CAR T Cells: A First-in-Human Clinical Trial. Blood (2017) 130:811. doi: 10.1182/blood.V130.Suppl_1.811.811

38. Kim, MY, Yu, K-R, Kenderian, SS, Ruella, M, Chen, S, Shin, T-H, et al. Genetic Inactivation of CD33 in Hematopoietic Stem Cells to Enable CAR T Cell Immunotherapy for Acute Myeloid Leukemia. Cell (2018) 173:1439–1453.e19. doi: 10.1016/j.cell.2018.05.013

39. van Kampen, RJW, Canals, C, Schouten, HC, Nagler, A, Thomson, KJ, Vernant, J-P, et al. Allogeneic Stem-Cell Transplantation As Salvage Therapy for Patients With Diffuse Large B-Cell Non-Hodgkin’s Lymphoma Relapsing After an Autologous Stem-Cell Transplantation: An Analysis of the European Group for Blood and Marrow Transplantation Registry. J Clin Oncol (2011) 29:1342–8. doi: 10.1200/JCO.2010.30.2596

40. Khouri, IF, McLaughlin, P, Saliba, RM, Hosing, C, Korbling, M, Lee, MS, et al. Eight-year experience with allogeneic stem cell transplantation for relapsed follicular lymphoma after nonmyeloablative conditioning with fludarabine, cyclophosphamide, and rituximab. Blood (2008) 111:5530–6. doi: 10.1182/blood-2008-01-136242

41. Sureda, A, Zhang, M-J, Dreger, P, Carreras, J, Fenske, T, Finel, H, et al. Allogeneic hematopoietic stem cell transplantation for relapsed follicular lymphoma: A combined analysis on behalf of the Lymphoma Working Party of the EBMT and the Lymphoma Committee of the CIBMTR. Cancer (2018) 124:1733–42. doi: 10.1002/cncr.31264

42. Dickinson, M, Popplewell, L, Kolstad, A, Ho, J, Teshima, T, Dreyling, MH, et al. ELARA: A phase II, single-arm, multicenter, open-label trial investigating the efficacy and safety of tisagenlecleucel in adult patients with refractory/relapsed follicular lymphoma (r/r FL). J Clin Oncol (2019) 37:TPS7573–TPS7573. doi: 10.1200/JCO.2019.37.15_suppl.TPS7573

43. Jacobson, CA, Chavez, JC, Sehgal, AR, William, BM, Munoz, J, Salles, GA, et al. Interim analysis of ZUMA-5: A phase II study of axicabtagene ciloleucel (axi-cel) in patients (pts) with relapsed/refractory indolent non-Hodgkin lymphoma (R/R iNHL). J Clin Oncol (2020) 38:8008. doi: 10.1200/JCO.2020.38.15_suppl.8008

44. Fenske, TS, Zhang, M-J, Carreras, J, Ayala, E, Burns, LJ, Cashen, A, et al. Autologous or Reduced-Intensity Conditioning Allogeneic Hematopoietic Cell Transplantation for Chemotherapy-Sensitive Mantle-Cell Lymphoma: Analysis of Transplantation Timing and Modality. J Clin Oncol (2013) 32:273–81. doi: 10.1200/JCO.2013.49.2454

45. Wang, M, Munoz, J, Goy, A, Locke, FL, Jacobson, CA, Hill, BT, et al. KTE-X19 CAR T-Cell Therapy in Relapsed or Refractory Mantle-Cell Lymphoma. N Engl J Med (2020) 382:1331–42. doi: 10.1056/NEJMoa1914347

46. Yin, X, Tang, L, Fan, F, Jiang, Q, Sun, C, and Hu, Y. Allogeneic stem-cell transplantation for multiple myeloma: a systematic review and meta-analysis from 2007 to 2017. Cancer Cell Int (2018) 18:62. doi: 10.1186/s12935-018-0553-8

47. Madduri, D, Usmani, SZ, Jagannath, S, Singh, I, Zudaire, E, Yeh, T-M, et al. Results from CARTITUDE-1: A Phase 1b/2 Study of JNJ-4528, a CAR-T Cell Therapy Directed Against B-Cell Maturation Antigen (BCMA), in Patients with Relapsed and/or Refractory Multiple Myeloma (R/R MM). Blood (2019) 134:577–7. doi: 10.1182/blood-2019-121731

48. Berdeja, JG, Madduri, D, Usmani, SZ, Singh, I, Zudaire, E, Yeh, T-M, et al. Update of CARTITUDE-1: A phase Ib/II study of JNJ-4528, a B-cell maturation antigen (BCMA)-directed CAR-T-cell therapy, in relapsed/refractory multiple myeloma. J Clin Oncol (2020) 38:8505–5. doi: 10.1200/JCO.2020.38.15_suppl.8505

49. Rodríguez-Lobato, LG, Ganzetti, M, de Larrea, C, Hudecek, M, Einsele, H, and Danhof, S. CAR T-Cells in Multiple Myeloma: State of the Art and Future Directions. Front Oncol (2020) 10:1243. doi: 10.3389/fonc.2020.01243

50. Larsen, EC, Devidas, M, Chen, S, Salzer, WL, Raetz, EA, Loh, ML, et al. Dexamethasone and High-Dose Methotrexate Improve Outcome for Children and Young Adults With High-Risk B-Acute Lymphoblastic Leukemia: A Report From Children’s Oncology Group Study AALL0232. J Clin Oncol (2016) 34:2380–8. doi: 10.1200/JCO.2015.62.4544

51. Stock, W, Luger, SM, Advani, AS, Yin, J, Harvey, RC, Mullighan, CG, et al. A pediatric regimen for older adolescents and young adults with acute lymphoblastic leukemia: results of CALGB 10403. Blood (2019) 133:1548–59. doi: 10.1182/blood-2018-10-881961

52. Terwilliger, T, and Abdul-Hay, M. Acute lymphoblastic leukemia: a comprehensive review and 2017 update. Blood Cancer J (2017) 7:e577–7. doi: 10.1038/bcj.2017.53

53. Fielding, AK, and Goldstone, AH. Allogeneic haematopoietic stem cell transplant in Philadelphia-positive acute lymphoblastic leukaemia. Bone Marrow Transplant (2008) 41:447–53. doi: 10.1038/sj.bmt.1705904

54. Kantarjian, HM, DeAngelo, DJ, Stelljes, M, Martinelli, G, Liedtke, M, Stock, W, et al. Inotuzumab Ozogamicin versus Standard Therapy for Acute Lymphoblastic Leukemia. N Engl J Med (2016) 375:740–53. doi: 10.1056/NEJMoa1509277

55. Kantarjian, H, Stein, A, Gökbuget, N, Fielding, AK, Schuh, AC, Ribera, J-M, et al. Blinatumomab versus Chemotherapy for Advanced Acute Lymphoblastic Leukemia. N Engl J Med (2017) 376:836–47. doi: 10.1056/NEJMoa1609783

56. Gökbuget, N, Dombret, H, Bonifacio, M, Reichle, A, Graux, C, Faul, C, et al. Blinatumomab for minimal residual disease in adults with B-cell precursor acute lymphoblastic leukemia. Blood (2018) 131:1522–31. doi: 10.1182/blood-2017-08-798322

57. Lee III, DW, Stetler-Stevenson, M, Yuan, CM, Shah, NN, Delbrook, C, Yates, B, et al. Long-Term Outcomes Following CD19 CAR T Cell Therapy for B-ALL Are Superior in Patients Receiving a Fludarabine/Cyclophosphamide Preparative Regimen and Post-CAR Hematopoietic Stem Cell Transplantation. Blood (2016) 128:218. doi: 10.1182/blood.V128.22.218.218

58. Park, JH, Rivière, I, Gonen, M, Wang, X, Sénéchal, B, Curran, KJ, et al. Long-Term Follow-up of CD19 CAR Therapy in Acute Lymphoblastic Leukemia. N Engl J Med (2018) 378:449–59. doi: 10.1056/NEJMoa1709919

59. Curran, KJ, Margossian, SP, Kernan, NA, Silverman, LB, Williams, DA, Shukla, N, et al. Toxicity and response after CD19-specific CAR T-cell therapy in pediatric/young adult relapsed/refractory B-ALL. Blood (2019) 134:2361–8. doi: 10.1182/blood.2019001641

60. Maude, SL, Frey, N, Shaw, PA, Aplenc, R, Barrett, DM, Bunin, NJ, et al. Chimeric Antigen Receptor T Cells for Sustained Remissions in Leukemia. N Engl J Med (2014) 371:1507–17. doi: 10.1056/NEJMoa1407222

61. Pan, J, Yang, JF, Deng, BP, Zhao, XJ, Zhang, X, Lin, YH, et al. High efficacy and safety of low-dose CD19-directed CAR-T cell therapy in 51 refractory or relapsed B acute lymphoblastic leukemia patients. Leukemia (2017) 31:2587–93. doi: 10.1038/leu.2017.145

62. Gardner, RA, Finney, O, Annesley, C, Brakke, H, Summers, C, Leger, K, et al. Intent-to-treat leukemia remission by CD19 CAR T cells of defined formulation and dose in children and young adults. Blood (2017) 129:3322–31. doi: 10.1182/blood-2017-02-769208

63. Maude, SL, Laetsch, TW, Buechner, J, Rives, S, Boyer, M, Bittencourt, H, et al. Tisagenlecleucel in Children and Young Adults with B-Cell Lymphoblastic Leukemia. N Engl J Med (2018) 378:439–48. doi: 10.1056/NEJMoa1709866

64. Hay, KA, Gauthier, J, Hirayama, AV, Voutsinas, JM, Wu, Q, Li, D, et al. Factors associated with durable EFS in adult B-cell ALL patients achieving MRD-negative CR after CD19 CAR T-cell therapy. Blood (2019) 133:1652–63. doi: 10.1182/blood-2018-11-883710

65. Jiang, H, Li, C, Yin, P, Guo, T, Liu, L, Xia, L, et al. Anti-CD19 chimeric antigen receptor-modified T-cell therapy bridging to allogeneic hematopoietic stem cell transplantation for relapsed/refractory B-cell acute lymphoblastic leukemia: An open-label pragmatic clinical trial. Am J Hematol (2019) 94:1113–22. doi: 10.1002/ajh.25582

66. Frey, NV, Shaw, PA, Hexner, EO, Pequignot, E, Gill, S, Luger, SM, et al. Optimizing Chimeric Antigen Receptor T-Cell Therapy for Adults With Acute Lymphoblastic Leukemia. J Clin Oncol (2019) 38:415–22. doi: 10.1200/JCO.19.01892

67. Kansagra, AJ, Frey, NV, Bar, M, Laetsch, TW, Carpenter, PA, Savani, BN, et al. Clinical utilization of Chimeric Antigen Receptor T-cells (CAR-T) in B-cell acute lymphoblastic leukemia (ALL)–an expert opinion from the European Society for Blood and Marrow Transplantation (EBMT) and the American Society for Blood and Marrow Transplant. Bone Marrow Transplant (2019) 54:1868–80. doi: 10.1038/s41409-019-0451-2

68. Jain, T, Bar, M, Kansagra, AJ, Chong, EA, Hashmi, SK, Neelapu, SS, et al. Use of Chimeric Antigen Receptor T Cell Therapy in Clinical Practice for Relapsed/Refractory Aggressive B Cell Non-Hodgkin Lymphoma: An Expert Panel Opinion from the American Society for Transplantation and Cellular Therapy. Biol Blood Marrow Transplant (2019) 25:2305–21. doi: 10.1016/j.bbmt.2019.08.015

69. Lee, DW, Kochenderfer, JN, Stetler-Stevenson, M, Cui, YK, Delbrook, C, Feldman, SA, et al. T cells expressing CD19 chimeric antigen receptors for acute lymphoblastic leukaemia in children and young adults: a phase 1 dose-escalation trial. Lancet (London England) (2015) 385:517–28. doi: 10.1016/S0140-6736(14)61403-3

70. Grupp, SA, Maude, SL, Rives, S, Baruchel, A, Boyer, M, Bittencourt, H, et al. Tisagenlecleucel for the Treatment of Pediatric and Young Adult Patients with Relapsed/Refractory Acute Lymphoblastic Leukemia: Updated Analysis of the ELIANA Clinical Trial. Biol Blood Marrow Transplant (2019) 25:S126–7. doi: 10.1016/j.bbmt.2018.12.410

71. Pulsipher, MA. Are CAR T cells better than antibody or HCT therapy in B-ALL? Hematology (2018) 2018:16–24. doi: 10.1182/asheducation-2018.1.16

72. Summers, C, Annesley, C, Bleakley, M, Dahlberg, A, Jensen, MC, and Gardner, R. Long Term Follow-up after SCRI-CAR19v1 Reveals Late Recurrences As Well As a Survival Advantage to Consolidation with HCT after CAR T Cell Induced Remission. Blood (2018) 132:967. doi: 10.1182/blood-2018-99-115599

73. Turtle, CJ, Hanafi, L-A, Berger, C, Gooley, TA, Cherian, S, Hudecek, M, et al. CD19 CAR–T cells of defined CD4+:CD8+ composition in adult B cell ALL patients. J Clin Invest (2016) 126:2123–38. doi: 10.1172/JCI85309

74. Schultz, L. Chimeric Antigen Receptor T Cell Therapy for Pediatric B-ALL: Narrowing the Gap Between Early and Long-Term Outcomes. Front Immunol (2020) 11:1985. doi: 10.3389/fimmu.2020.01985

75. Jacoby, E. The role of allogeneic HSCT after CAR T cells for acute lymphoblastic leukemia. Bone Marrow Transplant (2019) 54:810–4. doi: 10.1038/s41409-019-0604-3

76. Bhatt, VR, Loberiza, FR, Jing, H, Bociek, RG, Bierman, PJ, Maness, LJ, et al. Mortality patterns among recipients of autologous hematopoietic stem cell transplantation for lymphoma and myeloma in the past three decades. Clin Lymphoma Myeloma Leuk (2015) 15:409–415.e1. doi: 10.1016/j.clml.2015.02.024

77. Philip, T, Guglielmi, C, Hagenbeek, A, Somers, R, Van der Lelie, H, Bron, D, et al. Autologous bone marrow transplantation as compared with salvage chemotherapy in relapses of chemotherapy-sensitive non-Hodgkin’s lymphoma. N Engl J Med (1995) 333:1540–5. doi: 10.1056/NEJM199512073332305

78. Ratanatharathorn, V, Uberti, J, Karanes, C, Abella, E, Lum, LG, Momin, F, et al. Prospective comparative trial of autologous versus allogeneic bone marrow transplantation in patients with non-Hodgkin’s lymphoma. Blood (1994) 84:1050–5. doi: 10.1182/blood.V84.4.1050.bloodjournal8441050

79. Doocey, RT, Toze, CL, Connors, JM, Nevill, TJ, Gascoyne, RD, Barnett, MJ, et al. Allogeneic haematopoietic stem-cell transplantation for relapsed and refractory aggressive histology non-Hodgkin lymphoma. Br J Haematol (2005) 131:223–30. doi: 10.1111/j.1365-2141.2005.05755.x

80. Bacher, U, Klyuchnikov, E, Le-Rademacher, J, Carreras, J, Armand, P, Bishop, MR, et al. Conditioning regimens for allotransplants for diffuse large B-cell lymphoma: myeloablative or reduced intensity? Blood (2012) 120:4256–62. doi: 10.1182/blood-2012-06-436725

81. Schuster, SJ, Svoboda, J, Chong, EA, Nasta, SD, Mato, AR, Anak, Ö, et al. Chimeric Antigen Receptor T Cells in Refractory B-Cell Lymphomas. N Engl J Med (2017) 377:2545–54. doi: 10.1056/NEJMoa1708566

82. Kochenderfer, JN, Somerville, RPT, Lu, T, Shi, V, Bot, A, Rossi, J, et al. Lymphoma Remissions Caused by Anti-CD19 Chimeric Antigen Receptor T Cells Are Associated With High Serum Interleukin-15 Levels. J Clin Oncol (2017) 35:1803–13. doi: 10.1200/JCO.2016.71.3024

83. Schuster, SJ, Bishop, MR, Tam, CS, Waller, EK, Borchmann, P, McGuirk, JP, et al. Tisagenlecleucel in Adult Relapsed or Refractory Diffuse Large B-Cell Lymphoma. N Engl J Med (2018) 380:45–56. doi: 10.1056/NEJMoa1804980

84. Locke, FL, Ghobadi, A, Jacobson, CA, Miklos, DB, Lekakis, LJ, Oluwole, OO, et al. Long-term safety and activity of axicabtagene ciloleucel in refractory large B-cell lymphoma (ZUMA-1): a single-arm, multicentre, phase 1–2 trial. Lancet Oncol (2019) 20:31–42. doi: 10.1016/S1470-2045(18)30864-7

85. Abramson, JS, Palomba, ML, Gordon, LI, Lunning, MA, Wang, ML, Arnason, JE, et al. Pivotal Safety and Efficacy Results from Transcend NHL 001, a Multicenter Phase 1 Study of Lisocabtagene Maraleucel (liso-cel) in Relapsed/Refractory (R/R) Large B Cell Lymphomas. Blood (2019) 134:241. doi: 10.1182/blood-2019-127508

86. Neelapu, SS, Locke, FL, Bartlett, NL, Lekakis, LJ, Miklos, DB, Jacobson, CA, et al. Axicabtagene Ciloleucel CAR T-Cell Therapy in Refractory Large B-Cell Lymphoma. N Engl J Med (2017) 377:2531–44. doi: 10.1056/NEJMoa1707447

87. Nastoupil, LJ, Jain, MD, Spiegel, JY, Ghobadi, A, Lin, Y, Dahiya, S, et al. Axicabtagene Ciloleucel (Axi-cel) CD19 Chimeric Antigen Receptor (CAR) T-Cell Therapy for Relapsed/Refractory Large B-Cell Lymphoma: Real World Experience. Blood (2018) 132:91. doi: 10.1182/blood-2018-99-114152

88. Kilgore, KM, Mohammadi, I, Schroeder, A, Teigland, C, Purdum, A, and Shah, GL. Medicare Patients Receiving Chimeric Antigen Receptor T-Cell Therapy for Non-Hodgkin Lymphoma: A First Real-World Look at Patient Characteristics, Healthcare Utilization and Costs. Blood (2019) 134:793. doi: 10.1182/blood-2019-124364

89. Kahl, BS, Dreyling, M, Gordon, LI, Quintanilla-Martinez, L, and Sotomayor, EM. Recent advances and future directions in mantle cell lymphoma research: report of the 2016 mantle cell lymphoma consortium workshop. Leuk Lymphoma (2017) 58:1561–9. doi: 10.1080/10428194.2017.1283036

90. Robinson, SP, Boumendil, A, Finel, H, Peggs, KS, Chevallier, P, Sierra, J, et al. Long-term outcome analysis of reduced-intensity allogeneic stem cell transplantation in patients with mantle cell lymphoma: a retrospective study from the EBMT Lymphoma Working Party. Bone Marrow Transplant (2018) 53:617–24. doi: 10.1038/s41409-017-0067-3

91. Carbone, A, Roulland, S, Gloghini, A, Younes, A, von Keudell, G, López-Guillermo, A, et al. Follicular lymphoma. Nat Rev Dis Primers (2019) 5:83. doi: 10.1038/s41572-019-0132-x

92. Casulo, C, Byrtek, M, Dawson, KL, Zhou, X, Farber, CM, Flowers, CR, et al. Early Relapse of Follicular Lymphoma After Rituximab Plus Cyclophosphamide, Doxorubicin, Vincristine, and Prednisone Defines Patients at High Risk for Death: An Analysis From the National LymphoCare Study. J Clin Oncol (2015) 33:2516–22. doi: 10.1200/JCO.2014.59.7534

93. Jurinovic, V, Metzner, B, Pfreundschuh, M, Schmitz, N, Wandt, H, Keller, U, et al. Autologous Stem Cell Transplantation for Patients with Early Progression of Follicular Lymphoma: A Follow-Up Study of 2 Randomized Trials from the German Low Grade Lymphoma Study Group. Biol Blood Marrow Transplant (2018) 24:1172–9. doi: 10.1016/j.bbmt.2018.03.022

94. Smith, SM, Godfrey, J, Ahn, KW, DiGilio, A, Ahmed, S, Agrawal, V, et al. Autologous transplantation versus allogeneic transplantation in patients with follicular lymphoma experiencing early treatment failure. Cancer (2018) 124:2541–51. doi: 10.1002/cncr.31374

95. Khouri, IF, Saliba, RM, Erwin, WD, Samuels, BI, Korbling, M, Medeiros, LJ, et al. Nonmyeloablative allogeneic transplantation with or without 90yttrium ibritumomab tiuxetan is potentially curative for relapsed follicular lymphoma: 12-year results. Blood (2012) 119:6373–8. doi: 10.1182/blood-2012-03-417808

96. Hirayama, AV, Gauthier, J, Hay, KA, Voutsinas, JM, Wu, Q, Pender, BS, et al. High rate of durable complete remission in follicular lymphoma after CD19 CAR-T cell immunotherapy. Blood (2019) 134:636–40. doi: 10.1182/blood.2019000905

97. Bishop, MR. The case for CAR T-cell therapy in follicular lymphomas. Blood (2019) 134:577–8. doi: 10.1182/blood.2019001843

98. Byrne, M, Oluwole, OO, Savani, B, Majhail, NS, Hill, BT, and Locke, FL. Understanding and Managing Large B Cell Lymphoma Relapses after Chimeric Antigen Receptor T Cell Therapy. Biol Blood Marrow Transplant (2019) 25:e344–51. doi: 10.1016/j.bbmt.2019.06.036

99. Ruella, M, Kenderian, SS, Shestova, O, Fraietta, JA, Qayyum, S, Zhang, Q, et al. The Addition of the BTK Inhibitor Ibrutinib to Anti-CD19 Chimeric Antigen Receptor T Cells (CART19) Improves Responses against Mantle Cell Lymphoma. Clin Cancer Res (2016) 22:2684–96. doi: 10.1158/1078-0432.CCR-15-1527

100. Fraietta, JA, Beckwith, KA, Patel, PR, Ruella, M, Zheng, Z, Barrett, DM, et al. Ibrutinib enhances chimeric antigen receptor T-cell engraftment and efficacy in leukemia. Blood (2016) 127:1117–27. doi: 10.1182/blood-2015-11-679134

101. Otáhal, P, Průková, D, Král, V, Fabry, M, Vočková, P, Latečková, L, et al. Lenalidomide enhances antitumor functions of chimeric antigen receptor modified T cells. Oncoimmunology (2016) 5:e1115940. doi: 10.1080/2162402X.2015.1115940

102. Chong, EA, Melenhorst, JJ, Lacey, SF, Ambrose, DE, Gonzalez, V, Levine, BL, et al. PD-1 blockade modulates chimeric antigen receptor (CAR)-modified T cells: refueling the CAR. Blood (2017) 129:1039–41. doi: 10.1182/blood-2016-09-738245

103. Schuster, SJ, Bartlett, NL, Assouline, S, Yoon, S-S, Bosch, F, Sehn, LH, et al. Mosunetuzumab Induces Complete Remissions in Poor Prognosis Non-Hodgkin Lymphoma Patients, Including Those Who Are Resistant to or Relapsing After Chimeric Antigen Receptor T-Cell (CAR-T) Therapies, and Is Active in Treatment through Multiple Lines. Blood (2019) 134:6. doi: 10.1182/blood-2019-123742

104. Brudno, JN, Somerville, RPT, Shi, V, Rose, JJ, Halverson, DC, Fowler, DH, et al. Allogeneic T Cells That Express an Anti-CD19 Chimeric Antigen Receptor Induce Remissions of B-Cell Malignancies That Progress After Allogeneic Hematopoietic Stem-Cell Transplantation Without Causing Graft-Versus-Host Disease. J Clin Oncol (2016) 34:1112–21. doi: 10.1200/JCO.2015.64.5929

105. Kebriaei, P, Singh, H, Huls, MH, Figliola, MJ, Bassett, R, Olivares, S, et al. Phase I trials using Sleeping Beauty to generate CD19-specific CAR T cells. J Clin Invest (2016) 126:3363–76. doi: 10.1172/JCI86721

106. Cruz, CRY, Micklethwaite, KP, Savoldo, B, Ramos, CA, Lam, S, Ku, S, et al. Infusion of donor-derived CD19-redirected virus-specific T cells for B-cell malignancies relapsed after allogeneic stem cell transplant: a phase 1 study. Blood (2013) 122:2965–73. doi: 10.1182/blood-2013-06-506741

107. Jain, T, Sauter, CS, Shah, GL, Maloy, MA, Chan, J, Scordo, M, et al. Safety and feasibility of chimeric antigen receptor T cell therapy after allogeneic hematopoietic cell transplantation in relapsed/ refractory B cell non-Hodgkin lymphoma. Leukemia (2019) 33:2540–4. doi: 10.1038/s41375-019-0476-y

108. Chim, CS, Kumar, SK, Orlowski, RZ, Cook, G, Richardson, PG, Gertz, MA, et al. Management of relapsed and refractory multiple myeloma: novel agents, antibodies, immunotherapies and beyond. Leukemia (2018) 32:252–62. doi: 10.1038/leu.2017.329

109. Garban, F, Attal, M, Michallet, M, Hulin, C, Bourhis, JH, Yakoub-Agha, I, et al. Prospective comparison of autologous stem cell transplantation followed by dose-reduced allograft (IFM99-03 trial) with tandem autologous stem cell transplantation (IFM99-04 trial) in high-risk de novo multiple myeloma. Blood (2006) 107:3474–80. doi: 10.1182/blood-2005-09-3869

110. Rosiñol, L, Pérez-Simón, JA, Sureda, A, de la Rubia, J, de Arriba, F, Lahuerta, JJ, et al. A prospective PETHEMA study of tandem autologous transplantation versus autograft followed by reduced-intensity conditioning allogeneic transplantation in newly diagnosed multiple myeloma. Blood (2008) 112:3591–3. doi: 10.1182/blood-2008-02-141598

111. Gahrton, G, Iacobelli, S, Björkstrand, B, Hegenbart, U, Gruber, A, Greinix, H, et al. Autologous/reduced-intensity allogeneic stem cell transplantation vs autologous transplantation in multiple myeloma: long-term results of the EBMT-NMAM2000 study. Blood (2013) 121:5055–63. doi: 10.1182/blood-2012-11-469452

112. Krishnan, A, Pasquini, MC, Logan, B, Stadtmauer, EA, Vesole, DH, Alyea, E3, et al. Autologous haemopoietic stem-cell transplantation followed by allogeneic or autologous haemopoietic stem-cell transplantation in patients with multiple myeloma (BMT CTN 0102): a phase 3 biological assignment trial. Lancet Oncol (2011) 12:1195–203. doi: 10.1016/S1470-2045(11)70243-1

113. Kharfan-Dabaja, MA, Hamadani, M, Reljic, T, Nishihori, T, Bensinger, W, Djulbegovic, B, et al. Comparative efficacy of tandem autologous versus autologous followed by allogeneic hematopoietic cell transplantation in patients with newly diagnosed multiple myeloma: a systematic review and meta-analysis of randomized controlled trials. J Hematol Oncol (2013) 6:2. doi: 10.1186/1756-8722-6-2

114. Armeson, KE, Hill, EG, and Costa, LJ. Tandem autologous vs autologous plus reduced intensity allogeneic transplantation in the upfront management of multiple myeloma: meta-analysis of trials with biological assignment. Bone Marrow Transplant (2013) 48:562–7. doi: 10.1038/bmt.2012.173

115. Patriarca, F, Einsele, H, Spina, F, Bruno, B, Isola, M, Nozzoli, C, et al. Allogeneic stem cell transplantation in multiple myeloma relapsed after autograft: a multicenter retrospective study based on donor availability. Biol Blood Marrow Transplant (2012) 18:617–26. doi: 10.1016/j.bbmt.2011.07.026

116. Freytes, CO, Vesole, DH, LeRademacher, J, Zhong, X, Gale, RP, Kyle, RA, et al. Second transplants for multiple myeloma relapsing after a previous autotransplant-reduced-intensity allogeneic vs autologous transplantation. Bone Marrow Transplant (2014) 49:416–21. doi: 10.1038/bmt.2013.187

117. Shah, N, Callander, N, Ganguly, S, Gul, Z, Hamadani, M, Costa, L, et al. Hematopoietic Stem Cell Transplantation for Multiple Myeloma: Guidelines from the American Society for Blood and Marrow Transplantation. Biol Blood Marrow Transplant (2015) 21:1155–66. doi: 10.1016/j.bbmt.2015.03.002

118. Lokhorst, H, Einsele, H, Vesole, D, Bruno, B, San Miguel, J, Pérez-Simon, JA, et al. International Myeloma Working Group consensus statement regarding the current status of allogeneic stem-cell transplantation for multiple myeloma. J Clin Oncol (2010) 28:4521–30. doi: 10.1200/JCO.2010.29.7929

119. Ali, SA, Shi, V, Maric, I, Wang, M, Stroncek, DF, Rose, JJ, et al. T cells expressing an anti-B-cell maturation antigen chimeric antigen receptor cause remissions of multiple myeloma. Blood (2016) 128:1688–700. doi: 10.1182/blood-2016-04-711903

120. Cohen, AD, Garfall, AL, Stadtmauer, EA, Melenhorst, JJ, Lacey, SF, Lancaster, E, et al. B cell maturation antigen-specific CAR T cells are clinically active in multiple myeloma. J Clin Invest (2019) 129:2210–21. doi: 10.1172/JCI126397

121. Raje, N, Berdeja, J, Lin, Y, Siegel, D, Jagannath, S, Madduri, D, et al. Anti-BCMA CAR T-Cell Therapy bb2121 in Relapsed or Refractory Multiple Myeloma. N Engl J Med (2019) 380:1726–37. doi: 10.1056/NEJMoa1817226

122. Munshi, NC, LD, Anderson C. Jr., Shah, N, Jagannath, S, Berdeja, JG, Lonial, S, et al. Idecabtagene vicleucel (ide-cel; bb2121), a BCMA-targeted CAR T-cell therapy, in patients with relapsed and refractory multiple myeloma (RRMM): Initial KarMMa results. J Clin Oncol (2020) 38:8503–3. doi: 10.1200/JCO.2020.38.15_suppl.8503

123. Zhao, W-H, Liu, J, Wang, B-Y, Chen, Y-X, Cao, X-M, Yang, Y, et al. A phase 1, open-label study of LCAR-B38M, a chimeric antigen receptor T cell therapy directed against B cell maturation antigen, in patients with relapsed or refractory multiple myeloma. J Hematol Oncol (2018) 11:141. doi: 10.1186/s13045-018-0681-6

124. Xu, J, Chen, L-J, Yang, S-S, Sun, Y, Wu, W, Liu, Y-F, et al. Exploratory trial of a biepitopic CAR T-targeting B cell maturation antigen in relapsed/refractory multiple myeloma. Proc Natl Acad Sci (2019) 116:9543 –51. doi: 10.1073/pnas.1819745116

125. O’Neal, J, Ritchey, J, Cooper, M, Niswonger, J, Kim, M, Gonzalez, S, et al. CS1 Targeted Chimeric Antigen Receptors (CAR) for treatment of multiple myeloma (MM). Clin Lymphoma Myeloma Leuk (2019) 19:e166–7. doi: 10.1016/j.clml.2019.09.278

126. Zah, E, Nam, E, Bhuvan, V, Tran, U, Ji, BY, Gosliner, SB, et al. Systematically optimized BCMA/CS1 bispecific CAR-T cells robustly control heterogeneous multiple myeloma. Nat Commun (2020) 11:2283. doi: 10.1038/s41467-020-16160-5

127. Kanate, AS, Majhail, NS, Savani, BN, Bredeson, C, Champlin, RE, Crawford, S, et al. Indications for Hematopoietic Cell Transplantation and Immune Effector Cell Therapy: Guidelines from the American Society for Transplantation and Cellular Therapy. Biol Blood Marrow Transplant (2020) 26:1247–56. doi: 10.1016/j.bbmt.2020.03.002

128. Matthews, JP, Bishop, JF, Young, GAR, Juneja, SK, Lowenthal, RM, Garson, OM, et al. Patterns of failure with increasing intensification of induction chemotherapy for acute myeloid leukaemia. Br J Haematol (2001) 113:727–36. doi: 10.1046/j.1365-2141.2001.02756.x

129. Shah, A, Andersson, TM-L, Rachet, B, Björkholm, M, and Lambert, PC. Survival and cure of acute myeloid leukaemia in England, 1971-2006: a population-based study. Br J Haematol (2013) 162:509–16. doi: 10.1111/bjh.12425

130. Mrózek, K, Marcucci, G, Nicolet, D, Maharry, KS, Becker, H, Whitman, SP, et al. Prognostic significance of the European LeukemiaNet standardized system for reporting cytogenetic and molecular alterations in adults with acute myeloid leukemia. J Clin Oncol (2012) 30:4515–23. doi: 10.1200/JCO.2012.43.4738

131. Cummins, KD, and Gill, S. Chimeric antigen receptor T-cell therapy for acute myeloid leukemia: how close to reality? Haematologica (2019) 104:1302–8. doi: 10.3324/haematol.2018.208751

132. Al-Hussaini, M, Rettig, MP, Ritchey, JK, Karpova, D, Uy, GL, Eissenberg, LG, et al. Targeting CD123 in acute myeloid leukemia using a T-cell-directed dual-affinity retargeting platform. Blood (2016) 127:122–31. doi: 10.1182/blood-2014-05-575704

133. Testa, U, Pelosi, E, and Frankel, A. CD 123 is a membrane biomarker and a therapeutic target in hematologic malignancies. Biomark Res (2014) 2:4. doi: 10.1186/2050-7771-2-4

134. Gill, S, Tasian, SK, Ruella, M, Shestova, O, Li, Y, Porter, DL, et al. Preclinical targeting of human acute myeloid leukemia and myeloablation using chimeric antigen receptor-modified T cells. Blood (2014) 123:2343–54. doi: 10.1182/blood-2013-09-529537

135. Baroni, ML, Sanchez Martinez, D, Gutierrez Aguera, F, Roca Ho, H, Castella, M, Zanetti, S, et al. 41BB-based and CD28-based CD123-redirected T-cells ablate human normal hematopoiesis in vivo. J Immunother Cancer (2020) 8:e000845. doi: 10.1136/jitc-2020-000845

136. Cummins, KD, Frey, N, Nelson, AM, Schmidt, A, Luger, S, Isaacs, RE, et al. Treating Relapsed/Refractory (RR) AML with Biodegradable Anti-CD123 CAR Modified T Cells. Blood (2017) 130:1359. doi: 10.1182/blood.V130.Suppl_1.1359.1359

137. Godwin, CD, McDonald, GB, and Walter, RB. Sinusoidal obstruction syndrome following CD33-targeted therapy in acute myeloid leukemia. Blood (2017) 129:2330–2. doi: 10.1182/blood-2017-01-762419

138. Daver, N. A bispecific approach to improving CAR T cells in AML. Blood (2020) 135:703–4. doi: 10.1182/blood.2020004791

139. He, X, Feng, Z, Ma, J, Ling, S, Cao, Y, Gurung, B, et al. Bispecific and split CAR T cells targeting CD13 and TIM3 eradicate acute myeloid leukemia. Blood (2020) 135:713–23. doi: 10.1182/blood.2019002779

140. Chapuis, AG, Egan, DN, Bar, M, Schmitt, TM, McAfee, MS, Paulson, KG, et al. T cell receptor gene therapy targeting WT1 prevents acute myeloid leukemia relapse post-transplant. Nat Med (2019) 25:1064–72. doi: 10.1038/s41591-019-0472-9

141. Hartmann, J, Schüßler-Lenz, M, Bondanza, A, and Buchholz, CJ. Clinical development of CAR T cells-challenges and opportunities in translating innovative treatment concepts. EMBO Mol Med (2017) 9:1183–97. doi: 10.15252/emmm.201607485

142. Depil, S, Duchateau, P, Grupp, SA, Mufti, G, and Poirot, L. ‘Off-the-shelf’ allogeneic CAR T cells: development and challenges. Nat Rev Drug Discovery (2020) 19:185–99. doi: 10.1038/s41573-019-0051-2

143. Schroeder, MA, and DiPersio, JF. Mouse models of graft-versus-host disease: advances and limitations. Dis Model Mech (2011) 4:318–33. doi: 10.1242/dmm.006668

144. Felix, NJ, and Allen, PM. Specificity of T-cell alloreactivity. Nat Rev Immunol (2007) 7:942–53. doi: 10.1038/nri2200

145. Zeiser, R, and Blazar, BR. Acute Graft-versus-Host Disease - Biologic Process, Prevention, and Therapy. N Engl J Med (2017) 377:2167–79. doi: 10.1056/NEJMra1609337

146. Leen, AM, Bollard, CM, Mendizabal, AM, Shpall, EJ, Szabolcs, P, Antin, JH, et al. Multicenter study of banked third-party virus-specific T cells to treat severe viral infections after hematopoietic stem cell transplantation. Blood (2013) 121:5113–23. doi: 10.1182/blood-2013-02-486324

147. Gerdemann, U, Katari, UL, Papadopoulou, A, Keirnan, JM, Craddock, JA, Liu, H, et al. Safety and clinical efficacy of rapidly-generated trivirus-directed T cells as treatment for adenovirus, EBV, and CMV infections after allogeneic hematopoietic stem cell transplant. Mol Ther (2013) 21:2113–21. doi: 10.1038/mt.2013.151

148. Melenhorst, JJ, Leen, AM, Bollard, CM, Quigley, MF, Price, DA, Rooney, CM, et al. Allogeneic virus-specific T cells with HLA alloreactivity do not produce GVHD in human subjects. Blood (2010) 116:4700–2. doi: 10.1182/blood-2010-06-289991

149. Shen, RR, Pham, CD, Wu, M, Munson, DJ, and Aftab, BT. CD19 chimeric antigen receptor (CAR) engineered epstein-barr virus (EBV) specific T cells – an off-the-shelf, allogeneic CAR T-cell immunotherapy platform. Cytotherapy (2019) 21:S11. doi: 10.1016/j.jcyt.2019.03.569

150. Curran, KJ, Kernan, NA, Wang, X, Taylor, C, Doubrovina, E, Bartido, S, et al. CD19 Targeted Allogeneic EBV-Specific T Cells for the Treatment of Relapsed ALL in Pediatric Patients Post HSCT. Blood (2012) 120:353–3. doi: 10.1182/blood.V120.21.353.353

151. Torikai, H, Reik, A, Liu, P-Q, Zhou, Y, Zhang, L, Maiti, S, et al. A foundation for universal T-cell based immunotherapy: T cells engineered to express a CD19-specific chimeric-antigen-receptor and eliminate expression of endogenous TCR. Blood (2012) 119:5697–705. doi: 10.1182/blood-2012-01-405365

152. Cooper, ML, Choi, J, Staser, K, Ritchey, JK, Devenport, JM, Eckardt, K, et al. An “off-the-shelf” fratricide-resistant CAR-T for the treatment of T cell hematologic malignancies. Leukemia (2018) 32:1970–83. doi: 10.1038/s41375-018-0065-5

153. MacLeod, DT, Antony, J, Martin, AJ, Moser, RJ, Hekele, A, Wetzel, KJ, et al. Integration of a CD19 CAR into the TCR Alpha Chain Locus Streamlines Production of Allogeneic Gene-Edited CAR T Cells. Mol Ther (2017) 25:949–61. doi: 10.1016/j.ymthe.2017.02.005

154. Eyquem, J, Mansilla-Soto, J, Giavridis, T, van der Stegen, SJC, Hamieh, M, Cunanan, KM, et al. Targeting a CAR to the TRAC locus with CRISPR/Cas9 enhances tumour rejection. Nature (2017) 543:113–7. doi: 10.1038/nature21405



Conflict of Interest: JD: Honorarium Incyte; Board of Directors, Rivervest; research support Macrogenics, Equity/Ownership Magenta Therapeutics and WUGEN. AG: Consulting or advisory role and honoraria with Kite, a Gilead Company, and consulting and advisory role with Amgen, Atara, Wugen, and Celgene/BMS. SG: Consulting, Wugen.

The handling editor declared a past co-authorship with one of the authors JD.

Copyright © 2020 Goldsmith, Ghobadi and DiPersio. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 18 January 2021

doi: 10.3389/fonc.2020.565265

[image: image2]


Elevated Red Blood Cell Distribution Width as a Poor Prognostic Factor in Patients With Hematopoietic Stem Cell Transplantation


Xiaojiong Jia 1†, Si Cheng 2†, Long Zhang 3†, Yuan Zheng 1,†, Hua Zou 1, Shifeng Huang 1, Hongxu Wang 1, Juan Lu 4 and Dijiao Tang 1*


1 Department of Laboratory Medicine, The First Affiliated Hospital of Chongqing Medical University, Chongqing, China, 2 Department of Orthopaedics, The Second Affiliated Hospital of Chongqing Medical University, Chongqing, China, 3 Department of Urinary Surgery, People’s Hospital of Jiulongpo District, Chongqing, China, 4 Department of Otolaryngology-Head and Neck Surgery, Nanfang Hospital, Southern Medical University, Guangzhou, China




Edited by: 
Jacopo Peccatori, San Raffaele Hospital (IRCCS), Italy

Reviewed by: 
Sarah Wall, The Ohio State University, United States

Simrit Parmar, University of Texas MD Anderson Cancer Center, United States

*Correspondence: 
Dijiao Tang
 203845@hospital.cqmu.edu.cn


†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Hematologic Malignancies, a section of the journal Frontiers in Oncology







Received: 24 May 2020

Accepted: 30 November 2020

Published: 18 January 2021

Citation:
Jia X, Cheng S, Zhang L, Zheng Y, Zou H, Huang S, Wang H, Lu J and Tang D (2021) Elevated Red Blood Cell Distribution Width as a Poor Prognostic Factor in Patients With Hematopoietic Stem Cell Transplantation. Front. Oncol. 10:565265. doi: 10.3389/fonc.2020.565265



Red cell distribution width (RDW), a measure of erythrocyte size variability, has been recently reported as an effective prognostic factor in critical illness. Hematopoietic stem cell transplantation (HSCT) has become the first choice of most patients with hematological malignancies. The aim of this study was to assess the changes of RDW in patients with HSCT and analyze the relationship between RDW and HSCT. In this study, we retrospectively enrolled 114 hematopoietic stem cell transplant patients during the period from 2015 to 2019. Logistic regression and Kaplan–Meier survival analysis were used for retrospective analysis. Multivariate analysis suggested that patients with elevated RDW (>14.5%) at three months post-transplantation have a poor clinical outcome compared with those with normal RDW ≤14.5% [odds ratio (OR) 5.12; P = 0.002]. Kaplan–Meier method analysis demonstrated that patients with elevated RDW levels (>14.5%) after hematopoietic stem cell transplantation experienced shorter progression-free survival compared to those with normal RDW levels (P = 0.008). Our study demonstrated that RDW could be an easily available and potential predictive biomarker for risk stratification in patients with HSCT. Further prospective studies are determined to confirm the prognostic value of RDW in HSCT patients.
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Introduction

Hematopoietic stem cell transplantation (HSCT) refers to a well-recognized promising procedure that treats malignant hematological diseases such as leukemia and lymphoma and restores bone marrow function in cancer patients with dysfunctional hematopoiesis, such as aplastic anemia (1). Approximately 23,000 transplants were performed each year in the United States, some of them were preceded by conditioning regimens for decreasing malignant tumor burden (2). Despite some improvements in transplantation strategies and supportive cares in recent years, transplantation still carries a significant risk for treatment-related mortality, chemotherapy-induced toxic effects, early post-transplantation complications, and even graft-versus-host disease (GVHD), eventually contributing to the transplant failure (3). For these reasons, there is an urgent need for novel, more effective biomarkers that can provide the opportunity for HSCT patients to receive risk-adapted therapies to improve their outcomes.

Red cell distribution width (RDW), routinely assessed as a component of complete blood count (CBC), is a quantitative index of variability for measuring the size of peripheral blood erythrocytes with higher values showing greater homogenous sizes (4). RDW is mainly used to reflect impaired erythropoiesis and abnormal red blood cell survival but correlates also with inflammation, impaired renal function, and different types of anemia, especially identifying anemia with folate and iron deficiency (5–7). Recent cumulative evidence indicates that elevated RDW was reported to be an important prognostic biomarker for increased morbidity and mortality in patients with cardiovascular diseases and chronic kidney diseases, hepatocellular carcinoma, and rheumatoid arthritis (8–11). Although RDW appears to be a powerful and independent predictor of illness severity and clinical prognosis, the mechanism for the association between RDW and outcomes remains poorly understood. It should be noted that many patients with hematopoietic stem cell transplantation are faced with several challenging risks, such as immune activation, nutritional deficiencies, impaired iron, and inadequate production of erythropoietin (EPO), and these risks may impact RDW, finally influencing the post-transplant reconstruction of the hematopoietic system (5, 12). To address this issue, we retrospectively analyzed a cohort of hematopoietic stem cell transplantation recipients with available information about RDW levels and investigated the clinical significance of RDW increment after transplantation. Moreover, the clinical outcomes were analyzed to determine if there was an association between elevated RDW and long-term prognosis.



Materials and Methods


Study Setting and Patients Selection

After receiving approval from our institutional review board, we reviewed the electronic medical records in our retrospectively maintained database of patients with hematologic malignancies who had undergone hematopoietic stem cell transplantation from January 2015 to December 2019 in our institution and two hospital branches in Chongqing, Southwest China. The pre-operative blood cell count from the peripheral blood was available for each patient. We excluded the patients with several conditions: (i) without available data regarding RDW at transplant, (ii) those who had acute infections or chronic active inflammatory diseases, (iii) underwent blood transfusion after post-transplantation, and/or (iv) insufficient clinical and follow-up data. Finally, 114 patients were eligible for this study (Figure 1).




Figure 1 | Design of this study.





Clinical and Laboratory Parameters

Venous blood was collected from each patient at least on admission prior to transplantation and three months after transplantation, respectively. All samples were placed in potassium ethylenediaminetetraacetic acid (EDTA-K2) anticoagulation tubes. All measurements were analyzed using XN1000 Hematology Analyzer (Sysmex, Japan) in which white blood cell count (WBC), hemoglobin (Hb) concentration, platelet count (PLT), mean red blood cell volume (MCV), RDW, and absolute neutrophil and lymphocyte counts were obtained directly from the blood analyzer, while albumin (Alb), alanine aminotransferase (ALT), and creatinine (CREA) were collected directly from the biochemical system database. The normal range for RDW in our hospital is defined as 11.5–14.5%.



Potential Risk Factors

We defined a “high” RDW level when the level was >14.5%. As it shown in Table 1, patients were divided into two groups according to their RDW levels at three months after transplantation. Two groups were compared using several indices as potential risk factors: (i) demographics (sex and age); (ii) underlying conditions or comorbidities (hypertension, diabetes mellitus, gastrointestinal or hepatic diseases, cardiovascular diseases, and renal diseases); (iii) laboratory data [RDW, red and white blood cells (RBC and WBC, respectively) PLT, hemoglobin, mean corpuscular volume (MCV), neutrophils, lymphocytes, and pre-transplantation RDW]; (iv) transplantation related data [chemotherapy times, autologous HSC transplant, human leukocyte antigens (HLA) full matched]; (v) clinical symptoms after transplantation (sepsis, electrolyte disturbance, GVHD, hemorrhagic cystitis, hepatic and renal dysfunction, mucosal herpes, respiratory tract and urinary tract infections, digestive system diseases, hypoproteinemia); and (vi) bone marrow reconstruction (13).


Table 1 | Baseline characteristics of study population divided by red cell distribution width (RDW) levels.





Definition

The following terms were defined prior to data analysis: pre-transplant RDW was defined as the RDW value of the patient’s blood routine at the time of admission diagnosis for transplant. Post-transplant RDW referred to the RDW value of the patient’s blood routine 3 months after HSCT. Smoking history includes patients who are smoking and those who have quit. Drinking history includes patients who are drinking alcohol and those who have stopped drinking alcohol. Sepsis was defined as a life-threatening organ dysfunction caused by host-related inflammatory response to an infection. Organic dysfunction was defined in practice as an increase in the Sequential Organ Failure Assessment (SOFA) score of at least two points from a patient’s baseline (14, 15) Graft-versus-host disease (GVHD) might occur after allogeneic hematopoietic stem-cell transplantation, and it was regarded as an immune response mounted against the recipient of an allograft by mature donor αβ T cells contained in the graft (16). Hemorrhagic cystitis was a relatively common and potentially severe complication of high-dose chemoradiotherapy, especially in conjunction with hematopoietic stem cell transplantation (17).



Statistical Analysis

All analysis was performed using SPSS version 23.0 software. Patients were divided into two groups: (i) increased RDW levels (>14.5%) and (ii) normal RDW levels (≤14.5%). Continuous variables were present as means and standard deviations and were compared using independent sample t-tests. Categorical variables, of which the parameters were analyzed using x2 tests, were presented as frequencies and percentages. Logistic regression was used to investigate the relation between the clinical outcome and laboratory or clinical data. Univariate analyses were performed separately for each of variables. Variables with P <0.10 in the univariate were included in the logistic regression model for multivariate analysis. For survival analysis, the Kaplan–Meier method was used. Log-rank test was used to estimate the statistical significance between two groups. Progression-free survival (PFS) was defined as the period from stem cell transplantation to the earliest progression of disease or death.



Ethical Considerations

The data and the samples that were analyzed in the present study were obtained in accordance with the standards and approval of the Chongqing Medical University Institutional Review Board and Biomedical Ethics Committee. The ethics committee waived the need for written informed consent provided by participants due to the retrospective nature of the study. Because all patient data were analyzed in anonymity, no additional informed consent was required.




Results


Patient Characteristics

The main baseline characteristics of the 114 patients studied are listed in Table 1. The median age was 32 years (range = 13–68 years). Most of the enrolled patients were male (70;61.4%). According to exclusion criteria, a total of 70 patients (61.4%) with a higher RDW level (>14.5%) were included in this study. A total of 44 patients with a normal RDW level (≤14.5%) were used as a control group. Additionally, the mean RDW level at three months post-transplantation was 15.2 ± 2.29%.

As shown in Table 1, no significant difference between the two groups in the distribution of gender, age, and complications at admission was found. Compared to patients with normal RDW levels, patients with elevated RDW levels (>14.5%) generally had unfavorable laboratory results, including significantly lower levels of RBC (P = 0.002), PLT (P = 0.001), Hb (P <0.001), and Alb (P<0.001) in addition to significantly higher levels of MCV (P = 0.049) and LDH (P = 0.003). In addition, patients with high RDW levels (>14.5%) had a higher proportion of autologous stem cell transplantation (P = 0.033) and liver dysfunction after transplantation (P = 0.023), but had a lower frequency of hemorrhagic cystitis (P = 0.016) and mucosal herpes (P = 0.019) compared with the patients having normal RDW levels.



Survival Analysis

During the median follow-up 16.5 (3–47) months period, there were 27 cases with progression or recurrence after transplantation treatment and seven deaths occurred. We defined relapse or death as a termination event. As shown in Table 2, univariate logistic analysis was performed on related variables to explore risk factors that may affect poor prognosis of patients with hematopoietic stem cell transplantation. RDW levels of >14.5% [odds ratio (OR) of 1.31 and 95% confidence interval (CI) 1.07–1.61; P = 0.009], WBC levels (OR 0.77; 95% CI, 0.58–1.02; P = 0.064), PLT levels (OR 0.99; 95% CI, 0.98–1.00; P = 0.004), respiratory tract infection (OR 2.77; 95% CI, 0.94–8.14; P = 0.064), and hemorrhagic cystitis after transplantation (OR 0.16; 95% CI, 0.02–1.24; P = 0.080) were proven to be potential risk factors. In the multivariate analysis (Table 3), elevated RDW levels (>14.5%) was demonstrated as an independent risk factors which may predict poorer prognosis for patients with hematopoietic stem cell transplantation (OR 5.12; 95% CI, 1.83–14.32; P = 0.002).


Table 2 | Univariate analysis for progression-free survival.




Table 3 | Multivariate analysis for progression-free survival.





Survival Curve

We used the Kaplan–Meier method to investigate the difference between the increased RDW levels (>14.5%) and normal RDW levels (≤14.5%) groups for PFS. As shown in Figure 2, patients with elevated RDW levels (>14.5%) after hematopoietic stem cell transplantation experienced shorter PFS compared to those without RDW levels. By using a log-rank test, it has been proven that elevated RDW levels (>14.5%) at three months post-transplantation was an independent prognostic factor for PFS (P = 0.008).




Figure 2 | Kaplan-Meier analysis of progression-free survival for 114 patients stratified by 3-months post-transplantation RDW levels. Cumulative survival curve of the study population; y-axis indicated the cumulative survival, and x-axis indicated the months from transplantation. The green line indicates the cumulative survival of increased red cell distribution width (RDW) (>14.5%) level at three months post-transplantation; the blue line indicates the cumulative survival of others with non-elevated RDW (≤14.5%).






Discussion

The present study aimed to clarify the prognostic value of baseline RDW in patients with hematopoietic stem cell transplantation. Our results demonstrated that elevated RDW levels was an independent predictor of disease progression or death after hematopoietic stem cell transplantation. Moreover, we provided the first evidence that patients with elevated RDW levels (>14.5%) after hematopoietic stem cell transplantation experienced shorter PFS compared to those with normal RDW levels. To our knowledge, this is the first report addressing the prognostic value of RDW in patients with hematopoietic stem cell transplantation.

Currently, hematopoietic stem cell transplantation is the only cure for acute leukemia, but leukemia relapse after transplantation is considered the biggest obstacle blocking the effects of transplantation, but the exact molecular mechanism of this relapse is not fully understood. Cumulative evidence indicates that several factors, such as leukemia cell tolerance to chemoradiotherapy, relapses of related gene mutations, and epigenetic abnormalities, could be associated with leukemia relapse (18). Despite new advances in transplantation strategies and supportive care, the efficacy of patients with relapse after hematopoietic stem cell transplantation is still poor. Therefore, effective monitoring and early intervention are especially important for reducing relapse rate and improving survival rate of patients with relapse after transplantation. For these reasons, an urgent need for novel, more effective biomarkers that can provide the opportunity to receive risk-adapted therapies to improve the outcome of HSCT patients exists.

RDW has been used for the differential diagnosis of anemia for decades. However, in recent years, numerous studies have found RDW to be a simple, robust, and convenient parameter associated with different human diseases. Initially, elevated RDW values were reported prognostic factors that were associated with cardiovascular mortality (19, 20). Some other studies have emphasized that elevated RDW levels can be used as an independent risk factor for poor prognosis in the hematological malignancies (21, 22). Similarly, a recent study by Yang and colleagues reported that RDW was observed to increase in colorectal cancer patients, and RDW was significantly different at each stage of colorectal cancer (23). In this present study, we focused on the prognostic value of RDW in the patients who underwent hematopoietic stem cell transplantation. Our results showed that patients with high RDW levels were more likely to have liver dysfunction after transplantation but had a lower frequency of hemorrhagic cystitis and mucosal herpes. Moreover, another important finding is the significant association between RDW and poor prognosis, specifically in hematological malignancy patients, showing RDW as a novel and powerful prognostic factor for HSCT patients.

Although the exact mechanism by which increased RDW is linked to poor prognosis for patients with HSCT is not clear, multiple factors could contribute to this association. First, elevated RDW levels may indicate impaired medullary erythropoiesis, disrupted erythrocyte metabolism, and dysregulated iron release from reticuloendothelial macrophages, thus providing opportunities for the recurrence of hematological malignancies after HSCT (24, 25). Second, inflammation could be another potential factor linking high RDW and HSCT. Some inflammatory cytokines, such as tumor necrosis alpha (TNF-α) and interleukin (IL-6), were reported to inhibit the maturation of erythrocytes through suppression of hematopoietic system in the marrow, resulting in anemia after hematopoietic stem cell transplantation (26). Third, the increased release and binding of free histones to erythrocytes increase their fragility and might contribute to the relationship between RDW and HSCT, thus finally resulting in the poor outcomes of patients with HSCT (27).

This study has some limitations. First, it was performed at our local institution with a specialized group of transplant patients, a process that potentially limits the generalizability of the results to other care settings or transplant centers. Second, the small sample size and lack of long-term follow-up prevent us from drawing a definitive conclusion about the relationship between RDW and HSCT. Third, we did not focus on some other biomarkers whether they could be dynamically correlated with RDW levels after transplantation.

In summary, this study is the first to reveal the potential predictive role of RDW in patients with HSCT. Our results will provide a new idea for reducing relapse after HSCT and improving the prognosis of patients. A more comprehensive understanding of this routine laboratory value may influence clinical decision-making and may help to improve the quality of HSCT. RDW may be used as an economical and convenient prognostic factor for the prognosis of patients with HSCT in the future.
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Allogeneic hematopoietic cell transplantation (allo-HCT) is performed as curative-intent therapy for hematologic malignancies and non-malignant hematologic, immunological and metabolic disorders, however, its broader implementation is limited by high rates of transplantation-related complications and a 2-year mortality that approaches 50%. Robust reconstitution of a functioning innate and adaptive immune system is a critical contributor to good long-term patient outcomes, primarily to prevent and overcome post-transplantation infectious complications and ensure adequate graft-versus-leukemia effects. There is increasing evidence that unconventional T cells may have an important immunomodulatory role after allo-HCT, which may be at least partially dependent on the post-transplantation intestinal microbiome. Here we discuss the role of immune reconstitution in allo-HCT outcome, focusing on unconventional T cells, specifically mucosal-associated invariant T (MAIT) cells, γδ (gd) T cells, and invariant NK T (iNKT) cells. We provide an overview of the mechanistic preclinical and associative clinical studies that have been performed. We also discuss the emerging role of the intestinal microbiome with regard to hematopoietic function and overall immune reconstitution.
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Introduction

Allogeneic hematopoietic cell transplantation (allo-HCT) is performed as curative-intent therapy for numerous malignant and non-malignant hematologic diseases, as well as several immunological and metabolic disorders; however, its broader implementation is limited by high rates of transplantation-related complications and a 2-year mortality that approaches 50% (1). Key early contributors to this high post-treatment mortality are infection, the multi-system immunologic complication acute graft-versus-host disease (GVHD) and relapse of underlying malignancy. The most prevalent late contributors are chronic GVHD and organ dysfunction.

The primary goal of allo-HCT for hematologic malignancies is to harness the reconstituting donor immune system to recognize and eliminate residual tumor cells, therefore decreasing the probability of relapse, a phenomenon referred to as the graft-versus-leukemia effect (GVL) (2). Despite years of research in the field, meaningful separation of GVL effects from GVHD has been challenging, and it is thought that the same mechanisms underlie both forms of alloreactivity (3).

Acute GVHD arises when T cells in the donor graft recognize the recipient tissue as foreign. The pathology of acute GVHD is driven by direct cytotoxic effects of T cells as well as inflammatory cytokines, and commonly involves the skin, gastrointestinal tract and liver (4). Chronic GVHD is a late complication of allo-HCT and has different pathophysiology, characterized by chronic inflammation, dysregulated B cell and T cell immunity and later fibrosis (5). Research efforts in the field have improved outcomes for transplantation patients over the last several decades, but further work is required, particularly regarding post-transplantation immune recovery. Adequate reconstitution of the donor immune system—both innate and adaptive—is critical to patient outcome after allo-HCT for a number of reasons, namely, 1) early innate immunity is critical for tissue repair and infection control, 2) later restoration of adaptive immunity is key for responses to microbial and viral pathogens, 3) normal immune function is important for protective GVL effects, and 4) chronic GVHD is a syndrome best characterized by autoimmune-like dysregulation.

Successful immune reconstitution after allo-HCT depends on a number of factors, including the underlying malignancy, graft source, conditioning regimen, immune suppressive therapy for GVHD prophylaxis, GVHD itself when it occurs, and, of course, GVHD-directed therapies (6). Recipient age is another important factor, especially for de novo T cell generation due to age-associated thymic involution (7). In addition to these traditional modulators, evidence for the role of the gastrointestinal (GI) microbiome in shaping immune reconstitution following allo-HCT continues to emerge (8, 9) and is of growing interest specifically for microbiome-dependent unconventional T cell subsets, namely, the mucosal-associated invariant T (MAIT) cells, gamma delta (γδ) T cells, and invariant natural killer T (NKT) cells, all of which are thought to have a beneficial role in the post-transplantation setting. Therefore, in this review, we will discuss broadly the role of unconventional T cell subsets in allo-HCT and the potential relationship of the microbiota with hematopoietic function and peripheral immune reconstitution.


Reconstitution of Innate Immunity

Pre-transplantation conditioning and graft infusion are followed by a neutropenic phase. During this early phase after transplantation, the hematopoietic stem and progenitor cells infused with the graft differentiate and proliferate in the bone marrow to give rise to cells of both myeloid and lymphoid lineages (Figure 1). In the first 2 to 4 weeks after HCT, the descendants of myeloid progenitors, namely, neutrophils, eosinophils, basophils, and monocytes, appear in the peripheral blood and begin the reconstitution of the innate immunity. The first marker of innate immune recovery—neutrophil engraftment—is critical for anti-bacterial and anti-fungal immunity and the repair of conditioning-related tissue damage.




Figure 1 | Timeline of immune reconstitution after allo-HCT. Myeloid reconstitution takes place in the early weeks post-transplantation, followed by the lymphoid compartment. NK cells typically return to steady state number first, followed by conventional T cells which reach pre-transplantation levels during the first 3 to 6 months. B cells commonly do not fully reconstitute until years after allo-HCT. The reconstitution of the unconventional compartment differs depending on the cell type and is a subject of ongoing investigation. The immune subsets measured in the periphery reflect cells from the donor graft that have been maintained and expanded (early) followed by true reconstitution of the hematopoietic compartment via the bone marrow progenitors transferred in the graft (which can occur quite early in the case of some myeloid lineages, but on a much longer time scale with respect to T cells that must undergo thymic education). While some post-transplantation reconstitutition mimicks immune system development in early life, there are many features unique to HCT.



Natural killer (NK) cells represent the first, innate arm of the lymphoid lineage to reconstitute in the first weeks following allo-HCT (10) and comprise the majority of the peripheral blood mononuclear cells in this period. Due to their anti-tumor activity they are thought to be a crucial cell type in mediating GVL effects, which has been a subject of several recent review articles (11–14).



Reconstitution of Adaptive Immunity and the Unconventional T Cell Populations

Adaptive immunity, required for appropriate responses to microbial and viral pathogens and vaccination is much slower to recover, and even when key cell types are present in normal numbers, their function is often impaired due to the endogenous alloreactive cytokine environment and exogenous immunosuppressive drugs, administered for the prevention or treatment of GVHD (6). T cells commonly reach normal counts in the peripheral blood in the first three to six months post-transplantation (CD8+ cells reconstitute faster than CD4+ cells), depending on the conditioning regimen and the choice of immune suppression (15). Two different processes contribute to the long-term T cell pool in post-transplant patients: initially, the T cells transplanted in the graft proliferate in the blood and peripheral organs of the lymphopenic recipient, and subsequently, lymphoid precursors from the transplanted stem cells are generated in the bone marrow and undergo selection in the recipient thymus. The latter truly de novo production of T cells begins after the recovery of the thymus from conditioning induced damage, and can be influenced by the further damage that occurs if GVHD develops (16). In contrast, B cells can remain at below-normal levels for years following transplantation. Several recent review articles have focused on the restoration of conventional immune subtypes after allo-HCT and their association with clinical outcomes (6, 7, 15, 17, 18), thus we will focus on other subsets here.

In recent years, more attention has been paid to the unconventional T cell subsets and their role in transplantation immunology and anti-tumor immunity. Unconventional T cells, namely, MAIT cells, γδ T cells, and iNKT cells, share features of both innate and adaptive immunity, specifically:

	Antigen-independent activation and rapid response similar to innate immune cells

	No donor MHC restriction, similar to innate immune cells

	TCR-dependent activation similar to conventional T cells, however, the TCR is semi-invariant and does not recognize conventional peptide antigens, but molecules presented in the context of monomorphic antigen presenting molecules



MAIT cells recognize bacterial metabolites of the riboflavin pathway presented by the class I like molecule MR1, and iNKT cells react to phospholipid antigens presented by another class I-like molecule, CD1d (19). Of note, in the setting of allo-HCT, this means that they are not restricted to either donor or host. γδ T cells represent a much more diverse population (from a TCR perspective) and various ligands have been described, which are specific to the combination of γ and δ chain and organ localization (19).

Our current understanding of the relationship of the microbiota to immune reconstitution after allo-HCT will be reviewed here, with a focus on what is currently known regarding the relationships of unconventional T cell populations with transplantation outcomes.




The Intestinal Microbiome, Hematopoiesis, And Immune Reconstitution After Allogeneic Hematopoietic Cell Transplantation

The first indication that the commensal microbiota may influence hematopoiesis and migration of immune cells to sites of infection came from multiple studies performed in germ-free mice. Germ-free mice are known to have impaired hematopoiesis with fewer specific hematopoietic precursor cells of myeloid lineage, leading to impaired response to pathogens (20). Administration of the bacterial ligand NOD1 rescued impaired hematopoiesis in germ-free mice and induced production of hematopoietic cytokines in bone marrow mesenchymal stromal cells (21). Tada et al. observed lower neutrophil numbers in germ-free mice (22) and Inagaki et al. described impaired defenses against Listeria monocytogenes, which was attributed to defective trafficking of activated T cells to the sites of inflammation when compared to mice housed under specific pathogen free (SPF) conditions (23). Microbiota-driven myelopoiesis is dependent on functional toll-like receptor (TLR) signaling, as germ-free mice deficient in MyD88/TICAM signaling do not increase neutrophil generation upon microbial colonization (24). Similar effects have been observed with antibiotic treatment, which disrupts the normal microbiome. In mouse models of hematopoiesis and aging, oral broad-spectrum antibiotic treatment lead to impaired myelopoiesis and response to pathogens (20), depletion of circulating blood neutrophils (22, 25) and accelerated neutrophil aging (25). Josefdottir et al. demonstrated that the antibiotic-mediated microbiome changes led to decreased numbers and cell cycle activity in bone marrow progenitor cells and impaired maturation of granulocytes, and was dependent on functional Stat1 signaling in the bone marrow (26).

In addition to the potential influence on normal hematopoiesis, there is emerging preclinical evidence that the gut microbiota may influence clonal hematopoiesis (CH)—a recently defined condition, which represents a pre-leukemic state (27). A recent study by Meisel and colleagues utilizing a mouse model of TET2 deficiency (mimicking one of the commonly identified mutations in CH) suggested that mice with this genotype require impaired GI barrier function in order to develop CH. The key evidence for this was generated using 16S rRNA sequencing of peripheral blood, mesenteric lymph nodes and spleen, which confirmed higher bacterial burden in the organs of mice with TET2 deficiency than in age-matched controls. Furthermore, germ-free TET2 deficient animals failed to develop pre-malignant myelopoiesis and antibiotic administration reversed the CH phenotype. In symptom-free mice with TET2 deletion only in the hematopoietic cells (Tet2f/fVavcre mice), but not in littermate controls, a pre-leukemic CH-like state could be triggered by administration of TLR2 agonist Pam3CSK4 (28). Further to this, hematopoietic stem cells express TLRs and appear to regulate emergency hematopoiesis in response to pathogen-derived signals (29, 30). Whether dysbiosis and CH are associated in humans remains to be explored.

In the clinical transplantation setting, using a large clinical data set of 1500 patients, 446 who had daily stool samples available, as well as daily complete blood counts, Schluter et al. demonstrated a relationship between peripheral blood lymphocyte, monocyte and neutrophil dynamics after allo-HCT and the intestinal microbiota composition. Patients who received fecal microbiota transplantation (FMT) in a randomized trial exhibited significantly higher white blood cell counts, which perhaps suggests a causal relationship between gut microbiome and circulating immune cell subsets (9). Ingham et al. observed faster B and NK cell reconstitution in patients with higher abundance of the bacterial family Ruminococcacae, which was associated with better clinical outcome (31). In a study from our group, Staffas et al. examined hematopoietic function in a mouse model of allo-HCT and demonstrated that the intestinal microbiota supports post-transplantation hematopoietic reconstitution in HCT recipients through its role in dietary energy uptake (8).

In addition to the potential influence at the level of bone marrow resident progenitor cells, another possible mechanism for the microbiota to influence immune reconstitution and function may lie in circulating bacterial metabolites and other small molecules (Figure 2), for example short chain fatty acids (SCFA), bile acids, and aryl hydrocarbon receptor (AhR) ligands (32). There is currently no evidence that these molecules influence numeric reconstitution of any immune subset, but an emerging body of literature suggests they may influence immune function. We have recently reviewed the clinical associative data and detailed mechanistic studies supporting an immunomodulatory role for the microbiota in transplantation outcome in general (33). For example, butyrate, one of the short-chain fatty acids, has been associated with immunosuppressive effects and protection against GVHD in mouse models (34, 35), and in human post-transplantation samples, lower fecal concentrations of acetate, butyrate and propionate were associated with more severe acute GVHD (36). In a recent study from our group, butyrate and propionate concentrations in plasma were decreased at day 100 post-HCT in the patients who went on to develop chronic GVHD, supporting the hypothesis that these molecules are potentially immunomodulatory (37). Bile acids are another subset of microbiota-derived molecules with immunomodulatory potential. A recent study in mice has demonstrated a protective effect of tauroursodeoxycholic acid in acute GVHD due to a decrease in intestinal antigen presentation and the prevention of intestinal epithelial apoptosis (38). Furthermore, in a metabolomic analysis of plasma from allo-HCT patients, several bile acids, plasmalogens and aryl hydrocarbon receptor ligands appeared to be decreased in samples collected prior to acute GVHD development, compared with samples from patients who did not go on to develop acute GVHD (39). The molecules thought to influence conventional T cell fate (e.g., butyrate, which promotes T regulatory cells (Tregs) in mouse models of allo-HCT) have not yet been studied with respect to unconventional T cells in allo-HCT setting.




Figure 2 | The gut microbiome in immune reconstitution. The intestinal microbiota produces a variety of metabolites which are biologically active. Some of these products circulate systemically and there is emerging evidence regarding their immunomodulatory potential. Based on the current literature, we hypothesize that the circulating bacterial products may influence peripheral immune reconstitution after allo-HCT.





MAIT Cells


Introduction

MAIT cells are abundant in humans, preferentially localized in tissues and mucosa, and represent up to 10% of circulating CD3+ T cells in the peripheral blood and up to 45% of liver T cells (40). They are defined by their expression of a semi-invariant TCR α-chain (Vα7.2-Jα33/20/12 in humans, Vα19-Jα33 in mice), which can combine with only a limited number of TCR β-chains: Vβ2 (TRBV20) and Vβ13 (TRBV6) in humans and Vβ6 (TRBV19) and Vβ8 (TRBV13) in mice (41–44). MAIT cells respond to bacterial and fungal antigens presented in the context of the monomorphic MHC-class I-related molecule, MR1 (42).

Antigens presented by MR1 are thought to be predominantly derived from microbial vitamin B biosynthesis intermediates (45). These include activating vitamin B2 (riboflavin) metabolites, such as 5-(2-oxopropylideneamino)-6-d-ribitylaminouracil (5-OP-RU) (46), as well as non-activating 6-formylpterin (6-FP), a metabolite of vitamin B9 (folic acid) (45). An alternative route of MAIT cell activation is TCR-independent and occurs in response to IL-12 and IL-18 (47, 48).



Development

MAIT cells develop in the thymus in a process that is strictly controlled by the gut microbiota. Bacterial ligand 5-OP-RU is produced by gut bacteria, circulates systemically, and is presented to MAIT cells in an MR1 dependent manner (49). This developmental process occurs during a narrow window in the early post-natal period and perturbations of this process (such as delayed bacterial colonization of the gut) lead to impaired MAIT cell development (50). The dependence of MAIT cell development on bacterial stimulation is also demonstrated by their low numbers in the thymus and the periphery of germ-free mice (42, 49, 51). During their development, MAIT cells differentiate into IFN-γ-producing T-bet+ MAIT-1 cells or the IL-17A-producing RORγt+ MAIT-17 cells (51, 52).



Preclinical Data in Allogeneic Hematopoietic Cell Transplantation and Anti-Tumor Immunity

In the context of allo-HCT, a preclinical mouse model has demonstrated a role for recipient MAIT cells in preventing GVHD through production of IL-17A, promotion of intestinal barrier function, suppression of alloantigen presentation, and regulation of gut-microbiota composition (53). However, MAIT cells are a very rare population in mice, especially in circulation, where they represent less than 1% of CD3+ cells (53). The MAIT cell population can be clearly identified in mouse tissues but also in low frequency, making mouse studies of MAIT cells in allo-HCT very technically challenging.

Recently, several studies have examined the role of MAIT cells in anti-tumor immunity. Even though they displayed tumor-lytic capacity in in vitro assays (54–56), the most recent study demonstrated a tumor promoting function of MAIT cells. In this study MAIT cells promoted tumor growth and metastasis by blocking the effector function of NK cells and the therapeutic blockade of MR1 suppressed tumor growth and increased the immune cell infiltration in the tumor and their function (57).



Clinical Data

In the clinical setting, several groups have now studied MAIT cell reconstitution after unmodified allo-HCT or cord blood transplantation. MAIT cell reconstitution after unmodified allo-HCT is poor and their numbers do not reach the levels seen in healthy controls, even after one to two years post-transplantation (58, 59) and their early presence in post-transplantation blood samples is at least in part dependent on the proliferation of MAIT cells transferred in the graft (58). Moreover, MAIT cells in the early post-transplantation period exhibit an altered phenotype in comparison to healthy controls with high CD69 and granzyme B expression and impaired IFN-γ and perforin response after bacterial stimulation ex vivo (59). Cord blood transplantation recipients exhibited even more delayed MAIT cell reconstitution (58, 60, 61) than recipients of peripheral blood stem cell (PBSC) grafts, with MAIT cell counts not reaching those of healthy controls for up to 5 years post-transplantation in children (60) and up to 10 years post-transplantation in adults (61).

Studies are emerging exploring the clinical association of MAIT cell reconstitution and acute GVHD; however, larger and more definitive studies are needed. Solders and colleagues observed a decrease in absolute MAIT cell counts in 22 patients with grade 2–4 GVHD after unmodified allo-HCT versus 16 patients with grade 0–1 GVHD, which correlated with the decreased absolute count in other lymphocyte subsets and was attributed to ongoing immunosuppression. The proportion of MAIT cells among CD3+ cells was unchanged (59). In a study of 17 pediatric cord blood transplantation recipients, subsequent MAIT cell reconstitution appeared unaffected by acute GVHD development (60). Bhattacharyya observed lower absolute MAIT cell counts on day 30 after allo-HCT in eight patients with grade 3–4 GVHD among total 105 patients. Moreover, presence of MAIT cells in a coculture assay suppressed CD4+ cell proliferation in vitro (58). In terms of MAIT cell reconstitution as a predictor of GVHD, lower absolute MAIT cell counts on day 60 (< 0.48 cells/ul blood) post-transplantation have been correlated with the development of acute GVHD in a multivariate analysis of 30 pediatric and adult patients receiving bone marrow (BM) transplantation (62). MAIT cell frequencies were lower in the patients with chronic GVHD following allo-HCT with unmodified grafts (63) and cord blood (61), though patient numbers were modest—22 and 98 respectively. Whether the relative loss of donor MAIT cells in acute and chronic GVHD is a biomarker for the GVHD process itself or has a functional role remains an open question.

Two studies thus far have examined the association of MAIT cell reconstitution with the post-transplantation microbiome composition. Bhattacharyya et al. observed a positive association between MAIT cell recovery and intestinal abundance of Blautia and Bifidobacterium in 54 patients with paired blood and stool samples at several timepoints after allo-HCT (58). In a separate study of 27 patients undergoing cord blood transplantation, Konuma et al. found higher microbial diversity and stool riboflavin pathway gene abundance in the early post-transplantation period in patients who exhibited MAIT cell reconstitution at six and twelve months compared to those with no reconstitution (61). Interestingly, the absolute numbers were still very low (approximately 0.1 cells/ul blood), similar to other published work regarding MAIT cells in cord blood transplantation (58, 60).

There are several factors implicated in affecting the post-transplantation reconstitution of MAIT cells. Definitive data regarding the influence of conditioning intensity on MAIT cell maintenance and development is not yet available, with conflicting results from several small studies that have been conducted thus far (58, 59, 62). With respect to the influence of GVHD prophylaxis, Bhattacharyya et al. observed markedly reduced MAIT cell number in patients receiving haploidentical transplantation with post-transplantation cyclophosphamide (PTCy), compared with expected MAIT count in the absence of PTCy (58). Furthermore, an analysis of MAIT cell reconstitution in association with cyclosporine A and glucocorticoid therapy in PBSC and cord blood transplantation recipients did not reveal any differences in MAIT cell number when patients who received these drugs were compared with those who did not (61).

Several studies have reported the presence of MAIT cells in solid tumor biopsy samples, including colorectal cancer (54, 55, 64, 65), kidney and brain cancer (66) and liver cancer (67). Results were heterogeneous, with increased intratumoral MAIT cells associated with both favorable and unfavorable clinical outcomes. Interestingly, a recent study identified a new MAIT cell subset in human colorectal carcinomas. These cells were directly stimulated by intratumoral bacterial antigens via their TCR and exhibited a distinct exhaustion phenotype, which was not observed in the MAIT cells from adjacent tissue or peripheral blood mononuclear cells (68). Regarding hematologic malignancies, MAIT cells have only been studied in multiple myeloma, where they exhibited lower counts in the blood (56, 69) and bone marrow (69) compared to healthy controls, and a higher expression of PD-1 (69). MAIT cell numbers were restored to baseline by PD-1 blockade (69). Of note, the process of mobilizing hematopoietic stem cells with G-CSF increased the numbers of IL-17-producing CD8+ MAIT cells in donor grafts, but association with persistence and patient outcome were not reported, therefore these remain interesting open questions (70).

Despite some contrasting results, early MAIT cell reconstitution seems to be associated with lower rates of acute GVHD development and better long-term MAIT cell reconstitution is associated with lower rates of chronic GVHD. Both early and late MAIT cell reconstitution appears to be dependent on intestinal microbiota as well as the predicted abundance of riboflavin genes (measured using Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt)). Larger clinical studies are needed to clarify the association between peripheral MAIT cell reconstitution and acute GVHD. Similarly, more extensive stool data (including measured metabolites and MAIT cell-stimulating ligands) from allo-HCT recipients will be necessary to draw reliable associations between specific microbial taxa, genetic signatures and metabolite production and the reconstitution of MAIT cells after allo-HCT. The role of MAIT cells in the pro- versus anti-tumor immunity, which can be further applied to study their GVL activity is only beginning to emerge. 




γδ T cells


Introduction

Gamma delta T cells are another population of unconventional T cells, characterized by use of γ and δ chains instead of α and β within the TCR, as well as the use of only a limited number of V, D and J segments created during V(D)J recombination. Similar to MAIT cells, γδ T cell activation is not MHC- restricted (19). Of note, the usage of specific γ and δ chains is different in mice and humans. The Vδ chain usage is how the subsets of γδ T cells are defined (Vδ1, 2, 3, but in practical terms, Vδ2 vs. non-Vδ2 is how most analysis is divided, at least in studies of peripheral blood populations). In humans, γδ T cells comprise 0.5–10% of CD3+ T cells in the peripheral blood and the vast majority of these cells express the Vγ2Vδ9 receptor (19). These cells are activated by phosphoantigens, which are metabolites in the isoprenoid synthesis pathway. Isoprenoids are the oldest known biomolecules with numerous biochemical functions, including cell membrane synthesis, hormone synthesis and intracellular pathway regulation (71). This pathway is represented by the mevalonate pathway in mammalian cells, leading to the production of isopenthenyl pyrophosphate (IPP) (72) or the microbial 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway with the intermediate 4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP), which is the most potent activator of Vγ2Vδ9 cells (73). Phosphoantigens activate Vγ2Vδ9 cells by binding to butyrophilins (BTNs), particularly butyrophilin 3A1 (BTN3A1), which is ubiquitously expressed on almost all cell types and, unlike MHC class I, MHC class I–related molecule MR1 or antigen-presenting CD1 molecules, does not require presence of β2-microglobulin (74, 75). The so-called Vδ2-negative cells are predominantly located in tissues, such as skin, intestine, lungs, spleen, liver and uterus and form less than 10% of circulating γδ cells (76). In the peripheral blood, the non-Vδ2 population consists almost exclusively of Vδ1 cells, with Vδ3 cells accounting for only 0.2% of peripheral CD3+ cells (77). Vδ1 cells recognize various stress-related peptides and phospholipid antigens, including MHC-class-I-related ligands, such as stress ligands EPCR, MICA, MICB and ULBP and glycoproteins CD1c, CD1d (19).



Development

In contrast to MAIT and iNKT cells, thymic γδ T cell development begins in the fetal period in both mice and humans. In mice, thymic egress occurs in waves, where each wave represents a different combination of γ and δ chains, has a different signature of surface and intracellular markers, and carries the predisposition to reside in different tissues. In humans, most of the cells developing in the fetal period are Vγ2Vδ9 cells, whereas the Vδ1 subset takes over in the postnatal period (78). 



Preclinical Data in Allogeneic Hematopoietic Cell Transplantation and Anti-Tumor Immunity

The effector function of γδ T cells lies in their production of various cytokines and cytotoxic molecules. Their cytotoxic activity is mediated by production of perforin and granzyme, as well as expression of death receptor ligands, such as Fas-ligand and tumor necrosis factor-related apoptosis inducing ligand (TRAIL) (79). In mice, downstream cytokine production capacity is determined both during thymic development and by the environment (78). In humans, the majority of the thymic γδ T cells express IFNγ and TNFα but they can be polarized into IL-17 producing cells by exposure to IL-1β, IL-6, TGF-β, and IL-23 (80).

Following allo-HCT, γδ T cells mediate anti-viral, as well as anti-tumor effects and are thought to protect against relapse. Anti-tumor effects have been attributed to both Vδ1 and Vδ2 subsets via different ligands. Moreover, γδ T cells are capable of reactivity to multiple ligands on the tumor cells simultaneously using a single TCR and their early sensing of metabolic changes in the cells allows them to be among the first responders to malignant transformation (81).

Tumor cells can express an active mevalonate pathway of cholesterol synthesis and the metabolites of this pathway, such as IPP, may accumulate in the tumor cells and elicit a γδ T cell-mediated immune response (72). The enhancement of this process in the tumor cells by aminobisphoshonates and the subsequent expansion of tumor-reactive Vγ9Vδ2 cells has been demonstrated in several in vitro studies (82, 83), as well as in immunodeficient mice using human tumor cell lines and Vγ9Vδ2 cells (84). Besides the TCR, γδ T cells express several receptors also found on NK cells. Examples include NKG2D, CD94/NKG2C, DNAX accessory molecule-1 (DNAM-1), NKp30 and NKp44; and killer-inhibitory receptors (KIRs), like CD94/NKG2A, ILT2, CD161, or KIR2DL 1–3 (85).

NKG2D+ γδ T cells bind to tumors expressing NKG2D ligands, such as UL16-binding proteins (ULBPs) and MHC-class I related molecules MICA and MICB (86, 87). Activation of γδ T cells by NKG2D ligands can be initiated both via TCR and the NKG2D (88). Simultaneous activation of the TCR and DNAM-1 receptor of the Vγ9Vδ2 leads to killing of acute myeloid leukemia (AML) blasts in vitro and these cells enhance survival in a xenotransplantation murine model of leukemia (89). Leukemic stem cells, but not healthy CD34+ cells, redistribute BTN3A1 through the guanosine triphosphatase activity of RhoB, which enables their recognition by the Vγ9Vδ2 (90). Some hematological malignancies develop resistance against cytotoxic Vγ9Vδ2 via downregulation of ULBP1 (87). However, Vγ9Vδ2 are not the only subtype of γδ T cells capable of anti-tumor activity. Vδ1 cells can be cytokine-stimulated to express NKp30, NKp44 and NKp46, which are associated with cytotoxicity against lymphoid leukemia cells (91).

Another important mechanism for anti-tumor activity of γδ T cells is the expression Fc receptor FcRγIII (CD16). This receptor binds to the Fc portion of immunoglobulins and mediates anti-tumor effects via antibody-dependent cellular cytotoxicity (ADCC), similar to NK cells (92). In the case of γδ T cells, the ADCC is stimulated by phosphoantigen binding (93). Efficacy of the γδ T cell-mediated ADCC against CD19+ acute lymphoblastic leukemia was demonstrated using a CD19 antibody (94), as well as a so-called “triplebody” with 2 binding sites for CD19 and 1 for CD16 (95).

In experimental models of GVHD, multiple groups have demonstrated the alloreactive potential of γδ T cells, leading to GVHD development (96–98). Blazar and colleagues demonstrated that transgenic mice expressing gamma/delta heterodimers on a high proportion of peripheral T cells reacted to nonclassical major histocompatibility complex (MHC) class lb and caused acute GVHD when used as donors in allo-HCT mouse model (96). Maeda et al. observed reduced GVHD in mice treated with anti-γδ TCR antibody or in γδ deficient mice. This was explained by reduced donor T-cell expansion and reduced allogeneic stimulatory capacity of dendritic cells (DCs) (98). However, these mouse models have limitations for the study of γδ T cells due to differences in development, tissue distribution and other characteristics between mice and humans.



Clinical Data

In contrast to αβ T cells, γδ T cells reconstitute early after allo-HCT (99–101). Whether the cells measured in patients following HCT with T cell replete grafts are generated de novo in the bone marrow and educated in thymus, or are a product of the in vivo expansion of γδ T cells transplanted in the graft has been a matter of debate. An older study from Hirokawa et al. observed common γδ TCR sequences between donor and host in selected patients in a study of 23 patients receiving allo-HCT (100). This finding has been supported by several studies linking graft γδ T cell content to their early reconstitution and clinical outcomes after allo-HCT (102–106). However, a more recent study by Ravens et al. shows both similar and different γδ TCR clonotypes in the donor-recipient pairs, suggesting that the post-transplantation γδ T cell reconstitution may occur both de novo in the bone marrow and thymus, as well as via peripheral graft expansion (99). Vδ2 cell reconstitution was significantly impaired in the recipients of cord blood transplantation, whereas Vδ1 counts appeared to be driven by CMV reactivation and did not differ between cord blood and unmodified stem cell graft recipients (107).

The role of γδ T cells after allo-HCT can be viewed from several perspectives. First, γδ T cells exert potent anti-infectious immunity against a multitude of bacteria and viruses. In a cohort of 102 pediatric patients, higher γδ T cell counts post-transplantation were associated with lower incidence of bacterial, fungal, and viral infections (108). Serial monitoring of Vδ2 counts post-transplantation has found an association between high Vδ2 counts and lower rates of EBV reactivation (109). Patients with higher numbers of γδ T cells in the early post-transplantation period (day 30) experienced less CMV reactivation than patients with lower γδ T cell numbers (104). Similarly, patients with higher CD27+ γδ T cell counts in the graft had lower rates of CMV reactivation than those with lower numbers (103). A further study from the same group also demonstrated a role of CD8+ γδ T cells, which were higher in the grafts from CMV positive donors, expressed Vγ9 and exhibited increased reactivation to cytokine and TCR/CD3 stimulation (105). In addition to these associations with less CMV reactivation, γδ T cells expand in response to CMV, which suggests an involvement in viral clearance (99, 106, 110–112). Ravens et al. demonstrated that this expansion is clonal and the clones proliferating in the context of CMV reactivation carry virus-reactive γδ TCR sequences (99). Anti-CMV activity has mostly been attributed to Vδ2-negative subsets (predominantly Vδ1) of γδ T cells (99, 110, 111). Vδ1-positive γδ T cells were also demonstrated to undergo clonal expansion in the context of EBV reactivation (113, 114).

The anti-tumor activity of γδ T cells predicts a protective role after allo-HCT with respect to relapse. The first study published in line with this hypothesis showed that among 43 patients undergoing T-cell depleted HCT from partially HLA-mismatched donors for leukemia, 10 achieved a ‘high’ γδ T cell proportion—as defined by reaching a proportion greater than 10% of total CD3+ cells on two consecutive measurements post-transplantation. This correlated with improved disease-free survival (DFS) up to 30 months post-transplantation, where 90% of patients with increased γδ T cell proportion were disease free, compared to 31% of patients with normal proportion of γδ T cells (115). In a follow-up study, Lamb et al. confirmed the findings after 42 months of follow-up in an additional cohort of 100 patients, comparing transplantation outcomes using two different ex vivo α/β T cell depletion regimens. Moreover, they demonstrated that Vδ1 cells are the major subset in the patients with robust γδ T cell reconstitution and moreover, these cells exhibit anti-leukemia activity in vitro (116). In a follow up report, with an extension of the follow-up period to 8 years and an expansion of the cohort, the 5-year overall and disease-free survival was significantly improved in the group with higher γδ T cells (117). In the most recent study of 108 patients undergoing BM or PBSC transplantation, Minculescu et al. linked improved γδ T cell reconstitution on day 56 post-transplantation to a significantly decreased cumulative incidence of relapse and improved overall and relapse-free survival. When the counts of all γδ T cells and their subsets individually were analyzed as continuous variables, increased numbers of all γδ T cells subsets correlated with decreased risk of death and increased numbers of all γδ T cells and Vδ2 cell subset correlated with lower risk of relapse (118). The CMV-expanded clones of non-Vδ2 cells isolated from patients after unmodified allo-HCT, as well as cord blood transplantation, showed efficacy in killing leukemic blasts in vitro (111). Consistent with this finding, Dolstra et al. had previously demonstrated that Vδ1 cells isolated from a patient after allogeneic HCT exhibited an anti-tumor activity against AML blasts. Similar to NK cells, the leukemia-reactive γδ T cells expressed killer cell-inhibitory receptor (KIR) p58.2 (CD158b) (119). Not all γδ T cells harbor the same GVL efficacy. Gaballa et al. attributed this effect to CD8+ γδ T cells in the graft (103), and Jin et al. to oligoclonal expansion of the TRDV4 and TRDV8 subfamilies in patients after allo-HCT. In contrast, TRDV5 and TRDV6 clones were higher in patients experiencing recurrence of the disease (120). Further to this, Arruda studied the TCR repertoire of γδ T cells in the donor graft and identified that patients without relapse more commonly received a graft containing γδ T cells with a higher proportion of ‘public’ TCRs in the repertoire. However, in contrast to Scheper et al. (111), γδ T cells in grafts derived from CMV positive donors displayed a more private, less diverse, skewed repertoire (121).

Early clinical studies linked higher γδ T cell counts to a higher incidence of acute GVHD, whether measured in the recipient (122) or in the graft (123), but also reported decreased γδ T cell counts in patients with chronic GVHD, specifically the CD4 and CD8 double negative subset (124). The association of γδ T cells with acute GVHD was not confirmed in further human studies, which associated γδ T cell reconstitution only with enhanced GVL effect and not higher GVHD incidence (108, 115–117). Higher γδ T cell counts on day 28 post-transplantation have been associated with lower risk of acute GVHD, when both the whole γδ T cell population is measured, or just the Vδ2 cell subset (118). Additionally, lower counts of naïve γδ T cells in the donor grafts have been associated with subsequent development of grade 2–4 acute GVHD in the recipient (125). It has been postulated that this protective effect may be due to to a regulatory subset of FoxP3 expressing γδ T cells (126, 127). Interestingly, specific subsets and clones have been proposed to be differentially responsible for GVHD and GVL effects. Gaballa et al. recently associated higher GVHD incidence with one specific subset of γδ T cells, which were CD8+. In a cohort of 105 patients, those receiving grafts with higher CD8+ γδ T cell numbers experienced higher incidence of grade 2–4 acute GVHD, but in parallel, a perhaps predictable lower incidence of relapse (105). Additionally, in a 2005 study of 13 patients receiving allo-HCT for multiple myeloma TCR spectratyping led to the observation of unique γδ T cell clones associated with GVHD and new dominant TCR peaks associated with clearance of the IgH clones, supportive of some tumor-specific γδ T cell responses, but not definitive (128).

Several immune profiling studies of patients transplanted with grafts depleted of αβ T cells have demonstrated an association between early γδ T cell reconstitution and positive transplantation outcome. Evidence for the minimal contribution of γδ T cells to GVHD comes from clinical success of performing transplantations with αβ T cell depleted grafts (129), as well as using these grafts as a ‘stem cell boosting strategy’ in the setting of graft failure (130). Airoldi and colleagues observed rapid Vδ1 and Vδ2 T cell reconstitution in 27 pediatric patients receiving haploidentical αβ+ T and CD19+ B cell-depleted grafts. Vδ1 cells expanded in vivo in the context of CMV reactivation, whereas Vδ2 cells exhibited activity against leukemia blasts in vitro (101).

Extensive literature describes the beneficial role of γδ T cells in the post-transplantation period but factors influencing their reconstitution, outside of viral reactivation, have not been described in a detailed fashion. Of note, their reconstitution does not appear to be dependent on conditioning intensity (118), however, γδ T cells appear extremely sensitive to PTCy in the setting of haploidentical transplantation. In this setting, γδ, and especially the Vδ2+ T‐cell counts were significantly lower in the early post-transplantation period (131, 132). This effect on the Vδ2+ cell population persisted for up to one year post-transplantation and correlated with more frequent EBV reactivation (131).

An interaction between the intestinal microbiota and γδ T cells has been proposed in mouse models of several diseases, largely for the intraepithelial populations of γδ T cells (as opposed to the more easily measured circulating cells). Intraepithelial γδ T lymphocytes are reduced in germ-free mice and can be induced after colonization of these mice (133). In a mouse model of lung adenocarcinoma, intestinal microbiota induced intrapulmonary IL-17-producing Vδ1 cells, which promoted inflammation and tumor progression (134). In an additional mouse model of ischemic stroke, the intestinal microbiota appeared to modulate central nervous system inflammation via IL-17 producing γδ T cells (135). To our knowledge, no associations have yet been drawn between the intestinal microbiota and circulating γδ T cells. Given the previous preclinical data, as well as the reactivity of the Vδ2 subset to bacterial metabolite HMB-PP, the gut microbiome may play a role in γδ T cell reconstitution following allo-HCT.




iNKT Cells


Introduction

The term natural killer T (NKT) cells was originally assigned to a group of CD3+ cells expressing markers found on the NK cells, such as CD161. However, further research demonstrated that these markers do not fully define this population, which responds to lipid molecules presented by the MHC-I-like molecule CD1d (19, 136). There are two broad subtypes of NKT cells. Type I NKT cells, also called invariant NK T (iNKT) cells, are characterized by an invariant TCRα chain (typically Vα14-Jα18 in mice and Vα24-Jα18 in humans), accompanied by a limited number of TCRβ chains (mainly Vβ8.2, Vβ7 and Vβ2) (136–138). Type I NKT cells recognize α-galactosylceramide presented by CD1d molecule, can be recognized by α-GalCer-loaded tetramers and are the most studied subtype to date. Type II NKT cells also react to lipid molecules presented in the context of CD1d, but they are not reactive to α-GalCer and bear more diverse TCRs than type I NKT cells (138). iNKT cells are also more abundant in mice [up to 50% of the liver and bone marrow T cells (139)] than in humans [representing only about 0.1% of peripheral blood T cells (19)]. iNKT cells recognize either self-lipids or foreign lipids produced by pathogenic or commensal bacteria, fungi, viruses or present in allergens. Upon activation, they rapidly gain effector function with cytotoxic activity, with transcription factor and cytokine production dependent on tissue localization and acquire either Th1, Th2 or Th17 phenotype (140, 141). Similar to MAIT cells, aside from TCR-dependent activation, iNKT cells can be activated by cytokines, such as IL-12 (140).



Development

iNKT cells develop postnatally in the thymus where they encounter the CD1d molecule expressed by double positive cortical thymocytes, in a process that requires intracellular trafficking of lipid antigens presented by CD1d (78). In contrast to MAIT cells, the commensal microbiota are not vital for thymic iNKT cell development (142).



Preclinical Data in Allogeneic Hematopoietic Cell Transplantation and Anti-Tumor Immunity

In mouse models of allo-HCT, recipient iNKT cells ameliorate GVHD. Early studies examining the role of iNKT cells in mouse models of allo-HCT assessed for the effect of reduced intensity conditioning (RIC) together with total lymphocyte irradiation (TLI) and anti-thymocyte globulin (ATG) on GVHD development. Mice receiving this treatment regimen experienced less GVHD, as well as an expansion of iNKT cells, which was not observed in the CD1d deficient mice. The protection from GVHD was mediated through increased Th2 polarization of donor T cells (143). Later studies further explored the mechanism by which the iNKT cells reduce GVHD. They studied GVHD development in CD1d and Jα-18 deficient mice, which represent more specific models to assess for the invariant portion of NKT cells. iNKT cells reduced the expansion of alloreactive donor T cells in the GVHD target organs (144), as well as promoted the expansion of the protective Treg population in an IL-4 dependent manner (145). Protection from GVHD has also been observed upon adoptive transfer of iNKT cells in mice, both of host and donor origin, as well as third-party (146–151). Effects of adoptive transfer of human CD4+ and CD4- iNKT cells into NSG mice have also been examined in a xenogeneic GVHD model. CD4- iNKT cells inhibited GVHD by decreased human T cell activation and Th1 and Th17 polarization. CD4+ and CD4- iNKT cells induced dendritic cell (DC) maturation, but CD4- iNKT cell contact with splenic and monocyte-derived DCs was more intense and associated with more iNKT cell degranulation (152). In a chronic GVHD model, adoptive transfer of iNKT cells demonstrated a protective role for this cell type, and even reversed the chronic GVHD phenotype (153). Similarly, several groups demonstrated protective effect of α-GalCer administration in acute and chronic GVHD models (146, 153–156).

Extensive studies have been performed examining the role of iNKT cells in tumor immunology. The first evidence of their anti-tumor activity comes from the study of Crowe et al. in the setting of methylcholanthrene induced sarcoma, where mice lacking iNKT cells were more susceptible to tumor development (157). Since then, numerous studies have explored the role of iNKT cells in the immune surveillance of various tumors, mostly attributing them an anti-tumor activity (158). The evidence is somewhat thinner in the context of hematologic malignancies, however, CD1d has been shown to be expressed on multiple myeloma cells (159, 160), as well as AML cells (161) and iNKT exhibited reactivity to CD1d positive tumor cells in vitro in a α-GalCer–dependent manner. In line with these findings, iNKT cells from donor lymphocyte infusion (DLI) could be expanded ex vivo and were capable of lysing leukemia cell lines and patient AML cells in CD1d-dependent manner (162).



Clinical Data

Several studies have addressed iNKT cell reconstitution post-transplantation in human subjects, largely focusing on associations with GVHD. In the first published study of a cohort of 106 patients, Haraguchi et al. observed iNKT cell reconstitution within a month after allo-HCT in PBSC graft recipients, but their numbers remained very low in the first post-transplantation year in the bone marrow (BM) graft recipients. Peripheral blood iNKT cell counts were lower in patients experiencing acute and chronic GVHD (163). In another study, iNKT cell reconstitution was examined at multiple timepoints after allo-HCT using a CD1d tetramer in a cohort of 71 patients cohort who received a mixture of reduced intensity and myeloablative conditioning regimens (RIC and MAC), either BM or PBSC grafts, and who had a variable exposure to in vivo T cell depletion with ATG. In both univariate and multivariate analysis, reaching a threshold of iNKT/T cell ratio higher than 10-3 in at least one of multiple measurements on day 15, 30, 60 and 90, was an independent predictor of lower incidence of acute GVHD and better overall survival (164). A more recent study from the same center focused on different cell populations in 117 BM and PBSC grafts (HSCs, NK cells, conventional and regulatory T cells and iNKT cells) and observed that the iNKT cells were the only population associated with lower incidence of grade 2–4 acute GVHD in a univariate analysis. In the multivariate analysis, only the lower frequency of CD4- iNKT cells could predict higher incidence of acute GVHD in patients receiving BM and PBSC grafts and higher CD4- iNKT cell ex vivo expansion capacity was associated with lower rates of grade 2–4 GVHD in patients receiving PBSC grafts (165). In line with these findings, Bosch et al. observed a positive correlation between graft iNKT cell numbers and peripheral iNKT cell reconstitution of the host (166). Chaidos et al. showed that higher than median CD4- iNKT cell graft content is protective against grade 2–4 GVHD. Moreover, CD4- iNKT cells were capable of contact inhibition of T cell proliferation and suppressed their IFNγ secretion in vitro (167). This indicates that iNKT cell reconstitution post-transplantation might be dependent on the expansion of the graft-derived population rather than de novo production in the bone marrow. Several groups have studied the association of conditioning and anti-thymocyte globulin (ATG) administration with immune reconstitution and, in addition to examining other cell subsets, also characterized iNKT cell reconstitution. Total lymphocyte irradiation (TLI) and ATG administration following RIC appeared to favor iNKT cell maintenance or development, and patients conditioned in this fashion had lower incidence of acute GVHD (168). Interestingly, these findings did not hold true in the setting of MAC, where Servais et al. did not observe any difference in iNKT cell numbers when comparing patients receiving ATG versus no ATG (169). Bosch et al. even observed an extremely slow iNKT cell reconstitution after ATG administration after MAC and a significant correlation between graft iNKT cell numbers and peripheral iNKT cell reconstitution of the host on both early and late timepoints post-transplantation (166). These results suggest extremely slow endogenous recovery of iNKT cells after MAC. PTCy in the setting of haploidentical transplantation appears to be another factor associated with the rate of iNKT cell reconstitution, with lower counts at day 30 and day 90 compared in patients receiving PTCy compared with other graft types (132). The association of early iNKT cell reconstitution and clinical outcome might be correlated with the presence of other immune subtypes. Kim et al. correlated lower frequencies of iNKT cells and monocytic myeloid derived suppressor cells measured before day 30 with higher incidence of grade 3–4 GVHD in a multivariate analysis of 119 recipients of unmodified (111 patients) and cord blood (eight patients) grafts (170).

Based on these data, a clinical trial was performed testing a liposomal formulation of α-GalCer (RGI-2001) in recipients of allo-HCT. Patients receiving this ligand on the day of transplantation exhibited improved reconstitution of Helios+ Treg cells (defined as higher than 12% of CD4+ cells at any timepoint after allo-HCT) and lower incidence of grade 2–4 acute GVHD (171).

Both peripheral and intratumoral iNKT cell counts have been investigated in several different malignancies (e.g., head and neck squamous cell carcinoma, lung cancer, colorectal cancer) and higher numbers have largely been associated with better prognoses (172). With regard to hematologic malignancies, iNKT cells have been most studied in multiple myeloma. Their counts inversely correlated with disease progression (159, 173–175), which was linked to decreasing CD1d expression on the tumor cells as the disease progressed (160). In a small study of 6 patients, α-GalCer-pulsed dendritic cells expanded the iNKT cell population when added to lenalidomide therapy and led to a decrease of the monoclonal immunoglobulin in asymptomatic myeloma patients (176). In AML, low iNKT cell counts were correlated with poor overall survival (177). Despite the evidence of anti-tumor activity of iNKT cells in the context of hematologic malignancies, no difference in relapse incidence after allo-HCT has been observed in association with iNKT cell counts (164, 165).

Although commensal microbiota are not vital for thymic iNKT cell development, iNKT cells are an important intermediary in the relationship between host and microbiota, especially on the mucosal surfaces and in the liver. Examples include identification of distinct bacteria and less intestinal inflammation in the in the Jα18-/- mice versus wildtype mice in the experimental model of colitis (178). In the human colonic biopsies from patients with inflammatory bowel disease, iNKT cells produced pro-inflammatory cytokines, which was driven by exposure to mucosa-associated microbiota (179). Exposition to pathogenic bacteria or gentamicin led to decrease in hepatic NKT cells and higher degree of liver injury (180). In metastatic colon cancer, changes in the gut microbiota potentiated iNKT-cell mediated tumor control via decreased secondary bile acid production (181). To date, the influence of gut microbiota on circulating NKT cells and their reconstitution after allo-HCT has not been clarified.

Based on the literature reviewed here, iNKT cells represent a cell subset associated with protection against acute GVHD in allo-HCT patients. iNKT cells might harbor a GVL potential, which was not demonstrated in the published studies, possibly due to their extremely low numbers post-transplantation. Administration of an iNKT cell ligand proved beneficial in a small number of patients. Therefore, further exploration of iNKT cell expansion in vivo are needed to harness their anti-GVHD and anti-tumor potential. Their reactivity to changes in commensal microbiota in other disease models makes them a good candidate for treatments exploring microbiota modifications, however, more research is needed in this area.




Discussion

Unconventional T cells represent populations are emerging as likely important for the field of transplantation immunology with a potential to reduce the risk of acute and chronic GVHD without impairing, or perhaps improving in the case of γδ T cells, GVL effects. Thus far, published studies linking unconventional T cell subtypes to favorable clinical outcomes are limited by low patient numbers, and variations in type of malignancy, conditioning regimens, graft types and immune suppressive drugs. Therefore, further studies are needed. Manipulation of unconventional T cell compartment may improve clinical outcomes in the future - for example, selecting grafts with high unconventional T cell numbers, exogenous administration of specific ligands, using adoptive transfer approaches or microbiota manipulation strategies. Some of these approaches are currently being investigated in clinical trials, others still require more mechanistic studies to gain deeper understanding. Moreover, the interplay of different types of unconventional cells with each other and their conventional counterparts might also play a role in reconstitution. For example, the Vδ2 subset shares a number of characteristics with MAIT cells, i.e. they can both undergo cytokine-dependent activation and share similar transcription profiles, thus they have some shared post-transplantation requirements for function and maintenance (182).

As described above, for each unconventional cell subtype there is evidence for their function being modulated by intestinal microbiota. However, it is unclear whether the bacteria-derived ligands of unconventional T cells circulate in the blood or execute their functions only in the context of cell contact with antigen presenting cells in the tissues. However, there has been emerging evidence in recent years demonstrating that circulating bacterial metabolites can be associated with disese outcomes. Although more evidence is needed, it is possible that these metabolites influence circulating immune cells, both numerically and functionally. Similarly, the number of studies linking the intestinal microbiome to hematopoiesis is increasing. Given that bone marrow is a remote organ to the gut, circulating bacterial metabolites might be one explanation for this phenomenon. Nevertheless, circulating immune cells likely reflect, in some fashion, the cell distribution within the organs, specifically the unconventional T cells, which are unique regarding their immediate reactivity to bacterial metabolites. MAIT cell reconstitution post-transplantation has been linked to higher abundance of certain bacteria in the gut, as well as the presence of vitamin B2 metabolic pathways in the gut bacteria in a small number of patients. For γδ T cells and iNKT cells, the evidence of their dependence on gut microbiota or organ specific microbial flora is only beginning to emerge in mouse models of diseases unrelated to allo-HCT. Further studies are needed to clarify the dependence of the reconstitution of not only of MAIT cells, but of all unconventional subsets on the presence of distinct microbial taxa and metabolites. We hypothesize that one of the reasons that microbiota damage is associated with poor overall transplantation outcome (183) is due to the influence of microbial communities on the reconstitution of robust immunity, a hypothesis we hope will be studied in detail.



Author Contributions

HA reviewed the literature, designed the figures and wrote the manuscript. KM contributed to the figure design and wrote the manuscript. MB critically revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was supported by NCI awards, MSKCC Cancer Center Core Grants P30 CA008748, R01-CA228358 (MB), R01-CA228308 (MB), P01-CA023766 (MB); NHLBI award R01-HL125571 (MB), R01-HL123340 (MB); NIA National Institute of Aging award Project 2 of P01-AG052359 (MB); NIAID award U01 AI124275 (MB); Tri-Institutional Stem Cell Initiative award 2016-013 (MB); The Lymphoma Foundation (MB); The Susan and Peter Solomon Divisional Genomics Program (MB); and the Parker Institute for Cancer Immunotherapy at Memorial Sloan Kettering Cancer Center (KM, MB); KM wishes to acknowledge funding received from DKMS and the Parker Institute for Cancer Immunotherapy. HA wishes to acknowledge funding received from the Deutsche Forschungsgemeinschaft (DFG).



References

1. D’Souza, A, Fretham, C, Lee, SJ, Arora, M, Brunner, J, Chhabra, S, et al. Current Use of and Trends in Hematopoietic Cell Transplantation in the United States. Biol Blood Marrow Transplant (2020) 26:e177–82. doi: 10.1016/j.bbmt.2020.04.013

2. Jenq, RR, and van den Brink, MRM. Allogeneic haematopoietic stem cell transplantation: individualized stem cell and immune therapy of cancer. Nat Rev Cancer (2010) 10:213–21. doi: 10.1038/nrc2804

3. Negrin, RS. Graft-versus-host disease versus graft-versus-leukemia. Hematology (2015) 2015:225–30. doi: 10.1182/asheducation-2015.1.225

4. Zeiser, R, and Blazar, BR. Acute Graft-versus-Host Disease — Biologic Process, Prevention, and Therapy. N Engl J Med (2017) 377:2167–79. doi: 10.1056/NEJMra1609337

5. Zeiser, R, and Blazar, BR. Pathophysiology of Chronic Graft-versus-Host Disease and Therapeutic Targets. N Engl J Med (2017) 377:2565–79. doi: 10.1056/NEJMra1703472

6. Ogonek, J, Kralj Juric, M, Ghimire, S, Varanasi, PR, Holler, E, Greinix, H, et al. Immune Reconstitution after Allogeneic Hematopoietic Stem Cell Transplantation. Front Immunol (2016) 7:507. doi: 10.3389/fimmu.2016.00507

7. van den Brink, MRM, Velardi, E, and Perales, M-A. Immune reconstitution following stem cell transplantation. Hematology (2015) 2015:215–9. doi: 10.1182/asheducation-2015.1.215

8. Staffas, A, Burgos da Silva, M, Slingerland, AE, Lazrak, A, Bare, CJ, Holman, CD, et al. Nutritional Support from the Intestinal Microbiota Improves Hematopoietic Reconstitution after Bone Marrow Transplantation in Mice. Cell Host Microbe (2018) 23:447–57.e4. doi: 10.1016/j.chom.2018.03.002

9. Schluter, J, Peled, JU, Taylor, BP, Markey, KA, Smith, M, Taur, Y, et al. The gut microbiota is associated with immune cell dynamics in humans. Nature (2020) 588:303–7. doi: 10.1038/s41586-020-2971-8

10. Small, TN, Papadopoulos, EB, Boulad, F, Black, P, Castro-Malaspina, H, Childs, BH, et al. Comparison of Immune Reconstitution After Unrelated and Related T-Cell–Depleted Bone Marrow Transplantation: Effect of Patient Age and Donor Leukocyte Infusions. Blood (1999) 93:467–80. doi: 10.1182/blood.V93.2.467

11. Ullah, MA, Hill, GR, and Tey, S-K. Functional Reconstitution of Natural Killer Cells in Allogeneic Hematopoietic Stem Cell Transplantation. Front Immunol (2016) 7:144. doi: 10.3389/fimmu.2016.00144

12. Shaffer, BC, and Hsu, KC. How important is NK alloreactivity and KIR in allogeneic transplantation? Best Pract Res Clin Haematol (2016) 29:351–8. doi: 10.1016/j.beha.2016.10.010

13. Simonetta, F, Alvarez, M, and Negrin, RS. Natural Killer Cells in Graft-versus-Host-Disease after Allogeneic Hematopoietic Cell Transplantation. Front Immunol (2017) 8:465. doi: 10.3389/fimmu.2017.00465

14. Locatelli, F, Pende, D, Falco, M, Della Chiesa, M, Moretta, A, and Moretta, L. NK Cells Mediate a Crucial Graft-versus-Leukemia Effect in Haploidentical-HSCT to Cure High-Risk Acute Leukemia. Trends Immunol (2018) 39:577–90. doi: 10.1016/j.it.2018.04.009

15. Mehta, RS, and Rezvani, K. Immune reconstitution post allogeneic transplant and the impact of immune recovery on the risk of infection. Virulence (2016) 7:901–16. doi: 10.1080/21505594.2016.1208866

16. Velardi, E, Tsai, JJ, and van den Brink, MRM. T cell regeneration after immunological injury. Nat Rev Immunol (2020). doi: 10.1038/s41577-020-00457-z

17. de Koning, C, Plantinga, M, Besseling, P, Boelens, JJ, and Nierkens, S. Immune Reconstitution after Allogeneic Hematopoietic Cell Transplantation in Children. Biol Blood Marrow Transplant (2016) 22:195–206. doi: 10.1016/j.bbmt.2015.08.028

18. Talekar, MK, and Olson, T. Immune Reconstitution After Hematopoietic Stem Cell Transplantation. In:  V Brown II, editor. Hematopoietic Stem Cell Transplantation for the Pediatric Hematologist/Oncologist. Cham: Springer International Publishing (2017). p. 371–83. doi: 10.1007/978-3-319-63146-2_26

19. Godfrey, DI, Uldrich, AP, McCluskey, J, Rossjohn, J, and Moody, DB. The burgeoning family of unconventional T cells. Nat Immunol (2015) 16:1114–23. doi: 10.1038/ni.3298

20. Khosravi, A, Yáñez, A, Price, JG, Chow, A, Merad, M, Goodridge, HS, et al. Gut Microbiota Promote Hematopoiesis to Control Bacterial Infection. Cell Host Microbe (2014) 15:374–81. doi: 10.1016/j.chom.2014.02.006

21. Iwamura, C, Bouladoux, N, Belkaid, Y, Sher, A, and Jankovic, D. Sensing of the microbiota by NOD1 in mesenchymal stromal cells regulates murine hematopoiesis. Blood (2017) 129:171–6. doi: 10.1182/blood-2016-06-723742

22. Tada, T, Yamamura, S, Kuwano, Y, and Abo, T. Level of Myelopoiesis in the Bone Marrow Is Influenced by Intestinal Flora. Cell Immunol (1996) 173:155–61. doi: 10.1006/cimm.1996.0261

23. Inagaki, H, Suzuki, T, Nomoto, K, and Yoshikai, Y. Increased susceptibility to primary infection with Listeria monocytogenes in germfree mice may be due to lack of accumulation of L-selectin+ CD44+ T cells in sites of inflammation. Infect Immun (1996) 64:3280–7. doi: 10.1128/IAI.64.8.3280-3287.1996

24. Balmer, ML, Schürch, CM, Saito, Y, Geuking, MB, Li, H, Cuenca, M, et al. Microbiota-Derived Compounds Drive Steady-State Granulopoiesis via MyD88/TICAM Signaling. J Immunol (2014) 193:5273–83. doi: 10.4049/jimmunol.1400762

25. Zhang, D, Chen, G, Manwani, D, Mortha, A, Xu, C, Faith, JJ, et al. Neutrophil ageing is regulated by the microbiome. Nature (2015) 525:528–32. doi: 10.1038/nature15367

26. Josefsdottir, KS, Baldridge, MT, Kadmon, CS, and King, KY. Antibiotics impair murine hematopoiesis by depleting the intestinal microbiota. Blood (2017) 129:729–39. doi: 10.1182/blood-2016-03-708594

27. Jaiswal, S, and Ebert, BL. Clonal hematopoiesis in human aging and disease. Science (2019) 366:eaan4673. doi: 10.1126/science.aan4673

28. Meisel, M, Hinterleitner, R, Pacis, A, Chen, L, Earley, ZM, Mayassi, T, et al. Microbial signals drive pre-leukaemic myeloproliferation in a Tet2-deficient host. Nature (2018) 557:580–4. doi: 10.1038/s41586-018-0125-z

29. Liu, A, Wang, Y, Ding, Y, Baez, I, Payne, KJ, and Borghesi, L. Cutting Edge: Hematopoietic Stem Cell Expansion and Common Lymphoid Progenitor Depletion Require Hematopoietic-Derived, Cell-Autonomous TLR4 in a Model of Chronic Endotoxin. J Immunol (2015) 195:2524–8. doi: 10.4049/jimmunol.1501231

30. Boettcher, S, and Manz, MG. Regulation of Inflammation- and Infection-Driven Hematopoiesis. Trends Immunol (2017) 38:345–57. doi: 10.1016/j.it.2017.01.004

31. Ingham, AC, Kielsen, K, Cilieborg, MS, Lund, O, Holmes, S, Aarestrup, FM, et al. Specific gut microbiome members are associated with distinct immune markers in pediatric allogeneic hematopoietic stem cell transplantation. Microbiome (2019) 7:131. doi: 10.1186/s40168-019-0745-z

32. Zeng, H, Umar, S, Rust, B, Lazarova, D, and Bordonaro, M. Secondary Bile Acids and Short Chain Fatty Acids in the Colon: A Focus on Colonic Microbiome, Cell Proliferation, Inflammation, and Cancer. Int J Mol Sci (2019) 20:1214. doi: 10.3390/ijms20051214

33. Nguyen, C, Docampo, MD, van den Brink, MRM, and Markey, KA. The role of the intestinal microbiota in allogeneic HCT: clinical associations and preclinical mechanisms. Curr Opin Genet Dev (2021) 66:25–35. doi: 10.1016/j.gde.2020.11.007

34. Mathewson, ND, Jenq, R, Mathew, AV, Koenigsknecht, M, Hanash, A, Toubai, T, et al. Gut microbiome–derived metabolites modulate intestinal epithelial cell damage and mitigate graft-versus-host disease. Nat Immunol (2016) 17:505–13. doi: 10.1038/ni.3400

35. Fujiwara, H, Docampo, MD, Riwes, M, Peltier, D, Toubai, T, Henig, I, et al. Microbial metabolite sensor GPR43 controls severity of experimental GVHD. Nat Commun (2018) 9:3674. doi: 10.1038/s41467-018-06048-w

36. Payen, M, Nicolis, I, Robin, M, Michonneau, D, Delannoye, J, Mayeur, C, et al. Functional and phylogenetic alterations in gut microbiome are linked to graft-versus-host disease severity. Blood Adv (2020) 4:1824–32. doi: 10.1182/bloodadvances.2020001531

37. Markey, KA, Schluter, J, Gomes, ALC, Littmann, ER, Pickard, AJ, Taylor, BP, et al. The microbe-derived short-chain fatty acids butyrate and propionate are associated with protection from chronic GVHD. Blood (2020) 136:130–6. doi: 10.1182/blood.2019003369

38. Haring, E, Uhl, FM, Andrieux, G, Proietti, M, Bulashevska, A, Sauer, B, et al. Bile acids regulate intestinal antigen presentation and reduce graft-versus-host disease without impairing the graft-versus-leukemia effect. Haematologica (2020). doi: 10.3324/haematol.2019.242990. haematol.2019.242990.

39. Michonneau, D, Latis, E, Curis, E, Dubouchet, L, Ramamoorthy, S, Ingram, B, et al. Metabolomics analysis of human acute graft-versus-host disease reveals changes in host and microbiota-derived metabolites. Nat Commun (2019) 10:5695. doi: 10.1038/s41467-019-13498-3

40. Godfrey, DI, Koay, H-F, McCluskey, J, and Gherardin, NA. The biology and functional importance of MAIT cells. Nat Immunol (2019) 20:1110–28. doi: 10.1038/s41590-019-0444-8

41. Tilloy, F, Treiner, E, Park, S-H, Garcia, C, Lemonnier, F, de la Salle, H, et al. An Invariant T Cell Receptor α Chain Defines a Novel TAP-independent Major Histocompatibility Complex Class Ib–restricted α/β T Cell Subpopulation in Mammals. J Exp Med (1999) 189:1907–21. doi: 10.1084/jem.189.12.1907

42. Treiner, E, Duban, L, Bahram, S, Radosavljevic, M, Wanner, V, Tilloy, F, et al. Selection of evolutionarily conserved mucosal-associated invariant T cells by MR1. Nature (2003) 422:164–9. doi: 10.1038/nature01433

43. Reantragoon, R, Kjer-Nielsen, L, Patel, O, Chen, Z, Illing, PT, Bhati, M, et al. Structural insight into MR1-mediated recognition of the mucosal associated invariant T cell receptor. J Exp Med (2012) 209:761–74. doi: 10.1084/jem.20112095

44. Lepore, M, Kalinichenko, A, Colone, A, Paleja, B, Singhal, A, Tschumi, A, et al. Parallel T-cell cloning and deep sequencing of human MAIT cells reveal stable oligoclonal TCRβ repertoire. Nat Commun (2014) 5:3866. doi: 10.1038/ncomms4866

45. Kjer-Nielsen, L, Patel, O, Corbett, AJ, Le Nours, J, Meehan, B, Liu, L, et al. MR1 presents microbial vitamin B metabolites to MAIT cells. Nature (2012) 491:717–23. doi: 10.1038/nature11605

46. Corbett, AJ, Eckle, SBG, Birkinshaw, RW, Liu, L, Patel, O, Mahony, J, et al. T-cell activation by transitory neo-antigens derived from distinct microbial pathways. Nature (2014) 509:361–5. doi: 10.1038/nature13160

47. Ussher, JE, Bilton, M, Attwod, E, Shadwell, J, Richardson, R, de Lara, C, et al. CD161 ++ CD8 + T cells, including the MAIT cell subset, are specifically activated by IL-12+IL-18 in a TCR-independent manner: Innate immunity. Eur J Immunol (2014) 44:195–203. doi: 10.1002/eji.201343509

48. Slichter, CK, McDavid, A, Miller, HW, Finak, G, Seymour, BJ, McNevin, JP, et al. Distinct activation thresholds of human conventional and innate-like memory T cells. JCI Insight (2016) 1. doi: 10.1172/jci.insight.86292

49. Legoux, F, Bellet, D, Daviaud, C, El Morr, Y, Darbois, A, Niort, K, et al. Microbial metabolites control the thymic development of mucosal-associated invariant T cells. Science (2019) 366:494–9. doi: 10.1126/science.aaw2719

50. Constantinides, MG, Link, VM, Tamoutounour, S, Wong, AC, Perez-Chaparro, PJ, Han, S-J, et al. MAIT cells are imprinted by the microbiota in early life and promote tissue repair. Science (2019) 366:eaax6624. doi: 10.1126/science.aax6624

51. Koay, H-F, Gherardin, NA, Enders, A, Loh, L, Mackay, LK, Almeida, CF, et al. A three-stage intrathymic development pathway for the mucosal-associated invariant T cell lineage. Nat Immunol (2016) 17:1300–11. doi: 10.1038/ni.3565

52. Rahimpour, A, Koay, HF, Enders, A, Clanchy, R, Eckle, SBG, Meehan, B, et al. Identification of phenotypically and functionally heterogeneous mouse mucosal-associated invariant T cells using MR1 tetramers. J Exp Med (2015) 212:1095–108. doi: 10.1084/jem.20142110

53. Varelias, A, Bunting, MD, Ormerod, KL, Koyama, M, Olver, SD, Straube, J, et al. Recipient mucosal-associated invariant T cells control GVHD within the colon. J Clin Invest (2018) 128:1919–36. doi: 10.1172/JCI91646

54. Ling, L, Lin, Y, Zheng, W, Hong, S, Tang, X, Zhao, P, et al. Circulating and tumor-infiltrating mucosal associated invariant T (MAIT) cells in colorectal cancer patients. Sci Rep (2016) 6:20358. doi: 10.1038/srep20358

55. Won, EJ, Ju, JK, Cho, Y-N, Jin, H-M, Park, K-J, Kim, T-J, et al. Clinical relevance of circulating mucosal-associated invariant T cell levels and their anti-cancer activity in patients with mucosal-associated cancer. Oncotarget (2016) 7:76274–90. doi: 10.18632/oncotarget.11187

56. Gherardin, NA, Loh, L, Admojo, L, Davenport, AJ, Richardson, K, Rogers, A, et al. Enumeration, functional responses and cytotoxic capacity of MAIT cells in newly diagnosed and relapsed multiple myeloma. Sci Rep (2018) 8:4159. doi: 10.1038/s41598-018-22130-1

57. Yan, J, Allen, S, McDonald, E, Das, I, Mak, JYW, Liu, L, et al. MAIT Cells Promote Tumor Initiation, Growth, and Metastases via Tumor MR1. Cancer Discovery (2020) 10:124–41. doi: 10.1158/2159-8290.CD-19-0569

58. Bhattacharyya, A, Hanafi, L-A, Sheih, A, Golob, JL, Srinivasan, S, Boeckh, MJ, et al. Graft-Derived Reconstitution of Mucosal-Associated Invariant T Cells after Allogeneic Hematopoietic Cell Transplantation. Biol Blood Marrow Transplant (2018) 24:242–51. doi: 10.1016/j.bbmt.2017.10.003

59. Solders, M, Erkers, T, Gorchs, L, Poiret, T, Remberger, M, Magalhaes, I, et al. Mucosal-Associated Invariant T Cells Display a Poor Reconstitution and Altered Phenotype after Allogeneic Hematopoietic Stem Cell Transplantation. Front Immunol (2017) 8:1861. doi: 10.3389/fimmu.2017.01861

60. Ben Youssef, G, Tourret, M, Salou, M, Ghazarian, L, Houdouin, V, Mondot, S, et al. Ontogeny of human mucosal-associated invariant T cells and related T cell subsets. J Exp Med (2018) 215:459–79. doi: 10.1084/jem.20171739

61. Konuma, T, Kohara, C, Watanabe, E, Takahashi, S, Ozawa, G, Suzuki, K, et al. Reconstitution of Circulating Mucosal-Associated Invariant T Cells after Allogeneic Hematopoietic Cell Transplantation: Its Association with the Riboflavin Synthetic Pathway of Gut Microbiota in Cord Blood Transplant Recipients. J Immunol (2020) 204:1462–73. doi: 10.4049/jimmunol.1900681

62. Kawaguchi, K, Umeda, K, Hiejima, E, Iwai, A, Mikami, M, Nodomi, S, et al. Influence of post-transplant mucosal-associated invariant T cell recovery on the development of acute graft-versus-host disease in allogeneic bone marrow transplantation. Int J Hematol (2018) 108:66–75. doi: 10.1007/s12185-018-2442-2

63. Stikvoort, A, Chen, Y, Rådestad, E, Törlén, J, Lakshmikanth, T, Björklund, A, et al. Combining Flow and Mass Cytometry in the Search for Biomarkers in Chronic Graft-versus-Host Disease. Front Immunol (2017) 8:717. doi: 10.3389/fimmu.2017.00717

64. Sundström, P, Ahlmanner, F, Akéus, P, Sundquist, M, Alsén, S, Yrlid, U, et al. Human Mucosa-Associated Invariant T Cells Accumulate in Colon Adenocarcinomas but Produce Reduced Amounts of IFN-γ. J Immunol (2015) 195:3472–81. doi: 10.4049/jimmunol.1500258

65. Zabijak, L, Attencourt, C, Guignant, C, Chatelain, D, Marcelo, P, Marolleau, J-P, et al. Increased tumor infiltration by mucosal-associated invariant T cells correlates with poor survival in colorectal cancer patients. Cancer Immunol Immunother (2015) 64:1601–8. doi: 10.1007/s00262-015-1764-7

66. Peterfalvi, A, Gomori, E, Magyarlaki, T, Pal, J, Banati, M, Javorhazy, A, et al. Invariant V 7.2-J 33 TCR is expressed in human kidney and brain tumors indicating infiltration by mucosal-associated invariant T (MAIT) cells. Int Immunol (2008) 20:1517–25. doi: 10.1093/intimm/dxn111

67. Zheng, C, Zheng, L, Yoo, J-K, Guo, H, Zhang, Y, Guo, X, et al. Landscape of Infiltrating T Cells in Liver Cancer Revealed by Single-Cell Sequencing. Cell (2017) 169:1342–56.e16. doi: 10.1016/j.cell.2017.05.035

68. Li, S, Simoni, Y, Becht, E, Loh, CY, Li, N, Lachance, D, et al. Human Tumor-Infiltrating MAIT Cells Display Hallmarks of Bacterial Antigen Recognition in Colorectal Cancer. Cell Rep Med (2020) 1:100039. doi: 10.1016/j.xcrm.2020.100039

69. Favreau, M, Venken, K, Faict, S, Maes, K, De Veirman, K, De Bruyne, E, et al. Both mucosal-associated invariant and natural killer T-cell deficiency in multiple myeloma can be countered by PD-1 inhibition. Haematologica (2017) 102:e266–70. doi: 10.3324/haematol.2017.163758

70. Varelias, A, Gartlan, KH, Wilkinson, AN, Olver, SD, Samson, LD, Tey, S-K, et al. Expansion of IL-17A–secreting CD8+ mucosa-associated invariant T cells in peripheral blood following stem cell mobilization. Blood Adv (2019) 3:718–23. doi: 10.1182/bloodadvances.2018025601

71. Lange, BM, Rujan, T, Martin, W, and Croteau, R. Isoprenoid biosynthesis: The evolution of two ancient and distinct pathways across genomes. Proc Natl Acad Sci (2000) 97:13172–7. doi: 10.1073/pnas.240454797

72. Gober, H-J, Kistowska, M, Angman, L, Jenö, P, Mori, L, and De Libero, G. Human T Cell Receptor γδ Cells Recognize Endogenous Mevalonate Metabolites in Tumor Cells. J Exp Med (2003) 197:163–8. doi: 10.1084/jem.20021500

73. Hintz, M, Reichenberg, A, Altincicek, B, Bahr, U, Gschwind, RM, Kollas, A-K, et al. Identification of ( E )-4-hydroxy-3-methyl-but-2-enyl pyrophosphate as a major activator for human γδ T cells in Escherichia coli. FEBS Lett (2001) 509:317–22. doi: 10.1016/S0014-5793(01)03191-X

74. Sandstrom, A, Peigné, C-M, Léger, A, Crooks, JE, Konczak, F, Gesnel, M-C, et al. The Intracellular B30.2 Domain of Butyrophilin 3A1 Binds Phosphoantigens to Mediate Activation of Human Vγ9Vδ2 T Cells. Immunity (2014) 40:490–500. doi: 10.1016/j.immuni.2014.03.003

75. Vavassori, S, Kumar, A, Wan, GS, Ramanjaneyulu, GS, Cavallari, M, El Daker, S, et al. Butyrophilin 3A1 binds phosphorylated antigens and stimulates human γδ T cells. Nat Immunol (2013) 14:908–16. doi: 10.1038/ni.2665

76. Minculescu, L, and Sengeløv, H. The Role of Gamma Delta T Cells in Haematopoietic Stem Cell Transplantation. Scand J Immunol (2015) 81:459–68. doi: 10.1111/sji.12289

77. Mangan, BA, Dunne, MR, O’Reilly, VP, Dunne, PJ, Exley, MA, O’Shea, D, et al. Cutting Edge: CD1d Restriction and Th1/Th2/Th17 Cytokine Secretion by Human Vδ3 T Cells. J Immunol (2013) 191:30–4. doi: 10.4049/jimmunol.1300121

78. Pellicci, DG, Koay, H-F, and Berzins, SP. Thymic development of unconventional T cells: how NKT cells, MAIT cells and γδ T cells emerge. Nat Rev Immunol (2020) 20:756–70. doi: 10.1038/s41577-020-0345-y

79. Lawand, M, Déchanet-Merville, J, and Dieu-Nosjean, M-C. Key Features of Gamma-Delta T-Cell Subsets in Human Diseases and Their Immunotherapeutic Implications. Front Immunol (2017) 8:761. doi: 10.3389/fimmu.2017.00761

80. Patil, RS, Bhat, SA, Dar, AA, and Chiplunkar, SV. The Jekyll and Hyde story of IL17-Producing γδ T Cells. Front Immunol (2015) 6:37. doi: 10.3389/fimmu.2015.00037

81. Sebestyen, Z, Prinz, I, Déchanet-Merville, J, Silva-Santos, B, and Kuball, J. Translating gammadelta (γδ) T cells and their receptors into cancer cell therapies. Nat Rev Drug Discovery (2020) 19:169–84. doi: 10.1038/s41573-019-0038-z

82. Idrees, ASM, Sugie, T, Inoue, C, Murata-Hirai, K, Okamura, H, Morita, CT, et al. Comparison of γδ T cell responses and farnesyl diphosphate synthase inhibition in tumor cells pretreated with zoledronic acid. Cancer Sci (2013) 104:536–42. doi: 10.1111/cas.12124

83. Gundermann, S, Klinker, E, Kimmel, B, Flierl, U, Wilhelm, M, Einsele, H, et al. A Comprehensive Analysis of Primary Acute Myeloid Leukemia Identifies Biomarkers Predicting Susceptibility to Human Allogeneic Vγ9Vδ2 T Cells. J Immunother (2014) 37:321–30. doi: 10.1097/CJI.0000000000000043

84. Kabelitz, D, Wesch, D, Pitters, E, and Zöller, M. Characterization of Tumor Reactivity of Human Vγ9Vδ2 γδ T Cells In Vitro and in SCID Mice In Vivo. J Immunol (2004) 173:6767–76. doi: 10.4049/jimmunol.173.11.6767

85. Correia, DV, Lopes, A, and Silva-Santos, B. Tumor cell recognition by γδ T lymphocytes: T-cell receptor vs. NK-cell receptors. Oncoimmunology (2013) 2:e22892. doi: 10.4161/onci.22892

86. Bauer, S. Activation of NK Cells and T Cells by NKG2D, a Receptor for Stress-Inducible MICA. Science (1999) 285:727–9. doi: 10.1126/science.285.5428.727

87. Lança, T, Correia, DV, Moita, CF, Raquel, H, Neves-Costa, A, Ferreira, C, et al. The MHC class Ib protein ULBP1 is a nonredundant determinant of leukemia/lymphoma susceptibility to γδ T-cell cytotoxicity. Blood (2010) 115:2407–11. doi: 10.1182/blood-2009-08-237123

88. Kong, Y, Cao, W, Xi, X, Ma, C, Cui, L, and He, W. The NKG2D ligand ULBP4 binds to TCRγ9/δ2 and induces cytotoxicity to tumor cells through both TCRγδ and NKG2D. Blood (2009) 114:310–7. doi: 10.1182/blood-2008-12-196287

89. Gertner-Dardenne, J, Fauriat, C, Vey, N, and Olive, D. Immunotherapy of acute myeloid leukemia based on γδ T cells. Oncoimmunology (2012) 1:1614–6. doi: 10.4161/onci.21512

90. Sebestyen, Z, Scheper, W, Vyborova, A, Gu, S, Rychnavska, Z, Schiffler, M, et al. RhoB Mediates Phosphoantigen Recognition by Vγ9Vδ2 T Cell Receptor. Cell Rep (2016) 15:1973–85. doi: 10.1016/j.celrep.2016.04.081

91. Correia, DV, Fogli, M, Hudspeth, K, da Silva, MG, Mavilio, D, and Silva-Santos, B. Differentiation of human peripheral blood Vδ1+ T cells expressing the natural cytotoxicity receptor NKp30 for recognition of lymphoid leukemia cells. Blood (2011) 118:992–1001. doi: 10.1182/blood-2011-02-339135

92. Lafont, V, Liautard, J, Liautard, JP, and Favero, J. Production of TNF-α by Human Vγ9Vδ2 T Cells Via Engagement of FcγRIIIA, the Low Affinity Type 3 Receptor for the Fc Portion of IgG, Expressed upon TCR Activation by Nonpeptidic Antigen. J Immunol (2001) 166:7190–9. doi: 10.4049/jimmunol.166.12.7190

93. Gertner-Dardenne, J, Bonnafous, C, Bezombes, C, Capietto, A-H, Scaglione, V, Ingoure, S, et al. Bromohydrin pyrophosphate enhances antibody-dependent cell-mediated cytotoxicity induced by therapeutic antibodies. Blood (2009) 113:4875–84. doi: 10.1182/blood-2008-08-172296

94. Seidel, UJE, Vogt, F, Grosse-Hovest, L, Jung, G, Handgretinger, R, and Lang, P. Î3Î´ T Cell-Mediated Antibody-Dependent Cellular Cytotoxicity with CD19 Antibodies Assessed by an Impedance-Based Label-Free Real-Time Cytotoxicity Assay. Front Immunol (2014) 5:618. doi: 10.3389/fimmu.2014.00618

95. Schiller, CB, Braciak, TA, Fenn, NC, Seidel, UJE, Roskopf, CC, Wildenhain, S, et al. CD19-specific triplebody SPM-1 engages NK and γδ T cells for rapid and efficient lysis of malignant B-lymphoid cells. Oncotarget (2016) 7:83392–408. doi: 10.18632/oncotarget.13110

96. Blazar, BR, Taylor, PA, Panoskaltsis-Mortari, A, Barrett, TA, Bluestone, JA, and Vallera, DA. Lethal murine graft-versus-host disease induced by donor gamma/delta expressing T cells with specificity for host nonclassical major histocompatibility complex class Ib antigens. Blood (1996) 87:827–37.

97. Huang, Y, Cramer, DE, Ray, MB, Chilton, PM, Que, X, and Ildstad, ST. The role of alphabeta- and gammadelta-t cells in allogeneic donor marrow on engraftment, chimerism, and graft-versus-host disease. Transplantation (2001) 72(12):1907–14. doi: 10.1097/00007890-200112270-00007

98. Maeda, Y, Reddy, P, Lowler, KP, Liu, C, Bishop, DK, and Ferrara, JLM. Critical role of host γδ T cells in experimental acute graft-versus-host disease. Blood (2005) 106:749–55. doi: 10.1182/blood-2004-10-4087

99. Ravens, S, Schultze-Florey, C, Raha, S, Sandrock, I, Drenker, M, Oberdörfer, L, et al. Human γδ T cells are quickly reconstituted after stem-cell transplantation and show adaptive clonal expansion in response to viral infection. Nat Immunol (2017) 18:393–401. doi: 10.1038/ni.3686

100. Hirokawa, M, Horiuchi, T, Kawabata, Y, Kitabayashi, A, and Miura, A. Reconstitution of γδ T cell repertoire diversity after human allogeneic hematopoietic cell transplantation and the role of peripheral expansion of mature T cell population in the graft. Bone Marrow Transplant (2000) 26:177–85. doi: 10.1038/sj.bmt.1702478

101. Airoldi, I, Bertaina, A, Prigione, I, Zorzoli, A, Pagliara, D, Cocco, C, et al. γδ T-cell reconstitution after HLA-haploidentical hematopoietic transplantation depleted of TCR-αβ+/CD19+ lymphocytes. Blood (2015) 125:2349–58. doi: 10.1182/blood-2014-09-599423

102. Bian, Z, Xu, L-P, Fu, Q, Huo, M, Liu, L, Zhao, X, et al. Homeostatic γδ T Cell Contents Are Preserved by Granulocyte Colony-Stimulating Factor Priming and Correlate with the Early Recovery of γδ T Cell Subsets after Haploidentical Hematopoietic Stem Cell Transplantation. Biol Blood Marrow Transplant (2018) 24:252–9. doi: 10.1016/j.bbmt.2017.10.027

103. Gaballa, A, Stikvoort, A, Önfelt, B, Mattsson, J, Sundin, M, Watz, E, et al. T-cell frequencies of CD8+ γδ and CD27+ γδ cells in the stem cell graft predict the outcome after allogeneic hematopoietic cell transplantation. Bone Marrow Transplant (2019) 54:1562–74. doi: 10.1038/s41409-019-0462-z

104. Park, M, Im, HJ, Lee, Y-J, Park, N, Jang, S, Kwon, SW, et al. Reconstitution of T and NK cells after haploidentical hematopoietic cell transplantation using αβ T cell-depleted grafts and the clinical implication of γδ T cells. Clin Transplant (2018) 32:e13147. doi: 10.1111/ctr.13147

105. Gaballa, A, Arruda, LCM, Rådestad, E, and Uhlin, M. CD8 + γδ T Cells Are More Frequent in CMV Seropositive Bone Marrow Grafts and Display Phenotype of an Adaptive Immune Response. Stem Cells Int (2019) 2019:1–13. doi: 10.1155/2019/6348060

106. Cela, ME, Holladay, MS, Rooney, CM, Richardson, S, Alexander, B, Krance, RA, et al. Gamma delta T lymphocyte regeneration after T lymphocyte-depleted bone marrow transplantation from mismatched family members or matched unrelated donors. Bone Marrow Transplant (1996) 17:243–7.

107. de Witte, MA, Sarhan, D, Davis, Z, Felices, M, Vallera, DA, Hinderlie, P, et al. Early Reconstitution of NK and γδ T Cells and Its Implication for the Design of Post-Transplant Immunotherapy. Biol Blood Marrow Transplant (2018) 24:1152–62. doi: 10.1016/j.bbmt.2018.02.023

108. Perko, R, Kang, G, Sunkara, A, Leung, W, Thomas, PG, and Dallas, MH. Gamma Delta T Cell Reconstitution Is Associated with Fewer Infections and Improved Event-Free Survival after Hematopoietic Stem Cell Transplantation for Pediatric Leukemia. Biol Blood Marrow Transplant (2015) 21:130–6. doi: 10.1016/j.bbmt.2014.09.027

109. Liu, J, Bian, Z, Wang, X, Xu, L-P, Fu, Q, Wang, C, et al. Inverse correlation of Vδ2 + T-cell recovery with EBV reactivation after haematopoietic stem cell transplantation. Br J Haematol (2018) 180:276–85. doi: 10.1111/bjh.15037

110. Knight, A, Madrigal, AJ, Grace, S, Sivakumaran, J, Kottaridis, P, Mackinnon, S, et al. The role of Vδ2-negative γδ T cells during cytomegalovirus reactivation in recipients of allogeneic stem cell transplantation. Blood (2010) 116:2164–72. doi: 10.1182/blood-2010-01-255166

111. Scheper, W, van Dorp, S, Kersting, S, Pietersma, F, Lindemans, C, Hol, S, et al. γδT cells elicited by CMV reactivation after allo-SCT cross-recognize CMV and leukemia. Leukemia (2013) 27:1328–38. doi: 10.1038/leu.2012.374

112. Laberko, A, Bogoyavlenskaya, A, Shelikhova, L, Shekhovtsova, Z, Balashov, D, Voronin, K, et al. Risk Factors for and the Clinical Impact of Cytomegalovirus and Epstein-Barr Virus Infections in Pediatric Recipients of TCR-α/β– and CD19-Depleted Grafts. Biol Blood Marrow Transplant (2017) 23:483–90. doi: 10.1016/j.bbmt.2016.12.635

113. Fujishima, N, Hirokawa, M, Fujishima, M, Yamashita, J, Saitoh, H, Ichikawa, Y, et al. Skewed T cell receptor repertoire of Vδ1+ γδ T lymphocytes after human allogeneic haematopoietic stem cell transplantation and the potential role for Epstein-Barr virus-infected B cells in clonal restriction: Role for Vd1+ T cells in EBV infection. Clin Exp Immunol (2007) 149:70–9. doi: 10.1111/j.1365-2249.2007.03388.x

114. Farnault, L, Gertner-Dardenne, J, Gondois-Rey, F, Michel, G, Chambost, H, Hirsch, I, et al. Clinical evidence implicating gamma-delta T cells in EBV control following cord blood transplantation. Bone Marrow Transplant (2013) 48:1478–9. doi: 10.1038/bmt.2013.75

115. Lamb, LS, Henslee-Downey, PJ, Parrish, RS, Godder, K, Thompson, J, Lee, C, et al. Rapid Communication: Increased Frequency of TCRγδ+ T Cells in Disease-Free Survivors Following T Cell-Depleted, Partially Mismatched, Related Donor Bone Marrow Transplantation for Leukemia. J Hematother (1996) 5:503–9. doi: 10.1089/scd.1.1996.5.503

116. Lamb, LS, Gee, AP, Hazlett, LJ, Musk, P, Parrish, RS, O’Hanlon, TP, et al. Influence of T cell depletion method on circulating γδ T cell reconstitution and potential role in the graft-versus-leukemia effect. Cytotherapy (1999) 1:7–19. doi: 10.1080/0032472031000141295

117. Godder, KT, Henslee-Downey, PJ, Mehta, J, Park, BS, Chiang, K-Y, Abhyankar, S, et al. Long term disease-free survival in acute leukemia patients recovering with increased γδ T cells after partially mismatched related donor bone marrow transplantation. Bone Marrow Transplant (2007) 39:751–7. doi: 10.1038/sj.bmt.1705650

118. Minculescu, L, Marquart, HV, Ryder, LP, Andersen, NS, Schjoedt, I, Friis, LS, et al. Improved Overall Survival, Relapse-Free-Survival, and Less Graft-vs.-Host-Disease in Patients With High Immune Reconstitution of TCR Gamma Delta Cells 2 Months After Allogeneic Stem Cell Transplantation. Front Immunol (2019) 10:1997. doi: 10.3389/fimmu.2019.01997

119. Dolstra, H, Fredrix, H, van der Meer, A, de Witte, T, Figdor, C, and van de Wiel-van Kemenade, E. TCRγδ cytotoxic T lymphocytes expressing the killer cell-inhibitory receptor p58.2 (CD158b) selectively lyse acute myeloid leukemia cells. Bone Marrow Transplant (2001) 27:1087–93. doi: 10.1038/sj.bmt.1703043

120. Jin, Z, Luo, Q, Wang, X, He, Z, Lai, J, Chen, S, et al. Oligoclonal Expansion of TCR Vδ T Cells May be a Potential Immune Biomarker for AML Outcome. Blood (2016) 128:5237–7. doi: 10.1182/blood.V128.22.5237.5237

121. Arruda, LCM, Gaballa, A, and Uhlin, M. Graft γδ TCR Sequencing Identifies Public Clonotypes Associated with Hematopoietic Stem Cell Transplantation Efficacy in Acute Myeloid Leukemia Patients and Unravels Cytomegalovirus Impact on Repertoire Distribution. J Immunol (2019) 202:1859–70. doi: 10.4049/jimmunol.1801448

122. Viale, M, Ferrini, S, and Bacigalupo, A. TCR gamma/delta positive lymphocytes after allogeneic bone marrow transplantation. Bone Marrow Transplant (1992) 10:249–53.

123. Pabst, C, Schirutschke, H, Ehninger, G, Bornhauser, M, and Platzbecker, U. The Graft Content of Donor T Cells Expressing TCR+ and CD4+foxp3+ Predicts the Risk of Acute Graft versus Host Disease after Transplantation of Allogeneic Peripheral Blood Stem Cells from Unrelated Donors. Clin Cancer Res (2007) 13:2916–22. doi: 10.1158/1078-0432.CCR-06-2602

124. Yabe, M, Yabe, H, Hattori, K, Hinohara, T, Morimoto, T, Kato, S, et al. Transition of T cell receptor gamma/delta expressing double negative (CD4-/CD8-) lymphocytes after allogeneic bone marrow transplantation. Bone Marrow Transplant (1994) 14:741–6.

125. Sairafi, D, Stikvoort, A, Gertow, J, Mattsson, J, and Uhlin, M. Donor Cell Composition and Reactivity Predict Risk of Acute Graft-versus-Host Disease after Allogeneic Hematopoietic Stem Cell Transplantation. J Immunol Res (2016) 2016:1–11. doi: 10.1155/2016/5601204

126. Xuan, L, Wu, X, Qiu, D, Gao, L, Liu, H, Fan, Z, et al. Regulatory γδ T cells induced by G-CSF participate in acute graft-versus-host disease regulation in G-CSF-mobilized allogeneic peripheral blood stem cell transplantation. J Transl Med (2018) 16:144. doi: 10.1186/s12967-018-1519-2

127. Hu, Y, Cui, Q, Ye, Y, Luo, Y, Tan, Y, Shi, J, et al. Reduction of Foxp3+ T cell subsets involved in incidence of chronic graft-versus-host disease after allogeneic hematopoietic stem cell transplantation: Tregs in chronic GVHD. Hematol Oncol (2017) 35:118–24. doi: 10.1002/hon.2255

128. Galimberti, S, Benedetti, E, Morabito, F, Petrini, I, Battolla, B, Papineschi, F, et al. Different γ/δ T clones sustain GVM and GVH effects in multiple myeloma patients after non-myeloablative transplantation. Leuk Res (2006) 30:529–35. doi: 10.1016/j.leukres.2005.09.004

129. Kawanishi, Y, Passweg, J, Drobyski, W, Rowlings, P, Cook-Craig, A, Casper, J, et al. Effect of T cell subset dose on outcome of T cell-depleted bone marrow transplantation. Bone Marrow Transplant (1997) 19:1069–77. doi: 10.1038/sj.bmt.1700807

130. Rådestad, E, Wikell, H, Engström, M, Watz, E, Sundberg, B, Thunberg, S, et al. Alpha/Beta T-Cell Depleted Grafts as an Immunological Booster to Treat Graft Failure after Hematopoietic Stem Cell Transplantation with HLA-Matched Related and Unrelated Donors. J Immunol Res (2014) 2014:1–14. doi: 10.1155/2014/578741

131. Stocker, N, Gaugler, B, Labopin, M, Farge, A, Ye, Y, Ricard, L, et al. High-dose post-transplant cyclophosphamide impairs γδ T-cell reconstitution after haploidentical haematopoietic stem cell transplantation using low-dose antithymocyte globulin and peripheral blood stem cell graft. Clin Transl Immunol (2020) 9:e1171. doi: 10.1002/cti2.1171

132. Nakamae, H, Fujii, K, Nanno, S, Okamura, H, Nakane, T, Koh, H, et al. A prospective observational study of immune reconstitution following transplantation with post-transplant reduced-dose cyclophosphamide from HLA -haploidentical donors. Transpl Int (2019) 32:1322–32. doi: 10.1111/tri.13494

133. Umesaki, Y, Setoyama, H, Matsumoto, S, and Okada, Y. Expansion of alpha beta T-cell receptor-bearing intestinal intraepithelial lymphocytes after microbial colonization in germ-free mice and its independence from thymus. Immunology (1993) 79:32–7.

134. Jin, C, Lagoudas, GK, Zhao, C, Bullman, S, Bhutkar, A, Hu, B, et al. Commensal Microbiota Promote Lung Cancer Development via γδ T Cells. Cell (2019) 176:998–1013.e16. doi: 10.1016/j.cell.2018.12.040

135. Benakis, C, Brea, D, Caballero, S, Faraco, G, Moore, J, Murphy, M, et al. Commensal microbiota affects ischemic stroke outcome by regulating intestinal γδ T cells. Nat Med (2016) 22:516–23. doi: 10.1038/nm.4068

136. Godfrey, DI, MacDonald, HR, Kronenberg, M, Smyth, MJ, and Kaer, LV. NKT cells: what’s in a name? Nat Rev Immunol (2004) 4:231–7. doi: 10.1038/nri1309

137. Rossjohn, J, Pellicci, DG, Patel, O, Gapin, L, and Godfrey, DI. Recognition of CD1d-restricted antigens by natural killer T cells. Nat Rev Immunol (2012) 12:845–57. doi: 10.1038/nri3328

138. Girardi, E, Maricic, I, Wang, J, Mac, T-T, Iyer, P, Kumar, V, et al. Type II natural killer T cells use features of both innate-like and conventional T cells to recognize sulfatide self antigens. Nat Immunol (2012) 13:851–6. doi: 10.1038/ni.2371

139. Hammond, KJL, Pellicci, DG, Poulton, LD, Naidenko, OV, Scalzo, AA, Baxter, AG, et al. CD1d-Restricted NKT Cells: An Interstrain Comparison. J Immunol (2001) 167:1164–73. doi: 10.4049/jimmunol.167.3.1164

140. Brennan, PJ, Brigl, M, and Brenner, MB. Invariant natural killer T cells: an innate activation scheme linked to diverse effector functions. Nat Rev Immunol (2013) 13:101–17. doi: 10.1038/nri3369

141. Brailey, PM, Lebrusant-Fernandez, M, and Barral, P. NKT cells and the regulation of intestinal immunity: a two-way street. FEBS J (2020) 287:1686–99. doi: 10.1111/febs.15238

142. Zeissig, S, and Blumberg, RS. Commensal microbial regulation of natural killer T cells at the frontiers of the mucosal immune system. FEBS Lett (2014) 588:4188–94. doi: 10.1016/j.febslet.2014.06.042

143. Lan, F, Zeng, D, Higuchi, M, Higgins, JP, and Strober, S. Host conditioning with total lymphoid irradiation and antithymocyte globulin prevents graft-versus-host disease: the role of CD1-reactive natural killer T cells. Biol Blood Marrow Transplant (2003) 9:355–63. doi: 10.1016/S1083-8791(03)00108-3

144. Pillai, AB, George, TI, Dutt, S, Teo, P, and Strober, S. Host NKT Cells Can Prevent Graft-versus-Host Disease and Permit Graft Antitumor Activity after Bone Marrow Transplantation. J Immunol (2007) 178:6242–51. doi: 10.4049/jimmunol.178.10.6242

145. Pillai, AB, George, TI, Dutt, S, and Strober, S. Host natural killer T cells induce an interleukin-4–dependent expansion of donor CD4+CD25+Foxp3+ T regulatory cells that protects against graft-versus-host disease. Blood (2009) 113:4458–67. doi: 10.1182/blood-2008-06-165506

146. Haraguchi, K, Takahashi, T, Matsumoto, A, Asai, T, Kanda, Y, Kurokawa, M, et al. Host-Residual Invariant NK T Cells Attenuate Graft-versus-Host Immunity. J Immunol (2005) 175:1320–8. doi: 10.4049/jimmunol.175.2.1320

147. Kuwatani, M, Ikarashi, Y, Iizuka, A, Kawakami, C, Quinn, G, Heike, Y, et al. Modulation of acute graft-versus-host disease and chimerism after adoptive transfer of in vitro-expanded invariant Vα14 natural killer T cells. Immunol Lett (2006) 106:82–90. doi: 10.1016/j.imlet.2006.05.001

148. Yang, J, Gao, L, Liu, Y, Ren, Y, Xie, R, Fan, H, et al. Adoptive therapy by transfusing expanded donor murine natural killer T cells can suppress acute graft-versus-host disease in allogeneic bone marrow transplantation. Transfusion (Paris) (2010) 50:407–17. doi: 10.1111/j.1537-2995.2009.02395.x

149. Leveson-Gower, DB, Olson, JA, Sega, EI, Luong, RH, Baker, J, Zeiser, R, et al. Low doses of natural killer T cells provide protection from acute graft-versus-host disease via an IL-4–dependent mechanism. Blood (2011) 117:3220–9. doi: 10.1182/blood-2010-08-303008

150. Schneidawind, D, Pierini, A, Alvarez, M, Pan, Y, Baker, J, Buechele, C, et al. CD4+ invariant natural killer T cells protect from murine GVHD lethality through expansion of donor CD4+CD25+FoxP3+ regulatory T cells. Blood (2014) 124:3320–8. doi: 10.1182/blood-2014-05-576017

151. Schneidawind, D, Baker, J, Pierini, A, Buechele, C, Luong, RH, Meyer, EH, et al. Third-party CD4+ invariant natural killer T cells protect from murine GVHD lethality. Blood (2015) 125:3491–500. doi: 10.1182/blood-2014-11-612762

152. Coman, T, Rossignol, J, D’Aveni, M, Fabiani, B, Dussiot, M, Rignault, R, et al. Human CD4- invariant NKT lymphocytes regulate graft versus host disease. Oncoimmunology (2018) 7:e1470735. doi: 10.1080/2162402X.2018.1470735

153. Du, J, Paz, K, Thangavelu, G, Schneidawind, D, Baker, J, Flynn, R, et al. Invariant natural killer T cells ameliorate murine chronic GVHD by expanding donor regulatory T cells. Blood (2017) 129:3121–5. doi: 10.1182/blood-2016-11-752444

154. Morecki, S, Panigrahi, S, Pizov, G, Yacovlev, E, Gelfand, Y, Eizik, O, et al. Effect of KRN7000 on induced graft-vs-host disease. Exp Hematol (2004) 32:630–7. doi: 10.1016/j.exphem.2004.04.005

155. Hashimoto, D, Asakura, S, Miyake, S, Yamamura, T, Van Kaer, L, Liu, C, et al. Stimulation of Host NKT Cells by Synthetic Glycolipid Regulates Acute Graft-versus-Host Disease by Inducing Th2 Polarization of Donor T Cells. J Immunol (2005) 174:551–6. doi: 10.4049/jimmunol.174.1.551

156. Duramad, O, Laysang, A, Li, J, Ishii, Y, and Namikawa, R. Pharmacologic Expansion of Donor-Derived, Naturally Occurring CD4+Foxp3+ Regulatory T Cells Reduces Acute Graft-versus-Host Disease Lethality Without Abrogating the Graft-versus-Leukemia Effect in Murine Models. Biol Blood Marrow Transplant (2011) 17:1154–68. doi: 10.1016/j.bbmt.2010.11.022

157. Crowe, NY, Smyth, MJ, and Godfrey, DI. A Critical Role for Natural Killer T Cells in Immunosurveillance of Methylcholanthrene-induced Sarcomas. J Exp Med (2002) 196:119–27. doi: 10.1084/jem.20020092

158. Bedard, M, Salio, M, and Cerundolo, V. Harnessing the Power of Invariant Natural Killer T Cells in Cancer Immunotherapy. Front Immunol (2017) 8:1829. doi: 10.3389/fimmu.2017.01829

159. Dhodapkar, MV, Geller, MD, Chang, DH, Shimizu, K, Fujii, S-I, Dhodapkar, KM, et al. A Reversible Defect in Natural Killer T Cell Function Characterizes the Progression of Premalignant to Malignant Multiple Myeloma. J Exp Med (2003) 197:1667–76. doi: 10.1084/jem.20021650

160. Spanoudakis, E, Hu, M, Naresh, K, Terpos, E, Melo, V, Reid, A, et al. Regulation of multiple myeloma survival and progression by CD1d. Blood (2009) 113:2498–507. doi: 10.1182/blood-2008-06-161281

161. Metelitsa, LS, Weinberg, KI, Emanuel, PD, and Seeger, RC. Expression of CD1d by myelomonocytic leukemias provides a target for cytotoxic NKT cells. Leukemia (2003) 17:1068–77. doi: 10.1038/sj.leu.2402943

162. Jahnke, S, Schmid, H, Secker, K-A, Einhaus, J, Duerr-Stoerzer, S, Keppeler, H, et al. Invariant NKT Cells From Donor Lymphocyte Infusions (DLI-iNKTs) Promote ex vivo Lysis of Leukemic Blasts in a CD1d-Dependent Manner. Front Immunol (2019) 10:1542. doi: 10.3389/fimmu.2019.01542

163. Haraguchi, K, Takahashi, T, Hiruma, K, Kanda, Y, Tanaka, Y, Ogawa, S, et al. Recovery of Vα24+ NKT cells after hematopoietic stem cell transplantation. Bone Marrow Transplant (2004) 34:595–602. doi: 10.1038/sj.bmt.1704582

164. Rubio, M-T, Moreira-Teixeira, L, Bachy, E, Bouillié, M, Milpied, P, Coman, T, et al. Early posttransplantation donor-derived invariant natural killer T-cell recovery predicts the occurrence of acute graft-versus-host disease and overall survival. Blood (2012) 120:2144–54. doi: 10.1182/blood-2012-01-404673

165. Rubio, M-T, Bouillié, M, Bouazza, N, Coman, T, Trebeden-Nègre, H, Gomez, A, et al. Pre-transplant donor CD4– invariant NKT cell expansion capacity predicts the occurrence of acute graft-versus-host disease. Leukemia (2017) 31:903–12. doi: 10.1038/leu.2016.281

166. Bosch, M, Dhadda, M, Hoegh-Petersen, M, Liu, Y, Hagel, LM, Podgorny, P, et al. Immune reconstitution after anti-thymocyte globulin-conditioned hematopoietic cell transplantation. Cytotherapy (2012) 14:1258–75. doi: 10.3109/14653249.2012.715243

167. Chaidos, A, Patterson, S, Szydlo, R, Chaudhry, MS, Dazzi, F, Kanfer, E, et al. Graft invariant natural killer T-cell dose predicts risk of acute graft-versus-host disease in allogeneic hematopoietic stem cell transplantation. Blood (2012) 119:5030–6. doi: 10.1182/blood-2011-11-389304

168. Kohrt, HE, Turnbull, BB, Heydari, K, Shizuru, JA, Laport, GG, Miklos, DB, et al. TLI and ATG conditioning with low risk of graft-versus-host disease retains antitumor reactions after allogeneic hematopoietic cell transplantation from related and unrelated donors. Blood (2009) 114:1099–109. doi: 10.1182/blood-2009-03-211441

169. Servais, S, Menten-Dedoyart, C, Beguin, Y, Seidel, L, Gothot, A, Daulne, C, et al. Impact of Pre-Transplant Anti-T Cell Globulin (ATG) on Immune Recovery after Myeloablative Allogeneic Peripheral Blood Stem Cell Transplantation. PloS One (2015) 10:e0130026. doi: 10.1371/journal.pone.0130026

170. Kim, TW, Park, S-S, Lim, J-Y, Min, GJ, Park, S, Jeon, Y-W, et al. Predictive Role of Circulating Immune Cell Subtypes Early after Allogeneic Hematopoietic Stem Cell Transplantation in Patients with Acute Leukemia. Int J Stem Cells (2019) 12:73–83. doi: 10.15283/ijsc18094

171. Chen, Y-B, Efebera, YA, Johnston, L, Ball, ED, Avigan, D, Lekakis, LJ, et al. Increased Foxp3 + Helios + Regulatory T Cells and Decreased Acute Graft-versus-Host Disease after Allogeneic Bone Marrow Transplantation in Patients Receiving Sirolimus and RGI-2001, an Activator of Invariant Natural Killer T Cells. Biol Blood Marrow Transplant (2017) 23:625–34. doi: 10.1016/j.bbmt.2017.01.069

172. McEwen-Smith, RM, Salio, M, and Cerundolo, V. The Regulatory Role of Invariant NKT Cells in Tumor Immunity. Cancer Immunol Res (2015) 3:425–35. doi: 10.1158/2326-6066.CIR-15-0062

173. Dhodapkar, MV, Krasovsky, J, Osman, K, and Geller, MD. Vigorous Premalignancy-specific Effector T Cell Response in the Bone Marrow of Patients with Monoclonal Gammopathy. J Exp Med (2003) 198:1753–7. doi: 10.1084/jem.20031030

174. Jiang, F, Liu, H, Liu, Z, Yan, S, Chen, J, Shao, Q, et al. Deficient invariant natural killer T cells had impaired regulation on osteoclastogenesis in myeloma bone disease. J Cell Mol Med (2018) 22:2706–16. doi: 10.1111/jcmm.13554

175. Iyoda, T, Yamasaki, S, Hidaka, M, Kawano, F, Abe, Y, Suzuki, K, et al. Amelioration of NK cell function driven by Vα24 + invariant NKT cell activation in multiple myeloma. Clin Immunol (2018) 187:76–84. doi: 10.1016/j.clim.2017.10.007

176. Richter, J, Neparidze, N, Zhang, L, Nair, S, Monesmith, T, Sundaram, R, et al. Clinical regressions and broad immune activation following combination therapy targeting human NKT cells in myeloma. Blood (2013) 121:423–30. doi: 10.1182/blood-2012-06-435503

177. Najera Chuc, AE, Cervantes, LAM, Retiguin, FP, Ojeda, JV, and Maldonado, ER. Low number of invariant NKT cells is associated with poor survival in acute myeloid leukemia. J Cancer Res Clin Oncol (2012) 138:1427–32. doi: 10.1007/s00432-012-1251-x

178. Shen, S, Prame Kumar, K, Stanley, D, Moore, RJ, Van, TTH, Wen, SW, et al. Invariant Natural Killer T Cells Shape the Gut Microbiota and Regulate Neutrophil Recruitment and Function During Intestinal Inflammation. Front Immunol (2018) 9:999. doi: 10.3389/fimmu.2018.00999

179. Burrello, C, Pellegrino, G, Giuffrè, MR, Lovati, G, Magagna, I, Bertocchi, A, et al. Mucosa-associated microbiota drives pathogenic functions in IBD-derived intestinal iNKT cells. Life Sci Alliance (2019) 2:e201800229. doi: 10.26508/lsa.201800229

180. Chen, J, Wei, Y, He, J, Cui, G, Zhu, Y, Lu, C, et al. Natural killer T cells play a necessary role in modulating of immune-mediated liver injury by gut microbiota. Sci Rep (2015) 4:7259. doi: 10.1038/srep07259

181. Ma, C, Han, M, Heinrich, B, Fu, Q, Zhang, Q, Sandhu, M, et al. Gut microbiome–mediated bile acid metabolism regulates liver cancer via NKT cells. Science (2018) 360:eaan5931. doi: 10.1126/science.aan5931

182. Provine, NM, Binder, B, FitzPatrick, MEB, Schuch, A, Garner, LC, Williamson, KD, et al. Unique and Common Features of Innate-Like Human Vδ2+ γδT Cells and Mucosal-Associated Invariant T Cells. Front Immunol (2018) 9:756. doi: 10.3389/fimmu.2018.00756

183. Peled, JU, Gomes, ALC, Devlin, SM, Littmann, ER, Taur, Y, Sung, AD, et al. Microbiota as Predictor of Mortality in Allogeneic Hematopoietic-Cell Transplantation. N Engl J Med (2020) 382:822–34. doi: 10.1056/NEJMoa1900623



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

Copyright © 2021 Andrlová, van den Brink and Markey. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 03 March 2021

doi: 10.3389/fonc.2021.554503

[image: image2]


Comparison of Two Strategies for Prophylactic Donor Lymphocyte Infusion in Patients With Refractory/Relapsed Acute Leukemia


Qiongqiong Su 1, Zhiping Fan 1, Fen Huang 1, Na Xu 1, Danian Nie 2, Dongjun Lin 3, Ziwen Guo 4, Pengcheng Shi 1, Zhixiang Wang 1, Ling Jiang 1, Jing Sun 1, Zujun Jiang 5, Qifa Liu 1* and Li Xuan 1*


1 Department of Hematology, Nanfang Hospital, Southern Medical University, Guangzhou, China, 2 Department of Hematology, Sun Yat-Sen Memorial Hospital, Sun Yat-Sen University, Guangzhou, China, 3 Department of Hematology, The Third Affiliated Hospital, Sun Yat-Sen University, Guangzhou, China, 4 Department of Hematology, Zhongshan People’s Hospital, Zhongshan, China, 5 Department of Hematology, Guangzhou General Hospital of Guangzhou Military Command, Guangzhou, China




Edited by: 
Rizwan Romee, Dana–Farber Cancer Institute, United States

Reviewed by: 
Anne Sophie Kubasch, University Hospital Leipzig, Germany
 Sarah Wall, The Ohio State University, United States

*Correspondence: Li Xuan
 356135708@qq.com
 Qifa Liu
 liuqifa628@163.com

Specialty section: 
 This article was submitted to Hematologic Malignancies, a section of the journal Frontiers in Oncology


Received: 22 April 2020

Accepted: 11 January 2021

Published: 03 March 2021

Citation:
Su Q, Fan Z, Huang F, Xu N, Nie D, Lin D, Guo Z, Shi P, Wang Z, Jiang L, Sun J, Jiang Z, Liu Q and Xuan L (2021) Comparison of Two Strategies for Prophylactic Donor Lymphocyte Infusion in Patients With Refractory/Relapsed Acute Leukemia. Front. Oncol. 11:554503. doi: 10.3389/fonc.2021.554503



Prophylactic donor lymphocyte infusion (pDLI) could reduce relapse in patients with refractory/relapsed acute leukemia (RRAL) undergoing allogeneic hematopoietic stem cell transplantation (allo-HSCT), but optimal timing of pDLI remains uncertain. We compared the outcomes of two strategies for pDLI based on time from transplant and minimal residual disease (MRD) status in patients with RRAL. For patients without grade II–IV acute graft-versus-host disease (aGVHD) on day +60, pDLI was given on day +60 regardless of MRD in cohort 1, and was given on day +90 unless MRD was positive on day +60 in cohort 2. A total of 161 patients with RRAL were enrolled, including 83 in cohort 1 and 78 in cohort 2. The extensive chronic GVHD (cGVHD) incidence in cohort 2 was lower than that in cohort 1 (10.3% vs. 27.9%, P = 0.006) and GVHD-free/relapse-free survival (GRFS) in cohort 2 was superior to that in cohort 1 (55.1% vs. 41.0%, P = 0.042). The 2-year relapse rate, overall and leukemia-free survival were comparable between the two cohorts (29.0% vs. 28.2%, P = 0.986; 63.9% vs. 64.1%, P = 0.863; 57.8% vs. 61.5%, P = 0.666). Delaying pDLI to day +90 based on MRD for patients with RRAL undergoing allo-HSCT could lower extensive cGVHD incidence and improve GRFS without increasing incidence of leukemia relapse compared with pDLI on day +60.




Keywords: prophylactic donor lymphocyte infusion, refractory/relapsed acute leukemia, relapse, allogeneic hematopoietic stem cell transplantation, minimal residual disease



Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is accepted as the optimal choice for patients with refractory/relapsed acute leukemia (RRAL) (1, 2). However, relapse remains a barrier for the survival of these refractory patients post-transplant, with incidences of relapse of over 50% and leukemia-free survival (LFS) of about 25% (3, 4). Some studies have demonstrated that prophylactic donor lymphocyte infusion (pDLI) is effective for preventing relapse in patients with RRAL post-transplant (5–8), but its complication of graft-versus-host disease (GVHD) has limited its application (9, 10). The morbidity and mortality of GVHD post-pDLI are related with the time interval between pDLI administration and transplantation as well as the doses and donor source of pDLI (11–13), but optimal timing of pDLI remains unknown. Our previous prospective multicenter study showed that pDLI on day +60 post-transplant regardless of minimal residual disease (MRD) could reduce relapse for patients with RRAL undergoing allo-HSCT, but the 2-year cumulative incidences of extensive chronic GVHD (cGVHD) and mortality of GVHD reached up to 21.1% and 14.1% (7).

In order to reduce the morbidity and mortality of GVHD post-pDLI, we modified our pDLI strategy by delaying the time to day +90 unless MRD was positive on day +60. We aimed at evaluating whether this new strategy for pDLI could reduce the morbidity and mortality of GVHD post-pDLI but not affect relapse and survival in patients with RRAL undergoing allo-HSCT compared with our history strategy.



Materials and Methods


Study Population

This study was based on two prospective, independent and non-parallel cohorts. Cohort 1 came from a non-registered prospective multicenter study (7), and cohort 2 from a registered prospective multicenter clinical trial (NCT02673008). Patients undergoing allo-HSCT between January 2012 and December 2017 were enrolled in this study if they met the following criteria: (1) patients with RRAL without complete remission (CR) pre-transplant, including patients with acute myeloid leukemia (AML), acute lymphoblastic leukemia (ALL), and acute biphenotypic leukemia (ABL); (2) achieving CR at 30 days post-transplant; (3) with available donor lymphocytes; (4) no evidence of relapse, uncontrolled infection, or serious organ failure at the time of the planned pDLI. RRAL was defined as primary induction failure after two or more cycles of chemotherapy or relapse refractory to salvage chemotherapy (14, 15). Enrolled patients who were not treated with pDLI due to factors such as GVHD were also included in this study. This study was approved by respective ethical review boards before study initiation, and written informed consent was obtained from all patients in accordance with the Declaration of Helsinki.



Transplantation

The sequential intensified conditioning regimen was administered in all patients: fludarabine 30 mg/m2/day and cytarabine 2 g/m2/day (on days −10 to −6), 4.5 Gy total body irradiation/day (on days −5 and −4), and cyclophosphamide 60 mg/kg/day and etoposide 15 mg/kg/day (on days −3 and −2). All patients undergoing HLA-matched sibling donor (MSD) or HLA-matched unrelated donor (MUD) transplant received peripheral blood stem cell (PBSC) grafts whereas patients undergoing HLA-haploidentical donor (HID) transplant received a combination of bone marrow (BM) and PBSC grafts.



Graft-Versus-Host Disease Prophylaxis and Immunosuppressant Withdrawal

Ciclosporin A (CsA) alone or CsA + methotrexate (MTX) were administered in patients undergoing MSD transplant, and CsA + MTX + antithymocyte globulin and/or mycophenolate were used in patients receiving MUD or HID transplant for GVHD prophylaxis (16, 17). Immunosuppressant was withdrawn gradually in patients without acute GVHD (aGVHD) by day +30, and was stopped at 90 days after MSD transplant or 120 days after HID or MUD transplant if patients had no GVHD. For patients receiving pDLI before day +90 after allo-HSCT, immunosuppressant was continued for another 2 weeks after pDLI, then tapered and stopped within 4 weeks if no DLI-associated GVHD occurred. If patients had GVHD, immunosuppressant was reduced by 50% when GVHD was controlled and then stopped 2 weeks later.



pDLI

pDLI used granulocyte colony-stimulating factor (G-CSF)-mobilized PBSCs (G-PBSCs), which were derived from previously cryopreserved or newly collected G-PBSCs. The CD3+ T cell count for each pDLI was 3.0 × 107/kg of the recipient weight. pDLI strategies of the two cohorts are conducted as shown in Figure 1. In cohort 1, pDLI was given once on day +60 regardless of MRD for all patients without grade II–IV aGVHD, and then administered based on MRD and GVHD status. If patients were MRD negative, pDLI was not given again; if patients were MRD positive and without grade II–IV aGVHD, pDLI was given monthly until GVHD occurred or MRD became negative or for a total of four times. For patients with grade II or above aGVHD by day +60 post-transplant, the application of pDLI was based on MRD and GVHD status by day +90. If patients remained MRD positive and had no GVHD on day +90, pDLI was given once on day +90 and then administered based on MRD and GVHD status. In cohort 2, for patients who were MRD negative on day +60 and did not experience grade II–IV aGVHD by day +90, pDLI was given once on day +90 post-transplant and then administered based on MRD and GVHD status. For patients with positive MRD and without grade II–IV aGVHD on day +60, pDLI was given once on day +60 and then administered based on MRD and GVHD status. For patients with positive MRD and grade II–IV aGVHD on day +60, the application of pDLI was based on the MRD and GVHD status by day +90. If patients remained MRD positive and had no GVHD on day +90, pDLI was given once on day +90 and then administered based on MRD and GVHD status.




Figure 1 | Protocol of two pDLI strategies for patients with RRAL undergoing allo-HSCT. RRAL, refractory/relapsed acute leukemia; allo-HSCT, allogeneic hematopoietic stem cell transplantation; CR, complete remission; pDLI, prophylactic donor lymphocyte infusion; aGVHD, acute graft-versus-host disease; MRD, minimal residual disease.





Surveillance and Intervention for Relapse

BM samples were analyzed pre-transplant and then once a month in the first 6 months post-transplant, once every 2 months from 6th to 12th, once every 3 months from 13th to 24th, and once every 4 months from the 25th to 36th post-transplant for the monitoring of morphology and MRD. If MRD was positive, it was monitored once a week until MRD became negative. Aberrant leukemia-associated immune phenotypes detected by 8-color flow cytometry (FCM) and leukemia-related genes detected by polymerase chain reaction (PCR) were used for MRD test. FCM positive was defined as >0.01% of cells with leukemia-associated aberrant immune phenotypes. Leukemia-related fusion genes including AML1/ETO, CBFβ/MYH11 and BCR/ABL were tested and the threshold for PCR positivity was ≥ 0.001%. Subjects were scored as MRD positive if they had two consecutive positive results using FCM or PCR or were both FCM and PCR positive in a single BM sample (7, 18).



Evaluation Points and Definitions

The primary endpoint was cGVHD. Secondary endpoints included aGVHD, relapse, overall survival (OS), LFS, GVHD-free/relapse-free survival (GRFS), and non-relapse mortality (NRM). aGVHD and cGVHD were graded as described previously (19, 20). CR was defined as <5% blasts in the BM and no persistence of extramedullary disease. Relapse was defined as reappearance of leukemic blasts in peripheral blood or ≥5% blasts in BM or reappearance or new appearance of extramedullary leukemia. OS was defined as the time from transplantation until death from any cause. LFS was defined as the time from transplantation until relapse or death from any cause. NRM was defined as death from any cause not subsequent to relapse. GRFS was a composite endpoint of allo-HSCT, comprising grade III–IV aGVHD, cGVHD requiring systemic immunosuppressive treatment, NRM and relapse, and represented real recovery after transplantation.



Statistics

Our study data were analyzed on June 30, 2019. Statistical analyses were performed using SPSS 20.0 (SPSS Inc., Chicago, IL, USA) and R version 3.3.0 (R Development Core Team, Vienna, Austria). The chi-square and Mann-Whitney U tests were used for categorical and continuous variables, respectively. OS, LFS, and GFRS were estimated using Kaplan-Meier method and compared using log-rank test. Cumulative incidences of relapse, NRM and GVHD were calculated by accounting for competing risks. Competing risks for GVHD included death without GVHD and relapse. Relapse and NRM were competing risks for each other. The Cox proportional hazards model was used for the analysis of risk factors for time-to-event variables. Strategy, number, and donor source of pDLI were included in the multivariable analyses for GVHD in pDLI recipients. The following variables were included in the univariable analyses for relapse and survival: gender, patient age, disease category, genetic status, BM blasts on day 0, transplant modality, strategy and number of pDLI, aGVHD, and cGVHD. Only variables with P < 0.10 were included in the multivariable analyses for relapse and survival. All statistical tests were two-tailed with a significance level of 0.05.




Results


Patient Characteristics

A total of 161 patients with RRAL undergoing allo-HSCT from January 2012 to December 2017 were eligible for the study, including 69 patients with AML, 76 with ALL, and 16 with ABL. Eighty-three patients undergoing allo-HSCT from January 2012 to December 2014 and adopting previous pDLI strategy were enrolled in cohort 1, and 78 patients who underwent allo-HSCT from January 2015 to December 2017 and adopted modified pDLI strategy were enrolled in cohort 2. There were no significant differences between the two cohorts in sex, age, disease category, genetics, BM blasts at transplantation, transplant modality, and condition of tapering immunosuppressants (all P > 0.05) (Table 1).


Table 1 | Patients’ clinical and transplant characteristics.





pDLI

Of the 161 patients included, 9 patients in cohorts 1 and 2 did not receive pDLI, respectively. In cohort 1, 74 patients (72 on day +60; 2 on day +90) underwent a total of 112 courses of pDLI, including 47 patients with 1 course, 19 with 2 courses, 5 with 3 courses and 3 with 4 courses, while 69 patients (13 on day +60; 56 on day +90) in cohort 2 received 102 courses of pDLI, including 46 patients with 1 course, 15 with 2 courses, 6 with 3 courses and 2 with 4 courses (P = 0.764). The median number of pDLI was 1 (range: 1–4) per patient, with no difference between the two cohorts (P = 0.170). The median CD3+ T cells of per pDLI was 3.0 (1.8–5.2) × 107/kg and 3.0 (2.0–4.5) × 107/kg in cohorts 1 and 2 (P = 0.317). In addition, the positive rates of MRD on day +60 and +90 post-transplant in cohort 1 were 19/83 (22.9%) and 10/83 (12.0%), compared with 17/78 (21.8%) and 11/78 (14.1%) in cohort 2 (P = 0.867, P = 0.699). The leukemia relapse rate from day +60 to +90 had no significant difference between the two cohorts (3.6% vs. 3.8%, P = 1.000).



Graft-Versus-Host Disease

The 1-year overall cumulative incidence of grade II–IV aGVHD was 42.2% (95% confidence interval (CI): 31.4%–52.6%) and 37.2% (26.5%–47.8%; P = 0.635), and grade III–IV aGVHD was 13.3% (95% CI: 7.0%–21.5%) and 14.1% (7.5%–22.9%; P = 0.847) in cohorts 1 and 2, respectively (Figures 2A, B). The 2-year extensive cGVHD incidence in cohort 2 [10.3% (95% CI: 4.8%–18.2%)] was lower than that in cohort 1 [27.9% (18.7%–37.9%)] (P = 0.006, Figure 2C). The 2-year overall cGVHD incidence was 60.2% (95% CI: 48.7%–69.9%) and 52.6% (40.8%–63.0%; P = 0.232), and GVHD mortality was 10.8% (95% CI: 5.3%–18.6%) and 5.2% (1.7%–11.8%; P = 0.183) in cohorts 1 and 2, respectively (Figures 2D, E).




Figure 2 | GVHD after allo-HSCT. Cumulative incidences of grade II–IV aGVHD (A), grade III–IV aGVHD (B), extensive cGVHD (C), overall cGVHD (D) and mortality of GVHD (E) in cohorts 1 and 2.



The incidences of grade II–IV and III–IV aGVHD after pDLI showed no significant differences between the two cohorts (P = 0.428, P = 0.887). The extensive cGVHD incidence after pDLI in cohort 2 was lower than that in cohort 1 (9.0% vs. 28.6%, P = 0.004). The overall cGVHD incidence and GVHD mortality after pDLI were similar between the two cohorts (P = 0.177, P = 0.146). In multivariable analysis, increasing numbers of pDLI predicted higher incidences of grade II–IV and III–IV aGVHD (P = 0.028, hazard risk (HR) = 2.046; P = 0.020, HR = 3.690), and a trend toward a higher incidence of extensive cGVHD (P = 0.054). Additionally, the modified pDLI strategy was associated with a lower risk of extensive cGVHD compared with previous pDLI strategy (P = 0.011, HR = 0.306). Donor source of pDLI was not associated with the incidence of aGVHD or cGVHD (all P > 0.05) (Table 2).


Table 2 | Multivariable analyses for risk factors of GVHD in pDLI recipients.





Relapse

In cohort 1, 24 patients experienced relapse at a median time of 243 (range: 71 to 1988) days post-transplant, including 17 hematological, 3 extramedullary, and 4 both hematological and extramedullary relapse. In cohort 2, 22 patients relapsed at a median time of 232 (range: 77 to 654) days post-transplant, with 16 hematological, 4 extramedullary and 2 both hematological and extramedullary relapse. The 2-year cumulative incidence of leukemia relapse was 29.0% (95% CI: 19.6%–39.0%) and 28.2% (18.7%–38.5%) in cohorts 1 and 2 (P = 0.986, Figure 3A). In multivariable analysis, HID transplant and cGVHD were protective factors for relapse (P = 0.038, HR = 0.476; P = 0.041, HR = 0.526), and the percentage of BM blasts ≥3% on day 0 was the only risk factor for relapse (P = 0.001, HR = 4.340) (Table 3).




Figure 3 | Outcomes after allo-HSCT. Cumulative incidences of relapse (A), overall survival (B), leukemia-free survival (C), GVHD-free/relapse-free survival (D), and non-relapse mortality (E) in cohorts 1 and 2.




Table 3 | Univariable and multivariable analyses for risk factors of relapse and survival.





Survival

In cohort 1, 48 patients survived and 35 died with a median follow-up of 2,164 (range, 148 to 2,712) days post-transplant. Causes of death included leukemia relapse (n = 20), GVHD (n = 10), infections (n = 4), and others (n = 1). In cohort 2, 47 patients survived and 31 died with a median follow up of 1,108 (range, 91 to 1637) days post-transplant. Causes of death included leukemia relapse (n = 20), infections (n = 6), GVHD (n = 4), and others (n = 1). The 2-year OS and LFS were 63.9% (95% CI: 52.5%–73.1%) and 57.8% (46.5%–67.6%) in cohort 1, compared with 64.1% (95% CI: 52.4%–73.6%) and 61.5% (49.8%–71.3%) in cohort 2 (P = 0.863, P = 0.666, Figures 3B, C). However, the 2-year GRFS in cohort 2 was superior to that in cohort 1 (55.1% vs. 41.0%, P = 0.042, Figure 3D). The 2-year NRM was 13.2% (95% CI: 7.0%–21.5%) and 10.3% (4.8%–18.2%) in cohorts 1 and 2 (P = 0.486, Figure 3E). Multivariable analysis revealed that cGVHD was the only protective factor for OS and LFS (P = 0.002, HR = 0.454; P = 0.010, HR = 0.524), and modified pDLI strategy was the only protective factor for GRFS (P = 0.010, HR = 0.459). The percentage of BM blasts ≥3% on day 0 was the only risk factor for OS and DFS (P = 0.001, HR = 2.861; P = 0.001, HR = 3.016); the percentage of BM blasts ≥3% on day 0 and grade II–IV aGVHD were risk factors for GRFS (P = 0.001, HR = 3.656; P = 0.020, HR = 1.679) (Table 3).




Discussion

Several studies including ours have shown that pDLI could prevent relapse in patients with RRAL undergoing allo-HSCT (5–8, 21). However, the high morbidity and mortality of GVHD post-pDLI have limited its application (9, 10). The morbidity and mortality of GVHD post-pDLI are related with the time of pDLI post-transplant (5, 11, 13). In this study, we compared the outcomes of two strategies for pDLI based on time from transplant and MRD status post-transplant in patients with RRAL undergoing allo-HSCT. Our results revealed that delaying pDLI time to day +90 based on MRD could lower extensive cGVHD incidence and improve GRFS without increasing incidence of leukemia relapse.

Currently, timing of pDLI is typically based on post-transplant MRD status (5, 6, 22, 23). For patients at high risk of relapse, some centers including ours have conducted pDLI without considering MRD status (7, 21, 24). Schmid et al. adopted the strategy of intensive chemotherapy, reduced-intensity conditioning and pDLI from day +120 in 12 patients with high-risk AML and myelodysplastic syndrome, with incidences of relapse and GVHD of 16.7% and 33.3% (21). Huang et al. demonstrated that pDLI was given at the median of 70 (range, 20–314) days post-transplant in 33 patients with advanced leukemia, with incidences of relapse and cGVHD of 45.5% and 62.5%, respectively (24). However, optimal timing of pDLI is uncertain. We previously adopted the strategy of pDLI on day +60 regardless of MRD test and then based on MRD and GVHD status from day +90 post-transplant in patients with RRAL, which was demonstrated to reduce relapse rate and improve survival (7). Nevertheless, the high incidence of extensive cGVHD after pDLI hindered survival and quality of life of patient (7). Consequently, in order to reduce the morbidity and mortality of GVHD, we modified our strategy of pDLI by postponing the infusion time to day +90 unless MRD was positive on day +60 and compared with previous pDLI strategy. Our results revealed that pDLI on day +90 post-transplant had a lower incidence of extensive cGVHD (10.3% vs. 27.9%) and superior GRFS (55.1% vs. 41.0%) than pDLI on day +60.

Except for the time interval from transplant to pDLI, other factors might also influence the morbidity and mortality of GVHD after pDLI such as the doses, HLA compatibility and donor source of pDLI (11, 12, 25). In general, risk of GVHD is lower in patients receiving pDLI from MSD, and higher in those receiving pDLI from MUD or HID (26, 27). However, some domestic studies including ours have shown that there are no significant differences in the morbidity and mortality of GVHD between patients receiving G-CSF-mobilized pDLI from MSD and HID (5, 28). It might be due to that the use of G-CSF might modulate polarization of T cells from Th1 to Th2 phenotype and indirectly induce T cell hypo-responsiveness and down-regulation of co-stimulatory signal of CD28/B7 (29, 30). In this study, we also observed that the morbidity and mortality of GVHD did not differ in the patients receiving pDLI from MSD and HID, which was consistent with our former finding (7).

Relapse is the major cause of death in patients with RRAL following transplant. Recently, some studies showed that the strategy of sequential intensified conditioning followed by pDLI could reduce leukemia relapse in patients with RRAL undergoing allo-HSCT (7, 21, 31). Schmid et al. reported that a sequential regimen of Flu/Ara-c/amsacrine chemotherapy and reduced-intensity conditioning along with immunosupressant withdrawal and pDLI were used for refractory AML undergoing allo-HSCT, with 2-year OS and leukemia mortality of 40.0% and 39.3% (21). In this study, we adopted the strategy of Flu/Ara-C salvage chemotherapy and TBI/CY/VP-16 myeloablative conditioning followed by early rapid tapering of immunosuppressant and modified pDLI, with 2-year OS and relapse rate of 64.1% and 28.2%. The favorable efficacy might be attributed to two aspects: salvage chemotherapy and myeloablative conditioning regimen decreased leukemia burden at the time of transplantation; early tapering of immunosuppressant combined with pDLI accelerated the GVL effect. In addition to disease status pre-transplant, genetics was another major cause of relapse post-transplant (32–34). Interestingly, in this study, unfavorable genetics was not a risk factor for relapse, which might be due to the fact that only patients with RRAL were enrolled in this study and most of them were accompanied by unfavorable genetics. Moreover, we also found that HID transplant was the protective factor for relapse, which was coherent with other studies (25, 35, 36).

There were some limitations in this study. Although this study was based on two prospective cohorts, they were non-parallel, which could not exclude the influence of factors such as improvement in medical technology and supportive treatment. Besides, no randomized studies have shown that pDLI is superior to non-pDLI. Therefore, large-scale and randomized controlled trials are needed to validate outcomes of patients undergoing non-pDLI and different pDLI strategies.

In conclusion, our study demonstrated that delaying pDLI to day +90 based on MRD can lower extensive cGVHD incidence and improve GRFS without increasing incidence of leukemia relapse for patients with RRAL undergoing allo-HSCT. This finding provides evidence for exploring optimal timing of pDLI in patients with RRAL undergoing allo-HSCT.
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Case Report: Asymmetric Bone Marrow Involvement in Patients With Acute Leukemia After Allogeneic Hematopoietic Stem Cell Transplantation
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After allogeneic hematopoietic stem cell transplantation (allo-HSCT), acute leukemia relapse is common, and asymmetric bone marrow recurrence hasn't been reported. Because the anatomical distribution of acute leukemia clones in the bone marrow after allo-HSCT is presumed to be diffuse, bone marrow aspirations are performed in single site. The first case was a 20-year-old man who was diagnosed with acute myelomonocytic leukemia and received haploidentical allo-HSCT. Routine bone marrow biopsy of his left posterior iliac bone marrow showed 52% leukemia blasts, while the right side had 0% blasts 10 days later. The second case was a 23-year-old woman who was diagnosed with acute B lymphoblastic leukemia and received HLA-identical sibling allo-HSCT. Although 62% of blasts were found in her left iliac marrow on day +122, 0% of blasts were found on a sample obtained from the right iliac crest on day +128. Bilateral iliac bone marrow pathology and whole-body 18F-FDG PET/CT scans confirmed that the leukemic infiltration in her bone marrow was asymmetric. To our knowledge, these are the first case reports of asymmetric bone marrow infiltration of blasts in acute leukemia patients after allo-HSCT. Bilateral posterior iliac crest aspirations or 18F-FDG-PET/CT scans may help distinguish such involvement.
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INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a curative option for patients with acute leukemia. Post-HSCT recurrence still represents the major cause of treatment failure and up to 50% of acute leukemia patients will relapse (1). Periodic bone marrow aspiration is performed to monitor for early relapse (2). Although the anatomical distribution of acute leukemia clones after allo-HSCT has not been studied (3), blasts are generally considered to be uniformly infiltrated throughout the bone marrow system. Bone marrow aspirations are performed in one site for patients with acute leukemia (4). For patients with relapse or suspected relapse, aspirations may be conducted at 0.5 to 3-month intervals according to different therapy protocols or attending physician preference.

In serial aspirations, it is not uncommon to see inconsistent residual disease burden in different iliac crests. Differences are usually attributed to providers' operational errors, blood-diluted bone marrow, incorrect enumeration by pathologists, incorrect machine measurement, or variable graft vs. leukemia (GVL) response. However, the following two cases reveal a rare cause of inconsistent bone marrow aspiration results. All aspirations were performed on the posterior iliac crests according to published protocols and were conducted by the same providers (5).



MANUSCRIPT FORMATTING


Case Description
 
Case 1

In August 2015, a 20-year-old man was diagnosed as acute myelomonocytic leukemia. The cytogenetic risk stratification was intermediate. His bone marrow showed complete remission (CR) after two courses of induction. Following three courses of consolidation, granulocyte-colony stimulating factor (G-CSF)-mobilized peripheral blood stem cell (PBSC) from his human leukocyte antigen (HLA) 4/6 matched father was infused on April 20–21, 2016. The conditioning regimen consisted of decitabine (20 mg/m2/day, −11 to −7), cytarabine (3 g/m2/day, −9 to −7), busulfan (3.2 mg/kg/day, −5 and −4), cyclophosphamide (1.8 g/m2/day, −3 and −2). A regimen of tacrolimus, short-term methotrexate (MTX) and mycophenolate mofetil was given for graft vs. host disease (GVHD) prophylaxis. His neutrophils and platelets were engrafted on day +10 and +13, respectively. On day +30, his bone marrow showed CR and complete donor chimerism, and the results were normal until November 16, 2017. Because of repeated mild liver chronic GVHD, tacrolimus was not withdrawn until day +350. Despite no physical symptoms and normal peripheral blood counts, his left posterior iliac bone marrow aspirate smear revealed a blast percentage of 52% during a routine follow-up on Mar 7, 2018. The blasts expressed CD34 dim, CD117, CD33 strong, HLA-DR, CD13, and did not express CD7, CD19, CD56, CD11b. The immunophenotype was the same as the first diagnosis. He declined all treatment recommendations and insisted on repeating bone marrow aspiration as soon as possible. Ten days later, as shown in Table 1, sampling of the right posterior bone marrow aspirates not only showed a blast percentage of 0%, but also a recipient chimerism percentage of 0%. No pathologic genetic abnormalities or meaningful mutations were found. The patient and his parents declined further treatment and only agreed to reexamination after 2 weeks. Two weeks later, with normal peripheral blood cells, the blast percentage of his left posterior iliac bone marrow smear was still 52%. The blasts expressed the same immunophenotype as before. No blast forms were seen in the peripheral blood smear. Unfortunately, due to the inconsistent results, the patient declined further intervention and died of high leukocyte syndrome 4 months later.


Table 1. The aspiration results of case one during follow-up.

[image: Table 1]



Case 2

In July 2017, a 23-year-old woman was diagnosed with acute B lymphoblastic leukemia with t (4, 11) (q13; q21). Bone marrow aspirate smear from her right posterior iliac crest revealed the presence of 85.5% blasts, and reverse transcription polymerase chain reaction confirmed the presence of MLL-AF4 fusion transcripts. After a cycle of induction chemotherapy, her bone marrow showed CR. Following two cycles of consolidation, she received G-CSF-mobilized PBSC from her HLA-identical sister on December 9–11, 2017. The conditioning regimen consisted of busulfan (3.2 mg/kg/day, −9 to −7), etoposide (10 mg/kg/day, −6 to −4) and cyclophosphamide (60 mg/kg/day, −3 and −2). Cyclosporine and short-term MTX were used to prevent GVHD. Her neutrophils and platelets engrafted on day +9 and +11, respectively. The bone marrow aspiration schedule is shown in Figure 1. On day +30, the bone marrow specimens from her left posterior iliac crest showed 3–9% recipient chimerism and low copy of MLL-AF4 transcript (0.86%, %copies/ABL). The MLL-AF4 copies almost increased 20 times to 18.87% on day +51. Oral cyclosporine was tapered quickly and discontinued on day +77, followed by stage 2 acute GVHD of skin. Biopsy of her right posterior iliac crest bone marrow showed two times full donor chimerism and the copy of MLL-AF4 was decreased to 0.05% on day +100. Unfortunately, on day +122, up to 62% of blasts were found in her left posterior iliac crest bone marrow smear and no blast forms were seen in the peripheral blood smear. However, on day +128, the blast percentage was 0% in the right (Figure 1). On day +133, a bone marrow biopsy from bilateral posterior iliac crests showed that the left bone marrow was replaced with lymphoblasts and the right was normal (Figure 2). Immunohistochemical studies showed that the lymphoblasts expressed CD43, TDT, CD99 and PAX5, and did not express CD3, CD20, MPO, CD34, CyclinD1 and Ki67 (Figure 2). Facing this rare leukemia progression, the patient and her donor agreed to pursue chemotherapy combined with donor lymphocyte infusion (DLI) as soon as possible. In order to evaluate the distribution of the disease before treatment, fluorine-18-fluorodeoxyglucose positron emission tomography/computed tomography (18F-FDG-PET/CT) was performed on day +143. Unexpectedly, asymmetric metabolic abnormalities were found throughout the bone marrow system, and there was no corresponding anatomical change on CT imaging (Figure 3A). The maximal Standardized uptake value (SUVmax) of left rambus mandibulae, humerus and ilium were up to 18.5, 18.4 and 21, respectively. Considering the higher leukemic burden in the left, we chose the left posterior iliac crest site for further response assessment. There was no apparent active GVHD, she achieved transient hematologic CR after chemotherapy combined with DLI. On day +203, subsequent 18F-FDG-PET/CT scan revealed similar metabolic abnormalities in the bone marrow system (Figure 3B). On day +229, an aspiration from bilateral posterior iliac crests showed that the blast percentage of the left bone marrow smear was 62% and the right was 3.5%. Unfortunately, she died of septic shock with heart failure on day +258.


[image: Figure 1]
FIGURE 1. The residual disease was detected by morphology, MFC, RT-PCR and STR. *, the day +133 for a bilateral posterior iliac crest bone marrow biopsy. STR, short tandem repeat mismatches; R, aspirates from the right posterior iliac crest; L, aspirates from the left posterior iliac.



[image: Figure 2]
FIGURE 2. The bone marrow biopsy was performed in bilateral posterior iliac crests. Left, left posterior iliac bone marrow (hematoxylin and eosin, ×100) was filled with B lymphocyte leukemia cells (inset, ×400); Right, right posterior iliac bone marrow (hematoxylin and eosin, ×100) was filled with normal cells (inset, ×400). Immunohistochemical studies showed that CD43, TDT, CD99, and PAX 5 were positive in the left posterior iliac bone marrow cells (×400).



[image: Figure 3]
FIGURE 3. 18F-FDG-PET/CT scans showed that asymmetrical hypermetabolic foci were noted across the bone marrow system. (A) on the day +143. (B) on the day +203. Both aspirations and biopsies were performed in the circle areas.






DISCUSSION

Given the well-known localized infiltrating characteristics, chronic lymphoid leukemia, lymphoma, multiple myeloma, and neuroblastoma, bilateral bone marrow aspiration and/or biopsies are usually performed for staging. Acute leukemia is characterized by a uniform bone marrow infiltration of leukemic cells (6) so bone marrow aspirations in acute leukemia patients are always performed on a unilateral iliac crest post-HSCT. Compared with classical morphology enumeration methods, minimal residual disease (MRD) detecting tools such as multi-parameter flow cytometry (MFC), cytogenetics or molecular studies are far more sensitive to detect leukemic blasts. Tetsuo Maeda and colleagues reported a case that presented as an apparent discrepancy in the DEK-CAN fusion transcript levels between the left and right iliac bone marrow sites during hematological CR, and attributed it to anatomic differences in the potency of the GVL response of DLI (7). As shown in the Table 1, for our patient, unlike the left ilium where a high burden of leukemic cells was detected, the immunophenotype, cytogenetics and recipient chimerism of the right ilium were completely negative. The patient had been off immunosuppression agents for more than a year with no symptoms of GVHD, and he refused all therapies during the three bone marrow aspirations in a month. Although we did not perform concurrent bilateral bone marrow aspirations/biopsies, case 1 reminds us that patients without immune antitumor effects may develop different leukemia reservoirs in the bone marrow system.

Because MRD was detected early after allo-HSCT, cyclosporine was rapidly reduced and discontinued on day +77 in case 2. On day +100, the active GVL effect appeared to significantly control the MRD of her right posterior iliac bone marrow. Due to repeated right posterior iliac crest aspirations, completely wrong conclusions were almost drawn. On day +122, the blast percentage of her left posterior iliac crest bone smear had increased to 62%, while on the day +128, the right still showed CR. A subsequent bone marrow biopsy from bilateral posterior iliac crests revealed that blasts almost completely infiltrated only in the left. This case reminds us that unilateral/single-site bone marrow aspiration may have deficiencies in the detection of residual disease or the evaluation of treatment effects. However, the number of cases is too small to draw convincing conclusions.

Two whole-body 18F-FDG-PET/CT scans showed that hypermetabolism in the bone marrow system was significantly asymmetric. There is no consensus on the diagnostic and predictive value of PET/CT for intramedullary acute leukemia. Several papers reported that PET/CT incidentally detected acute lymphoblastic leukemia (ALL) (8–11), and a few studies have reported the evaluation and predictive value of PET/CT in patients with leukemia (12, 13). The prospective PETAML trial reported that the specificity of 18F-FDG-PET/CT for diagnosis of extramedullary acute myeloid leukemia was 97%, despite hematological remission (14). In a retrospective study of 28 children suspected of leukemia progression or recurrence during / after chemotherapy or allo-HSCT, 14 cases with positive 18F-FDG-PET/CT scans were associated with increased blasts in bone marrow biopsies, and the mean SUVmax was significantly higher than what is seen with infectious diseases (15). In addition, G-CSF induced high uptake of FDG in bone marrow system was always diffusely distributed (16, 17). In the second case, the adjacent bilateral bone biopsy (day +133) and PET/CT scan (day +143) demonstrated that the focal bone marrow hypermetabolism of 18F-FDG was caused by the asymmetric distribution of the blasts.

In 1972, a 3[image: image] year-old-boy was diagnosed with ALL in the St. Louis Children's Hospital. The bone marrow of both iliac crests was found to be replaced with lymphoblasts, however, a bone marrow aspirate from the spinous process of the first lumbar vertebra was almost normal (18). Such morphologic discordance reminds us that leukemia cells do not always evenly infiltrate through the bone marrow system. Endo, T. and colleagues occasionally found the first case of localized relapse of ALL in bone marrow extremities after allo-HSCT because of extremities pain (19). Golembe, B. and colleagues found discordant bone marrow specimens in an 11-year-old ALL patient who had been in complete remission for 6 years and off chemotherapy for 2[image: image] years. Three months later, bone marrow samples of three sites showed leukemic involvement (20). The final hematology relapse of the case and our case 1 indicates that there may be a precursor state of relapse in focal bone marrow sites before general relapse. To the best of our knowledge, with the combination of bilateral bone marrow aspiration/biopsy and whole body 18F-FDG-PET/CT, our case report first illustrates the asymmetric bone-marrow infiltration of leukemic cells after allo-HSCT. Bone marrow aspirations were performed more frequently than usual, which may be why these incredible results were observed. However, the underlying mechanism and the exact interval between the asymmetric bone marrow recurrence and the subsequent systemic bone marrow relapse need to be confirmed by further studies.



CONCLUSIONS

Because the number of cases is still too small, it is not appropriate to perform bilateral posterior iliac crest aspiration or 18F-FDG-PET/CT scan for every acute leukemia patient after allo-HSCT. However, if discordant bone marrow specimens are observed, providers need to consider these rare cases in addition to the quality control issues of bone marrow aspiration. 18F-FDG-PET/CT scans or bilateral posterior iliac crest aspirations may help distinguish the asymmetric bone marrow distribution of blasts, and then further aspirations should be conducted on the side with more blasts to avoid inaccurate efficacy assessments.
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G-CSF-mobilized peripheral blood (G-PB) harvest is the predominant graft for identical sibling donor and unrelated donor allogeneic hematopoietic stem cell transplantation (HSCT) recipients, but it was controversial in haploidentical related donor (HID) HSCT. In this registry study, we aimed to identify the efficacy of HID G-PB HSCT (HID-PBSCT) for acute leukemia (AL) patients in first complete remission (CR1). Also, we reported the outcomes for the use of G-PB grafts in comparison with the combination of G-BM and G-PB grafts in HID HSCT recipients. Sixty-seven AL patients in CR1 who received HID-PBSCT were recruited at Institute of Hematology, Peking University. Patients who received haploidentical HSCT using the combination of G-BM and G-PB harvests in the same period were enrolled as controls (n=392). The median time from HSCT to neutrophil and platelet engraftment was 12 days (range, 9–19 days) and 12 days (range, 8–171 days), respectively. The 28-day cumulative incidence of neutrophil and platelet engraftment after HSCT was 98.5% and 95.5%, respectively. The cumulative incidences of grade II–IV and grade III–IV acute graft-versus-host disease (GVHD) were 29.9% (95%CI 18.8–40.9%) and 7.5% (95%CI 1.1–13.8%), respectively. The cumulative incidences of total and moderate-severe chronic GVHD were 54.9% (95%CI 40.9–68.8%) and 17.4% (95%CI 6.7–28.0%), respectively. The cumulative incidences of relapse and non-relapse mortality were 13.9% (95%CI 5.4–22.5%) and 3.4% (95%CI 0–8.1%), respectively. The probabilities of overall survival (OS) and leukemia-free survival (LFS) were 84.7% (95%CI 74.7–94.7%) and 82.7% (95%CI 73.3–92.1%) respectively. Compared with the HID HSCT recipients using the combination of G-BM and G-PB grafts, the engraftments of neutrophil and platelet were both significantly faster for the G-PB group, and the other clinical outcomes were all comparable between the groups. In multivariate analysis, graft types did not influence the clinical outcomes. Overall, for the patients with AL CR1, G-PB graft could be considered an acceptable graft for HID HSCT recipients. This study was registered at https://clinicaltrials.gov as NCT03756675.




Keywords: haploidentical donor, acute leukemia, stem cell transplant (SCT), peripheral blood (PB), complete remission (CR)



Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is the most important curative option for patients with acute leukemia (AL). The graft was one of the critical factors for allo-HSCT. Both peripheral blood (PB) and bone marrow (BM) harvests could be used as the graft sources, and cord blood cells could also be used as the graft source. Many studies had compared the clinical outcomes between patients using PB and BM grafts. In patients with human leukocyte antigen identical sibling donors (ISDs), engraftment was faster (1–3), the relapse rate was lower (4), and the leukemia-free survival (LFS) rate was better in the PB group compared with the BM group, particularly for the patients with advanced stage disease (1, 4). Similar results were also observed in patients with HLA-unrelated donors (URDs) (5–7). Considering the fact that PB stem cells (PBSCs) collection is a non-surgical procedure, PBSC transplantation (PBSCT) is more convenient and more acceptable for donors. Thus, PB is the predominant graft source for ISD and URD HSCT. Haploidentical related donors (HIDs) have become the most important alternative donors; however, whether the PB graft is suitable for haploidentical HSCT is controversial. In the HID HSCT regimen using post-transplant cyclophosphamide (PTCY), several prospective studies compared the clinical outcomes between PB grafts and BM grafts. Engraftment was also significantly faster in the PB group; but the difference of the GVHD rates between PB and BM groups was not as significant as those of ISD and URD HSCT recipients. Some studies observed that the LFS rates were significantly poorer in the PB group compared with BM group (8–10); however, the other studies observed that LFS rates of PB group were better than those of BM group (11–13).

Another important HID HSCT regimen was “Beijing protocol”, which proposed by Peking University Institute of Hematology and based on antithymocyte globulin (ATG) (14). “Beijing protocol” had become the most common transplant regimen for HID HSCT in China (15–17). G-CSF primed BM (G-BM) plus G-CSF primed PB (G-PB) harvests were most commonly used in this transplant protocols, but several studies also identified the feasibility of using G-PB harvest alone. Some authors reported that the clinical outcomes of HID HSCT recipients receiving G-PB grafts were satisfactory, however, they were retrospective, single-arm designed studies (18, 19). In a retrospective single-center study, Xu et al. (9) compared the outcomes between patients using G-BM plus G-PB harvests and G-PB alone as grafts in advanced stage [i.e., most of them were beyond the third complete remission (CR3) or in non-remission] AL patients receiving haploidentical HSCT. G-PB group showed no superiority in engraftment compared with G-BM plus G-PB group. In addition, the transplant-related mortality (TRM) was significantly higher and LFS was poorer in G-PB group compared with the G-BM plus G-PB group. In a retrospective multi-center study including all types of hematologic malignancies, Zhao et al. (8) reported that the survival of G-PB groups was poorer than that of the G-BM plus G-PB group. However, this study did not compare the clinical outcomes of G-PB group and G-BM plus G-PB group in AL patients, and the center effect could not be totally excluded either. Thus far, there was no prospective registry study identifying the efficacy of PBSCT in ATG-based HID HSCT. In addition, no prospective study had directly compared the clinical outcomes between G-BM plus G-PB and G-PB alone in AL-CR1 patients receiving HID HSCT. Thus, the role of HID PBSCT in AL-CR1 patients was still unclear.

In the present registry study, we aimed to identify the clinical outcomes of HID PBSCT in AL patients in CR1. We also aimed to compare the clinical outcomes between G-PB alone and G-BM plus G-PB in HID HSCT recipients.



Patients and Methods


Study Design

Sixty-seven AL patients in CR1 who received HID PBSCT were recruited in this prospective study at the Peking University People’s Hospital between November 1, 2018, and February 29, 2020. All cases were treated according to the protocol registered at https://clinicaltrials.gov (NCT03756675). The recipients receiving HID HSCT using the combination of G-BM and G-PB harvests (i.e., BM+PB group) in the same period were collected as controls.

The inclusion criteria: 1) patients aged 2–60 years old; 2) in AL CR1; 3) donors refused the donation of BM; and 4) patients agreed to receive haploidentical PBSCT (Figure 1).




Figure 1 | CONSORT (the Consolidated Standards of Reporting Trials) Flow Diagram Showing the Study Design of the trial.



The primary endpoint was engraftment rates as defined by neutrophil recovery and platelet recovery. The secondary endpoints include acute graft-versus-host disease (aGVHD), chronic GVHD (cGVHD), relapse, non-relapse mortality (NRM), leukemia-free survival (LFS), and overall survival (OS).



Transplant Protocols

Conditioning regimens, immunosuppressants, and supportive care have been described in previous studies (20–22). The myeloablative busulfan (BU)-based regimen consisted of (1) cytarabine 4 g/m2 for 2 days, busulfan 3.2 mg/kg for 3 days, cyclophosphamide 1.8 g/m2 for 2 days, rabbit anti-thymoglobulin 2.5 mg/kg for 4 days, and semustine 250 mg/m2 orally for one dose; or (2) cytarabine 4 g/m2 for 2 days, busulfan 3.2 mg/kg for 3 days, cyclophosphamide 1.0 g/m2 for 2 days, fludarabine 30mg/m2 for 5 days, rabbit anti-thymoglobulin 2.5 mg/kg for 4 days, and semustine 250 mg/m2 orally for one dose. Five patients received total body irradiation (TBI)-based conditioning. The immunosuppressants included cyclosporine A (CsA), mycophenolate mofetil (MMF), and short-term methotrexate (MTX). G-CSF was administered subcutaneously to patients at 5 ug/kg per day from day +6 until myeloid recovery (23–25).



Donor Specific Antibodies

Patients were tested for the presence of donor-specific antibodies (DSAs) including class I (i.e., HLA-A, -B, -C) and class II (i.e., HLA-DR) HLA antibodies. Immunoglobulin anti-HLA reactivity in the serum was tested with a bead-based screening assay. Briefly, we used the LABScreen Mixed kit (One Lambda, Canoga Park, CA, USA), which simultaneously detects class I and class II antibodies with microbeads coated with purified class I and class II HLA antigens. For HLA antibody-positive samples with a median fluorescent intensity (MFI) >500, DSAs were further tested using a LABScreen Single Antigen Kit (One Lambda). Above a cut-off value of MFI ≥2000 was considered positive. Patients with positive DSA received rituximab before transplantation, and the co-infusion of umbilical cord blood (26).



Definitions

The neutrophil engraftment was defined as the first of 3 consecutive days that neutrophils ≥0.5×109/L, and platelet engraftment was defined as the first of 7 consecutive days that platelets ≥20×109/L and transfusion independence. Relapse was defined as BM blasts >5%, or extramedullary manifestation. NRM was defined as death without evidence of leukemia. OS was the period between the date of HSCT and death. LFS was the period between the date of HSCT and relapse or death in remission. GVHD was diagnosed and graded according to internationally accepted criteria (27, 28).



Statistical Analysis

The last follow-up date was September 1, 2020. Survival was estimated with Kaplan-Meier outcome curves. The cumulative incidences of engraftment, relapse, GVHD were calculated in the completing risk model. The chi-square test, or Fisher’s exact test was used for categorical variables. The non-parametric tests (Mann-Whitney test for two groups, and Kruskal-Wallis tests for more than two groups) were used for continuous variables. The multivariate Cox model was performed to determine the impact of potential prognostic factors on clinical outcomes. Factors included in the regression model were patient age (<30 years vs. ≥30 years), gender, donor age (<30 years vs. ≥30 years), underlying disease (AML vs. others), diagnosis to transplant (≤6 months vs. >6 months), HLA mismatching (1 locus vs. ≥2 loci), donor-recipient gender matching (female-male vs. others), ABO compatibility, CD34 count (using median value as a cut-off point), CD3 count (using median value as a cut-off point), and graft source (G-PB vs. G-BM+G-PB). Testing was two-sided at the P<0.05 level. Statistical analysis was performed on SPSS software (SPSS, Chicago, IL), and R software (version 2.6.1) (http://www.r-project.org).




Results


Clinical Outcomes of HID PBSCT


Engraftment

One case had primary graft failure, and her DSA was negative. All the other patients achieved sustained full-donor chimerism. The median time from HSCT to neutrophil engraftment and platelet engraftment was 12 days (range, 9–19 days) and 12 days (range, 8–171 days) after HID PBSCT, respectively. The 28-day cumulative incidence of neutrophil engraftment after HSCT was 98.5% (95%CI 95.1–100%), and the 100-day cumulative incidence of platelet engraftment after HSCT was 95.5% (95%CI 90.1–100%) after HID PBSCT.



GVHD

A total of 15 and five patients showed grade II and grade III aGVHD after HID PBSCT, respectively. The 100-day cumulative incidences of grade II–IV and grade III–IV aGVHD after HSCT were 29.9% (95%CI 18.8–40.9%) and 7.5% (95%CI 1.1–13.8%), respectively.

A total of 23, 9, and 2 patients showed mild, moderate, and severe cGVHD after HID PBSCT, respectively. The cumulative incidences of total cGVHD and moderate to severe cGVHD at 1 year after HSCT were 54.9% (95%CI 40.9–68.8%) and 17.4% (95%CI 6.7–28.0%), respectively.



Virus Activation

A total of 57 patients showed CMV-DNA after HID PBSCT, and 1 of them developed CMV diseases. The 100-day incidences of CMV-DNA viremia and CMV disease after HID PBSCT were 85.1% (95%CI 76.3–93.8%) and 1.5% (95%CI 0–4.4%), respectively.

A total of five patients showed EBV-DNA viremia, and 2 of them developed posttransplant lymphoproliferative disorders (PTLD) after HID PBSCT. The 100-day cumulative incidences of EBV-DNA and PTLD was 6.0% (95% CI 0.3–11.7%) and 3.0% (95%CI 0–7.1%), respectively.



Relapse and NRM

At the last follow-up, 9 patients experienced relapse with a median time of 126 days (range, 53–202 days) after HID PBSCT. The 1-year cumulative incidence of relapse after HID PBSCT was 13.9% (95%CI 5.4–22.5%). In multivariate analysis, female donor/male recipient (FDMR) combination was the only independent prognostic factor for relapse (HR=3.141, 95%CI 1.258–7.840, P=0.014).

At the last follow-up, three patients experienced NRM with a median time of 212 days (range, 36–485 days) after HID PBSCT. The causes of death were summarized in Supplementary Table 1. The 1-year cumulative incidence of NRM after HID PBSCT was 3.4% (95%CI 0–8.1%). None of the variables were significantly associated with increased NRM.



Survival

The median follow-up among survivals was 341 days (range 177 to 662 days) after HID PBSCT. The probability of OS and LFS at 1 year after HID PBSCT was 84.7% (95%CI 74.7–94.7%) and 82.7% (95%CI 73.3–92.1%), respectively. In multivariate analysis, FDMR combination was the only independent prognostic factor for OS (HR=3.186, 95%CI 1.172–8.660, P=0.023) and LFS (HR=2.911, 95%CI 1.319–6.424, P=0.008).




Comparison of the Clinical Outcomes Between G-PB Alone and G-BM Plus G-PB in HID HSCT Recipients


Patients Characteristics

The characteristics between the patients in the G-PB alone group and G-BM plus G-PB group were summarized in Table 1 and Supplementary Table 2. Most of the variables were comparable between the groups, except that the duration from diagnosis to HSCT was longer in the G-PB groups. As expected, the amounts of mononuclear cells, CD3+ cells, and CD34+ cells in grafts were higher in the G-PB alone groups. DSA testing was positive in 5 (7.5%) patients in the G-PB alone group and 26 (6.6%) patients in the G-PB plus G-BM group.


Table 1 | Patient characteristics.





Clinical Outcomes

The comparison between the G-PB alone group and the G-PB plus G-BM group were shown in Table 2. The median time from HSCT to neutrophil engraftment and platelet engraftment was both significantly shorter in the G-PB group compared with the G-BM plus G-PB group [neutrophil: 12 days (range, 9–19 days) versus 13 days (range, 9–25 days), P<0.001; platelet: 12 days (range, 8–171 days) versus 15 days (range, 7–268 days), P=0.006]. However, all the other outcomes were comparable between the groups (Figures 2A–D).


Table 2 | Cumulative iincidences of clinical outcomes in the G-PB group versus the G-PB plus G-BM group.






Figure 2 | Comparison between G-PB and G-BM plus PB groups (A). Relapse; (B). NRM; (C). Overall survival; and (D). Leukemia-free survival.





Multivariate Analysis

The results of the multivariate analysis were shown in Table 3. Multivariate analyses failed to show significant differences in clinical outcomes between G-PB alone and G-BM plus G-PB groups.


Table 3 | Multivariate analysis of risk factors for clinical outcomes in total population.








Discussion

This is the first report describing the outcomes of HID PBSCT after the ATG-based conditioning regimen for AL in CR1. This study indicated that hematopoietic recovery for those using G-PB grafts was faster compared with those using G-BM plus G-PB grafts, and GVHD, relapse, NRM, and survivals were similar between groups. This study provided an opportunity for exploring the up-to-date undefined role of HID PBSCT in AL CR1 patients with the ATG-based regimen. To our knowledge, our study represented the first comparison of G-PB alone with G-BM plus G-PB as grafts for HID HSCT in a disease-specific population of patients with AL in CR1.

PBSCT was associated with better engraftment. Randomized studies showed that PB grafts were associated with faster neutrophil and platelet engraftment than BM in ISD and URD HSCT (29, 30). In HID HSCT using post-transplant cyclophosphamide, some studies reported faster engraftment in PBSCT (31, 32). Our analysis also found that neutrophil and platelet engrafted faster in the G-PB group compared with the G-BM plus G-PB group in HID HSCT based on ATG. More rapid hematopoietic recovery of G-PB grafts in HID HSCT may be due to the greater content of mononuclear cells and CD34 cells in PBSC grafts compared with G-BM grafts.

In the present analysis, we did not observe a higher rate of GVHD in the G-PB alone group. As for most studies about ISD and URD HSCT, the rates of cGVHD were reported higher with PB grafts compared to that of BM grafts (1, 33). However, there were also several reports which showed similar rates of cGVHD between PB and BM HSCT (2–4). Our previous study on advanced diseases showed that the G-PB graft was not associated with increased cGVHD when compared with G-BM+G-PB grafts (9). In the present study on AL in CR1, we also observed similar probabilities of cGVHD in G-PB alone and G-BM plus G-PB groups. We speculated that the mature GVHD prophylaxis strategy including ATG in conditioning regimen and long-term schedules of cyclosporin for immunosuppression might reverse the risk of cGVHD with G-PB grafts (34).

Previous observations suggesting cGVHD was associated with graft versus leukemia (GVL) effect in different transplant settings (35, 36), and as mentioned above, more frequent GVHD was observed after PBSCT. Thus, PB grafts may accentuate the GVL effect. Mielcarek et al. (4) observed that among 172 ISD HSCT for hematological malignancies, the 10-year probability of relapse was 20% with PB versus 32% with BM. Bashey et al. (31) analyzed outcomes from a multicenter study comparing HID HSCT with G-CSF-primed PB versus BM and showed the lower relapse risk after PBSCT was limited to patients with leukemia. Several studies also noted that PB grafts had protection against relapse in HID HSCT with PT-CY (7, 11, 31). However, in other studies, PB grafts were not associated with lower rates of relapse (8, 9, 12, 32, 37, 38). Thus, whether more intense GVL effects could be induced in PBSCT remained controversial. In our previous study on advanced diseases, we observed a similar relapse rate between G-PB and G-BM plus G-PB groups (9). One reason may be the comparable incidences of GVHD between G-PB and G-BM plus G-BM groups in the present study, which suggested that G-PB grafts alone could induce a comparable GVL effect with G-PB plus G-BM grafts. On the other hand, because the relapse rate was relatively low among patients with AL in CR1 (20, 39, 40), we could not observe a significantly lower relapse rate in the G-PB group than the G-BM plus G-PB group.

Our previous study showed inferior results after PBSCT on advanced-stage leukemia, as compared to that receiving HID HSCT using G-BM plus G-PB (9). Differences were mostly based on a remarkably higher NRM of 62.5% for PBSCT. This might due to the higher rate of infection and early death in the refractory/relapse diseases. However, the NRM of HID PBSCT was less than 10% in the present study. In addition, the NRM rate of transplants performed in recent years appeared to be lower (mostly less than 20%) than that of transplants done in the previous decade (20, 21). Thus, in these patients with AL-CR1, we did not observe the inferiority of HID PBSCT.

This study was not a randomized designed trial. Thus, it would be premature to derive conclusions regarding the superiority of PBSCT over HID using G-PB plus G-BM in patients with AL in CR1, and these results should be further confirmed by prospective randomized trials.

In summary, this study confirmed the safety and efficacy of HID PBSCT in patients with AL in CR1, and it also suggested that hematopoietic recovery for those using G-PB grafts was faster comparing with those using G-BM plus G-PB grafts, and other clinical outcomes were all comparable between the groups. While BM harvest needed the hospitalization of the donor, trained physicians, and specialized equipment, PBSCs were more convenient and were easy to be collected. For patients with AL in CR1, the G-PB grafts could be used as a reasonable alternative to G-BM plus G-PB grafts in HID HSCT. In the future, these results should be further confirmed by prospective randomized trials.
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The treatment outcomes of intermediate or high-risk myelodysplastic syndrome (MDS) remain unsatisfactory. This study was designed to evaluate the safety and efficacy of human leukocyte antigen (HLA)-mismatched hematopoietic stem cell micro-transplantation (MST) in patients with MDS. A total of 22 patients with MDS, ranging between the ages of 39 and 74, were enrolled in this study. Eleven patients were given decitabine (DAC), a DNA methyltransferase inhibitor, combined with HLA-mismatched MST (MST-DAC group), and the remaining patients were given decitabine only (DAC group). The median overall survival (OS) of the MST-DAC group was higher than that of the DAC group (24 vs. 14.3 months; HR 0.32; 95% CI: 0.11–0.96; p = 0.04), although it is a study with small samples. The overall response rate (ORR), marrow complete remission (mCR), plus hematological improvement (HI) rates of the MST-DAC group were higher than that of the DAC group (81.8 vs. 54.5%, p = 0.36; 63.6 vs. 27.3%, p = 0.09, respectively); however, there were no statistical differences between the two groups, which may be attributed to the limited number of cases evaluated in this study. No graft-vs.-host disease was observed in the MST-DAC group. Patients in the MST-DAC group demonstrated a slightly lower incidence of hematological and non-hematological adverse events (AEs). DAC combined with HLA-mismatched MST may provide a novel, effective, and safe treatment for use in intermediate or high-risk MDS pathologies.
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INTRODUCTION

Myelodysplastic syndrome (MDS) represents a group of heterogeneous myeloid clonal diseases that originate from hematopoietic stem cells and are characterized as having an abnormal development of myeloid cells. Typically, MDS manifests as ineffective hematopoiesis and refractory cytopenia with the risk of transforming into acute myeloid leukemia (AML) (1). It is known that allogeneic hematopoietic stem cell transplantation (allo-HSCT) promotes curative effects in patients with MDS; however, clinicians often face impediments to its widespread application, particularly concerning infectious and other toxicities associated with conditioning regimens, the development of significant graft-vs.-host disease (GVHD) with resultant organ dysfunction, infection from prolonged immunosuppression, and in some cases, a high rate of disease progression (2).

Hypermethylation in DNA is associated with tumor progression and differentiation arrest, which has been detected in myelodysplastic syndrome (MDS) and AML (3, 4). Decitabine (DAC), a DNA hypomethylating agent, is considered a frontline therapy for intermediate or high-risk patients who were not candidates for allo-HSCT according to National Comprehensive Cancer Network (NCCN) Guidelines (Version 2.2020) for myelodysplastic syndromes. However, the clinical efficacy of demethylation drugs to treat patients with MDS remains limited.

Currently, several studies have shown that human leukocyte antigen (HLA)-mismatched hematopoietic stem cell micro-transplantation (MST) can increase complete remission (CR) rates, improve OS, and avoid the development of graft-vs.-host disease (GVHD) in patients with AML (5–7). The term MST refers to standard chemotherapy combined with a granulocyte colony-stimulating factor (G-CSF) mobilized peripheral blood stem cell (G-PBSCs) infusion of HLA-mismatched donor cells without the use of immunosuppressive agents (7). Although MST mediates graft-vs.-leukemia (GVL) effects and GVHD hardly occurs, it is unclear whether treatment with MST in combination with DAC can improve the outcomes of patients with intermediate or high-risk MDS compared with those treated with DAC-only. Thus, a retrospective study was designed to evaluate the safety and efficacy of DAC combined with or without MST in patients with MDS.



MATERIALS AND METHODS


Patients

Data were retrospectively collected from 22 patients with MDS [WHO 2008 classification (8)] who were treated with MST-DAC or DAC at the Department of Hematology of Guangdong Provincial People's Hospital from 2006 to 2016. All of them did not have severe infection, liver and kidney dysfunction, or an uncured secondary tumor.



Donors

Donors were selected based on the degree of HLA mismatched loci. The sex, age, and red blood cell type were not heavily considered when selecting donors.

Donor and recipient HLA-A, -B, -C, -DRB1, and-DQB1 loci were typed at intermediate resolution using polymerase chain reaction (PCR) paired with the sequence-specific primer method. Of the 11 patient/12 donor pairs, the HLA alleles of five donors were matched in 5 of 10, of three donors were matched in 0 of 10, of two donors were matched in 2 of 10, of one donor were matched in 3 of 10, and of one donor were matched in 6 of 10. The median age of the donors was 28 and included 6 adult-offspring donors, 2 relatives, and 4 unrelated donors (Supplementary Table 1).

The protocol was approved by the Human Ethics Committees of the Guangdong General Hospital, Guangdong Academy of Medical Science. The study was performed following ethical standards set forth by the Declaration of Helsinki. All patients and donors provided written informed consent before enrollment in the study.



Data Collection

The data collected for analysis included the clinical characteristics of the patients, such as age at diagnosis, sex, past medical history of malignancies and/or hematological diseases, family history of malignancies and/or hematological diseases, performance status (PS), complete blood counts (CBCs), blasts in peripheral blood (PB) and bone marrow (BM), cellularity of BM, chromosome abnormalities, French–American–British (FAB) and WHO classifications, risk groups in Revised International Prognostic Scoring System (IPSS-R), treatments, date of initial therapy, date of progression to AML, and date of death or that of the last follow-up.



Study Endpoints

The co-primary endpoints in this study included the overall response rate (ORR), overall survival (OS), and progression-free survival (PFS). The ORR included the rate of CR, partial response (PR), marrow complete remission (mCR), and hematological improvement (HI). The response was assessed according to the International Working Group (IWG) criteria (9). The OS was defined as the time from initiation of treatment to the date of death from any causes or until the end of the follow-up period. The PFS was defined as the time from initiation of medication to treatment failure, progression of the disease, or death from any causes. All MDS cases were confirmed based on local investigator reports and/or death certificate information. The duration of the follow-up period was measured as the date of the first treatment dose received for each patient up to 2 years.



Safety

All severe (grade 3 or higher) hematological or non-hematological adverse events (AEs) that occurred during treatment were evaluated according to the Common Terminology Criteria for Adverse Events (CTCAE) v4.03 (10).



Assessment of Wilms' Tumor Gene (WT1)

Wilms' tumor gene transcripts were quantified by a standard European LeukemiaNet real-time quantitative PCR using the ABI 7500 real-time PCR system (11).



Mobilization and Apheresis of Donor Peripheral Mononuclear Cells

Apheresis of HLA-mismatched donor peripheral mononuclear cells was performed with a COBE-spectra 6.0 blood cell separator after the donor was subcutaneously injected with 5 μg/kg G-CSF two times a day for 5 days. The median numbers (range) of mononuclear and CD3+ cells infused per course were, respectively, 2.50 (0.97 ~ 4.08) × 108 and 0.86 (0.79 ~ 1.02) × 108 cells per kg. (Supplementary Table 2).



Statistical Analysis

Variables related to clinical characteristics between the two groups were compared using Fisher's exact test. All time-to-event analyses were performed with the use of Kaplan–Meier methods and presented by Kaplan–Meier curves. The hazard ratio (HR) and 95% confidence intervals (CIs) were estimated in comparison to a reference risk of 1.0. Statistical significance was defined with a 2-sided p < 0.05. SPSS (version 25.0) was used for all statistical analyses. GraphPad Prism 7.0 was used for graphing the results.




RESULTS


Patients

Of all the analyzed patients, 11 (11/22, 50.0%) were treated with MST-DAC and the rest (11/22, 50.0%) were treated with decitabine-only. In the MST-DAC group, the median patient age was 60 years (age range: 39–73 years) and 8 (72.6%) were female. The median age of the patients in the DAC group was 61 years (age range: 41–74 years) and 8 (72.6%) were female.



Treatment

The DAC group received DAC treatment, which involved infusions of 20 mg/m2 DAC via intravenous drip on days 1–5. The patients in the MST group were also given an infusion of HLA-mismatched G-PBSCs within 24–72 h until the end of DAC treatment (20 mg/m2). When ANC was <0.5 × 109/L, G-CSF at 5 μg/kg/day was subcutaneously administered. When hemoglobin was <60 g/L, an infusion of red blood cells was given, and when platelet count was <20 × 109/L, an infusion of platelets was administered. Notably, there were no statistical differences in the number of DAC treatment cycles between the two cohorts. The median number of treatment cycles for the DAC group was 4 (range: 2–20) and for the MST-DAC group was 5 (range: 0–11) (p = 1.00) (Table 1). The median number of treatment cycles for the MST-DAC group, those who underwent micro-transplantation, was 4 (range: 2–4).


Table 1. Patient demographics and clinical characteristics.
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Treatment Response

Of the nine patients (9/11, 81.8%) in the MST-DAC group who responded to treatment: seven achieved both mCR and HI (7/11, 63.6%), one had only mCR (1/11, 9.1%), and one had only HI (1/11, 9.1%). Responses were observed for all six (6/11, 54.5%) patients in the DAC group: three achieved both mCR and HI (3/11, 27.3%), and three had only mCR (3/11, 27.3%). Though no significant difference was observed between the two groups, the ORR and the ratio of achieving both mCR and HI in the MST-DAC group was higher than that for the DAC group (81.8 vs. 54.5%, p = 0.36; 63.6 vs. 18.2%, p = 0.09). The incidence of AML transformation within 12 months for the MST-DAC group was lower than that for the DAC group (0.0 vs. 27.3%, p = 0.21). Also, the incidence of death within 24 months for the MST-DAC group was lower than that for the DAC group (45.5 vs. 81.8%, p = 0.18).



Survival Analysis

Six patients were still alive at the end of the follow-up period in the MST-DAC group and two patients were alive in the DAC group. The median OS was 24 months for the MST-DAC group and 14.13 months for the DAC group. A significant difference was observed between the two groups (HR: 0.32; 95% CI: 0.11–0.96; log-rank test, p = 0.04) (Figure 1A). The median PFS was 20.8 months for the MST-DAC group vs. 9.3 months for the DAC group (HR: 0.55; 95% CI: 0.20–1.47; log-rank test, p = 0.23) (Figure 1B and Supplementary Table 4).


[image: Figure 1]
FIGURE 1. Analysis of efficacy endpoints. (A) Overall survival (OS) for the two groups is shown. (B) Progression-free survival (PFS) for the two groups is shown.




Safety and Toxicities

Safety profiles were evaluated for all patients in the cohort. During the first 12 months of treatment, one patient (1/11, 9.1%) died in the MST-DAC group, and four patients (4/11, 36.4%) died in the DAC group (p = 0.31). The mortality at 24 months was 5/11 (45.5%) for the MST-DAC group and 9/11 (81.1%) for the DAC group (p = 0.18) (Table 2).


Table 2. Patient outcomes.
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The most common AEs were neutropenia, thrombocytopenia, anemia, febrile neutropenia, leukopenia, septicemia, upper respiratory tract infection, hemorrhage, and pneumonia (Table 3). In general, patients in the MST-DAC group demonstrated a lower incidence of hematological AEs (anemia: 27.2% in the MST-DAC group vs. 55.0%, p = 0.39; leukopenia: 54.5 vs. 72.7%, p = 0.66; neutropenia: 55.0 vs. 64.0%, p = 1.00) during the entire treatment, with the exception of thrombocytopenia (64% in the MST-DAC group vs. 27.0% in the DAC group, p = 0.09). The same result was found for non-hematological AEs, where a lower incidence of febrile neutropenia, hemorrhage, and upper respiratory tract infection was also observed in the MST-DAC group (Table 3). By comparing complete blood cell counts after micro-transplantation, we found that absolute neutrophils were partially recovered. Therefore, micro-transplantation may shorten the recovery time of the hematopoietic function and reduce the incidence of infectious complications, such as pneumonia.


Table 3. Severe (grade 3 or higher) hematological or non-hematological adverse events (AEs) from the two therapies.
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Wilms' Tumor Gene in Bone Marrow (BM-WT1)

Of the 22 patients in this study, 18 had detectable BM-WT1 before and after the treatment. The results demonstrated that among the 14 patients with a clinical response, the levels of BM-WT1 in 10 patients had different degrees of decline, and the median of the decline was 85.3% (range: 52.7–99.7%). The fluctuations of BM-WT in four patients were within the normal range, and there was no significant trend in the fluctuations for both cohorts with BM-WT1. Four patients failed to respond to therapy, while the levels of BM-WT1 in three of them who achieved SD remained unchanged. The levels of BM-WT1 in one patient remained to be higher than the normal range. Four patients with detectable BM-WT1 had a significant increase in BM-WT1 when progressed to AML (Supplementary Table 3).




DISCUSSION

Recently, Ai Huisheng et al. (6, 12–14) explored the application of “micro-transplantation” to treat several hematological malignancies, included MDS, AML, and Philadelphia chromosome-positive acute lymphoblastic leukemia. The rate of CR in patients with AML who received induction chemotherapy with mitoxantrone and cytarabine combined with HLA-mismatched G-PBSCs was 80%. The probabilities of the 2-year DFS and OS in an entire population were 38.9 and 39.3%, respectively (6). As reported by other published work that compared the efficacy of MST-DAC in treating MDS and transformed acute myelogenous leukemia (tAML), the ORR of patients with MDS treated with HLA mismatched MST-DAC combined with DAC and cytarabine was significantly higher than that of patients with tAML treated with HLA mismatched MST-DAC combined with DAC (81 vs. 50%; p = 0.03); the PFS and OS of 2 years were 42.7 and 84.7% in patients with MDS, respectively. No sign of acute and chronic GVHD was observed in patients during MST-DAC treatment (7). In another study of patients with MDS (n = 72) treated with MST (Microtransplantation-group, n = 28) or treated with two doses of DAC (DAC group, n = 27; low-dose DAC group, n = 17), the total CR rate was 42.9 vs. 14.8% and 29.4% in the three groups, respectively. The CR rate of the MST-group was significantly higher than that of the other groups (p = 0.02) (15). Results from clinical trials showed that the ORR of patients with MDS who received DAC fluctuates between 32 and 73% (16–19). In the present study, the ORR was 81.8% in the MST-DAC group, which was compared with 54.5% in the DAC group. Results from our study revealed that patients in the MST-DAC group showed a slightly higher ORR compared with the DAC group. Meanwhile, our retrospective analysis also suggested that a better OS was observed in patients who received MST-DAC (24.0 [9.0–24.0 months] vs. 14.3 months [1.6–24.0 months], p = 0.04). However, due to the small number of cases included in our retrospective study, future prospective trials with larger sample sizes are needed to verify our results.

According to the toxicities reported in our study, there was a lower incidence of severe hematological AEs in the MST-DAC group during the entire treatment period compared with the DAC only group: 27.2 vs. 54.5% for anemia (p = 0.39); 54.5 vs. 63.6% for neutropenia (p = 1,00); 54.5 vs. 72.7% for leukopenia, respectively (p = 0.66). A trend representing a lower percentage of febrile neutropenia, pneumonia, upper respiratory tract infection, and hemorrhage was also seen in the MST-DAC group. Compared with the DAC group, the incidences of AML transformation and the mortality rate were also lower in the MST-DAC group within 12 or 24 months (0.0 vs. 27.3%, 18.2 vs. 27.3%, 9.1 vs. 36.4%, 45.5 vs. 81.8%, respectively), which suggests that micro-transplantation was safe to treat patients with MDS. No signs of acute or chronic GVHD were observed in any of the patients during treatment, which reflects the same results reported in previous studies (6, 7, 13, 14). Our results illustrate the safety of the application of micro-transplantation combined with DAC treatment in patients with intermediate or high-risk MDS.

The purpose of micro-transplantation is to elicit an anti-tumor response, with little or no continuous donor cell implantation, no complete donor chimerism, and no onset of GVHD. Studies have shown that it is possible to obtain an anti-tumor response when only achieving microchimerism (<1% of donor cells) (20–25). It is speculated that T-cell and natural killer (NK)-cell alloreactivity could generate immediate anti-leukemic effects that awaken the anti-tumor immunity of the host, change the tolerance of the host to the tumor, and allow the host to undergo an immune response to the tumor (24, 26–30).

According to some reports, the mRNA level of WT1 reflects disease changes and progression in patients with MDS (31, 32). Therefore, WT1 is a suitable marker for the detection of minimal residual disease after SCT or chemotherapy (33). Furthermore, the correlation of WT1 mRNA levels before treatment and response was evaluated in the present study. There was a trend that indicated that the reduction of WT1 mRNA levels correlated with the efficacy of MST-DAC treatments (Supplementary Table 3).

The MST-DAC group included four relatively young (<60 years) patients who waited for suitable donors to undergo allo-HSCT, one patient achieved both mCR and HI, one patient achieved mCR only, and the other two patients achieved SD, and there was no evidence of GVHD. Therefore, the efficiency and safety of MST-DAC in relatively young patients who waited to undergo allo-HSCT was seen in this study. Patients who are candidates for allo-HSCT may be given MST-DAC as a bridging treatment for allo-HSCT.

According to the key eligibility criteria of micro-transplantation in our center, patients with blast <5% only received micro-transplantation without DAC, or with DAC for patients with blast ≥5%. In the MST-DAC group, two patients (MST-DAC 6 and MST-DAC 10) only received micro-transplantation without DAC and received supportive care pre-MST, and had planned to be given DAC if the disease was evolution. Both patients obtained marrow complete remission (MCR) after micro-transplantation, and one of them had received allo-HSCT after 4 years post-MST. We removed the data of the two patients, and the median OS of the MST-DAC group (n = 9) was still higher than that of the DAC group (n = 11) (24 vs. 14.1 months; HR 0.36; 95% CI: 0.12–1.07; p = 0.06). Although not statistically significant, there was a trend toward significance (p = 0.06) (Supplementary Figure 1).

In the current study, the overall survival of patients with MDS was effectively improved, in addition to the comparatively ORR, which makes our data noteworthy. At the same time, major drawbacks of our study include its retrospective design, the limited number of patients enrolled, and the long duration of the study (10 years). Due to the wide-range time of the study, the OS of patients could have been influenced by several factors which were listed in Supplementary Table 5. The median of the time from diagnosis to treatment for the MST-DAC group was 33 (range, 6–320) days, and that for the DAC group was 14 (range, 0–271)days. The median time of the duration of neutropenia/cytopenias before treatment for MST-DAC was 275 (range, 31–3605) days, and that for DAC was 230 (range, 20–2926).

In conclusion, our results are promising and show that MST combined with the probable synergistic effect of DAC can achieve a better OS in patients with intermediate or high-risk MDS and cause acceptable short-term toxicities. Prospective studies are urgently needed to determine the exact role of micro-transplantation in the setting of MDS and to clarify optimal treatment modalities, such as dosage and duration.
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Background and Aims: This study aimed at comparing the efficacy and safety of eltrombopag (EPAG) plus immunosuppressive therapies (ISTs) and haploidentical hematopoietic stem cell transplantation (haplo-HSCT) in the frontline treatment for severe aplastic anemia (SAA) patients.

Methods: Four electronic databases and Clinicaltrials.gov were comprehensively searched from January 2010 to August 2020. Studies that aimed at evaluating the efficacy and safety of EPAG+IST or haplo-HSCT in SAA patients were included. One-/2-year overall survival (OS), complete response (CR), and overall response rates (ORRs) were indirectly compared between EPAG+IST and haplo-HSCT.

Results: A total of 447 patients involved in 10 cohort studies were found to be eligible for this study. A narrative synthesis was performed due to lack of data directly comparing the outcome of EPAG+IST and haplo-HSCT. Consistent with the analysis results in the whole population, subgroup analyses in the age-matched population showed that there was no significant difference in ORR between EPAG+IST and haplo-HSCT groups. However, the CR rate was lower in the EPAG+IST group when compared with the haplo-HSCT group. The incidence rate of clonal evolution/SAA relapse ranged at 8–14 and 19–31% in the EPAG+IST group but not reported in the haplo-HSCT group. The incidence rate for acute graft vs. host disease (aGVHD) and chronic graft vs. host disease (cGVHD) ranged at 52–57 and 12–67%, respectively, for the haplo-HSCT group. The main causes of deaths were infections in the EPAG+IST group, and GVHD and infections in the haplo-HSCT group.

Conclusion: EPAG+IST has a comparable ORR and 1-/2-year OS but lower CR rate when indirectly compared with haplo-HSCT in the frontline treatment of patients with SAA. Patients treated with haplo-HSCT may exhibit a high incidence of GVHD, whereas patients treated with EPAG+IST may experience more relapses or clone evolution.

Keywords: severe aplastic anemia, eltrombopag, immunosuppression therapy, haploidentical hematopoietic stem cell transplantation, survival


INTRODUCTION

Severe aplastic anemia (SAA) causes severe bleeding, infection, and anemia, which may be fatal. It is mainly caused by immune-mediated destruction of the hematopoietic progenitor cells (1). Currently, human leukocyte antigen (HLA)-matched sibling donor (MSD) hematopoietic stem cell (HSC) transplantation (HSCT) is recommended as the first-line therapy for young adults with SAA. In the absence of matched related donors, immunosuppressive therapy (IST) with antithymocyte globulin (ATG) plus cyclosporine A (CsA) is the recommended first-line therapy (2, 3).

IST with ATG plus CsA is an effective first-line therapeutic option with a 60–80% response rate in SAA patients (3, 4). However, it is associated with the risk of clonal evolution to myelodysplastic syndrome (MDS)/acute myeloid leukemia (AML), hemolytic paroxysmal nocturnal hemoglobinuria (PNH), and relapse during long-term follow-up (5, 6). In addition, approximately one-third of SAA patients remain refractory to IST; this is attributed to the depletion of HSCs in the presence of ongoing immune attack (7, 8).

Transplantation including MSD HSCT, matched unrelated donor (MUD) HSCT, and haploidentical HSCT (haplo-HSCT) is a radically curative option for SAA patients (9, 10). In the absence of MSD or MUD, haploidentical transplantation has been shown to have long survival benefits and acceptable transplantation complications in young SAA patients (11–13). However, it is not widely accepted as a first-line therapeutic option due to high associated risks and a lack of convincing data (14, 15). Our previous study revealed that haplo-HSCT has comparable overall survival (OS) and better failure-free survival (FFS) when compared with IST as the frontline therapy for young patients with SAA, and the long-term OS was the same (16).

Eltrombopag (EPAG) is an oral synthetic small-molecule thrombopoietin receptor agonist that has been found to be an effective option for SAA patients refractory to IST (17, 18). Treatment with EPAG stimulates megakaryocytopoiesis as well as erythropoiesis and myelopoiesis because the thrombopoietin receptor is expressed on both megakaryocytes and HSCs (19–22). Recently, it has been shown that a combination of EPAG and IST exhibits significantly higher rates of hematologic response than IST alone (23, 24).

Haplo-HSCT is widely used in China, probably because of the rapid advances in the transplantation technique and lack of MSD. However, the efficacy and safety of EPAG plus IST have not been compared with those of haplo-HSCT. In this study, we obtained scientific publications on frontline therapy using the two regimens for SAA patients. A systematic review involving 447 patients from 10 studies was finally performed to compare the clinical outcomes and related complications of EPAG+IST and haplo-HSCT.



MATERIALS AND METHODS


Search Strategy

PubMed, Embase, Web of Science, WanFang Database, and Clinicaltrials.gov were comprehensively searched for articles that reported the efficacy and/or safety of EPAG in combination with IST and haplo-HSCT among SAA patients. This search was performed between January 2010 and August 2020. The publication language was restricted to English. The search keywords used were as follows: severe aplastic anemia/SAA, eltrombopag/EPAG/ELT, immunosuppression therapy/IST, HLA-haploidentical hematopoietic stem cell transplantation/haplo-HSCT, survival/prognosis, and progression-free survival/PFS. Moreover, we scrutinized the reference lists of the selected reports to identify additional relevant studies missed in the initial search. Our initial search query was the algorithm of “(((SAA) AND (severe aplastic anemia)) AND (((((eltrombopag) OR (EPAG)) OR (ELT)) OR ((immunosuppression therapy) OR (IST))) OR ((HLA-haploidentical hematopoietic stem cell transplantation) OR (haplo-HSCT)))) AND ((((survival) OR (prognosis)) OR (progression-free survival)) OR (PFS)).”



Inclusion and Exclusion Criteria

Reports were included if they met the following criteria: (i) patients were diagnosed with SAA/very SAA (VSAA); (ii) patients underwent haplo-HSCT or EPAG plus IST (rabbit/horse ATG+CsA) as the frontline therapy; (iii) reported the OS and/or overall response rate (ORR)/complete response (CR); (iv) described the adverse events, relapse rate, clonal evolution rate, and causes of treatment-related deaths; and (v) published between January 2010 and December 2020.

The exclusion criteria were as follows: (i) animal studies; (ii) review articles or meta-analysis or case reports; (iii) duplicated publications; (iv) non-English papers; (v) studies involving other hematologic malignancies (primary myelofibrosis, non-Hodgkin's lymphoma, chronic myelomonocytic leukemia, chronic myeloid leukemia, acute lymphoblastic leukemia, etc.); (vi) patients with SAA/VSAA refractory to IST; (vii) studies involving salvage HSCT; (viii) studies involving SAA patients treated with IST alone; (ix) studies involving aplastic anemia patients not eligible for the criteria of SAA; and (x) studies without OS, ORR, and CR data.



Data Extraction

Data extraction was independently performed by two investigators (YY and ZT). In case of discrepancies, they were resolved by consensus between the two investigators. The following variables were extracted: (i) study characteristics (the first author, year of publication, study design and duration, regimen, and number of participants in each study); (ii) patients' basic characteristics (gender, median age, and median follow-up); (iii) the ORR, CR, 1-/2-year OS, incidences of clonal evolution, and disease relapse in patients treated with EPAG combined with IST plus CsA; iv) ORR, 1-/2-year OS rate, the incidences of graft vs. host disease (GVHD), and mortality rates in patients subjected to haplo-HSCT. For the few reports that did not describe the 1-/2-year OS rate, we calculated their OS by using the Engauge Digitizer (Windows version 10.8) software from the Kaplan–Meier survival curve shown in the original articles.



Statistical Analysis

All the statistical analyses were performed according to the guidelines proposed by the Meta-Analysis of Observational Studies in the Epidemiology group (MOOSE) (25).

Heterogeneity among the included studies was measured using the Q tests and I2 statistic to assess the extent of the inconsistencies (26). If a probability value of p < 0.1 and I2 > 50%, indicating the existence of significant heterogeneity was found, then a random pooled effect model was performed (27). Statistical heterogeneity was categorized into low (<50%), moderate (51–75%), or high (>75%) according to a predefined criteria (26). p ≤ 0.05 was set as the threshold for statistical significance. A funnel plot and Egger's linear regression test was performed to evaluate the potential publication bias for eligible studies using ORR, CR, or OS as endpoints (28). Moreover, a p < 0.01 for Egger's test was considered statistically significant. The “Meta” R package was used to perform all pooled analyses. If pooled analysis cannot be performed due to high heterogeneity among included studies or lack of data directly compared the outcomes between the EPAG+IST group and haplo-HSCT group, a narrative synthesis would be performed to indirectly compare the ORR, CR, and OS between the EPAG+IST group and haplo-HSCT group. All statistical analyses were performed using R version 3.6.3.




RESULTS


Study Selection

The initial literature search yielded 7,466 articles from the four primary electronic databases. Out of these, 6,669 publications were excluded after reviewing the titles and abstracts, while 260 papers were selected for full-text review. After full-text reviews, 10 articles (3, 12, 14, 23, 29–34) were eligible for this study according to the inclusion and exclusion criteria mentioned above. The screening process was as shown in Figure 1.


[image: Figure 1]
FIGURE 1. Search flow diagram in our study.




Characteristics of the Enrolled Patients

The selected studies included three prospective and seven retrospective cohort studies. Among them, four studies used EPAG+IST (a total of 252 patients received horse ATG, while 10 patients received rabbit ATG). The other six studies used haplo-HSCT as the frontline therapy; conditioning therapies (predominantly cyclophosphamide+ATG) were used in haplo-HSCT studies. The average median ages of the EPAG+IST group and haplo-HSCT group were 40.6-years (range: 15–60-years) and 9.2-years (range: 8–28-years), respectively (p = 0.024). Male patients were 45.6% (range: 30.0–54.3%) in the EPAG+IST group and 61.0% (range: 56.0–70.0%) in the haplo-HSCT group (p = 0.036). The incidence rate of VSAA in the haplo-HSCT group was 30.1% (range: 4.3–45.0%); however, there were no data on the incidence rate of VSAA in the EPAG+IST group. The characteristics of eligible studies included in this study are presented in Table 1.


Table 1. The characteristics of included studies.

[image: Table 1]



Indirect Comparison of Overall Response Rate/Complete Response at 6 Months Between the Eltrombopag Plus Immunosuppressive Therapy and Haploidentical Hematopoietic Stem Cell Transplantation Group

Since only 6 month ORR/CR data were available for EPAG+IST, we compared the ORR and CR rates of the two groups.

Four eligible studies involving a total of 159 SAA patients in the EPAG+IST group and three studies involving a total of 124 patients in the haplo-HSCT group reported the ORR. The average median age in the EPAG+IST group and haplo-HSCT group was 43.8-years (range: 15–60-years) and 13.0-years (range: 8–28-years), respectively (p = 0.024). Male patients were 52.4% (range: 30.0–54.3%) in the EPAG+IST group and 60.5% (range: 57.1–70.0%) in the haplo-HSCT group (p = 0.10). The incidence rate of VSAA in the haplo-HSCT group was 39.3% (range: 31.6–45.0%). The ORR of the EPAG+IST group was similar with that in the haplo-HSCT group (p = 0.126, Figure 2A).


[image: Figure 2]
FIGURE 2. Indirect comparison the overall response rate (ORR), complete response rate (CR), 1-/2-year overall survival (OS) between EPAG+IST and haplo-HSCT group. (A) Bar plot shows similar ORR between the two groups. ns, p > 0.05, based on the Student t-test. (B) Bar plot shows significantly lower CR rate in the EPAG+IST group compared with the haplo-HSCT group. **p < 0.01, based on the Student t-test. (C,D) Bar plots show that the 1-/2-year OS was similar between the indicated groups. ns, p > 0.05, based on the Student t-test. EPAG, eltrombopag; IST, immunosuppressive therapy; haplo-HSCT, haploidentical hematopoietic stem cell transplantation.


Two studies involving 115 patients in the EPAG+IST group and four studies involving 142 patients in the haplo-HSCT group reported the CR rate. The average median age in the EPAG+IST group and haplo-HSCT group was 46.0-years (range: 32–60-years) and 10.5-years (range: 8–28-years), respectively (p = 0.024). Male patients were 53.4% (range: 52.4–54.3%) in the EPAG+IST group and 58.8% (range: 55.6–70.0%) in the haplo-HSCT group (p = 0.13). The incidence rate of VSAA in the haplo-HSCT group was 39.3% (range: 31.6–45.0%). The CR rate was significantly lower in the EPAG+IST group than the haplo-HSCT group (p = 0.0012, Figure 2B).



1-/2-Year Overall Survival Rate in Eltrombopag Plus Immunosuppressive Therapy and Haploidentical Hematopoietic Stem Cell Transplantation Groups

Two studies involving 113 patients in the EPAG+IST group and six studies involving 188 patients in the haplo-HSCT group reported the 1-/2-year OS. The average median ages in the EPAG+IST and haplo-HSCT groups were 46.0-years (range: 32–60-years) and 9.2-years (range: 8–28-years), respectively (p = 0.07). Male patients were 53.4% (range: 52.4–54.3%) in the EPAG+IST group and 60.5% (range: 55.6–70.0%) in the haplo-HSCT group (p = 0.10). The incidence of VSAA in the haplo-HSCT group was 35.5% (range: 4.3–45.0%).

The 1-year OS in the EPAG+IST group was similar to that in the haplo-HSCT group (p = 0.303, Figure 2C). The 2-year OS in the EPAG+IST group was similar to that in the haplo-HSCT group (p = 0.558, Figure 2D).



Comparison of Deaths and Cause of Mortality

Two studies involving 113 patients in the EPAG+IST group and five studies involving 165 patients in the haplo-HSCT group reported the causes of deaths. The median age in the EPAG+IST group and haplo-HSCT group was 46.0-years (range: 32–60-years) and 9.3-years (range: 8–28-years), respectively (p = 0.07). Male patients were 53.4% (range: 52.4–54.3%) in the EPAG+IST group and 60.5% (range: 55.6–70.0%) in the haplo-HSCT group (p = 0.10). The incidence of VSAA in the haplo-HSCT group was 35.5% (range: 4.3–45.0%). The mortality rate in the haplo-HSCT group was similar to that in the EPAG+IST group (p = 0.098, Figure 3A).
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FIGURE 3. Indirect comparison the overall response rate (ORR) and complete response (CR) rate between EPAG+IST and haplo-HSCT group in age-matched population. (A) Bar plots show similar ORR between the two groups. ns, p > 0.05, based on the Student t-test. (B) Bar plots show similar ORR between the two groups. ns, p > 0.05, based on the Student t-test. EPAG, eltrombopag; IST, immunosuppressive therapy; haplo-HSCT, haploidentical hematopoietic stem cell transplantation.


Two patients died of infections while one patient died of paraneoplastic encephalopathy at 3 months after treatment in the EPAG+IST group. Eight patients died of infections, six patients died of GVHD, four patients died of post-transplant lymphoproliferative disease, two patients died of graft failure, and the remaining two patients died of cardiogenic shock and suicide in the haplo-HSCT group (Table 2).


Table 2. Summary of the cause of deaths in EPAG+IST and haplo-HSCT group.
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Clonal Evolution and Relapse Rate in Eltrombopag Plus Immunosuppressive Therapy and Haploidentical Hematopoietic Stem Cell Transplantation Group

Patients in the EPAG+IST group reported the rate of clonal evolution and relapse. Three studies involving 152 patients reported a clonal evolution rate, ranging at 8~14%. The most frequent clonal evolution was loss of chromosome 7. Progression to MDSs or AML was not observed in the studies of Assi et al. or Groarke et al., nor was the development of PNH. Townsley et al. reported that one (1.1%) patient with a complex karyotype progressed to AML, while two (2.2%) patients developed PNH during follow-up. No data were available for clone evolution in the haplo-HSCT group.

Two studies involving 113 patients reported a relapse rate of 19 and 31%, respectively, for the EPAG+IST group. The study by Cheng et al. was the only one that mentioned the relapse rate in the haplo-HSCT group. They documented that there was no relapse at a median of 37.9 months of follow-up. No other relapse was reported for the rest of the studies.



The Incidence of Graft vs. Host Disease in the Haploidentical Hematopoietic Stem Cell Transplantation Group

Five studies involving a total of 165 patients reported the incidence of acute GVHD (aGVHD) in the haplo-HSCT group. The average median age in the haplo-HSCT group was 9.3-years (range: 8–28-years). Male patients were 60.5% (range: 55.6–70.0%) in the haplo-HSCT group. The incidence rate of VSAA in the haplo-HSCT group was 35.5% (range: 4.3–45.0%). The incidence of aGVHD in the haplo-HSCT was high, ranging at 52–57% (Table 3). The incidence of cGVHD differed considerably in included studies, ranging at 12–67% (Table 3).


Table 3. Summary of the incidence of aGVHD and cGVHD in the haplo-HSCT group.
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Mycophenolate mofetil, CsA, and methotrexate were the main drug for prophylaxis against GVHD and infection, as summarized in Table 4.


Table 4. Summary the data on infection prophylaxis and GVHD prophylaxis regimens.
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The ORR of the EPAG+IST group was also similar to that in the haplo-HSCT group in age-matched population (p = 0.793, Figure 3A). The CR rate in the EPAG+IST group was lower than that for the haplo-HSCT group (p = 0.064, Figure 3B).



Subgroup Analyses of 6 Month Overall Response Rate/Complete Response Rate

To make the patients' baselines compatible, we picked those with a similar age [Townsley et al. (23) and Groarke et al. (30) in the EPAG+IST group and Yang et al. (3) and Xu et al. (31) in the haplo-HSCT group]. The median age was 28.5-years (range: 15–39-years) and 20.5-years (range: 13–28-years) in the EPAG+IST and haplo-HSCT groups, respectively (p = 0.40). The percentage of males was 55.0% (range: 53.0–55.0%) and 65.1% (range: 60.1–70.0%) in the EPAG+IST and haplo-HSCT groups, respectively (p = 0.10). The percentage of VSAA was 34.4% in the haplo-HSCT group.

The ORR of the EPAG+IST group was also similar to that in the haplo-HSCT group in age-matched population (p = 0.793, Figure 3A). The CR rate in the EPAG+IST group was lower than that in the haplo-HSCT group (p = 0.064, Figure 3B).



Risk of Bias Among the Included Studies

The items selected for quality assessment of studies included in the EPAG+IST and haplo-HSCT groups are shown in Supplementary Table 1. Overall, two studies showed a low risk of bias, while two studies showed an unclear risk of bias in the EPAG+IST group.

Bias assessment for studies in the haplo-HSCT group showed a high risk of bias in one study and an unclear risk of bias for the other five studies.




DISCUSSION

Eltrombopag (EPAG), an oral synthetic small-molecule thrombopoietin receptor agonist, was found to be effective for SAA patients that were refractory to either IST or the frontline choice (23). The development of EPAG, with its associated efficacy and safety, has greatly altered the treatment outline for SAA. However, it is associated with relapse and clonal evolution due to its stimulation on both megakaryopoiesis and hematopoiesis of other cell lineages.

Since EPAG has been used for the treatment of AA for only a short time while haplo-HSCT has been widely used in recent years, their long-term effects have not been established. In this study, we searched for all the possible related publications. After careful selection, a total of 447 patients from 10 cohort studies were enrolled. Baseline characteristics showed that patients in the EPAG+IST group were much older than those in the haplo-HSCT group. However, data on disease severity were not available in the EPAG+IST group. When the two groups were compared for ORR/CR, 1-/2-year OS, a few studies had to be excluded due to data absence.

Population characteristic such as age, sex, and disease severity were evenly distributed in the total patient population.

Aged patients usually exhibit poor response to treatment when compared with the younger ones, for either IST or HSCT (35–37). Under this circumstance, we found that EPAG+IST had a very similar ORR (lower in absolute number) than the haplo-HSCT (81% in the EPAG+IST group and 86% in the haplo-HSCT group, p = 0.23). Since age was found to be an important factor for therapeutic efficacy, we next performed subgroup analysis for patients with comparable ages. There was no significant difference in ORR between the EPAG+IST group (higher in absolute number) and the haplo-HSCT group (87% vs. 85%). However, there was a low CR rate either in the total population or in the age-matched population in the EPAG+IST group than the haplo-HSCT group, which is comparable with the findings when IST alone and haplo-HSCT were compared (12, 14, 32). As for the OS, the average 1-/2-year OS rate was 94/89% in the EPAG+IST group and 86/84% in the haplo-HSCT group. OS was higher in the EPAG+IST group compared with the haplo-HSCT group.

The mortality rate was relatively small in the EPAG+IST group, and the known causes of deaths were infections and paraneoplastic encephalopathy. In the haplo-HSCT group, the death rate was higher (although not significant), and the main causes of deaths were infections and GVHD. The high mortality rate attributed to GVHD in the haplo-HSCT group implied a relatively high treatment-related toxicity. Moreover, we found that the incidence of GVHD in the haplo-HSCT group was high. Pooled aGVHD and cGVHD were 55 and 33%, respectively. Although most of these GVHD were well-managed and not lethal, they certainly caused a longer hospitalization period, increased medical burden, and reduced the quality of life (38, 39).

Xu et al. (31) reported that donors for adult patients were younger and verified that younger donors might be associated with a lower incidence of GVHD. Furthermore, recent observational studies with small sample size (40, 41) suggested that post-transplant cyclophosphenolate (PTCy) in combination with tacrolimus and mycophenolate is a more effective strategy than PTCy alone in preventing GVHD for older patients with hematological malignancies undergoing reduced-intensity condition (RIC) MUD SCT, but optimal GVHD prophylaxis remains need to be clarified by well-designed randomized controlled trials.

Older patients were found to respond better to EPAG+IST treatment in that they exhibited similar ORR and 1-/2-year OS to those aged younger in the haplo-HSCT group (3, 10, 23). In the age-matched subgroups of EPAG+IST, there were no significant differences in ORR and OS. However, there was a non-significant higher OS and less death rate, probably due to the small number of patients. These findings imply that EPAG+IST has comparable efficacy and OS with haplo-HSCT, even for younger patients, who are the right candidates for haplo-HSCT (35). So far, there was no head-to-head comparison for the frontline treatment of either EPAG+IST with MSD or EPAG+IST with haplo-HSCT. This study elucidates the implications for treatment choice in the era of EPAG. Of course, haplo-HSCT comes with a higher CR rate.

On the other hand, patients in the EPAG+IST group exhibited a clonal evolution rate of 9% and relapse rate of 15%, whereas no relapse or clone evolution was noticed during follow-up (median of 37.9 months) in one study. There was no other clonal evolution/relapse that was reported in the rest of the studies. These findings raised concerns about relapse and clone evolution for EPAG+IST. However, in the age-matched subgroup, in which patients were younger, there was less relapse as well as clonal evolution implying an age-related effect. Although no evidence for the increase of clone evolution rate has been identified when EPAG+IST was compared with the history controls of IST alone as the frontline therapy so far (23, 29), we do see the relapse when EPAG or IST was tapered or withdrawn (36, 42). VSAA patients usually exhibit higher chances of relapse and clonal evolution when compared with SAA patients (43). Therefore, for young VSAA patients, haplo-HSCT is an attractive option when MSD is not available (44), while for young SAA patients, treatment should be balanced depending on the related mortality and the long-term disease outcomes.

There are some limitations for our study. Due to the short period after EPAG approval for AA and the limited use of haplo-HSCT, only a few prospective/retrospective observational cohort studies with small sample sizes were included in this study. Lack of data directly comparing the therapy outcomes between EPAG+IST and haplo-HSCT groups, a narrative synthesis, rather than quantitative synthesis using meta-analysis model was applied in this study to indirectly compare the outcomes between EPAG+IST and haplo-HSCT groups. Moreover, studies on the long-term effectiveness and survival benefits of-EPAG+IST have not yet been published, making the long-term comparison impossible. Only a few of the enrolled studies reported CR/ORR in the haplo-HSCT group. Lack of a VSAA incidence in the EPAG+IST group inhibited comparisons of disease severity. Moreover, differences in treatment and supportive care in different centers, genomic background differences, imbalance of participant baseline characteristics among studies, and different treatment periods may lead to high heterogeneity, making the errors unavoidable.

Furthermore, studies on the long-term effectiveness and survival benefits of EPAG+IST have not yet been published, making the long-term comparison impossible. Only a few of the enrolled studies reported on CR/ORR in the haplo-HSCT group. Lack of a VSAA incidence in the EPAG+IST group inhibited comparisons of disease severity. Moreover, differences in treatment and supportive care in different centers, genomic background differences, imbalance of participant baseline characteristics among studies, and different treatment periods may lead to high heterogeneity, making the errors unavoidable.

In conclusion, this study elucidates the treatment options for SAA, especially in the lack of MSD. Well-designed randomized clinical trials with larger sample sizes and long-term follow-up periods are needed to confirm our findings.
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Posttransplant lymphoproliferative disorder (PTLD) is a rare complication after allogeneic hematopoietic stem cell transplantation (allo-HSCT) with poor prognosis. We report a patient with PTLD involved central nervous system (CNS) who treated with zanubrutinib, a second-generation Bruton tyrosine kinase (BTK) inhibitor. Our report supports the efficacy of bruton tyrosine kinase inhibitor zanubrutinib in the treatment of CNS-PTLD, which provides a new therapeutic option.
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Introduction

Post-transplantation lymphoproliferative disorder (PTLD) is a spectrum of unregulated lymphoid expansion ranging from polyclonal hyperplasia to monoclonal malignant lymphoma, which normally presents with nonspecific signs such as prolonged fever and lymphadenopathy (1). Most PTLDs originate from B cells, associated with Epstein-Barr virus (EBV) reactivation. Compared with PTLD in solid organ transplantation, PTLD after hematopoietic stem-cell transplantation (HSCT) is characteristic of high invasion, early dissemination and high mortality. Currently, there is no consensus regarding the treatment of PTLD.



Case Presentation

A 39-year-old Chinese man was diagnosed with BCR-ABL-positive acute lymphoblastic leukemia in November 2018. He was treated with 8 cycles of chemotherapy combined with imatinib, resulting in complete remission (CR). He received haploidentical hematopoietic stem cell transplantation (HSCT) from his daughter on September 25, 2019 during the first CR under a myeloablative conditioning regimen (cytarabine, busulfan, cyclophosphamide, methyl-N-2-chloroethyl-N-cyclohexyl-N-nitrosourea, and anti-thymocyte globulin). Prophylaxis against graft-versus-host disease comprised mycophenolate mofetil (MMF), cyclosporine (CsA), and short-course methotrexate (MTX). Neutrophils and platelets were engrafted on days +13 and +14, respectively. Cytogenetic studies showed complete donor chimerism on day +30. The EBV-DNA loads in the blood measured by real-time quantitative polymerase chain reaction were monitored weekly for the first 3 months after transplantation, every 2 weeks from the fourth month posttransplant. Acyclovir was used to prevent virus infection. Once EBV-DNA in the blood was positive, ganciclovir was administered until EBV-DNA turned negative on 2 consecutive measurements.

He was admitted to our center owing to headache, dizziness, and vomiting on day +90. Lumbar puncture revealed that the intracranial pressure exceeded 400 mmH2O. Cerebrospinal fluid (CSF) next generation sequencing (NGS) was positive for Toxoplasma gondii (T. gondii). Toxoplasma serology tests were positive for IgG (16.72 IU/mL), but negative for IgM. Contrast-enhanced brain magnetic resonance imaging (MRI) demonstrated multiple enhancing hyperintense lesions surrounded by edema in bilateral cerebellar and cerebral hemispheres (Supplementary Figures 1A–C). He was diagnosed with cerebral toxoplasmosis based on these findings. Oral sulfamethoxazole (SMZ, 1.44 g, thrice daily) and intravenous clindamycin (400 mg, 4 times daily) were administered. His clinical signs resolved completely after 1 week of treatment. After 2 weeks, brain MRI showed a marked decrease in the size of the lesions and perifocal edema. Hence, he was discharged and switched to maintenance therapy with oral azithromycin (500 mg, once daily) and SMZ (0.96 g, twice weekly). Brain MRI performed 1 month after discharge (on day +153 after HSCT) indicated near resolution of the multiple lesions and perifocal edema (Supplementary Figures 1D–F).

The patient presented with a recurring headache, accompanied by reducing right-sided power and binocular diplopia on day + 203 after HSCT, which underwent gradual exacerbation. He was readmitted to our center on day +223. Physical examination revealed grade IV muscle strength in the right limb and a positive Babinski sign on the right side. Brain MRI revealed a thalamic ring-enhancing lesion surrounded by edema on the left side (Figure 1A). CSF analyses demonstrated elevated cerebrospinal pressure (230 mmH2O) and elevated protein levels (1.280 g/L, reference <0.5 g/L). NGS of CSF was negative for bacterial, fungal, viral, or parasitic organisms. The serum Epstein-Barr virus (EBV)-DNA titer monitored twice a week ranged from 1.61×103 to 4.0×104copies/ml, with the treatment of ganciclovir. The distribution of T-cell subsets was examined: CD3+ T-cell count was 69 cells/μL, CD4+/CD8+ T cell was 0.57 and CD19+ B-cell count was 2 cells/μL, indicating that the patient was in a state of immunodeficiency. Systemic GVHD was not observed in the patient. Empirical treatment against Toxoplasma infection was implemented for 2 weeks but was ineffective. His clinical condition progressed on day +244 with grade II right-sided muscle strength, recurrent seizures, urinary incontinence, lethargy, memory loss, and transient consciousness disturbance. MRI was repeated, which revealed further enlargement of the lesion in the left thalamus, with a maximum diameter of approximately 53 mm (Figure 1B). We performed magnetic resonance spectroscopy (MRS), which depicted significant elevated lipid (Lip) and choline compounds (Cho) peaks, suggestive of lymphoma (Figures 2A, B). Brain biopsy, which was performed to confirm the diagnosis, identified monomorphic diffuse large B-cell lymphoma with EBV infection. The tumor cells stained positive for CD19, CD20, PAX-5, Ki-67 (approximately 65%), CD30, Bcl-2 (approximately 100%), MUM1, c-myc (approximately 25%), CD79a, and CD43 (Figures 3A–C). The results of EBV-encoded RNA in situ hybridization were positive (Figure 3D). Lung CT, abdominal B-ultrasound examination and bone marrow biopsy showed no evidence of systemic PTLD. Positron emission tomography-computed tomography (PET/CT) was not performed considering that the patient was critical with unstable conditions at that time. Based on these findings, the diagnosis of EBV-PTLD in central nervous system was made.




Figure 1 | Brain MRI of CNS-PTLD. (A) Emergence of CNS-PTLD on day +225. MRI revealed a hypointensity lesion in the left thalamus with ring enhancement (red arrow) on contrast-enhanced T1-weighted imagining. (B) Day +255 (before treatment): the enlarged lesion surrounded by significant edema with the longest diameter of about 53mm (T2 Flair). (C) Day +280 (three weeks after the use of rituximab and MTX): reduction in the size of the lesion and edema with the longest diameter of 36.4mm (T2 Flair). (D) Day +363 (after whole-brain radiotherapy completed): further reduction in the size of the lesion with the longest diameter of 29mm (T2 Flair). (E) Day +477(three months after the start of zanubrutinib): the reduced lesion with the longest diameter of 24mm (T2 Flair). MRI, magnetic resonance imaging; CNS-PTLD, central nervous system post-transplant lymphoproliferative disorder.






Figure 2 | Single-voxel 1H-magnetic resonance spectroscopy of the tumor area in the left thalamus showing elevated Cho peak in 3.2 ppm and Lip peak in 1.3ppm with decreased NAA in 2.0 ppm, with corresponding short echo time spectra (A, TE=35ms) and long echo time spectra (B, TE=144ms). Cho, choline compounds; Lip, lipid; NAA, N-acetyl-aspartate.






Figure 3 | Photomicrographs of the brain biopsy demonstrating a monomorphic diffuse large B-cell lymphoma with EBV infection. [hematoxylin and eosin (H&E) stain; original magnification (A) ×50; (B) ×200]. Immunohistochemical stains showed that the infiltrating lymphocytes were positive for CD20 (C). EBV-encoded RNA in situ hybridization was positive in the infiltrating cells (D).



Thus, CsA administration (50mg daily) was discontinued at the diagnosis of PTLD on day +250. A single dose of rituximab 375 mg/m2 was administrated on day +252, followed by high-dose methotrexate (MTX, 6 g) on day +256. After MTX+ rituximab, his consciousness improved and the seizure disappeared, although he still had a headache with a numerical rating scale (NRS) score of 3. Brain MRI indicated a reduction in lesion size, with the longest diameter of 36mm (Figure 1C). Serum EBV-DNA load decreased to 2 log10 within three weeks after administration of chemotherapy. The response to MTX+rituximab was stable disease. During the treatment of MTX+rituximab, the WBC and platelet counts decreased to a minimum of 0.9×109/L and 28×109/L, respectively. The patient also developed pulmonary infection. Considering that the patient’s inability to tolerate chemotherapy, whole-brain radiotherapy (WBRT) was implemented on day + 280 (30 times, total dose of 30 Gy) for 47 days. During radiotherapy, the platelet and white blood cell (WBC) counts decreased to a minimum of 34 x 109/L and 0.9 x 109/L, respectively, but gradually recovered to normal. At the end of radiotherapy, his headaches were alleviated (NRS score=2) and the language impairment and dyskinesia also recovered gradually. Brain MRI showed the remained lesion with the longest diameter of 29mm (Figure 1D) and the serum EBV DNA load in the blood reduced to an undetectable level. After radiotherapy, the patient achieved partial response (PR) and his condition was stable, but there were still residual intracranial lesions. The patient refused further systemic chemotherapy. Considering the therapeutic activity of bruton tyrosine kinase (BTK) inhibitors for CNS lymphomas, the patient was administered oral zanubrutinib 80 mg daily (given the concurrent administration of posaconazole for preventing fungal infection) on day +382. He developed transient systemic migrating muscle soreness on the first day during zanubrutinib therapy, which was ameliorated 1 day after discontinuation of the drug. Oral administration of zanubrutinib was subsequently continued without any other side-effects. Blood counts were monitored regularly: the lowest WBC count was 2.9 x 109/L, and the hemoglobin and platelet counts were within the normal range. After starting zanubrutinib, His dizziness and headache had resolved, and the findings of neurological examination were normal. The serum EBV-DNA loads remained negative during the treatment of zanubrutinib. Follow-up brain MRI revealed that the lesion’s size decreased to 24 x 24 x 21 mm (Figure 1E) with a response of PR. Until the last follow-up in February 2021(day +516), he was alive without and clinical symptom and continued to take zanubrutinib. The treatment process and changes of serum EBV-DNA titer are summarized in Figure 4.




Figure 4 | The clinical treatment process of posttransplant lymphoproliferative disorder (PTLD) after transplantation and the changes of serum EBV-DNA titers. HSCT, hematopoietic stem cell transplantation; CsA, cyclosporine; MTX, methotrexate; WBRT, whole-brain radiotherapy.





Discussion

To date, there has been no definite guideline or consensus for the optimal treatment for CNS-PTLD after HSCT. The available therapeutic options include the withdrawal of immunosuppressive agents, high-dose MTX and cytarabine, WBRT and adoptive immunotherapy with EBV-specific cytotoxic T lymphocytes (2, 3). Although the patient achieved a PR with significant improvement of clinical symptoms after chemotherapy+ rituximab and WBRT, his headache remained, and MRI showed apparent residual lesions. Subsequent systemic chemotherapy was not considered because the patient refused chemotherapy. EBV-specific cytotoxic T lymphocytes(CTLs) derived from EBV-seropositive transplantation donors or the third party is effective in treat EBV- induced lymphoproliferative diseases through attacking EBV-infected cells, with durable response (4). Doubrovina et al. reviewed 19 EBV-PTLD patients who received EBV-specific CTL infusion after HSCT; in this study, 13 patients (85%) achieved CR and GVHD didn’t occur in any patients (5). However, EBV-specific CTLs was unavailable in our center.

BTK, which is a tyrosine-protein kinase, is critical to B-cell maturation and proliferation, has emerged as a significant therapeutic target for various B-cell malignancies (6, 7). The first-generation BTK inhibitor ibrutinib has shown promising results for CNS lymphoma (8, 9). A phase I clinical trial conducted by Grommes et al. reported that ibrutinib showed a 77% (10/13) clinical response in patients with relapsed or refractory CNS lymphoma, including CR and partial response in 5 patients each (9). Zanubrutinib (BGB-3111), a highly-specific, irreversible second generation BTK inhibitor developed in China, has greater selectivity and higher anti-tumor activity for BTK compared to ibrutinib. It shows more restricted off-target activity for a series of kinases, such as interleukin-2-induced kinases (ITK), Scr family kinases, and epidermal growth factor receptor (EGFR), thereby limiting the toxicity and side-effects (10). It has been approved for relapsed/refractory mantle cell lymphoma and chronic lymphocytic leukemia/small lymphocytic lymphoma. Moreover, its utility for the treatment of other B-cell malignancies is also being investigated worldwide. In our case, a further decrease in the size of lesions was observed 3 months after the use of zanubrutinib, suggesting its efficacy in treating CNS PTLD. The drug is well-tolerated, and no obvious hematological toxicity or infection was observed during the period of treatment. The patient should take zanubrutinib consistently until treatment failure or the occurrence of unacceptable toxicities. To the best of our knowledge, this was the first report to describe treatment of CNS-PTLD with zanubrutinib. However, it is not sure whether the response of zanubrutinib for PTLD is durable or further improved. Longer follow-up is needed to evaluate its effect.



Conclusion

Our case shows that the novel BTK inhibitor zanubrutinib exhibit specific activity for CNS lymphomas. It provides a potential therapeutic option for CNS-PTLD when other attempted measures are judged to be ineffective or inappropriate.
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Supplementary Figure 1 | Brain Magnetic resonance imaging of cerebral toxoplasmosis. Multiple hyperintense enhancing lesions in bilateral cerebral hemispheres and cerebellar before treatment (on day +94 after transplantation) were observed (A–C). Two months after initiation of anti-toxoplasma therapy (on day +153 after transplantation), lesions had nearly disappeared (D, E). Red arrow indicated enhancing lesions on contrast-enhanced T1-weighted imaging.
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The prevention of chronic graft-versus-host disease (cGVHD) is important for recipients of hematopoietic stem-cell transplantation (HSCT). As one of the etiologies, the relationship between early T-cell recovery and subsequent cGVHD development has been the focus of attention. Recently, letermovir (LTV) was approved for preventing cytomegalovirus (CMV) reactivation in the early transplantation phase. Although CMV affects the immune reconstitution after HSCT, the impacts of LTV to prevent CMV reactivation on early T-cell recovery and cGVHD have not been fully investigated. We aimed to identify early T-cell recovery under LTV at day 30 in 15 and 33 recipients from matched related donors (MRDs) and haploidentical donors with post-transplant cyclophosphamide (PTCy-haplo), respectively. Early increases in the levels of total lymphocytes and HLA-DR+ activated T-cells at day 30 were observed under CMV prophylaxis by LTV only in PTCy-haplo recipients and not in MRD recipients. Moreover, PTCy-haplo recipients with LTV showed a significantly higher incidence of cGVHD, but not acute GVHD. Our observations suggest that an early increase in the levels of HLA-DR+ activated T-cells may be implicated in the development of cGVHD in patients treated with PTCy who received LTV. Further studies are warranted to validate our results and elucidate the detailed mechanisms of our new insights.
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Introduction

Recently, it has been reported that in vivo T-cell depletion therapy with antithymocyte globulin (ATG) or post-transplant cyclophosphamide (PTCy) is associated with the suppression of subsequent development of chronic graft-versus-host disease (cGVHD), suggesting the importance of regulating the early T-cell recovery after hematopoietic stem cell transplantation (HSCT) for the long-term immune tolerance (1, 2). Although the kinetics of lymphocyte recovery and its correlation with post-HSCT outcomes are well-established in the setting of matched related donors (MRDs), there are relatively few data obtained in the setting of haploidentical donors and post-transplant cyclophosphamide use (PTCy-haplo) (3). Cytomegalovirus (CMV) reactivation is an important cause of morbidity and mortality after allogeneic HSCT, which has also been reported to affect both early and long-term immune reconstitution (4). Moreover, PTCy-haplo transplant recipients show a high rate of CMV reactivation (about 70%) early after transplantation (5–7). Therefore, theoretically, a new anti-CMV prophylaxis agent letermovir (LTV) approved in 2018 in some countries including Japan could be considered for a subset of PTCy-haplo patients (8, 9). However, because LTV has been approved only recently, there is still a paucity of literature on its use for the prevention of lymphocyte recovery caused by CMV reactivation in PTCy-haplo transplant recipients (10).

In this study, we aimed to examine the early HLA-DR+ activated T-cell recovery in MRDs and PTCy-haplo transplant recipients treated with LTV for CMV prophylaxis and determine the association of lymphocyte recovery with cGVHD development. All participants or their family members provided written informed consent for inclusion in retrospective studies. This study was conducted in accordance with the Declaration of Helsinki and was approved by the ethical review board of the Kameda Medical Center.



Methods

We retrospectively analyzed 15 MRD and 33 PTCy-haplo transplant recipients who received allogeneic HSCT as grafts of peripheral blood (PB) at our center from January 1, 2014 to August 31, 2020 (Table 1). The observation period ended on November 31, 2020. The haploidentical donor was defined as a relative who had two or more mismatches in human leukocyte antigen (HLA)-A, -B, -C, and -DRB1 alleles. GVHD prophylaxis was performed as follows: high-dose cyclophosphamide (50 mg/kg) on days 3 and 4, and both tacrolimus and mycophenolate mofetil (MMF) from day 5 in PTCy-haplo transplant recipients, and short-term methotrexate on day 1, 3, and 6 or MMF and calcineurin inhibitors from day -1 in MRD transplant recipients. CMV reactivation was defined as the detection of 3 or more positive cells per 50,000 cells by pp65 CMV-antigenemia assay in patients’ peripheral blood without obvious end-organ dysfunction, monitored routinely weekly until day 100 or as long as clinically indicated unnecessary. CMV disease was defined by end-organ dysfunction attributable to CMV confirmed by organ biopsy because these conditions would require the administration of anti-CMV drugs (11, 12).


Table 1 | Patients’ baseline characteristics.



cGVHD diagnosis and grading were based on a previous report (13). Relapse-free survival (RFS) was defined as the time between transplantation and relapse, death, or the end of the study period. Overall survival (OS) was defined as the time between transplantation and death or the end of the study period. The probability of RFS and OS was estimated using the log-rank test. Competing events for cGVHD were death or relapse without GVHD. The groups were compared using Gray’s test. All statistical analysis was conducted using R version 3.1.2 (The R Foundation for Statistical Computing, Vienna, Austria) and using the EZR software package (Saitama Medical Center, Jichi Medical University, Shimotsuke, Japan), which is a graphical user interface for R (14).



Results

Baseline clinical characteristics of the patients who received PTCy-haplo or MRDs are summarized in Table 1. The median age at transplantation in MRD and PTCy-haplo was both 56-year-old and 12 and 25 recipients in MRD and PTCy-haplo, respectively, were male. The background hematologic malignancies were acute myeloid leukemia/myelodysplastic disorders (AML/MDS) in 7, acute lymphoblastic leukemia (ALL) in 3, and malignant lymphoma (ML) in 1 in MRD recipients, and AML/MDS in 15, ALL in 3, and 7 in ML in PTCy-haplo recipients. Since LTV was approved in Japan in 2018, patients with LTV received transplantation after 2018. Overall, the patients’ backgrounds were similar between before and after LTV administration. The RFS of MRD (n=13) and PTCy-haplo (n=28) transplant recipients at 15 months was 75.5% and 55.5% (95% confidence interval [CI]: 42.6-91.4% and 31.9-73.8%), respectively. The OS of MRD and PTCy-haplo at 15 months was 66.7% and 55.1% (95% CI: 37.5–84.6% and 36.0–70.6%), respectively. The RFS and OS were not significantly different in terms of CMV reactivation and disease.

Regarding the efficacy of LTV, MRD transplant recipients prophylactically treated with LTV had a lower CMV reactivation and disease rate on day 100 than those not treated (0% vs. 57.1%, 95% CI: 0–0% vs. 26.6–90.2%; p = 0.081). Similarly, LTV-treated PTCy-haplo patients showed a significantly lower rate of CMV reactivation and disease on day 100 than untreated patients (12.2% vs. 81.2%, 95% CI: 3.4–40.5% vs. 59.8–95.4%; p = 0.001) (Figure 1A). Two PTCy-haplo recipients had CMV-disease (both CMV-colitis), and these patients was survived by ganciclovir treatment. No CMV-disease occurred in MRD recipients.




Figure 1 | Effects of CMV prophylaxis with LTV in matched related donor (MRD) transplantation and haploidentical transplantation with post-transplant cyclophosphamide (PTCy-haplo). (A) CMV reactivation and disease rate at day 100 in MRD and PTCy-haplo transplant recipients. Statistical analysis was performed using the Kaplan−Meier method with log-rank analysis and Gray’s test. (B) Counts of total lymphocytes (left, B1) and HLA-DR+ activated T-cells (right, B2) in MRD and PTCy-haplo transplant recipients treated or not with LTV. Statistical analysis was performed using the Mann−Whitney U test. (C) Development of moderate-to-severe chronic GVHD at 15 months in MRD and PTCy-haplo patients.



Next, we examined early T-cell recovery on day 30 in MRD and PTCy-haplo patients (Table 2). The median total lymphocyte recovery was delayed in the PTCy-haplo group compared with the MRD group (298/μL vs. 636/μL, p = 0.015). To investigate the effect of CMV prophylaxis by LTV on T-cell recovery, we further divided MRD and PTCy-haplo patients into LTV-treated and -untreated subgroups (Table 1); the patient backgrounds in each of the two MRD or PTCy-haplo subgroups were almost compatible. On day 30, there was no significant difference in total lymphocyte counts between LTV-treated and untreated MRD patients; however, a significant increase in total lymphocyte count was observed in LTV-treated PTCy-haplo patients (median 694/μL vs. 186/μL in the untreated group; p < 0.001) (Figure 1B1). We also detected an increasing trend to increase in the levels of CD3+HLA-DR+, CD4, and CD8 T-cells in the LTV-treated compared with the LTV-untreated PTCy-haplo patients (median HLA-DR+ activated T-cells:150/μL vs. 59/μL, p = 0.079, CD4+ and CD8+ T-cells are shown in Table 2). However, there was no statistically significant difference in HLA-DR+ activated T-cells, CD4+, and CD8+ T-cells between LTV-treated and -untreated MRD transplant recipients (median HLA-DR+ activated T-cells: 54/μL vs. 130/μL, p = 0.29) on day 30 (Figure 1B2, Table 2).


Table 2 | Lymphocytes count in MRD and PTCy-haplo.



As the early recovery of HLA-DR+ activated T-cells was observed only in PTCy-haplo patients prophylactically receiving LTV, we further investigated the rate of moderate to severe cGVHD based on 3.3 months landmark analysis. PTCy-haplo transplant recipients treated with LTV showed a significant increase in the cGVHD rate at 15 months compared with those not treated (63.3% vs. 12.5%, 95% CI: 30.5–93.7% vs. 1.9–61.3%, p = 0.025; Figure 1C). However, no difference in the cGVHD rate was observed among MRD patients treated or not with LTV. The cumulative incidence of grade II-IV acute GVHD (aGVHD) was not significantly different in patients with LTV and without LTV in both MRD and PTCy-cohort (Table 1).



Discussion

These data demonstrated that only PTCy-haplo but not MRD transplant recipients subjected to CMV prophylaxis by LTV showed early recovery of total lymphocytes as well as HLA-DR+ activated T-cells. These PTCy-haplo patients with LTV showed a significantly high incidence of cGVHD, but not aGVHD in this study. In general, a significant increase of acute and chronic GVHD has been reported in recipients using graft from PB which content high HLA-DR+ activated T-cells (15–17). However, due to the protective effect of PTCy on regulatory T-cells (18, 19), it is considered that the incidence of aGVHD was not increased, which was compatible to the previous report (9). On the other hand, although the reason for early HLA-DR+ activated T-cell expansion observed after CMV prophylaxis by LTV only in PTCy-haplo patients is still unknown, possible underlying mechanisms could include shifts in cytokine dynamics for CMV protection and changes in the integrity and heterogeneity of the T-cell repertoire (20–22).

The risk factors reported for cGVHD development in PTCy-haplo transplant recipients, including reduced-intensity conditioning regimens, older donor age, and PB as a graft source (23), are associated with increased alloreactive T-cell proliferation and exhaustion. T-cell-depleting antibodies such as ATG can suppress the development of cGVHD by removing early alloreactive T-cells (1). The other possible mechanism of increased cGVHD in PTCy-haplo recipients with LTV was insufficient T-cell suppression in the early-phase of transplantation. Therefore, to inhibit early T-cell expansion and prevent cGVHD in PTCy-haplo transplant recipients, additional prolonged immunosuppression after PTCy administration could be considered.

The limitations of our study include the heterogeneous patient background and small sample size. The data on T-cells after day 30 and functional assay for mediating alloreactive T-cells such as interferon-gamma and tumor necrosis factor-alfa were not collected systematically. The correlation between HLA-DR+ activated T-cells and chronic but not acute GVHD might seem intriguing, however, we are unable to throw further light on the mechanistic pathways behind this association in the absence of longitudinal data. Further prospective studies on the relationship between detailed T-cell analysis and cGVHD under LTV are warranted because the use of LTV is expanding in the clinical practice. Despite these limitations, the uniformity of transplantation grafts (PB from haploidentical relatives) and GVHD prophylaxis (high-dose Cy, then tacrolimus and MMF) in PTCy-haplo patients could be considered a strength of this study.

In conclusion, our results revealed early HLA-DR+ activated T-cell expansion in PTCy-haplo but not in MRD patients who received LTV for CMV prophylaxis. These LTV-treated PTCy-haplo recipients showed a higher incidence of cGVHD; thus, these patients might be subjected to prolonged immunosuppression to prevent cGVHD development. Further studies are warranted to validate our findings and elucidate the detailed mechanisms underlying the effects reported here.



Data Availability Statement

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



Ethics Statement

This study was conducted in accordance with the Declaration of Helsinki and was approved by the ethical review board of the Kameda Medical Center. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



Author Contributions

TTe conceived, designed, and initiated the study, acquired data, and wrote the manuscript. K-iM, KN, TTs, and SY participated inwriting the manuscript. TTe and KN performed statistical analyses. TTe, KN, TTs, AK, RT, DM, MT, and KM provided patient care. KM supervised the study. All authors have reviewed and approved the final manuscript and agreed to be accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part of the work are appropriately investigated and resolved. All authors contributed to the article and approved the submitted version.



Acknowledgments

The authors would like to thank the Department of Hematology/Oncology residents of the Kameda Medical Center who provided medical care to the patients. We also thank Editage (www.editage.jp) for English language editing.



References

1. Kröger, N, Solano, C, Wolschke, C, Bandini, G, Patriarca, F, Pini, M, et al. Antilymphocyte Globulin for Prevention of Chronic Graft-Versus-Host Disease. N Engl J Med (2016) 374:43–53. doi: 10.1056/NEJMoa1506002

2. Mehta, RS, Holtan, SG, Wang, T, Hemmer, MT, Spellman, SR, Arora, M, et al. Composite GRFS and CRFS Outcomes After Adult Alternative Donor Hct. J Clin Oncol (2020) 38:2062–76. doi: 10.1200/JCO.19.00396

3. McCurdy, SR, and Luznik, L. Immune Reconstitution After T-cell Replete HLA-haploidentical Transplantation. Semin Hematol (2019) 56:221–6. doi: 10.1053/j.seminhematol.2019.03.005

4. Lugthart, G, van Ostaijen-Ten Dam, MM, Jol-van der Zijde, CM, van Holten, TC, Kester, MG, Heemskerk, MH, et al. Early Cytomegalovirus Reactivation Leaves a Specific and Dynamic Imprint on the Reconstituting T Cell Compartment Long-Term After Hematopoietic Stem Cell Transplantation. Biol Blood Marrow Transplant (2014) 20:655–61. doi: 10.1016/j.bbmt.2014.01.018

5. Crocchiolo, R, Bramanti, S, Vai, A, Sarina, B, Mineri, R, Casari, E, et al. Infections After T-replete Haploidentical Transplantation and High-Dose Cyclophosphamide as Graft-Versus-Host Disease Prophylaxis. Transpl Infect Dis (2015) 17:242–9. doi: 10.1111/tid.12365

6. Goldsmith, SR, Slade, M, DiPersio, JF, Westervelt, P, Lawrence, SJ, Uy, GL, et al. Cytomegalovirus Viremia, Disease, and Impact on Relapse in T-cell Replete Peripheral Blood Haploidentical Hematopoietic Cell Transplantation With Post-Transplant Cyclophosphamide. Haematologica (2016) 101:e465–8. doi: 10.3324/haematol.2016.149880

7. Lin, A, Maloy, M, Su, Y, Bhatt, V, DeRespiris, L, Griffin, M, et al. Letermovir for Primary and Secondary Cytomegalovirus Prevention in Allogeneic Hematopoietic Cell Transplant Recipients: Real-World Experience. Transpl Infect Dis (2019) 21:e13187. doi: 10.1111/tid.13187

8. Marty, FM, Ljungman, P, Chemaly, RF, Maertens, J, Dadwal, SS, Duarte, RF, et al. Letermovir Prophylaxis for Cytomegalovirus in Hematopoietic-Cell Transplantation. N Engl J Med (2017) 377:2433–44. doi: 10.1056/NEJMoa1706640

9. Lin, A, Flynn, J, DeRespiris, L, Figgins, B, Griffin, M, Lau, C, et al. Letermovir for Prevention of Cytomegalovirus Reactivation in Haploidentical and Mismatched Adult Donor Allogeneic Hematopoietic Cell Transplantation With Post-Transplantation Cyclophosphamide for Graft-Versus-Host Disease Prophylaxis. Transplant Cell Ther (2021) 27:85.e1–e6. doi: 10.1016/j.bbmt.2020.10.009

10. Rambaldi, B, Kim, HT, Reynolds, C, Chamling Rai, S, Arihara, Y, Kubo, T, et al. Impaired T- and NK-cell Reconstitution After Haploidentical HCT With Posttransplant Cyclophosphamide. Blood Adv (2021) 5:352–64. doi: 10.1182/bloodadvances.2020003005

11. Kanda, Y, Mineishi, S, Saito, T, Saito, A, Ohnishi, M, Niiya, H, et al. Response-Oriented Preemptive Therapy Against Cytomegalovirus Disease With Low-Dose Ganciclovir: A Prospective Evaluation. Transplantation (2002) 73:568–72. doi: 10.1097/00007890-200202270-00015

12. Kanda, Y, Yamashita, T, Mori, T, Ito, T, Tajika, K, Mori, S, et al. A Randomized Controlled Trial of Plasma Real-Time PCR and Antigenemia Assay for Monitoring CMV Infection After Unrelated BMT. Bone Marrow Transplant (2010) 45:1325–32. doi: 10.1038/bmt.2009.337

13. Jagasia, MH, Greinix, HT, Arora, M, Williams, KM, Wolff, D, Cowen, EW, et al. National Institutes of Health Consensus Development Project on Criteria for Clinical Trials in Chronic Graft-Versus-Host Disease: I. The 2014 Diagnosis and Staging Working Group Report. Transplant Cell Ther (2015) 21:389–401. doi: 10.1016/j.bbmt.2014.12.001

14. Kanda, Y. Investigation of the Freely Available Easy-to-Use Software ‘Ezr’ for Medical Statistics. Bone Marrow Transplant (2013) 48:452–58. doi: 10.1038/bmt.2012.244

15. Favre, G, Beksaç, M, Bacigalupo, A, Ruutu, T, Nagler, A, Gluckman, E, et al. Differences Between Graft Product and Donor Side Effects Following Bone Marrow or Stem Cell Donation. Bone Marrow Transplant (2003) 32:873–80. doi: 10.1038/sj.bmt.1704245

16. Vasu, S, Geyer, S, Bingman, A, Auletta, JJ, Jaglowski, S, Elder, P, et al. Granulocyte Colony-Stimulating Factor-Mobilized Allografts Contain Activated Immune Cell Subsets Associated With Risk of Acute and Chronic Graft-versus-Host Disease. Biol Blood Marrow Transplant (2016) 22:658–68. doi: 10.1016/j.bbmt.2015.12.015

17. Bashey, A, Zhang, MJ, McCurdy, SR, St Martin, A, Argall, T, Anasetti, C, et al. Mobilized Peripheral Blood Stem Cells Versus Unstimulated Bone Marrow As a Graft Source for T-Cell-Replete Haploidentical Donor Transplantation Using Post-Transplant Cyclophosphamide. J Clin Oncol (2017) 35:3002–9. doi: 10.1200/jco.2017.72.8428

18. Kanakry, CG, Ganguly, S, Zahurak, M, Bolaños-Meade, J, Thoburn, C, Perkins, B, et al. Aldehyde Dehydrogenase Expression Drives Human Regulatory T Cell Resistance to Posttransplantation Cyclophosphamide. Sci Transl Med (2013) 5:211ra157. doi: 10.1126/scitranslmed.3006960

19. Ganguly, S, Ross, DB, Panoskaltsis-Mortari, A, Kanakry, CG, Blazar, BR, Levy, RB, et al. Donor CD4+ Foxp3+ Regulatory T Cells are Necessary for Posttransplantation Cyclophosphamide-Mediated Protection Against GVHD in Mice. Blood (2014) 124:2131–41. doi: 10.1182/blood-2013-10-525873

20. Krawczyk, A, Ackermann, J, Goitowski, B, Trenschel, R, Ditschkowski, M, Timm, J, et al. Assessing the Risk of CMV Reactivation and Reconstitution of Antiviral Immune Response Post Bone Marrow Transplantation by the QuantiFERON-CMV-assay and Real Time PCR. J Clin Virol (2018) 99–100:61–6. doi: 10.1016/j.jcv.2018.01.002

21. Camargo, JF, Wieder, ED, Kimble, E, Benjamin, CL, Kolonias, DS, Kwon, D, et al. Deep Functional Immunophenotyping Predicts Risk of Cytomegalovirus Reactivation After Hematopoietic Cell Transplantation. Blood (2019) 133:867–77. doi: 10.1182/blood-2018-10-878918

22. Suessmuth, Y, Mukherjee, R, Watkins, B, Koura, DT, Finstermeier, K, Desmarais , C, et al. CMV Reactivation Drives Posttransplant T-cell Reconstitution and Results in Defects in the Underlying Tcrβ Repertoire. Blood (2015) 125:3835–50. doi: 10.1182/blood-2015-03-631853

23. Im, A, Rashidi, A, Wang, T, Hemmer, M, MacMillan, ML, Pidala, J, et al. Risk Factors for Graft-Versus-Host Disease in Haploidentical Hematopoietic Cell Transplantation Using Post-Transplant Cyclophosphamide. Transplant Cell Ther (2020) 26:1459–68. doi: 10.1016/j.bbmt.2020.05.001



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

Copyright © 2021 Terao, Matsuoka, Narita, Tsushima, Yuyama, Kuzume, Tabata, Miura, Takeuchi and Matsue. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 22 July 2021

doi: 10.3389/fonc.2021.705568

[image: image2]


Immune Reconstitution-Based Score for Risk Stratification of Chronic Graft-Versus-Host Disease Patients


Fabio Serpenti 1†‡, Francesca Lorentino 1,2‡, Sarah Marktel 1, Raffaella Milani 3, Carlo Messina 1, Raffaella Greco 1, Stefania Girlanda 1, Daniela Clerici 1, Fabio Giglio 1, Carmine Liberatore 1, Francesca Farina 1, Sara Mastaglio 1, Simona Piemontese 1, Elena Guggiari 1, Francesca Lunghi 1, Magda Marcatti 1, Matteo G. Carrabba 1, Massimo Bernardi 1, Chiara Bonini 4,5, Andrea Assanelli 1, Consuelo Corti 1, Jacopo Peccatori 1, Fabio Ciceri 1,4* and Maria Teresa Lupo-Stanghellini 1*


1 Hematology and Bone Marrow Transplantation Unit, IRCCS San Raffaele Scientific Institute, Milan, Italy, 2 PhD Program in Public Health, School of Medicine and Surgery, University of Milano Bicocca, Milan, Italy, 3 Immunohematology and Transfusion Medicine Unit, IRCCS San Raffaele Scientific Institute, Milan, Italy, 4 University Vita-Salute, Milan, Italy, 5 Experimental Hematology Unit, IRCCS San Raffaele Scientific Institute, Milan, Italy




Edited by: 

Onder Alpdogan, Thomas Jefferson University, United States

Reviewed by: 

Attilio Olivieri, Università Politecnica delle Marche, Italy

Jakob Passweg, University Hospital of Basel, Switzerland

*Correspondence: 

Fabio Ciceri
 ciceri.fabio@hsr.it 

Maria Teresa Lupo-Stanghellini
 lupostanghellini.m@hsr.it


†Present address: 

Fabio Serpenti, Department of Hematology, Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Università degli Studi di Milano, Milan, Italy


‡These authors have contributed equally to this work and share first authorship



Specialty section: 
 This article was submitted to Hematologic Malignancies, a section of the journal Frontiers in Oncology



Received: 05 May 2021

Accepted: 09 July 2021

Published: 22 July 2021

Citation:
Serpenti F, Lorentino F, Marktel S, Milani R, Messina C, Greco R, Girlanda S, Clerici D, Giglio F, Liberatore C, Farina F, Mastaglio S, Piemontese S, Guggiari E, Lunghi F, Marcatti M, Carrabba MG, Bernardi M, Bonini C, Assanelli A, Corti C, Peccatori J, Ciceri F and Lupo-Stanghellini MT (2021) Immune Reconstitution-Based Score for Risk Stratification of Chronic Graft-Versus-Host Disease Patients. Front. Oncol. 11:705568. doi: 10.3389/fonc.2021.705568




Introduction

Allogeneic stem cell transplantation survivors are at a relevant risk of developing chronic GvHD (cGvHD), which importantly affects quality of life and increases morbidity and mortality. Early identification of patients at risk of cGvHD-related morbidity could represent a relevant tool to tailor preventive strategies. The aim of this study was to evaluate the prognostic power of immune reconstitution (IR) at cGvHD onset through an IR-based score.



Methods

We analyzed data from 411 adult patients consecutively transplanted between January 2011 and December 2016 at our Institution: 151 patients developed cGvHD (median follow-up 4 years). A first set of 111 consecutive patients with cGvHD entered the test cohort while an additional consecutive 40 patients represented the validation cohort. A Cox multivariate model for OS (overall survival) in patients with cGvHD of any severity allowed the identification of six variables independently predicting OS and TRM (transplant-related mortality). A formula for a prognostic risk index using the β coefficients derived from the model was designed. Each patient was assigned a score defining three groups of risk (low, intermediate, and high).



Results

Our multivariate model defined the variables independently predicting OS at cGvHD onset: CD4+ >233 cells/mm3, NK <115 cells/mm3, IgA <0.43g/L, IgM <0.45g/L, Karnofsky PS <80%, platelets <100x103/mm3. Low-risk patients were defined as having a score ≤3.09, intermediate-risk patients >3.09 and ≤6.9, and high-risk patients >6.9. By ROC analysis, we identified a cut-off of 6.310 for both TRM and overall mortality.

In the training cohort, the 6-year OS and TRM from cGvHD occurrence were 85% (95% CI, 70-92) and 13% (95% CI, 5-25) for low-risk, 64% (95% CI, 44-89) and 30% (95% CI, 15-47) for intermediate-risk, 26% (95% CI, 10-47), and 42% (95% CI, 19-63) for high-risk patients (OS p<0.0001; TRM p = 0.015).

The validation cohort confirmed the model with a 6-year OS and TRM of 83% (95% CI, 48-96) and 8% (95% CI, 1-32) for low-risk, 78% (95% CI, 37-94) and 11% (95% CI, 1-41) for intermediate-risk, 37% (95% CI, 17-58), and 63% (95% CI, 36-81) for high-risk patients (OS p = 0.0075; TRM p = 0.0009).



Conclusions

IR score at diagnosis of cGvHD predicts GvHD severity and overall survival. IR score may contribute to the risk stratification of patients. If confirmed in a larger and multicenter-based study, IR score could be adopted to identify patients at high risk and modulate cGvHD treatments accordingly in the context of clinical trial.





Keywords: chronic GvHD, immune reconstitution, biomarker, prognostic score, overall survival



Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT) is a recognized curative treatment for several benign and malignant disorders. Although HSCT outcomes have improved significantly over time (1), long term survivors are at a defined relevant risk of developing complications; life expectancy remains lower compared to the age- and gender-matched population (2). Acute and chronic graft-versus-host disease (aGvHD and cGvHD, respectively) represent the most detrimental complications: with standard pharmacologic prophylaxis aGvHD occurring in 20-50% of patients and cGvHD in 30-50% (3). One third of cGvHD patients dies within 5 years of cGvHD diagnosis.

For more than three decades, high dose prednisone has been the only reliable therapy for cGvHD; however new drugs are now becoming available, and some have entered clinical practice with considerable success (4–6). Considering the recent availability of more treatment choices, the need for predictive and prognostic biomarkers has emerged.

In 2014, the National Institute of Health (7) defined criteria for developing GvHD biomarkers and their clinical role: I) prognostic biomarkers - to identify patients at high risk of cGvHD, II) diagnostic biomarkers - to help diagnosis in case of clinical uncertainty, and III) predictive biomarkers - to predict outcome and response to therapy.

Identifying reliable biomarkers in cGvHD is a difficult task due to the pleiomorphism of the disease, lack of sufficient patient numbers within prospective trials, but also technical issues such as difficulties in probes selection, availability of clinical grade tests, and time-points identification (8).

For its biological implications and for its feasibility, the assessment of immune reconstitution (IR) represents a good cGvHD biomarker candidate.

Previous studies have described associations between several cellular biomarkers and cGvHD (9–18), however no cGVHD cellular biomarker has yet been qualified for use in clinical applications (7).

In this study, we evaluated CD3+, CD4+, and CD8+ cells, NK cells, and B cells as well as immunoglobulins levels as potential predictive biomarkers of cGvHD, with the aim of defining an easy, reliable, and reproducible score to stratify patients at diagnosis of cGvHD.



Materials and Methods

The primary endpoint of the study was to assess the impact of IR in risk stratification of cGvHD patients at diagnosis. The study objective was to find a prognostic index predicting the risk of TRM and probability of OS. To this aim we included additional cGvHD prognostic factors already identified by previous studies (19–21) in addition to IR variables.


Patients

Patients aged >/= 18 years undergoing their first HSCT for any disease in indication and with any donor type or conditioning regimen, transplanted at IRCCS San Raffaele Scientific Institute between January 2011 and December 2016 were considered eligible for the study. Patients undergoing a second or third HSCT were excluded. A total of 411 patients met our inclusion criteria, among these 151 patients experienced cGvHD.

We first tested our score on a training set of consecutive patients undergoing HSCT between July 2012 and December 2016. Follow-up lasted until June 1, 2021 (or patients were censored earlier in case of a second HSCT). We then validated the scoring system retrospectively in all consecutive patients undergoing HSCT between January 2011 and June 2012 and who later developed cGvHD. Follow-up lasted until June 1, 2021. A second validation set to prospectively validate the IR score is under evaluation: patients transplanted between January 2017 and December 2019 are so far in follow-up, monitored for occurrence of cGvHD and classified according to IR score. The outcome analysis will be performed at the completion of the third year after HSCT of the last transplanted patients – December 2022 (Supplementary Figure 1).



Prognostic Factors

We prospectively collected IR data of all our patients at the time of cGvHD diagnosis. IR variables were CD3+, CD3+CD4+, CD3+CD8+ (T cells and subsets), CD19+ (B cells), CD3-CD16+, and/or CD56+ (NK cells) absolute cell counts and levels of IgG, IgA, and IgM. The immunophenotype evaluation was performed on EDTA whole blood samples, using a lyse-no-wash technique and a panel of directly conjugated antibodies. Ten-color flow cytometry was performed using a Navios cytometer (Flow-Count™ Fluorospheres Beckman-Coulter) and Navios software. The single platform method was used to determine absolute counts. The analysis of lymphocyte subpopulations was performed on a lymphocyte population gate and on CD3+lymphocytes, using quadrant dot plot statistics. Immunoglobulin titers were assessed by immunoturbidimetric assays.

NIH 2004 (22) and subsequent 2014 (23) guidelines were followed for the diagnosis and staging of GvHD. Therapy and management followed our institutional protocol.

Clinical and transplantation variables (see below) used in the analysis included age, refined disease risk index (R-DRI) (24), HCT-Comorbidity Index (HCT-CI) (25), type of donor, GvHD prophylaxis, IR values at cGvHD diagnosis, history of prior acute GvHD, Karnofsky performance status (KPS), and platelet and total lymphocyte counts. These data and sample collection were part of the routine post-transplant assessment and did not require further blood sampling.



Ethical Statement

In this non-interventional, prospective, observational cohort study, informed consent for the use of clinical data for scientific purposes was obtained from all patients undergoing HSCT in accordance with the Declaration of Helsinki.

All patients were treated according to current institutional programs upon written informed consent for transplant procedures, use of medical records, and immunological studies for patients undergoing allogenic HSCT within the non-interventional ALMON study, approved by San Raffaele Institutional Ethical Committee on October 19, 2007.

Data collection and storage were performed according to current institutional guidelines for ensuring privacy.



Statistical Analysis and Definitions

The probability of overall survival (OS) was estimated using the Kaplan-Meyer estimator (26). Cumulative incidence was estimated for TRM to accommodate relapse as a competing risk. The log-rank test was used for univariate comparisons of survival curves, while the Gray’s test was conducted to compare cumulative incidences of competing risk endpoints. We built Cox multivariate models for OS in patients with cGvHD of any severity. Time was calculated from the development of cGvHD to the event of interest or last follow-up. Variables included in the models were the following: patient age (according to median value), R-DRI, type of donor (MRD – match related donor, MUD – match unrelated donor, CB – cord blood, MMRD – mismatch related donor), main GvHD prophylaxis (Anti Thymocyte Globulin [ATG]-based vs Post transplant Cyclophosphamide [PTCy]-based vs neither of the two), IR values at cGvHD diagnosis (according to median values), history of prior acute GvHD, Karnofsky performance status (KPS), platelet count <100x103/mm3, total lymphocyte count <1.0 x 103/mm3, and eosinophil count <0.5x103/mm3. A backward stepwise procedure was used for variable selection with a p-value <0.05. Once we identified the variables independently predicting OS by multivariate analysis, we derived a formula for a prognostic risk index by using the β coefficients found in the model.

Each patient, for whom we had information about all the variables found in the model, was then assigned a numeric score and three groups of risk were identified (low, intermediate, and high) by dividing the population into three classes using the first and third quartiles. This choice was based on the assumption that the proportion of patients either at low or high risk would be lower than that of patients at intermediate risk. Finally, to evaluate predictive performance of the IR score, we calculated the receiver operating characteristics (ROC) curve and the area under the curve (AUC), to summarize the IR score ability to correctly classify events and non-events.

All statistical analyses were performed with the R software (R Development Core Team, Vienna, Austria).




Results


Patient Characteristics

Clinical features of patients with cGvHD are shown in Table 1. Among the 307 patients of the training set, 111 met the criteria for diagnosis of cGvHD according to NIH and among the 104 patients of the validation set, 40 met the criteria for diagnosis of cGvHD.


Table 1 | cGVHD patients characteristics in the training and validation cohorts.



The two cohorts were similar for age, sex, disease type, graft source, R-DRI at transplant, level of mismatch, and CMV serostatus. Compared to the training cohort, the validation set included a lower proportion of patients receiving myeloablative conditioning (MAC) (52% vs 77% - p 0.008), a higher proportion of patients receiving ATG as GvHD prophylaxis (ATG 72% vs 36%) with no patients receiving PTCy, against 51% of patients in the training cohort (p <0.001). Finally, the HCT-CI score was lower in the validation cohort than in the training one (p <0.001).

Almost half of the patients received a transplant from a haploidentical family donor (47% in the training set, 40% in the validation cohort, ns).

GvHD prophylaxis in the training cohort relied mainly upon ATG in the MUD setting and on PTCy + sirolimus in haploidentical transplants, while in the validation cohort ATG was the backbone of GvHD prophylaxis both for MUD and MMRD. Peripheral blood was the preferred stem cell source in both cohorts. The proportion of MRD/MUD/MMRD was equally distributed across patients with or without cGvHD in both sets.

Median follow-up was 6 years [range 1 - 8.5] in the training set and 9.2 years [6.4 – 10] in the validation set. Median time to GvHD was 198 days [range 32-926] in the training set and 161 days [range 39-1304] in the validation set.

In the training set, the 2-year OS and 2-year cumulative incidence of TRM from cGvHD diagnosis were 71% (95% CI, 61-79) and 13% (95% CI, 7-20), respectively. In the validation set, the 2-year OS and 2-year cumulative incidence of TRM were 73% (95% CI, 56-84) and 23% (95% CI, 11-37), respectively.



Chronic GvHD Features According to NIH Classification

In the training set, the 3-year cGvHD incidence was 35% (95% CI, 29-40%) with 27% moderate-severe cGvHD (95% CI, 22-32%), while in the validation set, it was 36% (95% CI, 27-45) with 33% moderate-severe (95% CI, 24-42).

According to NIH definition, there were 69 (62.2%) classic-type cGvHD (21 mild, 26 moderate, 22 severe), and 42 (37.8%) overlap cGvHD (5 mild, 15 moderate, 22 severe) in the training cohort and 21 (52.5%) classic-type cGvHD (2 mild, 9 moderate, 10 severe), and 19 (47.5%) overlap cGvHD (0 mild, 5 moderate, 14 severe) in the validation cohort. Of note, 37 patients (33%) in the training cohort and 21 (52%) in the validation cohort were previously diagnosed with acute GvHD.

All patients with a diagnosis of cGvHD were treated at our long-term follow-up clinic according to institutional guidelines and EBMT recommendations (27). All patients with a moderate to severe cGvHD received first line treatment with high-dose prednisone (0, 5-1 mg/Kg), topical therapy was added when appropriate.



Immune Reconstitution as Predictive Factor for cGvHD—Algorithm Development and Validation

The following variables independently predicting OS at cGvHD diagnosis were identified: CD4+ count >233 cells/mm3 (β 3.09, p 0.01), NK count <115 cells/mm3 (β 1.75, p 0.02), IgA <0.43 g/L (β 1.47, p 0.03), IgM <0.45 g/L (β 2.22, p 0.007), Karnosky PS <80% (β 5.05, p <0.001), and PLT <100x103/mm3 (β 2.18, p 0.02). The multivariate Cox regression analysis of factors determining OS is reported in Table 2.


Table 2 | Multivariate Cox-regression analysis of factors determining OS.



IR parameters at time of cGvHD onset are reported in Table 3. In the training cohort, the median time of IR parameters evaluation was 189 days. Overall, the median time of collection of IR parameters was 150 days.


Table 3 | Immune reconstitution parameters at diagnosis of cGvHD.



An algorithm was created based only on variables that predicted OS significantly and independently, i.e., CD4+ count >233 cells/mm3, NK count <115 cells/mm3, IgM <0.45 g/L, IgA <0.43 g/L, Karnosky PS <80%, and PLT <100x103/mm3. To calculate the final score, we took into account the different weight of these six variables in predicting OS, expressed by their beta coefficient. The final score was calculated as follows:

3.09 (if CD4 > 233 cells/mm3 at time of cGvHD diagnosis) + 1.75 (if NK < 115 cells/mm3 at time of cGvHD diagnosis) + 1.47 (if IgA < 0.43 g/L at time of cGvHD diagnosis) + 2.22 (if IgM < 0.45 g/L at time of cGvHD diagnosis) + 5.05 (if Karnofsky <80 at time of cGvHD diagnosis) + 2.18 (if PLT <100x103/mm3 at time of cGvHD diagnosis).

Each function in the parenthesis is considered 1 if the condition is satisfied, or otherwise 0.

We then calculated the IR score for 87 patients of the training set (24 were excluded because of missing data). The 25th quartile value was 3.09, the 75th one was 6.91: low-risk patients were defined as having a score ≤3.09, intermediate as having a score >3.09 and ≤6.91, and high risk as having a score >6.91.

Patients’ distribution according to NIH consensus classification and according to IR score is presented in Table 4. Additional information is provided in Supplementary Figure 2.


Table 4 | Cross-stratification of cGvHD patients into respective risk groups by NIH consensus and IR score.



In the training set, the 6-year OS and TRM were stratified by both IR score and NIH consensus classification. The 6-year OS and TRM by IR score were 85% (95% CI, 70-92) and 13% (95% CI, 5-25) for low-risk patients, 64% (95% CI, 44-89) and 30% (95% CI, 15-47) for intermediate-risk patients, and 26% (95% CI, 10-47) and 42% (95% CI, 19-63) for high-risk patients (OS p<0.0001; TRM p = 0.015, Figures 1A, B). The 6-year OS and TRM by NIH consensus classification were 87% (95% CI, 65-96) and 9% (95% CI, 1-25) for mild cGvHD, 68% (95% CI, 51-80) and 20% (95% CI, 9-33) for moderate cGvHD, and 49% (95% CI, 33-64) and 44% (95% CI, 28-59) for severe cGvHD (OS p = 0.009; TRM p = 0.005).




Figure 1 | Cumulative incidence of OS (A) and TRM (B) according to the prognostic score in the training set (n 87); and OS (C) and TRM (D) in the validation set (n 40).



In the validation set, the stratification according to IR score was confirmed to be significant, while the stratification according to NIH consensus was clearly significant for TRM and showed a trend for OS. The 6-year OS and TRM by IR score were 83% (95% CI, 48-96) and 8% (95% CI, 1-32) for low-risk patients, 78% (95% CI, 37-94) and 11% (95% CI, 1-41) for intermediate-risk patients, and 37% (95% CI, 17-58) and 63% (95% CI, 36-81) for high-risk patients (OS p = 0.0075; TRM p = 0.0009, Figures 1C, D). The 6-year OS and TRM by NIH consensus classification were 100% and 0% for mild cGvHD, 71% (95% CI, 41-88) and 14% (95% CI, 2-38) for moderate cGvHD, and 48% (95% CI, 27-67) and 51% (95% CI, 29-70) for severe cGvHD (OS p = 0.157; TRM p = 0.0332).

To support the validity of the IR score, the ROC curve via the AUC was calculated: AUC values were 81% for TRM and 88% for OS. A cut-off of 6.310 was identified with 69% sensitivity and 89% specificity for TRM, and 78% sensitivity and 90% specificity for overall mortality (Figure 2).




Figure 2 | Receiver operating characteristic (ROC) curves for OS (A) - area under the curve 0.88 - and TRM (B) – area under the curve 0.81. AUC values are reported from multivariable models.





IR Score Stratifies Patients Independently From NIH Consensus cGVHD Criteria

The low-risk group included 24 and 10 patients in the training set and validation set, respectively, while the intermediate-risk group included 41 and 8 patients, and the high-risk group 22 and 22 patients.

We challenged the capability of our IR score of stratifying patients across the different NIH clinical stages (Table 4).

In the training cohort, the 2-year OS from cGvHD diagnosis for patients with mild cGvHD (n = 25) according to NIH classification was 100% for low and intermediate and 33% (95% CI, 1%-77%) for high-risk IR score (p <0.001). The 2-year OS for moderate cGvHD patients (n = 30) stratified according to the IR score was 100%, 83% (95% CI, 46-96%), and 62% (95% CI, 14%-89%) in low, intermediate, and high-risk groups, respectively (p 0.16). For severe cGvHD patients (n = 32), 2-year OS was 100%, 76% (95% CI, 41-92%), and 40% (95% CI, 13%-66%) in low, intermediate, and high-risk groups, respectively (p 0.02). Results therefore confirmed the independent stratification within cGVHD clinical grades.



IR Score Predicts cGVHD Mortality

We next evaluated the contribution of the IR cGVHD score in predicting TRM. Chronic GvHD was the cause of death in 2, 1, and 12 patients classified as low, intermediate, and high-risk according to IR score. High-risk patients were more likely to die from cGVHD than low and intermediate-risk patients (p<0,0001). No patients died due to infection in the low-risk group, while 9 and 3 patients died due to infectious complications in the intermediate and high-risk groups, respectively (p ns).




Discussion

Chronic GvHD represents one of the major hurdles in the management of HSCT survivors. Despite progress in the optimization of conditioning regimens, ancillary measures, and pre-emptive strategies for infectious complications, we are still facing the unmet medical need of cGvHD treatment. cGVHD is responsible for 30% to 50% of non-relapse mortality in long-term survivors (28). According to data from the Fred Hutchinson Cancer Research Center (29), only approximately 50% of cGvHD patients are cured within 7 years after starting systemic treatment, 10% require continuous treatment, and 40% die within 7 years. Moreover, at 5 years from cGvHD diagnosis, only 32% of patients are alive, free of immunosuppressive therapy, and in complete remission from the primary disease (30).

The identification of valid and reproducible biomarkers for both acute and chronic GvHD is one of the most significant challenges in the field. While clinical trials investigating new drugs for the treatment of acute GvHD nowadays are designed according to patients’ stratification based on established biomarkers, this is not the case for cGvHD. cGvHD is characterized by pleiomorphic manifestation and a complex pathogenesis that elicits both inflammatory and fibrotic pathways. cGvHD affects more than one third of transplanted patients and clinical presentation at onset only partially unveils the true severity of the disease. Clinical grading, including the latest NIH consensus criteria, is not able to provide univocal prognosis of such a complication.

The identification of patients at risk is mandatory for correct cGvHD management. While innovative, highly effective, but also toxic drugs are released on the market, early identification of high-risk patients—at the time of cGvHD diagnosis—would enable an earlier and more aggressive therapy while sparing toxicity to low-risk patients. So far, biomarker studies are in progress to identify tools to enhance diagnosis and definition of prognosis, however results are still far from routine practice.

While acute GVHD is mediated by mature effector T cells from the donor (graft) that become activated after encountering alloantigens in the recipient, cGVHD is characterized by aberrant immune responses to both autoantigens and alloantigens (31, 32). Chronic GvHD arises from a failure to develop tolerance after HSCT (33). The loss of regulator-cell function appeared to be one of the critical events in the development of cGVHD: aberrant B – T – NK cells homeostasis and the inability to establish cell tolerance is a pivotal point of cGvHD (33–35). A recent international multicenter study in children and adolescents provided new insights on the immune profile peculiarity of cGvHD (33). In cGvHD, decreased transitional B cells and increased cytolytic NK cells are associated with increased activated T cells, naive helper T, and cytotoxic T cells, loss of regulatory NK cells, and increased ST2 and soluble CD13. The immune signature of cGVHD is complex with several cytokine, T-cell, NK-cell, and B-cell abnormalities (33–35). Definition of immune-based biomarker algorithms will assist in assigning patient risk for cGVHD, with the possibility of a risk-tailored treatment approach (33).

We investigated IR as a candidate biomarker, using easily collectable variables, with a high grade of reproducibility and standardization within a setting of well-known clinical grade tests. The overall incidence of cGvHD in our patient population was similar to that reported in the literature, moreover all the available HSCT platforms in terms of donor selection (MRD, CB, MUD, MMRD) and GvHD prophylaxis (ATG-based, cyclosporin-based, rapamycin-based, and PTCy-based) were represented adequately, providing an additional strength to the study.

The IR score-based algorithm provided a risk stratification power that proved independent from the nature of both GvHD prophylaxis and donor source in both the training set and in the validation cohort.

We had the opportunity to analyze over 100 consecutive cGvHD patients with an adequate follow-up. Strengths of our study were the prospective sample and data collection, the homogeneous management of post-HSCT follow-up, and the systematic clinical evaluation of patients for GvHD according to NIH guidelines. Being a single-center study, cohort size was limited and suggests the need of further validation in multicenter cohorts.

Our results showed a clear impact of immunological variables at cGvHD diagnosis: CD3+CD4+ counts, NK cells, and IgA and IgM levels were selected by our model over other clinical variables as independent predictors of patient outcome. Very few studies have demonstrated an association between biological markers and survival; more information has been found regarding biomarkers for the prediction of cGvHD risk and has been associated with the diagnosis of cGvHD (7, 36).

In addition, the IR approach has highlighted some interesting biological pathways:

	- In the risk score we generated, higher CD3+CD4+ (>233 cells/mm3) counts are linked to worse outcome. This may seem counterintuitive as the main cause of death in cGvHD patients is infection due to immunosuppression. But considering we are analyzing the cell count at the onset of cGvHD, this may reflect the pathophysiologic role of CD4+ T helper cells in cGvHD pathogenesis. In their recent review of cGvHD pathophysiology (3), Zeiser and Blazar describe the role of CD4+ cells in orchestrating the dysregulated immune response after an initial injury. Ibrutinib, the only FDA-approved drug for steroid-resistant cGvHD, targeting Bruton’s Tyrosin Kinase (in the path of B cell activation) and inducible-T cell kinase (in the path of T helper cell activation), showed good response rates [67%, in a phase II multicenter study by Miklos and colleagues (5)]. T cell depletion (linked to slower kinetics of IR) is associated with lower rate of chronic GvHD (36, 37). Evidence suggests that high CD4+ counts at GvHD diagnosis may indeed reflect a strong initial orchestrating signal for cGvHD. CD4+ counts have been investigated as prognostic biomarkers by several studies with somewhat contradictory results. However, these studies did not test CD4+ counts at onset of cGvHD. Independently from cGvHD, in transplanted patients, a fast and robust recovery of CD4+ counts at early time-points after HSCT was associated with low TRM (38, 39). This is possibly linked to the protection from opportunistic infections mediated by T cells early after transplant. High CD4+ counts have already been associated with acute GvHD (40, 41). Importantly, Podgorny and coworkers observed a persistently higher number of CD4+ counts after HSCT in patients developing cGvHD requiring systemic therapy than in cGvHD patients who did not require systemic treatment, in line with our results.

	- NK cells were found to have a negative prognostic implication when lower than 115 cells/mm3. This finding points to the protective effect that NK cells have in cGvHD pathophysiology; it was demonstrated (42) that NK cells mediate the reduction of GvHD by inhibiting activated, alloreactive T cells while retaining graft-versus-tumor effects through effector molecules such as FasL (43). Thus, similarly to T cells, NK cells display a potent anti-leukemia effector capacity, and yet, unlike them, do not mediate cGvHD (44). In the context of haploidentical transplantation performed within a PTCy regimen (45), the percentage of alloreactive mature NK cells quantified after transplant negatively correlated to relapse risk but not to cGvHD rate. Noticeably, NK cells are critical players of innate immunity against viral and bacterial infections at the mucosal barriers (46). We can thus speculate that cGvHD patients with high NK cell levels may benefit from this effect, resulting in improved outcome. In the above-mentioned study, Podgorny et al. (40) showed reduced levels of regulatory NK cells in patients with severe cGvHD compared to those not requiring systemic therapy. In several studies, high NK cell counts early after HSCT have been associated with low TRM and low aGvHD incidence, in both HLA-matched and HLA-mismatched transplant settings (47–49).

	- Low IgM and IgA levels were the last IR variables significantly associated with worse prognosis in our cGvHD patient cohort. B cells reconstitution occurs relatively late after HSCT. Post-transplant B cell deficiency is—at least in part—due to insufficient B lymphopoiesis and in part, this is exerted by GvHD (50). The pathogenic role of B cells in cGvHD was first identified in murine models in 1995 (51). Recently, dysregulated B cell lymphopoiesis was proven to be associated with the onset of chronic GvHD (52). Immunoglobulin levels seem to recover in parallel to B cell reconstitution, in which recovery of Ig subclasses usually occurs in a distinctive order (53). After HSCT, Ig levels drop reflecting the absence of Ig-producing B cells. As a reflection of normal ontogeny, IgM production will reconstitute relatively early, subsequently IgG generally reaches normal levels, whereas normalization of IgA levels may take longer. Chronic GvHD is associated with significantly poorer B cell reconstitution in both function and numbers. IgM levels were consistently low in cGvHD patients and our result was in line with previous pubblications (10, 35). Khoder et al. (54) demonstrated that regulatory B cells (enriched in IgM subsets) are deficient in cGvHD patients. Abdel-Azim et al. (55) reported that IgM memory B cells were persistently lower within the first two years after HSCT in cGvHD patients, than in transplant recipients not developing cGvHD.



All these findings support the items in our prognostic score impacting cGvHD outcome. The validation step performed on the retrospective cohort is also encouraging. The score held its power in an independent cohort, despite the differences in conditioning and prophylaxis strategies. This suggests a link of the proposed score with cGvHD pathogenesis and progression, events triggered with different frequencies by different transplant platforms, but possibly similar once the disease is established.

The current study adds a new insight to a big research area on prognostication of cGvHD, going beyond scoring systems only based on clinical parameters. Clinical classification according to NIH consensus criteria displays a clear stratification for both OS and TRM; IR score was able to provide an additional stratification to implement the prognostic power at cGvHD declaration. IR score highlights among each clinical class the long-term probability of survival.

We can confirm that both IR-score stratification and NIH categorization were able to independently prognosticate TRM and OS. NIH categorization keeps its relevance but is not 100% accurate in identifying all high or low-risk patients; the IR-score biomarkers help in selection of high and low-risk patients also within their NIH risk groups. Still, in the majority of cases, there was concordance between clinical risk and IR risk, thus our results are not in contrast with the known prognostic impact of NIH categorization of cGVHD. Overall, patients with severe GvHD according to NIH classification have worse OS and TRM compared to mild GvHD, but among patients with severe GvHD those with a low-risk IR score have better prognosis in terms of OS and TRM. Similarly, patients with mild/moderate GvHD present better OS and TRM overall, but the IR score was able to predict patients at high risk of progression towards severe forms and—ultimately—worse outcome.

This suggests that the IR score can improve prognostication, especially if combined with clinical staging. Beyond the use as a definite prognostic tool, our IR score proved the important role of IR in the clinical management of cGvHD patients, suggesting further research as well as systematic clinical application of IR monitoring programs and IR-based therapeutic decisions.

Of note, we recognize that in the training cohort a consistent proportion of patients received, as GvHD prophylaxis, a combination of pTCy and rapamycin. This combination is peculiar and is not a standard one, but also other platforms were well represented in the patient population. The current results should be confirmed in a multicenter study as well as with longer follow-up and expansion of the sample size.

We conclude that an IR-based algorithm represents a valid tool to identify high-risk patients at cGvHD onset. The algorithm predicts long-term OS and TRM, identifying subjects at high risk of death due to cGvHD through stratification into three classes of risk and the clear identification of a cut-off strongly associated with both overall mortality and TRM.

Future directions should include prospective and serial evaluations of the algorithm to define its clinical use. Our goal for the next years will be to identify tools able to shape the treatment options not only according to clinical presentation but also to risk stratification at the onset of such a detrimental transplant complication.
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Background

Post-transplant relapse remains a principal leading cause of failure after allogeneic hematopoietic stem cell transplantation (allo-HSCT) in patients with adult acute lymphoblastic leukemia (ALL). The aim of this study was to investigate the efficacy and safety of low-dose decitabine on the prevention of adult ALL relapse after allo-HSCT.



Methods

In this prospective study, we enrolled 34 patients with ALL who underwent allo-HSCT from August 2016 to April 2020 and received low-dose decitabine maintenance treatment after transplantation. The primary objectives were cumulative incidence of relapse rate (CIR), overall survival (OS), and disease-free survival (DFS). The secondary objectives were graft-versus-host disease (GVHD) and safety.



Results

Among the enrolled 34 patients, 6 patients relapsed and 6 patients died. The 2-year CIR, OS, and DFS were 20.2, 77.5, and 73.6%, respectively. Subgroup analysis revealed the 2-year CIR, OS, and DFS rates of 12 patients with T-ALL/lymphoblastic lymphoma (LBL) were 8.3, 90, and 81.5%, respectively. None of the seven patients with T-ALL relapsed. During maintenance treatment, only one patient (2.9%) developed grade IV acute GVHD and four (11.8%) patients had severe chronic GVHD. Thirty-two patients (94.1%) developed only grade I to II myelosuppression, and two patients (5.8%) developed grade III to IV granulocytopenia.



Conclusions

Maintenance treatment with low-dose decitabine after allo-HSCT may be used as a therapeutic option to reduce relapse in patients with adult ALL, especially in patients with T-ALL. Our findings require confirmation in larger-scale controlled trials.



Clinical Trial Registration

Chinese Clinical Trials Registry, identifier ChiCTR1800014888.
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Introduction

Post-transplant relapse remains a leading cause of failure after allogeneic hematopoietic stem cell transplantation (allo-HSCT). In patients with adult acute lymphoblastic leukemia (ALL), the risk of relapse-related death is higher, up to 30–54% (1–3). At present, donor lymphocyte infusion (DLI) is the most widely used management approach to relapse after transplantation. However, the downregulation of human leukocyte antigen II (HLA-II) molecules leads to the inability of donor T cells to recognize leukemic cells, which limits the use of DLI in the treatment of relapse after transplantation in patients with acute myeloid leukemia (AML) (4, 5), and the 3-year overall survival (OS) rate of these patients is only 10–20% (6). In particular, DLI is not ideal for treatment of ALL relapse after transplantation. Given the difficulty in the treatment of post-transplant relapse, preventing relapse is more important than treatment. Therefore, it is urgent to explore novel approaches to prevent leukemia relapse after allo-HSCT in adult ALL.

Different from the relapse occurring after traditional chemotherapy, the elimination of leukemic cells after allo-HSCT mainly depends on the graft-versus-leukemia (GVL) effect (7). A mechanism of post-transplantation relapse involves the downregulation of HLA-class II molecules induced by epigenetic silencing to reduce the GVL effect, and the downregulation of HLA-II expression is caused by hypermethylation of the promoter of the class II major histocompatibility complex (MHC) transactivator (CIITA) (4, 5, 8). Most patients with T-ALL showed molecular loss of HLA-II (9), and only 5–17% of T-ALL expressed HLA-DR. A similar mechanism of loss of expression of HLA-II class molecules was also observed in B-cell lymphoma lines (10). In addition, many studies have shown that the degree of methylation of tumor suppressor genes is closely associated with the subtypes and prognosis of ALL (11–13). The above studies indicate the possibility of using hypomethylating agents (HMAs) as treatment in ALL after transplantation.

Both decitabine and azacitidine are HMAs and have been safely and effectively used for maintenance treatment of AML and myelodysplastic syndrome (MDS) after transplantation (14–20). The main effect of post-transplantation hypomethylation treatment is to prevent primary disease relapse and reduce graft-versus-host disease (GVHD). The main mechanisms include increasing the number of regulatory T (Treg) cells and inducing cytotoxic CD8+ T cells (21, 22). Thus, considering the low hematological toxicity of maintenance treatment with low-dose decitabine after AML/MDS transplantation and the advantages of preventing relapse without affecting GVHD, we administered low-dose decitabine maintenance treatment to 34 patients with ALL after allo-HSCT. This was the first prospective study with the largest number of cases to date to describe the application of decitabine prophylaxis for relapse of transplanted ALL.



Materials and Methods


Study Design

This was a single-center, prospective, single-arm study. Informed consent was obtained from all patients, and the study was conducted in accordance with the Declaration of Helsinki. The study protocol was approved by the Ethics Committee of the First Affiliated Hospital of Zhengzhou University. This study is registered at www.chictr.org.cn (ChiCTR1800014888).



Patient Cohort

Eligible candidates met all of the following inclusion criteria: (1) age ≥14 years; (2) satisfied the diagnostic criteria of ALL or lymphoblastic lymphoma (LBL) in accordance with WHO 2016 guidelines (22); (3) patients underwent allo-HSCT in the First Affiliated Hospital of Zhengzhou University; (4) Eastern Cooperative Oncology Group (ECOG) performance status score ≤2; (5) morphological complete remission (CR) before maintenance treatment; (6) estimated survival ≥3 months.

The exclusion criteria included (1) concomitant diagnosis of another cancer; (2) concomitant uncontrolled fungal, bacterial, or viral infection; (3) hypersensitivity to decitabine; (4) diagnosis of human immunodeficiency virus infection or in active stage of hepatitis B or C virus infection; (5) brain dysfunction or severe mental illness; (6) concomitant disease(s) that may seriously endanger the safety of patients or affect the completion of this study; and (7) participation in another drug clinical trial(s) 1 month before the trial.



Maintenance Treatment Regimen

Maintenance treatment began more than 50 days after transplantation. This post-HSCT interval allows for adequate marrow recovery before starting decitabine. Decitabine 10 mg/d was planned for intravenous infusion 5 h on days 1 to 5, and every 4 weeks for eight cycles, based on comprehensive analysis of previously relevant studies (15, 23, 24). However, in the previous pretrial of low-dose decitabine maintenance treatment after AML/MDS transplantation at our center, patients who received decitabine for 5 days at 10 mg/d developed grade IV myelosuppression with granulocytic fever, requiring transfusion of approximately two units of platelets. Myelosuppression was alleviated, and blood products were not needed after adjusting to 10 mg/d for 3 days. Therefore, decitabine 10 mg/d (approximately 6 mg/m2/d) was ultimately administered as an intravenous infusion for 5 h on days 1, 3, and 5 every 4 weeks for eight cycles in this study. It should be noted that the number of cycles increased by four to six cycles based on the patients’ wishes, if they presented minimal residual disease (MRD) in the late period of maintenance treatment. The interval time of each cycle was also appropriately prolonged according to the recovery of the patient’s hemogram.

Routine blood parameters, bone marrow (BM) smear, and MRD were examined before each cycle. MRD detection methods included flow cytometry (FCM), quantitative detection of certain genes or WT1 via polymerase chain reaction (PCR), and donor chimerism. In addition, patients with T-LBL also underwent regular positron emission tomography-computed tomography (PET/CT) examinations. Routine blood parameters were examined intermittently during the period of drug administration. Granulocyte colony stimulating factor (G-CSF) or blood products were administered as required according to the hemogram. Systemic anticancer drugs and other similar experimental treatments were banned during the trial. Withdrawal criteria included (1) patients who were unable to tolerate the treatment, (2) patients with relapse of primary disease, (3) patients developing severe GVHD or unacceptable infection, and (4) subjects who decided to withdraw from the trial.



Evaluation Parameters

Patients with ALL were divided into high-risk and standard-risk groups. High-risk ALL was defined based on at least one of the following criteria: (1) age ≥35 years; (2) white blood cell (WBC) counts >30×109/L for B-cell precursor (BCP)-ALL or >100×109/L for thymic T-ALL; (3) pro-B-ALL (CD10−), early T-ALL or mature T-ALL, hypodiploid ALL; (4) ALL with Philadelphia chromosome (Ph), with the t(4,11) translocation, or with complex karyotype; and (5) failure to achieve CR after the first induction therapy (25). The risk classification of LBL was based on the international prognostic index (IPI) score. CR from ALL was defined as BM blasts <5%, no primitive naive lymphocytes in the peripheral blood, and no extramedullary lesions. CR of LBL was defined as PET/CT with no positive lesions and a normal BM smear. MRD-positive was defined as FCM >0.01% of cells with a leukemia-associated aberrant immune phenotype in the BM sample or BCR-ABL transcript level >0% in patients with Ph+ ALL. Acute GVHD (aGVHD) and chronic GVHD (cGVHD) were graded according to accepted international criteria (26, 27). Considering that the platelet count was lower than the normal value and the WBC count was normal in some patients before treatment, hematological adverse reactions after treatment were evaluated based on changes in WBCs and were graded according to the National Cancer Institute Common Toxicity Criteria, version 3.0.



Statistical Analysis

The follow-up deadline was July 31, 2020. The primary endpoints were cumulative incidence of relapse rate (CIR), overall survival (OS), and disease-free survival (DFS) of patients who received low-dose decitabine maintenance treatment. The secondary endpoints were the incidence of GVHD after receiving decitabine and the safety of low-dose decitabine maintenance regimen. Statistical analyses were performed using SPSS software (version 21.0), R software package (version 4.0.0), and GraphPad Prism (version 8.0). Descriptive statistics were used to describe the general clinical features of patients. Data were censored at the time of relapse, non-relapse mortality (NRM), or last available follow-up. The cumulative incidence of relapse (CIR) and NRM were performed using the competing risk model, in which death without relapse was considered a competing risk of relapse. The disease-free survival (DFS) and OS were calculated using the Kaplan-Meier method. CIR was defined as time from transplantation to relapse. OS was defined as the time from transplantation to death from any cause. DFS was defined as time from transplantation to relapse or death, whichever occurred first. Statistical significance was defined as P < 0.05.




Results


Patient Characteristics

In total, 34 patients from our institution were enrolled between August 2016 and April 2020. The characteristics of patients are shown in Table 1. Our cohort comprised 34 patients with a median age of 20 years (range, 14–49 years), including 22 males and 12 females. Overall, 22 patients (64.7%) had B-ALL, 7 (20.6%) had T-ALL, and 5 (14.7%) had T-LBL. Nine patients (26.5%) were at standard-risk, and 25 (73.5%) were at high-risk (including five patients with T-LBL). Seven patients (20.6%) were Philadelphia chromosome-positive (Ph+), and 27 patients (79.4%) were Philadelphia chromosome-negative (Ph−). Excluding six patients due to missing MRD data from other hospitals at initial treatment, 10 (35.7%) of 28 assessable patients were MRD positive (including two patients with non-CR after induction) and 18 patients (64.3%) who became MRD-negative after the first induction chemotherapy. Seven patients (20.6%) became MRD-positive, and 27 patients (79.4%) achieved MRD negativity at transplantation. All patients received myeloablative conditioning, including 26 patients (76.5%) receiving a modified busulfan (Bu)/cyclophosphamide (Cy) regimen and 8 (23.5%) patients receiving a total body irradiation (TBI)/Cy regimen (26). Prophylaxis against GVHD for all patients consisted of cyclosporine A and short-term methotrexate treatment with mycophenolate mofetil. In addition, patients without matched related donors were supplemented with anti-thymocyte globulin. The median number of infused CD34+ cells was 5.7 × 106/kg (range, 1.52–16.3 × 106/kg), and the median number of infused MNC cells was 5.3 × 108/kg (range, 1.2–11.5 × 108/kg). Neutrophils and platelets were implanted successfully in all patients. All patients achieved morphological CR and donor complete chimerism before maintenance treatment. Thirty patients (88.3%) achieved MRD negativity, and four patients (11.7%) were MRD positive before maintenance treatment (Table 2).


Table 1 | Patients’ characteristics (N = 34).




Table 2 | Outcomes of transplantation and maintenance treatment (N = 34).





Decitabine Exposure and MRD

Outcomes of maintenance therapy with decitabine and the changes in MRD during this stage are shown in Table 2 and Figure 1. All four patients with MRD-positive disease before maintenance treatment turned negative after two or two cycles. Only three patients (8.8%) had positive MRD once during maintenance therapy. The median time from transplantation to the start of maintenance treatment was 96 days (range, 51–175 days), and the median number of decitabine cycles for all patients was seven (range, 1–14). Overall, 14 patients (41.1%) completed the study and entered the follow-up phase, including 12 patients with 8 cycles, 1 patient with 14 cycles, and 1 patient with 13 cycles of treatment. Patients No. 5 and No. 6 received more than eight cycles because they were MRD positive after the completion of eight cycles of maintenance treatment, and their MRD turned negative after an additional cycle of decitabine (Figure 1). At the data cut-off point, eight patients (23.5%) were in the maintenance phase, including six patients who entered the study later and two patients due to the delay caused by the coronavirus disease 2019 (COVID-19) epidemic. The reasons for discontinuation included relapse (n = 4, 11.7%), GVHD (n = 3, 8.8%), and withdrawn consent (n = 5, 14.7%) (Table 2). Besides, as shown in Table 3, seven patients with Ph+ ALL were treated with TKI maintenance during pre-transplantation chemotherapy, conditioning regimen, and post-transplantation maintenance therapy. Notably, TKI was suspended temporarily to reduce the risk of infection in patients with neutropenia after chemotherapy or transplantation.




Figure 1 | Changes in MDR and decitabine exposure in patients.




Table 3 | Use of TKI in 7 Patients with Ph+ ALL.





Relapse

At the data cut-off point (July 2020), the median follow-up time was 480.5 days (range, 154–1629 days) (Table 2). A total of six patients relapsed (17.6%) with a median relapse time of 213 days (range, 156–551 days) after transplantation. Of these, five patients were at high risk (three patients with Ph+ B-ALL, two of which had T315I mutation at the time of relapse; one patient with pro-B-ALL; one patient with T-LBL in the leukemic phase had a WBC count >100×109/L at diagnosis), and one patient with B-ALL was at standard risk (Table 4). Among the 14 patients who completed the study, only patient No. 2 presented extramedullary recurrence at 551 days after transplantation. Patient No. 16 with Ph+ ALL only took imatinib but stopped decitabine on his own after five cycles. Relapse happened and T315I mutation was detected 2 months later, whereas this patient did not take ponatinib due to economic reasons. Patient No. 17 with Ph+ ALL relapsed for a second time, and the T315I mutation was detected after two cycles. Patient No. 18 with Ph+ ALL relapsed after five cycles and refused to test for mutations in the ABL kinase domain. Patients No. 3 with CR2 at HSCT relapsed after three cycles. After the six relapsed patients, one patient received chemotherapy; one patient received chemotherapy, TBI, and DLI in turn; two patients received chemotherapy; and two patients were discharged automatically. Finally, four patients died after relapse, and two patients were still alive (Table 4). Interestingly, none of the seven patients with T-ALL relapsed, including one patient with early T-cell precursor ALL (ETP-ALL) and three patients at high risk. In the end, the 2-year CIR of all 34 patients was 20.0%, and the median CIR time was not reached (Figure 2A). Patients with T-ALL/LBL and B-ALL had a 2-year CIR of 8.3 and 25.8%, respectively (P = 0.34). Patients at high risk and standard risk had a 2-year CIR of 22.4 and 12.5%, respectively (P = 0.63). Patients with Ph+ ALL and Ph− ALL had a 2-year CIR of 42.8 and 14.5%, respectively (P = 0.08) (Figure 3A).




Figure 2 | CIR and NRM (A) and OS and DFS (B) for all patients (n = 34) after allo-HSCT.






Figure 3 | CIR (A) and OS (B) and DFS (C) for patients with B-ALL (n = 22) and T-ALL/LBL (n = 12), patients at high risk (n = 25) and standard risk (n = 9), and patients with Ph+ ALL (n = 7) and Ph− ALL (n = 27) after allo-HSCT.




Table 4 | Characteristics and outcomes of six patients with relapse.





DFS and OS

At the data cut-off point, 28 (82.3%) of the 34 patients were alive (82.3%), and 26 patients (76.5%) were alive without relapse/progression. Causes of death included relapse (n = 4), severe infection (n = 1), and GVHD (n = 1) (Table 2). The 2-year NRM was 6.3% (Figure 2A). The 2-year OS was 77.5%, and the 2-year DFS rate was 73.6% for the 34 patients (Figure 2B). The 2-year OS of patients with T-ALL/LBL and B-ALL were 90 and 72.5%, respectively (P = 0.37). The 2-year OS of patients at high risk and standard risk were 73.6 and 87.5%, respectively (P = 0.57). The 2-year OS of patients with Ph+ ALL and Ph− ALL were 68.6 and 79.1%, respectively (P = 0.53) (Figure 3B). For patients with T-ALL/LBL and B-ALL, the 2-year DFS were 81.5 and 69.6%, respectively (P = 0.52). For patients at high risk and standard risk, the 2-year DFS were 68.8 and 87.5%, respectively (P = 0.36). For patients with Ph+ ALL and Ph− ALL, the 2-year DFS were 57.1 and 77.3%, respectively (P = 0.23) (Figure 3C).



GVHD

One patient (2.9%) developed grade IV aGVHD, and seven (20.5%) patients developed cGVHD (three with mild cGVHD and four severe cGVHD) during maintenance treatment phase (Table 2). Among the eight patients with GVHD after maintenance treatment, three patients had reduced the dose of immunosuppressive drugs before developing GVHD (one withdrew immunosuppressants and developed grade IV aGVHD during the second cycle; then, the patient stopped using decitabine and received intensive immunosuppressive treatment, but the response was poor and the patient eventually died). Two patients presented cGVHD before maintenance treatment. Of the remaining three patients, two developed cGVHD after one cycle and one developed cGVHD after three cycles of maintenance treatment. Among the eight patients with GVHD, organ involvement included the skin in eight patients, the intestinal tract in two patients, the liver in three patients, the oral cavity in three patients, and the eye in one patient. No significant worsening or relief was observed in patients with GVHD due to the use of decitabine.



Adverse Events

The main adverse event caused by low-dose decitabine was hematological toxicity. Among the 34 patients, 32 (94.1%) developed grade I to II myelosuppression after maintenance treatment with low-dose decitabine (Table 4), and no infection occurred after timely administration of G-CSF. Only two patients (5.8%) developed grade III to IV myelosuppression. Patient No. 9 developed degree IV granulocytopenia and mild pulmonary fungal infection after one cycle, which improved after administration of G-CSF and oral voriconazole. Patient No. 22 developed grade III granulocytopenia and mild pulmonary bacterial infection after one cycle, which improved after administration of G-CSF and oral azithromycin. Their granulocytes returned to normal after 14 days and 12 days of treatment, respectively. None of the patients required blood transfusion during the period of myelosuppression, and none of the patients interrupted treatment because of infection.




Discussion

Disease relapse is a major therapeutic challenge in patients with adult ALL that have undergone allo-HSCT, and treatment options are limited. The risk of relapse-related death in this population was as high as about 30–54% (1–3, 28), leaving preventing post-transplantation relapse necessary. At present, the downregulation of HLA-II molecules on leukemic cells caused by epigenetic silencing (such as the hypermethylation of CIITA) leads to immune escape of leukemic cells, which is a main mechanism of relapse post-transplantation (4, 8). Moreover, abnormalities in DNA methylation are common in ALL (11–13, 29, 30). Therefore, combined with the clear benefits of HAMs in maintenance therapy after AML/MDS transplantation (14, 15), we first evaluated the use of low-dose decitabine as maintenance therapy after allo-HSCT for adult ALL to reduce relapse and improve survival of this population. In this study, we achieved a 2-year CIR (20%) that was lower than that reported in previous studies, and the 2-year OS (77.5%) was satisfactory. Even in the high-risk group, the 2-year OS was 73.6%. To some extent, our data also indicated that maintenance therapy with decitabine may be used as a treatment option to prevent relapse after ALL transplantation.

The prognosis of adult T-ALL is unsatisfactory, with a 5-year OS of only 30–50% (31–33). Furthermore, the prognosis of patients who relapse is poorer, with a reported 5-year OS of 5% (34). Although allo-HSCT has improved the prognosis of this population, there is still a CIR of 12.4% in the low-risk group and 41.2% in the high-risk group (35). However, the 2-year CIR of patients with T-ALL/LBL in our study was only 8.3%, while OS and DFS were as high as 90 and 81.5%, respectively. Surprisingly, none of the patients with T-ALL experienced relapse, which is encouraging. Katagiri et al. (36) also reported that successful maintenance treatment was achieved with azacitidine in a patient diagnosed with myeloid/lymphoid neoplasm with FGFR1 (located on chromosome 8p11.2) rearrangement after allo-HSCT. In addition, ETP-ALL has a higher rate of remission failure and subsequent relapse than typical T-ALL (37). Meng et al. (38) reported that six patients with relapsed/refractory ETP-ALL were treated with decitabine combined with the CAG regimen (aclarubicin, cytarabine, and G-CSF), and five patients achieved CR. In this study, one patient with ETP-ALL initiated maintenance treatment with decitabine and has completed four cycles and is currently well at the date of last follow-up. The above evidence supports the feasibility of low-dose decitabine maintenance therapy in T-ALL.

Lockhart et al. (39) described a child with Ph+ ALL having mixed donor chimerism and persistent BCR-ABL transcripts after allo-HSCT. There was no response to TKI treatment, but her clonal cytogenetic abnormalities were resolved after decitabine treatment. Cui et al. (40) also described 12 patients with relapse ALL after transplantation who were treated with decitabine alone or in combination with chemotherapy and DLI, and found that patients with Ph+ ALL achieved higher survival than patients with Ph− ALL. However, the effects of decitabine maintenance treatment on patients with Ph+ ALL was not significant, and the 2-year CIR was much higher than that of patients with Ph− ALL in this study. Although all seven patients with Ph+ ALL received oral TKI after transplantation, three patients still relapsed. However, this may be related to the presence of the T315I mutation, as in two of the three relapsed patients the T315I mutation was detected at relapse, and one patient was not tested voluntarily. For patients with Ph+ ALL after transplantation, exploring treatment with next-generation TKI may be more meaningful than low-dose decitabine.

HMAs can upregulate the expression of FOXP3 in CD4+CD25-T cells, thus increasing the number of Treg cells and mitigating GVHD (41, 42). In this study, only one patient developed grade IV aGVHD, while four patients presented severe cGVHD. Most cases occurred when immunosuppressants were reduced or prior to maintenance treatment. Only three patients stopped maintenance treatment because of GVHD. It is a pity that no aggravation or relief was observed in patients with GVHD due to the use of decitabine.

In this study, 94.1% patients developed grade I–II myelosuppression after receiving low-dose decitabine. Only two patients (5.8%) developed grade III–IV granulocytopenia and mild pulmonary infection. None of the patients required blood transfusion, and no one stopped this trial because of hematological toxicity. Pusic et al. (15) divided 24 patients with AML/MDS into four groups after transplantation, and each group was given different doses of decitabine for maintenance therapy. The authors found that the 10 mg/m2/d group presented fewer hematological adverse reactions and that decitabine was well tolerated, which was similar to our results. Further, our study showed that maintenance treatment with low-dose decitabine after transplantation had low hematological toxicity and is well tolerated.

Obviously, this study also has some limitations. First, our patients exhibited selection bias. Risk of disease relapse after allo-HSCT is a composite of multiple factors, including age, risk stratification at diagnosis, remission status at the time of transplantation, and duration of remission after transplantation. This study enrolled patients who were relatively young, and the sample population included 26.9% low-risk patients and several patients who were still in CR about 6 months after transplantation, which would lead to a better overall prognosis. Conversely, patients were enrolled without severe complications such as severe GVHD and were selected after day +50 of HSCT, which necessarily excluded those who relapsed early. Therefore, some transplanted patients were excluded because of early relapse or non-relapse mortality within the first 2 months. Secondly, this study did not detect changes in DNA methylation level before and after treatment, which would further support the use of HAMs. Finally, this study is limited by the small number of patients and lack of controls.

In conclusion, although the current data do not provide definitive evidence supporting the effects of low-dose decitabine maintenance treatment on the prevention of relapse after ALL transplantation, the overall results are encouraging and still indicate a positive trend. Low-dose decitabine maintenance treatment may be used as an option to prevent relapse after transplantation in patients with adult ALL, especially in patients with T-ALL. Our findings require confirmation in larger-scale controlled trials.
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Background

Reduced intensity conditioning (RIC) before allogeneic hematopoietic stem cell transplantation (allo-HSCT) has been reported to have the same overall survival (OS) as myeloablative conditioning (MAC) for patients with acute myeloid leukemia (AML) in complete remission (CR) and myelodysplastic syndrome (MDS). However, results from different studies are conflicting. Therefore, we conducted a systematic review and meta-analysis guided by PRISMA 2009 to confirm the efficacy and safety of RIC vs. MAC for AML in CR and MDS.



Methods

We search PubMed, Web of Science, Embase, Cochrane central, clinical trial registries and related websites, major conference proceedings, and field-related journals from January 1, 1980, to July 1, 2020, for studies comparing RIC with MAC before the first allo-HSCT in patients with AML in CR or MDS. Only randomized controlled trials (RCTs) were included. OS was the primary endpoint and generic inverse variance method was used to combine hazard ratio (HR) and 95% CI.



Results

We retrieved 7,770 records. Six RCTs with 1,413 participants (711 in RIC, 702 in MAC) were included. RIC had the same OS (HR = 0.95, 95% CI 0.64–1.4, p = 0.80) and cumulative incidence of relapse as MAC (HR = 1.18, 95% CI 0.88–1.59, p = 0.28). Furthermore, RIC significantly reduced non-relapse mortality more than total body irradiation/busulfan-based MAC (HR = 0.53, 95% CI 0.36–0.80, p = 0.002) and had similar long-term OS and graft failure as MAC.



Conclusion

RIC conditioning regimens are recommended as an adequate option of preparative treatment before allo-HSCT for patients with AML in CR or MDS.



Systematic Review Registration

https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=185436.





Keywords: reduced intensity conditioning (RIC), acute myeloid leukemia, myelodysplastic syndrome, overall survival, non-relapse mortality (NRM)



Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) has the lowest risk of relapse than any other treatment for acute myeloid leukemia (AML) or myelodysplastic syndrome (MDS) (1). However, allo-HSCT, like traditional myeloablative conditioning (MAC) regimens, has been associated with a high risk of serious adverse events and high non-relapse mortality (NRM) (2). Over the past three decades, the development of less toxic and more tolerable pre-transplantation regimens—the reduced intensity conditioning (RIC) regimen—has thus become the focus of clinical research (3). Specifically, the RIC regimens consisted of less than 8 Gray (Gy) of total body irradiation (TBI), less than 8 mg/kg PO of busulfan (Bu), or intravenous equivalent dose or other medications with high-powered immuno-suppressive effect but with less tissue toxicity to replace TBI or Bu along with fludarabine (Flu) to replace cyclophosphamide (Cy) (3). RIC reduces tissue injury and consequently reduces the incidences of acute graft versus host disease (aGVHD) and other complications but maintains graft versus leukemia effect to prevent leukemia relapse (3). Some non-randomized controlled studies reported that RIC reduced NRM but increased disease relapse, generally resulting in the same overall survival (OS) as MAC (4–6). However, these observational studies lack the benefit of random allocation, which is important to balance the baseline characteristics of patients among different treatment arms, especially to control for confounding by indication bias. Recently, several high-quality randomized controlled trials (RCTs) compared RIC with MAC for fit patients with AML in complete remission (CR) and MDS, but the results were not consistent (7–12).

The number of patients receiving RIC is rapidly increasing. In the United States, RIC accounts for more than 50% of all allo-HSCTs (13). Except for AML and MDS, there have been no prospective studies comparing RIC with MAC for other hematologic malignancies. Therefore, we undertook this systematic review (SR) and meta-analysis to clarify the efficacy and safety of RIC versus MAC for AML in CR and for MDS.



Methods

This meta-analysis was guided by PRISMA 2009 guidelines (Supplement 1). The meta-analysis protocol is registered on PROSPERO with the ID of CRD42020185436.

We included only RCTs compared RIC with MAC before first allo-HSCT in patients with AML in CR or MDS, as defined by 2008 World Health Organization (14) (recruitment began after 2008) and French–American–British criteria (recruitment began before 2008). We did not restrict for age, sex, race, recruitment period, complicated diseases, or languages and allowed any aGVHD prophylaxis regimens except in vitro T-cell depletion. Median follow-up time should be more than 1 year.

The primary endpoint was OS, whereas the secondary endpoints were leukemia-free survival (LFS), cumulative incidences of relapse (CIR), NRM, aGVHD, and chronic (c) GVHD. Survival data were evaluated from the first day after stem cell transfusion until the first occurred event and the longest follow-up data were used. Glucksberg (15), International Bone Marrow Transplant Registry grading systems (16), and Seattle criteria (17) were used to grade aGVHD and cGVHD. Incidences of III–IV aGVHD, extensive cGVHD, graft failure (GF), overall organ toxicity, oral mucositis, specific organ toxicities, and reported infection were safety endpoints.

We electronically searched databases and hand-searched field-related articles between January 1, 1980, and July 1, 2020. Supplement 2 showed the detailed searching strategy. Cochrane highly sensitive search filters were used for identifying RCTs in Medline and Embase (18).

YS and ZY independently screened retrieved records, extracted data of the characteristics of included studies according to Table 1 and Supplement 3, and used Cochrane Collaboration-recommended tool to assess quality of included studies (Table 2 and Supplement 3) (19). Only studies in the low-risk group were included and disagreement was resolved by discussion through YS, ZY, and JD. We also contacted authors if additional information was required.


Table 1 | Demographic characteristics of included studies.




Table 2 | Quality assessment of included studies.



Revman software (Version 5.3; Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2012) was used. Hazard ratio (HR) and its 95% confidence interval (CI) were combined in the meta-analyses of OS, CIR, LFS, NRM, aGVHD, and cGVHD endpoints with generic inverse variance method (20). Statistics of log HR and variance were calculated according to Parmar et al. (21), Mantel-Haenszel (22), and DerSimonian–Laird (23) methods calculating relative risk (RR) or odds ratio (OR), and 95% CIs were used to combine dichotomous data. Two-sided p < 0.05 was considered significant. Heterogeneity was calculated with Q test and I2 statistics. Fixed effect model was used if heterogeneity was not significant (p > 0.10 and I2 < 50%). Random effects model was used if heterogeneity was significant (p ≤ 0.10 and/or I2 ≥ 50%). Because treosulfan was less toxic than TBI/Bu (8, 24), we predefined three subgroups that were named RIC vs. TBI/Bu-based MAC, RIC vs. treosulfan 30 g/m2-based MAC, and RIC vs. treosulfan 42 g/m2-based MAC, respectively. In addition, in NRM and aGVHD meta-analyses, we only combined HR of every subgroup but the total HR of all included studies was not combined. Except for NRM and aGVHD, both the HR in the three subgroups and all included studies were combined. Sensitivity analyses removing included studies were used to evaluate whether quality of studies and clinical characteristics influenced results. Funnel plot and meta-regression were planned to detect publication bias.

Quality of evidence on main endpoints were evaluated with the “GRADE evidence profiles” table (25).



Results

Our search retrieved 7,770 references. After reviewing the titles and abstracts, 7,751 records were excluded for the reason that they were not relevant to RIC for AML in CR and MDS or not RCTs. After further examining full texts of the remaining 19 records, we excluded 10 references that were not RCT studies, not relevant to RIC, not compared with MAC regimens, or duplicated reports. In the end, we included 6 RCTs reported in 9 references into meta-analyses. All authors agreed to include Bornhäuser et al. (9), Kröger et al. (10), Ringdén et al. (11), Scott et al. (12), Beelen et al. (8) and MC-FludT.14/L Trial I studies (7) (Figure 1). Studies of Bornhäuser et al. (9), Kröger et al. (10), Ringdén et al. (11), and Scott et al. (12) reported the long-term follow up data (11, 26–28).




Figure 1 | Flow diagram of screening studies for inclusion in systematic review. AML, acute myeloid leukemia; CR, complete remission; MDS, myelodysplastic syndrome; RCTs, randomized controlled trials; RIC, reduced intensity conditioning; MAC, myeloablative conditioning.



The six included studies with 1,413 participants (711 in the RIC group and 702 in the MAC group) all focused on the efficacy and safety of RIC compared with MAC, followed by allo-HSCT for AML in CR and MDS. Four studies focused on RIC vs. TBI/Bu-based MAC, whereas two studies focused on RIC vs. treosulfan-based MAC regimens. Studies used peripheral stem cell and bone marrow as stem cell sources. Donors included matched related, mismatched related, and matched unrelated donors. The demographic characteristics of the two treatment arms were similar in the included studies and are shown in Table 1. All included studies displayed low risk of bias. Details of quality assessment of the included studies are shown in Table 2 and Supplement 3. All studies used the intention-to-treat method to analyze OS, CIR, and LFS. There was no selective reporting in all the included studies. Because funnel plots and meta-regression should only be used with more than 10 studies, we did not use them to detect publication bias in our analysis (29).

OS was not statistically (p = 0.80) different between RIC and MAC (HR = 0.95, 95% CI 0.64–1.4). Heterogeneity of the meta-analysis was significant (p = 0.003, I2 = 72%) (Figure 2A). The result was also similar in the RIC vs. TBI/Bu-based MAC subgroup analysis (HR = 0.84, 95% CI 0.5–1.4, p = 0.50) with significant (p = 0.04) heterogeneity (I2 = 65%). However, in the RIC vs. treosulfan 30 g/m2-based MAC subgroup analysis, RIC was significantly (p = 0.004) lower than treosulfan-based MAC conditioning regimen (HR = 1.63, 95% CI 1.17–2.28). The combined long-term follow-up data also showed no difference between RIC and MAC (HR = 0.86, 95% CI 0.53–1.41, p = 0.56) with significant (p = 0.01) heterogeneity (I2 = 73%) (Figure 3).




Figure 2 | Results of meta-analyses of OS, CIR, and LFS endpoints. The forest plots showed that RIC had the same OS (A), CIR (B), and LFS (C) as MAC. RIC, reduced intensity conditioning; MAC, myeloablative conditioning; TBI, total body irradiation; Bu, busulfan.






Figure 3 | Result of meta-analysis of long-term OS data. The forest plot showed that RIC had the same long-term OS as TBI/Bu-based MAC. OS, overall survival; RIC, reduced intensity conditioning; MAC, myeloablative conditioning; TBI, total body irradiation; Bu, busulfan.



We did not find a significant (p = 0.28) difference in CIR (HR = 1.18, 95% CI 0.88–1.59) between RIC and MAC (Figure 2B) and in CIR in the three subgroup analyses. Heterogeneity in the meta-analysis and in the RIC vs. TBI/Bu-based MAC subgroup was significant. Bornhäuser et al. (9), Kröger et al. (10), and Scott et al. (12) reported LFS, the combined result showed RIC had similar LFS to MAC (HR = 1.09, 95% CI 0.69–1.74, p = 0.71) with significant (p = 0.05) heterogeneity (I2 = 66%) (Figure 2C).

RIC significantly (p = 0.002) reduced NRM compared with TBI/Bu-based MAC (HR = 0.53, 95% CI 0.36–0.8) without heterogeneity (p = 0.40, I2 = 0%) (Figure 4A). However, the treosulfan 30 g/m2-based MAC (8) significantly (p = 0.04) reduced NRM compared with RIC (HR = 1.67, 95% CI 1.02–2.72). RIC did not show significant difference compared with treosulfan 42 g/m2-based MAC (MC-FludT.14/L Trial I (7); HR = 0.76, 95% CI 0.45–1.30, p = 0.32).




Figure 4 | Results of meta-analyses of NRM, aGVHD, and cGVHD endpoints. The forest plots showed that RIC significantly decreased NRM than TBI/Bu-based MAC (A). RIC showed a trend to decrease aGVHD, but it was not statistically significant (B). RIC had the same cGVHD as MAC (C). RIC, reduced intensity conditioning; MAC, myeloablative conditioning; TBI, total body irradiation; Bu, busulfan.



In addition, RIC showed a trend to reduce aGVHD (Figure 4B) and III–IV aGVHD (Supplement 4) compared with TBI/Bu-based MAC (HR = 0.79, 95% CI 0.60–1.03, p = 0.08) (RR = 0.61, 95% CI 0.36–1.04, p = 0.07) and with no significant (p = 0.15 and p = 0.19) heterogeneity (I2 = 43% and I2 = 39%), respectively. Similarly, in the Beelen et al. (8) and MC-FludT.14/L Trial I (7) studies, RIC did not show a significant difference from treosulfan-based MAC (either 30 g/m2 or 42 g/m2).

We did not find a difference between RIC and MAC in cGVHD (Figure 4C) and extensive cGVHD (Supplement 4) (HR = 1.01, 95% CI 0.79–1.28, p = 0.96 and RR = 1.03, 95% CI 0.77–1.37, p = 0.84, respectively) with significant (p = 0.08 and p = 0.09) heterogeneity (I2 = 49% and I2 = 51%), respectively, and no difference between RIC and MAC in the subgroup analyses was observed.

RIC showed a trend of increasing GF (OR 2.19, 95% CI 0.96–5.03, p = 0.06) without heterogeneity (p = 0.34, I2 = 12%). Moreover, GF incidence in the RIC and MAC arms was rare, 2.57% (18 events in 701 participants) and 1.16% (8 events in 690 participants), respectively. RIC did not show significant difference from MAC on overall organ toxicity and oral mucositis, with significant heterogeneity. Furthermore, RIC significantly (p = 0.04 and p = 0.01) reduced renal and urinary disorders (RR 0.61, 95% CI 0.39–0.97) and infection (RR 0.87, 95% CI 0.78–0.97) without heterogeneity (Supplement 4).

We did subgroup analysis based on diseases (AML or MDS) for OS and CIR; however, we still could not eliminate heterogeneity. The results of subgroup analyses did not show significant difference between RIC and MAC on OS and CIR in either AML or MDS subgroups (Supplement 5). We repeated the meta-analyses for the OS, CIR, and long-term OS with the fixed-effect model because of their significant heterogeneity, and the results did not change the overall conclusions of these endpoints (Supplement 6). We also removed one study at a time and then repeated the meta-analysis in the sensitivity analysis. The pooled HRs ranged from 0.84 to 1.05 for OS and from 1.02 to 1.26 for CIR. Results after removing any study (including Beelen et al. (8) and Scott et al. (12) studies) were overall stable. After we removed the Scott et al. (12) study, the heterogeneity of CIR disappeared (Supplement 7) and the results of CIR did not change. Eight CML patients were included in the Ringdén et al. (11) study. After removing it in the sensitivity analysis, we did not observe significant changes in OS, CIR, and NRM results (Supplement 8).

The quality of evidence for the OS, CIR, LFS, and cGVHD endpoints was moderate. The quality of the NRM and aGVHD endpoints was high (Supplements 9, 10).



Discussion

Retrospective studies and their meta-analyses cannot balance the baseline characteristics of patients among different treatment arms. Most patients in the RIC arm in these studies were older or had higher comorbidity burden, which might underestimate the efficacy and safety of RIC. Half of all finished RCTs [Bornhäuser et al. (9), Scott et al. (12) and Kröger et al. (10)] did not enroll enough participants as the studies had planned which limited their power to demonstrate the difference between RIC and MAC. All the finished studies cannot provide reliable evidence to evaluate RIC for AML in CR and MDS, so we need higher level of evidence on this issue. Our meta-analysis included six high-quality RCTs with 1,413 participants and published and unpublished data, which limit the risk of publication bias. It was then more powerful and covered more patients than previous studies. To date, our study is the first comprehensive meta-analysis of RCTs that combined HR value to clarify the efficacy and safety of RIC vs. MAC and provides the highest current level of evidence for this matter.

The risk that RIC may increase CIR is the main concern for physicians to prescribe these conditioning regimens. A study of Scott et al. (12) demonstrated that RIC significantly increased relapse and prompted physicians to select MAC first for fit patients. However, when we combined data from all available RCTs, we failed to show differences in CIR between RIC and MAC. The heterogeneity was reported in the Scott et al. (12) study. After we removed it in the sensitivity analysis, we did not observe heterogeneity between the remaining five studies and the results did not change (Supplement 7). The relapse rate is affected by many factors, including the cytogenetic and molecular biologic characteristics of diseases, minimal residual disease (MRD) before HSCT, and immunosuppressant adjustment protocol, among others (30–33). It was unfeasible that all factors before transplantation were similar in every study; hence, the CIR was expected to be heterogeneous between studies. In a large observational analysis by the EBMT that included 2,974 middle-aged AML patients, relapse incidence was higher in intermediate- or high-risk patients but not in low-risk patients in the RIC group (32, 33). Most of our included studies did not examine MRD before HSCT to stratify participants, which might influence the results as patients who were MRD-positive would have higher CIR after RIC more than after MAC (34, 35). In the Scott et al. study, nearly two-thirds of the AML participants were found to have commonly mutated genes in AML, after using next-generation sequencing techniques, and in these patients, RIC significantly increased CIR compared with MAC, whereas in the remaining third of participants in whom these genes were not detected, RIC had the same CIR as MAC (36). In addition, all of the six included studies used the same GVHD prophylaxis in RIC and MAC, but the dose-adjustment protocol of immunosuppressant that was appropriate for MAC might have increased CIR for RIC. Therefore, it was possible that there was heterogeneity between the included studies. Moreover, three RCTs demonstrated that RIC did not increase CIR in the long-term follow-up data (11, 26, 28). As there were limited long-term data reported in all the included studies, we could not combine the long-term CIR. However, as most of the relapses after HSCT occur within 2 years (35), we conclude that RIC conditioning regimens do not increase CIR more than MAC for AML in CR and MDS.

A more intensive conditioning regimen causes more serious tissue damage, which may result in more severe aGVHD (36). Therefore, RIC is expected to not only decrease organ toxicity and tissue damage but also cause less aGVHD and NRM than TBI/Bu-based MAC. Our meta-analysis showed a trend for RIC to decrease aGVHD and III–IV aGVHD compared with TBI/Bu-based MAC, but it was not statistically significant. We are still in need of more high-quality studies to confirm whether there is a difference between RIC and MAC on aGVHD and III–IV aGVHD incidences. Our results indicated that there was no difference in cGVHD between RIC and MAC and confirmed the incidence of cGVHD was not related to conditioning intensity (37). In the retrospective studies, RIC reduced NRM (4–6) but RCTs failed to demonstrate the reduction. Our meta-analysis confirmed that RIC significantly reduced NRM compared with TBI/Bu-based MAC. There was no heterogeneity, and the quality of evidence was high (Supplement 10). RCTs represent relatively small sample size, especially some RCTs did not include enough participants as planned, which might not be powerful enough to demonstrate the difference. We included all the RCTs, which expanded the sample size and provided more powerful evidence to clarify the difference. In addition, the four included studies in the RIC vs. TBI/Bu-based MAC subgroup analysis involved relatively young and fit patients but not old patients, and in this subgroup analysis, RIC still caused less NRM. Consequently, RIC significantly reduces NRM more than TBI/Bu-based MAC for both young and old patients.

Moreover, our results showed that RIC significantly reduced some organ toxicity and infections compared with MAC, which indicated that RIC was more tolerable than MAC. On the other hand, our result did not show the difference on mucositis between RIC and MAC as generally expected. We observed that the heterogeneity of the meta-analysis was significant, so future studies are needed to clarify the issue. RIC had a trend to increase GF compared with MAC, but it was not significant. We showed only 18 GFs out of 701 patients and 8 GFs out of 690 patients reported in the RIC and MAC groups, respectively. The incidence of GF in the two groups was rare. According to the evidence available, we conclude that RIC causes marginal GF.

According to our results, RIC had the same OS as MAC, but heterogeneity was significant. In the HSCT procedure, the individualized prescriptions of different physicians will inevitably interfere with the results. Therefore, heterogeneity is common in clinical studies on HSCT, even when all the included studies are RCTs. In this regard, we used fixed-effect model to verify the results and did not find differences between RIC and MAC on OS (Supplement 6). In the study by Beelen et al. (8), treosulfan 30 g/m2-based MAC, which caused less NRM than RIC, was used. Despite the fact that it was included in the meta-analysis, RIC did not increase OS compared to MAC. Moreover, RIC was still not different than MAC in OS after we excluded it in the sensitivity analysis (Supplement 11). A report from the Acute Leukemia Working Party of the EBMT, retrospectively included 883 RIC compared with 1,041 MAC and demonstrated that RIC increased OS for ≥50-year patients than MAC and had the same OS for ≤50-year patients as MAC (38). A large sample retrospective study also showed that there was no significant difference in long-term survival between RIC and MAC (39). Both studies also showed that RIC did not increase relapse. Our meta-analysis could not divide participants according to age, but our results also showed that RIC at least did not decrease OS compared to MAC. The RIC vs. TBI/Bu-based MAC subgroup analysis included more young patients, but RIC also showed no difference from MAC on OS. Furthermore, our long-term follow-up OS data meta-analysis showed that RIC did not decrease long-term OS compared with TBI/Bu-based MAC. Consequently, we concluded that RIC did not increase CIR but decreased NRM compared with traditional MAC regimens. It at least did not increase aGVHD and had the same cGVHD as MAC; as a result, RIC did not decrease OS. Therefore, we confirm there is no difference between RIC and MAC in OS for AML in CR and MDS.

In the RIC vs. treosulfan 30 g/m2-based MAC subgroup analysis, treosulfan caused less NRM than RIC and increased OS (8). Treosulfan is a novel myeloablative agent with less toxicity than Bu (24) and treosulfan-based MAC was named reduced-toxicity conditioning regimen (24). The subgroup analysis confirmed that treosulfan was less toxic than Bu and suggested that treosulfan 30 g/m2-based MAC was better than Bu- or TBI-based RIC. It was a promising result and provided new myeloablative agents that were higher than the traditional Bu or TBI. However, only one RCT finished until recently and the RIC vs. treosulfan 42 g/m2-based MAC subgroup analysis did not show that treosulfan caused less NRM than RIC (7). Hence, we need more high-quality studies to confirm the result.

There are some limitations of our meta-analysis. Firstly, a relatively small number of clinical trials were included. Secondly, in OS, CIR, and LFS meta-analyses, there was significant heterogeneity between included studies. We tried to explore the heterogeneity with subgroup analysis based on conditioning regimens and diseases, but it could not be eliminated. We then suggest that the reason for the heterogeneity was the difference in treatment details available from the different transplantation centers and the inevitable patient heterogeneity between included studies. Thirdly, not all the included studies used blinding to personnel and patients. Allo-HSCT is a treatment with high NRM (40) and the treatment details should be individualized to every patient; therefore, blinding to patients and personnel could not be maintained. Fourthly, because we used data extracted from published reports but not individual patient data, we could not perform subgroup analysis based on diseases (AML in CR and MDS) and age. MDS patients may have less relapse than AML and young patients tolerate MAC better than old patients; thus, RIC may demonstrate better results in MDS patients and elderly patients. Despite these limitations, our meta-analysis is still reliable and can be used to guide physicians’ clinical decisions.

RIC had the same OS and CIR as MAC for AML in CR and MDS and significantly decreased NRM more than TBI/Bu-based MAC. Furthermore, RIC was more tolerable and comfortable and caused marginal GF. RIC is equally effective as MAC. Therefore, RIC is also a good choice of conditioning regimen before allo-HSCT for patients with AML in CR and MDS and not only an alternative treatment to MAC for unfit patients. On the other hand, more high-quality studies should continue to focus on the OS and LFS comparing RIC with MAC. MRD, disease (AML or MDS), cytogenetic and molecular biologic characteristics, and age should be considered as classification factors in future studies to identify the factors from which patients will derive more benefit from RIC. In addition, future studies should attempt to improve GVHD prophylaxis that would be more appropriate for RIC. We also need more studies to compare treosulfan-based MAC with RIC.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Author Contributions

YS conceived and designed the study, searched and selected trials for inclusion, assessed methodological quality of included trials, extracted data, performed the statistical analysis, and wrote the article. ZY searched trials, selected trials for inclusion, assessed methodological quality of included trials, and extracted data. JD wrote and revised the review. TW wrote and revised the manuscript. All authors contributed to the article and approved the submitted version.



Acknowledgments

Thanks to Dr. Hans-Juergen Kuehnel, the Medical Director of Medac, who provided the GVHD and relapse data of the MC-FludT·14/L Trial I study. The authors would like to express their gratitude to EditSprings (https://www.editsprings.cn/) for the expert linguistic services provided.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.708727/full#supplementary-material



Abbreviations

aGVHD, Acute graft versus host disease; Allo-HSCT, Allogeneic hematopoietic stem cell transplantation; AML, Acute myeloid leukemia; Bu, Busulfan; cGVHD, Chronic graft versus host disease; CI, Confidence interval; CIR, Cumulative incidence of relapse; CR, Complete remission; Cy, Cyclophosphamide; Flu, Fludarabine; GF, Graft failure; GVHD, Graft versus host disease; Gy, Gray; HR, Hazard ratio; HSCT, Hematopoietic stem cell transplantation; LFS, Leukemia-free survival; MAC, Myeloablative conditioning; MDS, Myelodysplastic syndrome; MRD, Minimal residual disease; NRM, Non-relapse mortality; OR, Odds ratio; OS, Overall survival; RCTs, Randomized controlled trials; RIC, Reduced intensity conditioning; RR, Risk ratio; TBI, Total body irradiation.



References

1. Horowitz, MM, Gale, RP, Sondel, PM, Goldman, JM, Kersey, J, Kolb, HJ, et al. Graft-Versus-Leukemia Reactions After Bone Marrow Transplantation. Blood (1990) 75:555–62. doi: 10.1182/blood.V75.3.555.555

2. Marks, DI, Cullis, JO, Ward, KN, Lacey, S, Syzdlo, R, Hughes, TP, et al. Allogeneic Bone Marrow Transplantation for Chronic Myeloid Leukemia Using Sibling and Volunteer Unrelated Donors. A Comparison of Complications in the First 2 Years. Ann Intern Med (1993) 119:207–14. doi: 10.7326/0003-4819-119-3-199308010-00005

3. Bacigalupo, A, Ballen, K, Rizzo, D, Giralt, S, Lazarus, H, Ho, V, et al. Defining the Intensity of Conditioning Regimens: Working Definitions. Biol Blood Marrow Transplant (2009) 15:1628–33. doi: 10.1016/j.bbmt.2009.07.004

4. Martino, R, Iacobelli, S, Brand, R, Jansen, T, van Biezen, A, Finke, J, et al. Retrospective Comparison of Reduced-Intensity Conditioning and Conventional High-Dose Conditioning for Allogeneic Hematopoietic Stem Cell Transplantation Using HLA-Identical Sibling Donors in Myelodysplastic Syndromes. Blood (2006) 108:836–46. doi: 10.1182/blood-2005-11-4503

5. Sugita, J, Kagaya, Y, Miyamoto, T, Shibasaki, Y, Nagafuji, K, Ota, S, et al. Myeloablative and Reduced-Intensity Conditioning in HLA-Haploidentical Peripheral Blood Stem Cell Transplantation Using Post-Transplant Cyclophosphamide. Bone Marrow Transplant (2019) 54:432–41. doi: 10.1038/s41409-018-0279-1

6. Tauro, S, Craddock, C, Peggs, K, Begum, G, Mahendra, P, Cook, G, et al. Allogeneic Stem-Cell Transplantation Using a Reduced-Intensity Conditioning Regimen has the Capacity to Produce Durable Remissions and Long-Term Disease-Free Survival in Patients With High-Risk Acute Myeloid Leukemia and Myelodysplasia. J Clin Oncol (2005) 23:9387–93. doi: 10.1200/JCO.2005.02.0057

7. Committee for Medicinal Products for Human Use (CHMP). Assessment Report: Trecondi, International Non-Proprietary Name: Treosulfan, Procedure No. EMEA/H/C/004751/0000. European Medicines Agency (2019). Available at: https://www.ema.europa.eu/en/documents/assessment-report/trecondi-epar-public-assessment-report_en.pdf.

8. Beelen, DW, Trenschel, R, Stelljes, M, Groth, C, Masszi, T, Reményi, P, et al. Treosulfan or Busulfan Plus Fludarabine as Conditioning Treatment Before Allogeneic Haemopoietic Stem Cell Transplantation for Older Patients With Acute Myeloid Leukaemia or Myelodysplastic Syndrome (MC-FludT.14/L): A Randomised, Non-Inferiority, Phase 3 Trial. Lancet Haematol (2020) 7:e28–39. doi: 10.1016/S2352-3026(19)30157-7

9. Bornhäuser, M, Kienast, J, Trenschel, R, Burchert, A, Hegenbart, U, Stadler, M, et al. Reduced-Intensity Conditioning Versus Standard Conditioning Before Allogeneic Haemopoietic Cell Transplantation in Patients With Acute Myeloid Leukaemia in First Complete Remission: A Prospective, Open-Label Randomised Phase 3 Trial. Lancet Oncol (2012) 13:1035–44. doi: 10.1016/S1470-2045(12)70349-2

10. Kröger, N, Iacobelli, S, Franke, GN, Platzbecker, U, Uddin, R, Hübel, K, et al. Dose-Reduced Versus Standard Conditioning Followed by Allogeneic Stem-Cell Transplantation for Patients With Myelodysplastic Syndrome: A Prospective Randomized Phase III Study of the EBMT (RICMAC Trial). J Clin Oncol (2017) 35:2157–64. doi: 10.1200/JCO.2016.70.7349

11. Ringdén, O, Erkers, T, Aschan, J, Garming-Legert, K, Le Blanc, K, Hägglund, H, et al. A Prospective Randomized Toxicity Study to Compare Reduced-Intensity and Myeloablative Conditioning in Patients With Myeloid Leukaemia Undergoing Allogeneic Haematopoietic Stem Cell Transplantation. J Inter Med (2013) 274:153–62. doi: 10.1111/joim.12056

12. Scott, BL, Pasquini, MC, Logan, BR, Wu, J, Devine, SM, Porter, DL, et al. Myeloablative Versus Reduced-Intensity Hematopoietic Cell Transplantation for Acute Myeloid Leukemia and Myelodysplastic Syndromes. J Clin Oncol (2017) 35:1154–61. doi: 10.1200/JCO.2016.70.7091

13. Pasquini, MC, and Zhu, X. The US Summary Slides 2020 - HCT Trends and Survival Data. CIBMTR Summary Slides. Available at: https://www.cibmtr.org/ReferenceCenter/SlidesReports/SummarySlides/Documents/US%202020%20Summary%20Slides%20-%20final%20-%20for%20web%20posting.pptx.

14. Vardiman, JW, Thiele, J, Arber, DA, Brunning, RD, Borowitz, MJ, Porwit, A, et al. The 2008 Revision of the World Health Organization (WHO) Classification of Myeloid Neoplasms and Acute Leukemia: Rationale and Important Changes. Blood (2009) 114:937–51. doi: 10.1182/blood-2009-03-209262

15. Glucksberg, H, Storb, R, Fefer, A, Buckner, CD, Neiman, PE, Clift, RA, et al. Clinical Manifestations of Graft-Versus-Host Disease in Human Recipients of Marrow From HL-A-Matched Sibling Donors. Transplantation (1974) 18:295–304. doi: 10.1097/00007890-197410000-00001

16. Rowlings, PA, Przepiorka, D, Klein, JP, Gale, RP, Passweg, JR, Henslee-Downey, PJ, et al. IBMTR Severity Index for Grading Acute Graft-Versus-Host Disease: Retrospective Comparison With Glucksberg Grade. Br J Haematol (1997) 97:855–64. doi: 10.1046/j.1365-2141.1997.1112925.x

17. Shulman, HM, Sullivan, KM, Weiden, PL, McDonald, GB, Striker, GE, Sale, GE, et al. Chronic Graft-Versus-Host Syndrome in Man. A Long-Term Clinicopathologic Study of 20 Seattle Patients. Am J Med (1980) 69:204–17. doi: 10.1016/0002-9343(80)90380-0

18. Lefebvre, C, Glanville, J, Briscoe, S, Littlewood, A, Marshall, C, Metzendorf, M-I, et al. Chapter 4: Searching for and Selecting Studies. In:  JPT Higgins, J Thomas, J Chandler, M Cumpston, T Li, MJ Page, and VA Welch, editors. Cochrane Handbook for Systematic Reviews of Interventions Version 6.2. (Updated February 2021). Cochrane. John Wiley & Sons, Ltd. (2021).

19. Higgins, JPT, Savović, J, Page, MJ, Elbers, RG, and Sterne, JAC. Chapter 8: Assessing Risk of Bias in a Randomized Trial. In:  JPT Higgins, J Thomas, J Chandler, M Cumpston, T Li, MJ Page, and VA Welch, editors. Cochrane Handbook for Systematic Reviews of Interventions Version 6.2 (Updated February 2021). Cochrane. John Wiley & Sons, Ltd. (2021).

20. Borenstein, M, Hedges, LV, Higgins, JPT, and Rothstein, HR. Introduction to Meta-Analysis. West Sussex, England: Wiley (2009).

21. Parmar, MK, Torri, V, and Stewart, L. Extracting Summary Statistics to Perform Meta-Analyses of the Published Literature for Survival Endpoints. Stat Med (1998) 17:2815–34. doi: 10.1002/(SICI)1097-0258(19981230)17:24<2815::AID-SIM110>3.0.CO;2-8

22. Mantel, N, and Haenszel, W. Statistical Aspects of the Analysis of Data From Retrospective Studies of Disease. J Natl Cancer Inst (1959) 22:719–48.

23. DerSimonian, R, and Laird, N. Meta-Analysis in Clinical Trials. Control Clin Trials (1986) 7:177–88. doi: 10.1016/0197-2456(86)90046-2

24. Ruutu, T, Volin, L, Beelen, DW, Trenschel, R, Finke, J, Schnitzler, M, et al. Reduced-Toxicity Conditioning With Treosulfan and Fludarabine in Allogeneic Hematopoietic Stem Cell Transplantation for Myelodysplastic Syndromes: Final Results of an International Prospective Phase II Trial. Haematologica (2011) 96:1344–50. doi: 10.3324/haematol.2011.043810

25. Schünemann, HJ, Vist, GE, Higgins, JPT, Santesso, N, Deeks, JJ, Glasziou, P, et al. Chapter 15: Interpreting Results and Drawing Conclusions. In:  JPT Higgins, J Thomas, J Chandler, M Cumpston, T Li, MJ Page, and VA Welch, editors. Cochrane Handbook for Systematic Reviews of Interventions Version 6.2 (Updated February 2021). Cochrane. John Wiley & Sons, Ltd. (2021).

26. Fasslrinner, F, Schetelig, J, Burchert, A, Kramer, M, Trenschel, R, Hegenbart, U, et al. Long-Term Efficacy of Reduced-Intensity Versus Myeloablative Conditioning Before Allogeneic Haemopoietic Cell Transplantation in Patients With Acute Myeloid Leukaemia in First Complete Remission: Retrospective Follow-Up of an Open-Label, Randomised Phase 3 Trial. Lancet Haematol (2018) 5:e161–9. doi: 10.1016/S2352-3026(18)30022-X

27. Scott, BL. Long-Term Follow Up of BMT CTN 0901, a Randomized Phase III Trial Comparing Myeloablative (MAC) to Reduced Intensity Conditioning (RIC) Prior to Hematopoietic Cell Transplantation (HCT) for Acute Myeloid Leukemia (AML) or Myelodysplasia (MDS) (MACvRIC Trial). Biol Blood Marrow Transplant (2020) 26:S8–74. doi: 10.1016/j.bbmt.2019.12.075

28. Kröger, N, Iacobelli, S, Koster, L, Niederwieser, D, Platzbecker, U, Huebel, K, et al. Reduced Intensity vs. Myeloablative Conditioning Followed by Allogeneic Stem Cell Transplantation for Patients With Myelodysplastic Syndrome: Long Term Follow-Up of a Prospective Randomized EBMT Phase III Study (RICMAC-Trial). Blood (2018) 132:1019. doi: 10.1182/blood-2018-99-113340

29. Macaskill, P, Walter, SD, and Irwig, L. A Comparison of Methods to Detect Publication Bias in Meta-Analysis. Stat Med (2001) 20:641–54. doi: 10.1002/sim.698

30. Papaemmanuil, E, Gerstung, M, Bullinger, L, Gaidzik, VI, Paschka, P, Roberts, ND, et al. Genomic Classification and Prognosis in Acute Myeloid Leukemia. N Engl J Med (2016) 374:2209–21. doi: 10.1056/NEJMoa1516192

31. Konuma, T, Kondo, T, Mizuno, S, Doki, N, Aoki, J, Fukuda, T, et al. Conditioning Intensity for Allogeneic Hematopoietic Cell Transplantation in Acute Myeloid Leukemia Patients With Poor-Prognosis Cytogenetics in First Complete Remission. Biol Blood Marrow Transplant (2020) 26:463–71. doi: 10.1016/j.bbmt.2019.09.025

32. Passweg, JR, Labopin, M, Cornelissen, J, Volin, L, Socié, G, Huynh, A, et al. Conditioning Intensity in Middle-Aged Patients With AML in First CR: No Advantage for Myeloablative Regimens Irrespective of the Risk Group–an Observational Analysis by the Acute Leukemia Working Party of the EBMT. Bone Marrow Transplant (2015) 50:1063–8. doi: 10.1038/bmt.2015.121

33. Gilleece, MH, Labopin, M, Yakoub-Agha, I, Volin, L, Socié, G, Ljungman, P, et al. Measurable Residual Disease, Conditioning Regimen Intensity, and Age Predict Outcome of Allogeneic Hematopoietic Cell Transplantation for Acute Myeloid Leukemia in First Remission: A Registry Analysis of 2292 Patients by the Acute Leukemia Working Party European Society of Blood and Marrow Transplantation. Am J Hematol (2018) 93:1142–52. doi: 10.1002/ajh.25211

34. Hourigan, CS, Dillon, LW, Gui, G, Logan, BR, Fei, M, Ghannam, J, et al. Impact of Conditioning Intensity of Allogeneic Transplantation for Acute Myeloid Leukemia With Genomic Evidence of Residual Disease. J Clin Oncol (2020) 38:1273–83. doi: 10.1200/JCO.19.03011

35. Mielcarek, M, Storer, BE, Flowers, ME, Storb, R, Sandmaier, BM, and Martin, PJ. Outcomes Among Patients With Recurrent High-Risk Hematologic Malignancies After Allogeneic Hematopoietic Cell Transplantation. Biol Blood Marrow Transplant (2007) 13:1160–8. doi: 10.1016/j.bbmt.2007.06.007

36. Ferrara, JL, Levy, R, and Chao, NJ. Pathophysiologic Mechanisms of Acute Graft-vs. -host Disease Biol Blood Marrow Transplant (1999) 5:347–56. doi: 10.1016/S1083-8791(99)70011-X

37. Mielcarek, M, Martin, PJ, Leisenring, W, Flowers, ME, Maloney, DG, Sandmaier, BM, et al. Graft-Versus-Host Disease After Nonmyeloablative Versus Conventional Hematopoietic Stem Cell Transplantation. Blood (2003) 102:756–62. doi: 10.1182/blood-2002-08-2628

38. Savani, BN, Labopin, M, Kröger, N, Finke, J, Ehninger, G, Niederwieser, D, et al. Expanding Transplant Options to Patients Over 50 Years. Improved Outcome After Reduced Intensity Conditioning Mismatched-Unrelated Donor Transplantation for Patients With Acute Myeloid Leukemia: A Report From the Acute Leukemia Working Party of the EBMT. Haematologica (2016) 101:773–80. doi: 10.3324/haematol.2015.138180

39. Shimoni, A, Labopin, M, Savani, B, Volin, L, Ehninger, G, Kuball, J, et al. Long-Term Survival and Late Events After Allogeneic Stem Cell Transplantation From HLA-Matched Siblings for Acute Myeloid Leukemia With Myeloablative Compared to Reduced-Intensity Conditioning: A Report on Behalf of the Acute Leukemia Working Party of European Group for Blood and Marrow Transplantation. J Hematol Oncol (2016) 9:118. doi: 10.1186/s13045-016-0347-1

40. Gyurkocza, B, and Sandmaier, BM. Conditioning Regimens for Hematopoietic Cell Transplantation: One Size Does Not Fit All. Blood (2014) 124:344–53. doi: 10.1182/blood-2014-02-514778




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


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Song, Yin, Ding and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




PERSPECTIVE

published: 22 October 2021

doi: 10.3389/fonc.2021.722436

[image: image2]


Intestinal Microbiome in Hematopoietic Stem Cell Transplantation For Autoimmune Diseases: Considerations and Perspectives on Behalf of Autoimmune Diseases Working Party (ADWP) of the EBMT


Tobias Alexander 1,2*, John A. Snowden 3,4, Joachim Burman 5, Hyun-Dong Chang 2,6, Nicoletta Del Papa 7, Dominique Farge 8,9,10, James O. Lindsay 11, Florent Malard 12, Paolo A. Muraro 13, Rosamaria Nitti 14, Azucena Salas 15, Basil Sharrack 16,17, Mohamad Mohty 12 and Raffaella Greco 14*


1 Department of Rheumatology and Clinical Immunology – Charité–Universitätsmedizin Berlin, Corporate Member of Freie Universität Berlin, Humboldt-Universität zu Berlin, and the Berlin Institute of Health (BIH), Berlin, Germany, 2 Deutsches Rheuma-Forschungszentrum (DRFZ Berlin) – a Leibniz Institute, Berlin, Germany, 3 Department of Haematology, Sheffield Teaching Hospitals Foundation NHS Trust, Sheffield, United Kingdom, 4 Department of Oncology and Metabolism, University of Sheffield, Sheffield, United Kingdom, 5 Department of Neuroscience, Uppsala University, Uppsala, Sweden, 6 Institute of Biotechnology, Technische Universität Berlin, Berlin, Germany, 7 Scleroderma Clinic, Dip. Reumatologia, ASST G. Pini-CTO, Milano, Italy, 8 Unité de Médecine Interne: (UF 04) CRMR MATHEC, Maladies Auto-Immunes et Thérapie Cellulaire, Paris, France, 9 Universite de Paris, IRSL, Recherche Clinique Appliquee `à l’´hématologie, Paris, France, 10 Department of Medicine, McGill University, Montreal, QC, Canada, 11 Centre for Immunobiology, Blizard Institute, Barts and the London School of Medicine, Queen Mary University of London, London, United Kingdom, 12 Service d’hématologie Clinique et de Thérapie Cellulaire, Hôpital Saint Antoine, APHP, Sorbonne Université, INSERM UMRs 938, Paris, France, 13 Department of Brain Sciences, Imperial College London, London, United Kingdom, 14 Unit of Hematology and Bone Marrow Transplantation, IRCCS San Raffaele Scientific Institute, Vita-Salute San Raffaele University, Milan, Italy, 15 IDIBAPS, CIBER-EHD, Barcelona, Spain, 16 Department of Neuroscience, Sheffield Teaching Hospitals NHS, Foundation Trust, Sheffield, United Kingdom, 17 NIHR Neurosciences Biomedical Research Centre, University of Sheffield, Sheffield, United Kingdom




Edited by: 

Weili Zhao, Shanghai Jiao Tong University, China

Reviewed by: 

Sarah Wall, The Ohio State University, United States

Rehan Khan, Case Western Reserve University, United States

*Correspondence: 

Tobias Alexander
 tobias.alexander@charite.de

Raffaella Greco
 greco.raffaella@hsr.it

Specialty section: 
 This article was submitted to Hematologic Malignancies, a section of the journal Frontiers in Oncology


Received: 08 June 2021

Accepted: 07 October 2021

Published: 22 October 2021

Citation:
Alexander T, Snowden JA, Burman J, Chang H-D, Del Papa N, Farge D, Lindsay JO, Malard F, Muraro PA, Nitti R, Salas A, Sharrack B, Mohty M and Greco R (2021) Intestinal Microbiome in Hematopoietic Stem Cell Transplantation For Autoimmune Diseases: Considerations and Perspectives on Behalf of Autoimmune Diseases Working Party (ADWP) of the EBMT. Front. Oncol. 11:722436. doi: 10.3389/fonc.2021.722436



Over the past decades, hematopoietic stem cell transplantation (HSCT) has been evolving as specific treatment for patients with severe and refractory autoimmune diseases (ADs), where mechanistic studies have provided evidence for a profound immune renewal facilitating the observed beneficial responses. The intestinal microbiome plays an important role in host physiology including shaping the immune repertoire. The relationships between intestinal microbiota composition and outcomes after HSCT for hematologic diseases have been identified, particularly for predicting the mortality from infectious and non-infectious causes. Furthermore, therapeutic manipulations of the gut microbiota, such as fecal microbiota transplant (FMT), have emerged as promising therapeutic approaches for restoring the functional and anatomical integrity of the intestinal microbiota post-transplantation. Although changes in the intestinal microbiome have been linked to various ADs, studies investigating the effect of intestinal dysbiosis on HSCT outcomes for ADs are scarce and require further attention. Herein, we describe some of the landmark microbiome studies in HSCT recipients and patients with chronic ADs, and discuss the challenges and opportunities of microbiome research for diagnostic and therapeutic purposes in the context of HSCT for ADs.




Keywords: autoimmune diseases, autoimmunity, fecal transplantation, intestinal, microbiome, stem cell transplantation, HSCT = hematopoietic stem cell transplant



Introduction

Intestinal microbiota may positively affect many aspects of the host physiology, including absorption of nutrients, prevention of overgrowth by potential pathogens, maintenance of epithelial barrier function, and shaping the immune system (1). Studies of the microbiome in the setting of hematopoietic stem cell transplantation (HSCT) demonstrated that intestinal flora are of particular importance in determining treatment outcomes, influencing immune reconstitution, and impacting complications such as infections or graft-versus-host disease (GvHD) (2, 3). In addition, changes in the microbial composition and function have been associated with various autoimmune diseases (ADs), and, although the precise mechanistic links between the microbiome and ADs remain largely unknown, increasing evidence suggests that disturbed gut microbiota contribute to pathogenesis (4). Among the potential mechanisms in the complex interplay between gut microbiota and host immune system, abnormal microbial translocation, molecular mimicry, and dysregulation of local and systemic immunity have been postulated.

This article will summarize the current evidence supporting the relationship between the microbiome and specific ADs, its impact on transplant outcomes, and potential therapeutic interventions, such as fecal microbiota transplantation (FMT). Moving forward, we propose how we may evaluate and influence the microbiome in the setting of HSCT for ADs to affect immune reconstitution and potentially improve clinical outcomes.



Interaction Between Gut Microbiota and the Host Immune System

While the primary function of the intestinal microbiota for the host has been considered to be the digestion of complex sugars and the provision of essential vitamins, it has become clear that the microbiota play an important role in the education and shaping of a functioning immune system. Evidence for this comes from the analysis of germ-free mice, which in the absence of any microbiota have underdeveloped lymph organs and reduced innate immune competence resulting in increased susceptibility to infection (5). Most likely for similar reasons, germ-free mice are resistant to genetic and induced models of autoimmunity. While the molecular mechanisms are still poorly understood, several pathways involved in the microbiota–host interaction have been identified, ranging from provision of ligands for innate receptors, such as Toll-like receptors for “trained” immunity (6), to the production of short-chain fatty acids, a product of the metabolizing of dietary fibers by certain bacteria, which have been described to enhance immune regulation (7, 8). Reciprocally, the host controls the microbiota through the production of antimicrobial peptides by intestinal epithelial cells and copious amounts of IgA antibodies, which are actively transported into the gut lumen by the intestinal epithelial cells, controlling the growth, mobility and attachment of intestinal bacteria (9). Alterations to this intricate microbiota – host interaction, e.g. genetic defects disrupting microbial sensing of the host or loss of bacterial diversity, often summarized under the term dysbiosis, resulting in loss of microbial functions for the host, has been associated with the development of chronic inflammatory diseases (10). Mechanistically, several pathways have been discussed by which intestinal microbiota might contribute to the development or perpetuation of autoimmune diseases (11). They include gut dysbiosis, which disrupts local gut homeostasis and may promote translocation of commensal or pathobionts to tissues where they facilitate chronic inflammation. In addition, microbiota may trigger autoimmunity directly by providing antigenic stimuli resulting in cross-reactivity of autoreactive lymphocytes and autoantibodies with bacterial orthologues. Finally, microbiota may modulate the immune system through their metabolites and may facilitate immune regulation by stimulating regulatory immune elements (summarized in Figure 1).




Figure 1 | Potential mechanisms by which autoimmune diseases are linked to gut microbiota and intestinal immunity. Modified according to (12). APS, antiphospholipid syndrome; CNS, central nervous system; SLE, systemic lupus erythematosus; T1D, type I diabetes (13–21).





Microbial Profiling

The introduction of molecular biological methods for the characterization of the microbiota, in particular high-throughput sequencing, has greatly advanced our understanding of the diversity and function of the microbiota (22). Sequencing of the single or a combination of the 9 variable regions of the gene for the 16S ribosomal RNA of the small 30S ribosomal subunit is the mainstay to describe the composition of a microbial community. While 16S rRNA sequencing has become the method of choice due to its simplicity, it is often limited in the taxonomic resolution and is prone to bias e.g. PCR amplification and sampling depth (23). More extensive sequencing approaches include whole 16S rRNA gene sequencing allowing resolution of the microbiome to the species level, however often at the cost of sampling depth, and shot-gun metagenomics sequencing which will additionally yield information on the genetic repertoire, i.e. potential functional genes, of the bacterial community, the latter requiring extensive bioinformatics resources. Other “omics”, such as metaproteomics can also be used to define the composition as well as the function of the microbiota, while metabolomic profiling identifies the mediators with which the microbiota could interact within itself and with the host [reviewed in (24)]. Recently, the combination of absolute quantification of the microbiota by flow cytometry with 16S rRNA gene profiling was shown to better reflect clinically relevant changes of the microbiome in patients with inflammatory bowel diseases (IBD) (25). Flow cytometric analysis of the microbiota also has the potential to rapidly identify alterations in the microbiota on the single cell level for monitoring purposes (26) and when combined with cell sorting and 16S rRNA gene analysis could lead to the identification of relevant bacteria in a more targeted fashion.



Role of Intestinal Microbiota in Autoimmune Diseases


Inflammatory Bowel Diseases

The intestinal tract, home to the largest density and diversity of microorganisms in healthy humans, is the target organ of IBD comprising Crohn’s disease (CD) and Ulcerative Colitis (UC). The chronic intestinal inflammation in IBD is characterized by effector and tissue resident memory T cell responses to aspects of the intestinal microbiota (27). Despite large inter-individual variability, genetic analyses of microbial populations in stool and/or mucosal biopsies has revealed an overall decrease in diversity, a loss of symbionts and an increase in pathobionts (essentially Gram-negative proinflammatory microbes) in both UC and CD (27, 28). Whether these changes in microbial composition and IBD pathogenesis are a cause or consequence of intestinal inflammation remains a key area of study (29). Alterations in gut microbiota can disrupt epithelial and immune homeostasis, leading to increased permeability and eventual immune activation. Alternatively, the documented genetic and/or microbial-independent environmental factors associated with IBD may promote inflammation and oxidative stress, which subsequently results in a shift in microbial composition. A recent study has shown that increased fecal proteolytic activity and microbiota changes precede diagnoses of ulcerative colitis (30). In addition, the altered humoral and cellular acquired immune responses towards bacterial antigens that characterize IBD, particularly Crohn’s disease (31), may predate disease onset (32). This suggests that immune responses towards microbes, rather than microbial composition itself, drives epithelial barrier disruption and altered innate responses at disease onset. Thus, in marked contrast to the impressive efficacy seen in Clostridium difficile infection (33), FMT has shown some benefit in mild UC but no impact in CD (34–36). Nonetheless, regardless of whether dysbiosis is the initial event or the result of overt inflammation, shifts in microbial composition may help perpetuate disease, as well as impact response to therapy in IBD (37, 38), and thus represent a desirable target for future therapies.



Systemic Sclerosis

In systemic sclerosis (SSc), a rare systemic autoimmune disease characterized by vasculopathy, immune activation and consequent progressive fibrosis, multiple genetic, epigenetic, and environmental factors are regarded as potential triggers for the onset and progression of the disease (39). Over the past decades, emerging evidence suggests that alterations of microbial populations colonizing epithelial surfaces (i.e., gastrointestinal tract, skin and lung), known as dysbiosis, may contribute to chronic inflammation and autoimmunity (4). Since the gastrointestinal tract is one of the organs highly affected in SSc, recent studies have aimed to investigate gastrointestinal microbiota alterations to elucidate the possible interaction with disease phenotype and clinical outcome of the disease (40). Initial studies found that specific bacteria, particularly beneficial commensal genera (Faecalibacterium, Clostridium and Rikenella) and, conversely, more potentially pathobiont genera (Bifidobacterium, Fusobacterium and Prevotella) were decreased in SSc patients compared to healthy controls (41–43). Notably, SSc patients with more severe gastrointestinal symptoms exhibited a prevalence of the pathobiont Fusobacterium compared to patients with mild or no gastrointestinal symptoms (41–43). Furthermore, overabundance of opportunistic pathogenic Clostridium and typically oral Streptococcus species was recently described in SSc, while Alistipes, Bacteroides, and butyrate-producing species were depleted, congruent with findings in patients with IgG4-related disease, suggesting a common signature in both fibrosis-prone autoimmune diseases (44). Altogether, these studies confirm the existence of a shift in gut microbiota population in SSc patients. Whether these changes are causative or rather reflect the gastrointestinal involvement by inflammatory and fibrotic processes remains to be demonstrated. The role of intestinal dysbiosis in the disease pathogenesis is further complicated by the possibility that, as showed in other diseases, the intestinal microbiota in SSc might modulate local immunological mechanisms possibly responsible of local and systemic alterations (45).



Multiple Sclerosis

Multiple sclerosis (MS) is a chronic immune-mediated disease of the central nervous system (CNS), which results from interactions of genetic and environmental factors (46). The underlying pathological process is complex but includes the abnormal activation of T and B cells targeting foreign and/or self-antigens, which could be primed within the CNS or in the periphery (47, 48). A potential source of such antigens is the gut microbiome, which exhibits a level of homology to human myelin proteins and may trigger cross-reactivity through the mechanism of ‘molecular mimicry’ (49, 50). Immune reconstitution studies have shown that gut Mucosal Associated Invariant T (MAIT) cells, which express chemokine receptor 6 (CCR6) to facilitate their transmigration into the CNS, are reduced following autologous HSCT, suggesting that they may play a role in crosslinking gut microbiome with the neuroaxis (51). In one experimental model, the presence of intestinal microbiota was necessary to induce CNS autoimmunity, suggesting that the gut has the ability to control systemic autoimmune responses (52, 53). Germ-free mice recipients receiving feces from patients with MS develop severe Experimental Allergic Encephalomyelitis (EAE) and the administration of Lactobacilli seems to suppress this process (54, 55). A number of case control studies have reported reduced gut microbiome diversity in patients with MS, particularly in those with active disease, although a consistent microbiome phenotype has not been identified (56, 57). Furthermore, some MS orally administered disease modifying therapies have been found to inhibit the growth of Clostridium in vitro, which may contribute to their anti-inflammatory mechanism of action (58). Given the increasing evidence that gut microbiome plays a role in the immune system homeostasis and in the pathogenesis of MS, changes in the microbiome in patients with MS undergoing HSCT warrant investigation.




Role of Intestinal Microbiota in Hematopoietic Stem Cell Transplantation


Correlation With HSCT Outcomes

The intestinal microbiome undergoes profound changes during the course of transplantation. Multiple transplant-related factors (i.e. conditioning regimen, broad-spectrum antibiotics, nutrition) drive microbial shifts. At the same time, the alteration in the composition of gut flora is associated with transplant outcomes, including overall survival (OS), progression-free survival (PFS), treatment-related mortality (TRM) and GvHD (Table 1). Bacterial diversity largely decreases after HSCT, and is correlated with increased risk of major transplant complications such as infections or GvHD, potentially affecting the outcome of the procedure (81, 82). A large multicenter observational study has confirmed lower mortality rates in patients showing higher diversity of intestinal microbiota at engraftment (3). Recently, microbiota injury has been observed also in recipients of autologous HSCT, who undergo similar antibiotic exposures and nutritional alterations after high-dose chemotherapy and transplant procedure (80). Reduced OS and PFS have been reported in patients with lower peri-engraftment microbiome diversity.


Table 1 | Impact of microbiome on HSCT outcomes.





Impact of chemotherapy, Diet, and Antibiotics on the Intestinal Microbiome in Transplant Recipients

Microbiome and transplant correlations may be influenced by local practices, antibiotic choices, hospital flora, and diet. Gastrointestinal disturbances associated with chemotherapy and radiation (83) and subsequent mucositis can also impact the composition of intestinal microbiota. A reduction in α-diversity and significant differences in the composition of the intestinal microbiota have been observed in response to chemotherapy, such as increase in Bacteroides and Enterobacteriaceae paralleled by a decrease in Bifidobacterium, Faecalibacterium prausnitzii, and Clostridium cluster XIVa (84), and a drastic drop in Faecalibacterium accompanied by an increase of Escherichia (85). The impact of diet on gut flora is well-recognized (86). Depletion of the intestinal microbiota reduces visceral adipose tissue and caloric uptake from diet (87), and enteral feeding may exert a beneficial effect on intestinal flora by providing the required nutrients (88). Interestingly, a lactose-free diet can prevent microbial overdominance by detrimental commensal bacteria like Enterococcus (72). Broad-spectrum antibiotic prophylaxis/treatment, commonly used in HSCT recipients, in the early phase after HSCT can beneficially reduce the number of transmigrated bacteria. However, their long-term effects are detrimental, because they limit microbiota diversity, by killing beneficial commensal bacteria that inhibit pathogens and promote immune defenses (81). A drastic decrease in the diversity of enteric microbiome after administration of antibiotic therapy, and the loss of obligate anaerobic commensal bacteria such as Clostridia and Bacteroidetes after piperacillin-tazobactam and meropenem administration, are recurrent in literature (89). Metronidazole administration increases enterococcal domination, whereas fluoroquinolone administration reduces domination by Proteobacteria (59) and represents an important variable associated with overall survival (61). Broad spectrum antibiotics, by inducing loss of bacterial diversity, are also associated with increased GvHD-related mortality (65, 90).



Intestinal Microbiome, Immune Reconstitution, and Infection Prevention

Effective and appropriate immune reconstitution is central to successful HSCT. Microbiota populations may influence immune reconstitution and cell dynamics in humans (91). The depletion of the intestinal microbiota impairs post-transplant immune reconstitution (87). Analysis of daily changes in circulating immune cell counts and extended longitudinal microbiota analysis revealed consistent associations between gut bacteria and immune cell dynamics, paving the way for potential microbiota-targeted interventions to improve immunotherapy and treatments for immune-mediated diseases (91).

The gut microbiota play a critical role in maintaining colonization resistance against intestinal pathogens, thus preventing infections. Domination by Enterococcus and Proteobacteria are associated with the risk of bacteremia by Vancomycin-resistant Enterococcus and gram-negative rod respectively (59). A different baseline distribution of the gut microbiome (68) has been reported in patients at risk for microbiologically confirmed infection (high level of Enterobacteriaceae, low level of Lachnospiraceae), sepsis and septic shock (high level of Enterobacteriaceae). Moreover, a documented bloodstream infection may be anticipated by expansion and dominance of pathogenic strains in the gut flora (59, 68, 92, 93). Overall, a low diversity of the intestinal microbiota at engraftment has been shown to be an independent predictor of TRM from both infectious and non-infectious causes (61).



Intestinal Microbiome, GvHD, and Immunosurveillance

In the allogeneic transplant setting, a regulatory effect of the gut microbiota in the maintenance of intestinal homeostasis has been reported (94). Loss of fecal diversity, as well as increased abundance of members from Enterococcus or Staphylococcus species have been associated with the incidence and severity of acute GvHD (79), while other organisms such as Blautia species have a protective role (64). Metabolites produced by intestinal bacteria may promote intestinal tissue homeostasis and immune tolerance in the context of acute GvHD (95). Moreover, commensal bacteria can also play a role in tumor immunosurveillance. Increased abundance of a cluster of related bacteria including Eubacterium limosum was associated with decreased risk of relapse or disease-progression (67).

Altogether, these results indicate that the intestinal microbiota represent a potentially important factor in the success or failure of HSCT. As such, the microbiome can be envisioned both as a biomarker for the identification of patients at higher risk for transplant-related complications, and also a target for intervention aiming to impact clinical outcomes through enhancing microbiota recovery (96).



Modulation of Gut Microbiota by Fecal Microbiota Transplantation

FMT is a recommended therapeutic strategy for treating recurrent Clostridioides difficile infection (97, 98). Additionally, FMT has been investigated for treatment of steroid-resistant acute GvHD and initial positive results (99) were confirmed by several case reports (100). A small cohort study recently reported a complete response in 10 out of 14 patients (71%) with steroid-refractory or steroid-dependent acute GvHD 28 days after FMT (101). This response was accompanied by an increase in microbial α-diversity, a partial engraftment of donor bacterial species, and increased abundance of butyrate-producing bacteria, including groups in the order Clostridiales, namely Blautia species. Malard et al. recently reported the use of a next-generation FMT product “MaaT013”, a standardized, pooled-donor, high-richness microbiota biotherapeutic, in the largest cohort of patients to date (n=29) with steroid-refractory or steroid-dependent intestinal acute GvHD (102). These patients had previously received and failed 1 to 5 lines of GvHD systemic treatments. The product was well tolerated and at day 28, overall response and complete remission rates were 59% and 31%, respectively. Furthermore, some studies have evaluated the role of FMT in treating dysbiosis after allogeneic HSCT. Taur et al. reported that autologous FMT after HSCT was safe and boosted microbial diversity, restoring bacterial populations lost during HSCT and reversing the disruptive effects of the broad-spectrum antibiotics (n=14) (81). Overall, FMT appears to be a promising strategy and several studies are ongoing to evaluate FMT for acute GvHD management (NCT03812705, NCGT03492502, NCT03359980, NCT03720392, NCT03678493). Regarding prevention of complications, additional studies are warranted to confirm that restoration of gut microbiota dysbiosis after FMT translates into clinical improvement after allogeneic HSCT, in particular a lower incidence of acute GvHD (96).




Discussion

It is increasingly accepted that understanding the complex interactions between the microbiome and immune system will be crucial to defining the pathogenesis of ADs, whilst optimizing therapeutic interventions and clinical outcomes. HSCT is increasingly used specifically to treat severe, resistant ADs, with now more than 3000 cases being reported to the registry of the European Society of Bone and Marrow Transplantation (EBMT) (103, 104). To date very limited data is available regarding microbiome biology in the setting of HSCT for ADs, where medium to long-term clinical outcomes are considered to be due to the induction of altered (or ‘re-booted’) immune reconstitution post-transplant. The ‘immune re-boot’ has been increasingly characterized in a range of ADs with a range of immunological markers, including evidence of generation of ‘re-educated’ and regulatory populations to support re-induction of self-tolerance lasting beyond the broad immunosuppressive effects of autologous HSCT (105, 106). Changes in immune reconstitution may affect not only on disease activity, but also adverse events, such as secondary ADs (107–110).

As for ADs outside the transplant setting, and for GvHD in allogeneic HSCT, the microbiome may significantly influence the baseline status of the underlying AD pre-transplant, the patients general condition peri-transplant (which will inevitably be influenced by the treatment and supportive care, especially antibiotics), and then the dynamics of the reconstituting immune system post-transplant. The microbiome may therefore influence short- and long-term immune recovery and clinical outcomes following autologous HSCT. Therefore, future investigations evaluating microbiome changes pre-, peri- and post-HSCT in ADs patients are warranted. Table 2 includes proposed recommendations for studies of the microbiome (111–115) that could be compared with clinical outcome and laboratory data related to immune reconstitution in patients undergoing HSCT for various ADs. Although bio-banking and testing cannot be regarded as routine care, they could be integrated into clinical trials or observational studies with appropriate institutional approvals. In future, a greater understanding may help design of prospective studies of interventions, including FMT, to test the proof of principle of modulation of the microbiome in this setting.


Table 2 |  Considerations for the analysis of intestinal microbiome in AD undergoing HSCT.



In conclusion, we have summarized the current evidence supporting the relationship between the microbiome, HSCT and ADs, and speculated on the potential impact of the microbiome on clinical outcomes and immune reconstitution following HSCT for severe, resistant ADs. The evidence in this specific field is currently very limited, warranting harmonization of the microbiome monitoring and prospective studies to evaluate properly any potential impact and/or clinical benefit.
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We retrospectively compared the outcomes and health-related quality of life (HRQoL) of severe aplastic anemia (SAA) patients who received haploidentical hematopoietic stem cell transplantation with a single unrelated cord blood unit (Haplo-cord HSCT) (n = 180) or matched related donor (MRD)-HSCT (n = 128). After propensity score matching, we were able to match 88 patients in each group and to compare the outcomes between the two matched-pair groups. Haplo-cord recipients exhibited a longer median days for neutrophil engraftment (12 vs 11, P = 0.001) and for platelet engraftment (15 vs 13, P = 0.003). Haplo-cord recipients a high cumulative incidence of grades II–IV acute graft-versus-host disease (GVHD) (29.8 vs 14.0%, P = 0.006), while similar III–IV acute GVHD, total chronic GVHD, and moderate to severe chronic GVHD at four-year (all P < 0.05). Among the Haplo-cord HSCT and MRD-HSCT groups, the four-year GVHD-free/failure-free survival rates were 73.5% and 66.9% (P = 0.388) respectively, and the overall survival rates were 81.5% and 77.2% (P = 0.484), respectively. Similar comparable results also were observed between the corresponding first-line, older or younger than 40 years old subgroups. The Haplo-cord HSCT group exhibited higher scores in the physical component summary, physical functioning, general health and social functioning than the MRD-HSCT group (all P < 0.05). In the multivariate analysis, young age and Haplo-cord HSCT were favorable factors for HRQoL, while moderate to severe cGVHD was associated with lower HRQoL. These results suggest that for SAA patients, Haplo-cord HSCT could achieve at least comparable efficacy and HRQoL to MRD-HSCT.
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Introduction

Acquired severe aplastic anemia (SAA) is a kind of bone marrow (BM) failure syndromes mainly caused by immune destruction of hemopoietic stem and progenitor cells (1, 2). For SAA, including very SAA (vSAA), once diagnosed, individuals require effective treatment as soon as possible. Otherwise, it may be life-threatening due to severe bleeding and infection. The choice of treatment for SAA is determined based on patient age, donor availability, and access to therapeutic resources. According to published guidelines, human leukocyte antigen (HLA)-matched related donor (MRD) transplantation is the preferred option for young SAA patients. However, immunosuppressive therapy (IST) using antithymocyte globulin (ATG) and cyclosporine A (CsA) is indicated for young patients who do not have a MRD and patients older than 40 years. Haploidentical-HSCT (Haplo-HSCT) has been regarded as a salvage therapy when patients fail to respond to IST (3, 4). With continued progress in transplantation techniques, the age limit of allo-HSCT in SAA patients has been cautiously expanded to 50 years of age or older (5, 6). More importantly, Haplo-HSCT has achieved survival rates comparable to MRD-HSCT for SAA patients (7). Based on these observations, the latest guideline from the Chinese Society of Hematology recommends Haplo-HSCT as the front-line treatment for SAA patients without a HLA-matched donor (8).

To further improve the efficacy of Haplo-HSCT, some experienced transplant centers have been exploring some strategies to optimize this transplant strategy, including Haplo-HSCT combined with mesenchymal stem cells (MSCs) or unrelated cord blood (CB) (9–12). Until recently, another study reported encouraging results of sequential transplantation of haploidentical stem cell and unrelated CB on ATG/post-transplantation cyclophosphamide (PTCY) basis in relapsed/refractory hematologic malignancies, possibly by preventing graft-versus-host-disease (GVHD) and anti-leukemia effect (13). Notably, Haplo-HSCT with a single unrelated CB infusion (Haplo-cord HSCT) has exhibited encouraging survival outcomes for SAA patients in our clinical center (12). Meanwhile, health-related quality of life (HRQoL) assessment could help understand the burden of disease, provide direction for future therapy, and evaluate the efficacy of treatment interventions (14, 15). Therefore, HRQoL should be considered an integral component in evaluating the medical outcome of any treatments for SAA patients (16). As we reported before, the first-line Heplo-cord HSCT achieved similar overall survival (OS) and better failure-free survival (FFS) and HRQoL with the first-line IST for SAA patients (17). However, no direct comparison was performed including the HRQoL in SAA patients treated with Haplo-cord HSCT and MRD-HSCT. Thus, we performed this retrospective multicenter study to comprehensively compare the efficacy and the HRQoL between Haplo-cord HSCT and MRD-HSCT for SAA patients.



Patients and Methods


Patients

Between August 2003 and November 2019, 308 consecutive acquired SAA patients who underwent Haplo-cord HSCT (n = 180), or MRD-HSCT (n = 128) were enrolled in this study. Among the Haplo-cord HSCT group, previously reported 146 patients were also included (12). Inclusion criteria were as follows, (1) diagnosis of SAA (including vSAA) as defined by Camitta’s criteria (18), (2) transfusion was required, and (3) the presence of a relatively intact performance status and no apparent functional damage of internal organs (heart, liver, lung, and kidney) before transplantation. MRD-HSCT was the preferred choice for SAA patients, particularly those younger ones. Patients voluntarily participated in Haplo-HSCT in combination with unrelated UB infusion with the following circumstances, (a) without a matched related or unrelated donor, (b) refused to accept the first or second IST, (c) at least with one suitable haplo-identical donor (HID). The other exclusion criteria were as follows, patients with congenital bone marrow failure syndromes (Fanconi anemia, Diamond-Blackfan anemia, congenital dyskeratosis, and so on), patients who tested positive for myelodysplastic syndrome based on BM analyses, or diagnosed with other immunological diseases. Cytogenetic analyses of the BM and flow cytometry test of paroxysmal nocturnal hemoglobinuria (PNH) clone were routinely performed for all patients.

This study was carried out in accordance with the Declaration of Helsinki and approved by the participating hospitals’ Ethics Committees. All enrolled patients signed a written informed consent form prior to participation.



Donor Selection

The HLA-A, -B, -C, DRB1, and -DQB1 typing of the recipients and donors, and the HLA-A, -B, and DRB1 typing of the unrelated CB units were performed. Donors were selected based on the HLA match, age, gender, health condition, and willingness to donate stem cells. Additional aspects concerning donor selection and the unrelated CB units were consistent with our previous report (12).



Conditioning Regimen

The transplant days were numbered sequentially. The specific days preceding the transplant were indicated by a minus sign (−), such that the first day of the stem cell infusion was numbered “day 01,” the second day of infusion was “day 02”. The specific days after the last stem cell infusion were indicated by a plus sign (+). Patients in the Haplo-cord HSCT group were treated with a busulfan (BU)/cyclophosphamide (CY)-based regimen that included the following drugs. BU, 0.8 mg/kg intravenous (i.v.) was given four times daily on days −7 and −6. Cy, 50 mg/kg i.v., was given once daily from days −5 to −2, and ATG (rabbit, Thymoglobuline®, Genzyme, Cambridge, MA, USA), 2.5 mg/kg i.v., was given once daily from days −5 to −2. In the MRD-HSCT group, patients were given fludarabine (Flu) + CY + ATG regimen, which included Flu 30 mg/m2/day i.v. given for six days (days −7 to −2), Cy 50 mg/kg/day i.v. for two days (days −4 and −3), and ATG 2.5 mg/kg/day i.v., given for five days (days −8 to −4).



Graft Collection and Infusion

From day −4 to the last day of stem cell collection, the hematopoietic stem cells from HIDs and MRDs were mobilized by subcutaneous injection of recombinant human granulocyte colony-stimulating factor (rhG-CSF) at a dose of 10 μg/kg/day. BM grafts from the MRDs were collected on day 01 via BM aspiration in the surgery room. The target mononuclear cells (MNCs) count from the BM was 6−8 × 108/kg of recipient weight. If the target MNCs count was not achieved, peripheral blood stem cells (PBSCs) were collected the following day by apheresis using a COBE Spectra device (Gambro BCT, Lakewood, CO, USA). BM grafts from the HIDs were harvested on day 01 to attain a target MNCs count of 2–4 × 108/kg of recipient weight, and PBSCs were collected the following day. The grafts from BM and peripheral blood (PB) were expected to provide the target MNCs count of 6–8 × 108/kg of recipient weight. If the target count of cells was insufficient, additional PBSCs were collected on the following 1 to 2 days. Fresh unmanipulated BM and PBSCs were infused into the recipient on the day of collection. A single unrelated CB unit was infused 8 hour before the infusion of the Haploidentical grafts on day 01.



GVHD Prophylaxis and Treatment

In the Haplo-cord HSCT group, CsA, mycophenolate mofetil (MMF), and short-term methotrexate (MTX) were administered for acute graft-versus-host-disease (aGVHD) prophylaxis (19). In the MRD-HSCT group, only CsA was used to prevent GVHD (beginning on day –4). Once GVHD occurred, the procedure of treatment was as described previously (12).



Supportive Care and Post-Transplantation Surveillance

The details concerning supportive care and post-transplantation surveillance were consistent with previous experience (12).



Definitions and Post-Transplantation Evaluations

Neutrophil engraftment was defined as the first day of an absolute neutrophil count (ANC) greater than 0.5 × 109/L for three consecutive days. Platelet engraftment was defined as the first day of a platelet count greater than 20 × 109/L for seven consecutive days without transfusion support. Primary graft failure (GF) was defined as failure to achieve neutrophil engraftment after HSCT up to + 28 days. Secondary GF was defined as recurrent pancytopenia with an ANC below 0.5 × 109/L after a prior history of engraftment (20). Early mortality was defined as death within 60 days after HSCT. Transplantation-related mortality (TRM) was defined as death related to the transplantation and not the relapse of SAA. GVHD-free or failure-free survival (GFFS) was defined as survival without grade III–IV aGVHD, moderate to severe cGVHD, and treatment failures (including death, primary or secondary GF, and relapse) (7, 12). Poor graft function was defined as persistent cytopenia in at least two lineages (platelet < 20 × 109/L, neutrophil count < 0.5 × 109/L, hemoglobin level < 70 g/L) and/or requiring a transfusion beyond day +28, and full donor chimerism without relapse or severe GVHD (21). The Diagnosis and GVHD grade was based on the established criteria (22, 23). During the follow-up, the recipient’s BM was checked monthly for three months and every three to six months for the following one to two years.



HRQoL Evaluation

Patients were excluded who had survived less than one year after transplantation, were less than 14 years old at the time of the questionnaire survey, had experienced relapse or GF, experienced any mental disorder after transplantation, or were unwilling to participate in the quality of life survey. A survey packet was mailed to every patient willing to complete a questionnaire that included a consent form, a set of questionnaires concerning their HRQoL, and a self-addressed stamped envelope. Each respondent was asked to sign the consent form and complete the HRQoL questionnaires (at 18 months after transplantation) before returning these materials to the investigators at their earliest convenience.

The 36-Item Short-Form Health Survey (SF-36) included eight subscales: physical functioning, role-physical functioning, bodily pain, general health, vitality, social functioning, role-emotional functioning, and mental health. Raw scores were transformed into standardized scores on a scale of 0–100. High scores represented high function levels. The subscales were aggregated into two summary measures, physical components and mental components.



Statistical Analysis

Because patient allocation in this study was based on the HLA-identical or HLA-haploidentical group assignments rather than by random assignment, the baseline levels of some clinical characteristics were imbalanced between the two groups. To reduce the influence of potential confounders, propensity score matching (PSM) was performed in this study. The propensity score that indicated the HLA status for each patient was calculated based on a multivariate logistic regression model. In this model, patient and donor age, female donor into male recipient, year of transplant (from January, 2014), disease status, and graft source between the two groups were used as covariates. Patients in the HLA-identical group were matched to those in the HLA-haploidentical group using 1:1 nearest neighbor matching with a caliper width of 0.2.

After PSM, 88 pairs of patients were created, and outcomes were compared between the two matched-pair groups. For demography, disease and treatment-related factors, and the SF-36 scores, the Mann-Whitney U test and the Pearson chi-squared test were used to compare continuous variables and categorical variables, respectively. Survival analysis was conducted using the Kaplan-Meier method and the log-rank test to compare differences. Engraftment and GVHD were estimated as cumulative incidences, considering early death as a competing event. Multivariate logistic regression and Cox proportional hazard regression analyses were applied to evaluate the contribution of independent factors. P < 0.05 was considered statistically significant.

The final date for follow-up for all surviving patients was August 31, 2020. SPSS 22.0 statistical software (IBM, Armonk, NY, USA) was used for statistical analysis.




Results


Patient Characteristics

As shown in Table 1, the proportion of vSAA at diagnosis was higher in the Haplo-cord HSCT group than the MRD-HSCT group (P = 0.001). The median recipient age was significantly lower in the Haplo-cord HSCT group than the MRD-HSCT group (P < 0.001). Similarly, the proportion of patients younger than 40 years in the Haplo-cord HSCT group was higher than the MRD-HSCT group. With respect to donors, the median age was significantly higher in the Haplo-cord HSCT group than the MRD-HSCT group (P < 0.001). Also, more male donors were included in the Haplo-cord HSCT group than the MRD-HSCT group (P = 0.013), which contributed to the difference in the donor-recipient sex match between the Haplo-cord HSCT and MRD-HSCT groups. The median follow-up time was longer in the MRD-HSCT group than that in the haplo-cord HSCT group (P = 0.003). All these variables were balanced between the Haplo-cord HSCT and MRD-HSCT groups after PSM (all P > 0.05) (Table 1).


Table 1 | Patient and donor (graft) characteristics between the two groups.



The two groups were matched with respect to the ratio of males to females of recipient, the time from diagnosis to transplantation, and other characteristics whether before or after PSM.



Engraftment

85 of 88 patients in the Haplo-cord HSCT group survived more than +28 days. Among the 85 patients, two experienced primary GF, and the remaining 83 patients achieved successful HID engraftment without mixed chimerism of unrelated CB. In the MRD-HSCT group, 83 of 88 patients survived more than +28 days, and the 83 patients achieved successful MRD engraftment. The cumulative incidences of neutrophil engraftment +28 days between the Haplo-cord HSCT and MRD-HSCT were not different (97.7 ± 1.6% vs 100.0 ± 0.0%, P = 0.497), and the cumulative incidence of platelet engraftment +60 days between them were also similar (96.5 ± 2.0% vs 96.2 ± 2.1%, P = 0.804) (Table 2).


Table 2 | Transplantation-related events between the two groups.



The median time to achieve neutrophil engraftment in the Haplo-cord HSCT and MRD-HSCT groups was 12 days and 11 days, respectively, which was significantly different (P = 0.001) (Table 2). The median time to achieve platelet engraftment in the Haplo-cord HSCT and MRD-HSCT groups was 15 days and 13 days, respectively, which was significantly different (P = 0.003) (Table 2). Based on multivariate analysis, Haplo-cord HSCT was the only unfavorable factor that affected the median time to achieve neutrophil and platelet engraftment (P = 0.004; P = 0.001, respectively) (Table 4).

As of the last follow-up, except for two patients with secondary GF, sustained full donor chimerism was observed in the surviving patients after the Haplo-cord HSCT. One patient experienced secondary GF in the MRD-HSCT group, and mixed chimerism was detected in another patient at 9 months after transplantation. However, this patient was restored to full donor chimerism after infusion of MSCs and donor lymphocytes.



GVHD Incidence and Severity

The cumulative incidence of grade II–IV aGVHD within 100 days in the Haplo-cord HSCT group was significantly higher than the MRD-HSCT group (29.8 ± 5.0% vs 14.0 ± 3.7%, P = 0.006) (Figure 1A). However, the cumulative incidence of grade III–IV aGVHD was not different between the Haplo-cord HSCT and the MRD-HSCT groups (8.3 ± 3.0% vs 5.9 ± 2.5%, P = 0.531) (Figure 1B). Multivariate analysis identified Haplo-cord HSCT as the only unfavorable factor for II–IV aGVHD (P = 0.014) (Table 4).




Figure 1 | Graft-versus-host-disease (GVHD) after Haplo-cord HSCT or MRD-HSCT (A) The cumulative incidence of grade II–IV acute GVHD (aGVHD). (B) The cumulative incidence of grade III–IV aGVHD. (C) The cumulative incidence of total chronic GVHD (cGVHD). (D) The cumulative incidence of moderate to severe cGVHD.



Patients who lived longer than 100 days after transplantation were evaluated for the cumulative incidence of cGVHD. There were no differences in the total cGVHD between the Haplo-cord HSCT and the MRD-HSCT groups (20.4 ± 4.7% vs 18.7 ± 4.8%, P = 0.671, Figure 1C), and in the moderate to severe cGVHD between them (8.2 ± 3.2% vs 8.5 ± 3.3%, P = 0.962, Figure 1D). Multivariate analysis identified no significant factor in the total or moderate to severe cGVHD (Table 4).



TRM

There was no patient with relapse in our study. The cumulative rate of transplant-related mortality between the Haplo-cord HSCT and the MRD-HSCT groups was not significantly different (18.2% vs 22.7%, P = 0.455). In the Haplo-cord HSCT group, four patients (25.0%) died from an infection, and six patients (37.6%) died from GVHD (five from aGVHD and one from cGVHD). In the MRD-HSCT group, ten patients (50.0%) died from infection, and two patients (10.0%) died from GVHD (one from aGVHD and one from cGVHD). Additional details of transplant-related events were shown in Table 2.



Survival

Survival was assessed four years after transplantation. The estimated OS was similar between the Haplo-cord HSCT group and the MRD-HSCT group (81.5 ± 4.2% vs 77.2 ± 4.5%, P = 0.484) (Figure 2A). The estimated GFFS was also similar between the two group (73.5 ± 5.0% vs 66.9 ± 5.0%, P = 0.388) (Figure 3A).




Figure 2 | The estimated overall survival (OS) at four-year based on donor source (A) The OS was 81.5 ± 4.2% in Haplo-cord HSCT and 77.2 ± 4.5% in MRD-HSCT groups as a whole. (B) The OS was 80.5 ± 4.9% in Haplo-cord HSCT and 78.1 ± 4.7% in MRD-HSCT subgroups as the first-line treatment. (C) The OS was 83.6 ± 4.5% in Haplo-cord HSCT and 72.0 ± 5.5% in MRD-HSCT subgroups with patients aged < 40 years. (D) The OS was 75.4 ± 9.6% in Haplo-cord HSCT and 95.0 ± 4.9% in MRD-HSCT subgroups with patients aged ≥ 40 years.






Figure 3 | The estimated GVHD-free and failure-free survival (GFFS) at four-years based on the donor source (A) The GFFS was 73.5 ± 5.0% in Haplo-cord HSCT and 66.9 ± 5.0% in MRD-HSCT groups as a whole. (B) The GFFS was 62.7 ± 10.7% in Haplo-cord HSCT and 60.9 ± 7.2% in MRD-HSCT subgroups as the first-line treatment. (C) The GFFS was 77.5 ± 5.1% in Haplo-cord HSCT and 64.6 ± 5.8% in MRD-HSCT subgroups with patients aged < 40 years. (D) The GFFS was 42.7 ± 16.6% in Haplo-cord HSCT and 56.0 ± 17.8% in MRD-HSCT subgroups with patients aged ≥ 40 years.



Subsequent subgroup analysis showed that for patients receiving HSCT as first-line treatment, the estimated OS rates were similar between the Haplo-cord HSCT group (n = 68) and the MRD-HSCT group (n = 78) (80.5 ± 4.9% vs 78.1 ± 4.7%, P = 0.734) (Figure 2B). The estimated GFFS rates were also similar (62.7 ± 10.7% vs 60.9 ± 7.2%, P = 0.563) (Figure 3B).

Next subgroup comparisons between Haplo-cord HSCT and MRD-HSCT was performed according to the patient age. Among patient less than 40 years of age, OS and GFFS tended to be better in the Haplo-cord HSCT group (n = 67) compared with the MRD-HSCT group (n = 68), although it did not reach statistical significance (OS: 83.6 ± 4.5% vs 72.0 ± 5.5%%; P = 0.133; and GFFS: 77.5 ± 5.1% vs 64.6 ± 5.8%; P = 0.127) (Figures 2C and 3C. Nevertheless among patient 40 years and older, OS and GFFS tended to be higher in the MRD-HSCT group (n = 20) compared with the Haplo-cord HSCT group (n = 21), although it did not reach statistical significance (OS: 95.0 ± 4.9% vs 75.4 ± 9.6%; P = 0.094; and GFFS: 56.0 ± 17.8% vs 42.7 ± 16.6. %; P = 0.375) (Figures 2D and 3D), possibly due to the small sample size. Multivariate analysis identified no significant factors that were associated with OS and GFFS (Table 4).



SF-36 Scores

The scores were higher for the physical component summary, physical functioning, general health, and social functioning in the Haplo-cord HSCT group than that in the MRD-HSCT group (all P < 0.05). No significant differences were observed for bodily pain, role-physical functioning, mental component summary, vitality, role-emotional functioning, and mental health between the two groups (all P > 0.05) (Table 3).


Table 3 | HRQoL measures of the survivors between the two groups.



In the multivariate analysis, moderate to severe cGVHD was one adverse risk factor associated with general health, vitality, and social functioning (all P < 0.05) (Table 4). Younger patient at transplantation was a favorable factor for role-physical functioning, bodily pain, vitality, social functioning, role-emotional functioning, mental health, physical component summary, and mental component summary (all P < 0.05), and the choice of Haplo-cord HSCT was another favorable factor for physical functioning, general health, social functioning, and mental health (all P < 0.05) (Table 4).


Table 4 | Multivariate analysis of favorable factors associated with outcomes.






Discussion

This multicenter study was conducted to comprehensively compare the outcomes of large SAA patients cohort underwent Haplo-cord HSCT or MRD-HSCT. First of all, similar rate of hematopoietic engraftment was observed in the Haplo-cord HSCT and MRD-HSCT groups. Nevertheless, engraftment speed of neutrophil and platelet favored the MRD-HSCT group, which meant that the Haplo-cord HSCT might need more supportive care. These outcomes were similar to another study (24). GVHD was a common complication after engraftment, and it might be directly related to survival and quality of life of the survivors, especially in severe cases. In this study, although higher proportions of grade II–IV aGVHD was observed in the Haplo-cord HSCT group than the MRD-HSCT group, similar cumulative incidences were observed in grade III–IV aGVHD, total cGVHD, and moderate to severe cGVHD. Meanwhile, no differences in the aGVHD and cGVHD-related TRM were found between the two groups. The multivariate analysis determined that grade II–IV aGVHD was related to Haplo-cord HSCT. The following factors likely contributed to explain the accepted GF and GVHD in the Haplo-cord recipients. First, adequate CD34+ cells were present, including mobilized BM and PB from the HIDs. Second, additional immunosuppressant was administered due to higher incidences of aGVHD in this group.

Next, we compared the survival of SAA patients after Haplo-cord HSCT or MRD-HSCT. In general, the OS and GFFS rates were comparable between the two groups, including between the corresponding Haplo-cord HSCT and MRD-HSCT as a first-line treatment for SAA patients, which was consistent with another study (7). Considering that old age was determined to be a strong negative predictor in SAA patients receiving allo-HSCT (25), we performed subgroup analyses with the age of 40 as the cut-off. Among patients younger than 40 year, at least comparable OS and GFFS rates were observed between Haplo-cord HSCT and MRD-HSCT groups. Therefore, it was feasible to recommend the Haplo-cord HSCT for SAA patients without MRDs, which was consistent with another report (26). Patients older than 40 years had a significantly poorer prognosis in the Haplo-cord HSCT than that in the MRD-HSCT group, nevertheless, the differences were not statistically significant, probably because the number of patients in the over 40 years old subgroup were too small to draw a persuasive conclusion. Despite these limitations, our data supported 2015 edition of the British Guide for SAA, the age limit for HLA-identical HSCT in SAA patients was expanded to 50 years (3). Until recently, Yang et al. reported that the combination of MRD-HSCT with an unrelated CB unit could achieve favorable outcomes in SAA patients aged 35 to 50 years (27). Another study reported comparable survival outcomes of transplantation from HIDs and matched donors for SAA patients aged 40 years and older (28). Of course, it is necessary to perform further studies with a large sample size to confirm these outcomes of Haplo-cord HSCT for SAA patients aged 40 years and older and explore some risk factors.

With high survival rates in SAA patients with transplantation, quality of life concerns are considered equally important by physicians and patients (29). Our results suggested that scores from most subscales for physical health and social functioning subscale for psychological health were higher in SAA patients undergoing the Haplo-cord HSCT than the MRD-HSCT, while the other subscales’ scores were similar between the two groups. Although similar comparative results also were reported by Mo et al. (30), our study was the first to make the comparison specifically for SAA and not multiple blood diseases. Recovery of HRQoL after allo-HSCT in most survivors is a complicated process requiring three to five years and is influenced by many factors, including age, sex, transplant type, later complications, time after transplantation, and many others (31, 32). Another study about HRQoL reported that mild and moderate cGVHD was significantly better than severe cGVHD, and patients with moderate cGVHD without multiple organ involvement and more severe organ impairment were better off than patients who experienced these conditions (33). In our multivariate analysis, moderate to severe cGVHD was a negative factor that affected most physical and psychological HRQoL of the survivors. Fortunately, the incidence of moderate to severe cGVHD was similar between the Haplo-cord HSCT and the MRD-HSCT groups. In accordance with other studies (31, 34), we also observed that a younger age was associated with a higher score for physical and psychological HRQoL. Because the median recipients’ age after PSM at the time of transplantation was not different between the Haplo-cord HSCT and the MRD-HSCT groups, illustrating the effect of age on the difference in HRQoL between the two groups was limited in my study. In this case, Haplo-cord HSCT, a favorable factor of part subscales, can make a great contribution to a comparable to better physiological quality of life in the Haplo-cord HSCT group than the MRD-HSCT group. Therefore, long-term SAA survivors receiving Haplo-cord HSCT can attain desirable HRQOL comparable to better than that of patients receiving MRD-HSCT.

One limitation in this study is that some survivors did not reply to our invitation. A response rate greater than 70% is low but is not unreasonable for these cross-sectional studies. This low response rate may be related to our failure to offer a reward and to design a face-to-face questionnaire. Another disadvantage of this study is that retrospective HRQoL scores suffered from recall bias, and this phenomenon may be overcome by performing further perspective studies.

In summary, Haplo-cord HSCT for SAA patients exhibited several interesting results compared to the MRD-HSCT, (1), relatively slower engraftments of the neutrophil and platelet, (2), higher incidences of aGVHD, while similar moderate to severe cGVHD, (3), similar OS and GFFS between the whole group and the corresponding subgroups, and (4), comparable to better HRQoL. These outcomes supported the recommendation that Haplo-cord HSCT should be considered an effective alternative option for SAA patients who lack a MRD. However, this result should be supported further by a well-designed, prospective study.
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Outcomes OR/HR (95% CI) P
Median days to ANC > 0.5 x 10%/L

Group (Haplo-cord HSCT vs MRD-HSCT) 0.758 (0.607-0.892) 0.004
Median days to PLT > 20.0 x 10%L

Group (Haplo-cord HSCT vs MRD-HSCT) 0.524 (0.324-0.958) 0.001
Grade |-V aGVHD

Group ( Haplo-cord HSCT vs MRD-HSCT) 2.613 (1.212-5.636) 0.014
Grade IIIHV aGVHD

Group (Haplo-cord HSCT vs MRD-HSCT) 0.919 (0.378-2.234) 0.853
Total cGVHD

Group (Haplo-cord HSCT vs MRD-HSCT) 1.210 (0.533-2.747)  0.649
Moderate-severe cGVHD

Group (Haplo-cord HSCT vs MRD-HSCT) 0.974 (0.519-1.829)  0.936
Overall survival

Group (Haplo-cord HSCT vs MRD-HSCT) 0.792 (0.410-1.528) 0.487
GVHD-free/failure-free survival

Group (Haplo-cord HSCT vs MRD-HSCT) 0.790 (0.457-1.363) 0.397
Physical functioning

Group (Haplo-cord HSCT vs MRD-HSCT) 3.436 (1.402-8.422) 0.007
Patient age 0.977 (0.934-1.023) 0.329
Moderate to severe cGVHD 0.963 (0.390-2.378) 0.936
Role-physical functioning

Group (Haplo-cord HSCT vs MRD-HSCT ) 1.373 (0.560-3.370) 0.489
Patient age 0.944 (0.900-0.990)  0.018
Moderate to severe cGVHD 1.615 (0.655-3.981) 0.298
Bodily pain

Group (Haplo-cord HSCT vs MRD-HSCT)  0.447 (0.128-1.562)  0.207
Patient age 0.896 (0.835-0.962) 0.002
Moderate to severe cGVHD 0.579 (0.164-2.050) 0.397
General health

Group (Haplo-cord HSCT vs MRD-HSCT) 5.760 (2.223-14.921) 0.001
Patient age 0.974 (0.928-1.021) 0.275
Moderate to severe cGVHD 2.593 (1.005-6.688) 0.047
Vitality

Group (Haplo-cord HSCT vs MRD-HSCT) 1.789 (0.703-4.555) 0.222
Patient age 0.945 (0.899-0.992) 0.023
Moderate to severe cGVHD 2.516 (0.987-6.412) 0.043
Social functioning

Group (Haplo-cord HSCT vs MRD-HSCT) 7.250 (2.544-20.666) 0.001
Patient age 0.923 (0.875-0.974)  0.003
Moderate to severe cGVHD 3.697 (1.316-10.385) 0.013
Role-emotional functioning

Group (Haplo-cord HSCT vs MRD-HSCT) 0.823 (0.251-2.701)  0.748
Patient age 0.925 (0.867-0.988) 0.019
Moderate to severe cGVHD 1.065 (0.323-3.511) 0.918
Mental health

Group (Haplo-cord HSCT vs MRD-HSCT) 0.353 (0.144-0.869) 0.023
Patient age 0.949 (0.905-0.995) 0.029
Moderate to severe cGVHD 1.960 (0.804-4.779) 0.139
Physical component summary

Group (Haplo-cord HSCT vs MRD-HSCT) 1.950 (0.783-4.857) 0.152
Patient age 0.929 (0.885-0.976) 0.003
Moderate to severe cGVHD 1.959 (0.784-4.896) 0.150
Mental component summary

Group (Haplo-cord HSCT vs MRD-HSCT) 1.430 (0.548-3.730) 0.465
Patient age 0.925 (0.878-0.975) 0.003
Moderate to severe cGVHD 2.001 (0.764-5.242) 0.158

OR, odds ratio; HR, hazard risk; Cl, confidence interva; vs, versus; Haplo-cord HSCT,
haploidentical hematopoietic stem cell transplantation with unrelated cord blood infusion;
ANC, absolute neutrophil count; PLT, platelet; aGVHD, acute graft-versus-host-disease;

¢GVHD, chronic graft-versus-host-disease.

The bold values were statistically significant (P < 0.05).





OPS/images/fonc.2021.714033/table3.jpg
SF-36 scores (IQR)

MRD-HSCT(n = 45)

Haplo-cord HSCT(n = 49)

Physical
Physical component summary 79.3 (69.3-83.8) 84.3 (76.1-91.7) 0.002
Physical functioning 90.0 (80.0-95.0) 95.0 (90.0-95.0) 0.001
Role-physical functioning 75.0 (50.0-75.0) 75.0 (50.0-100.0) 0.096
Bodily pain 100.0 (100.0-100.0) 100.0 (95.5-100.0) 0.170
General health 57.0 (42.0-67.5) 67.0 (62.0-72.0) <0.001

Psychological
Mental component summary 90.1 (84.4-92.4) 90.0 (84.9-96.4) 0.233
Vitality 85.0 (75.0-90.0) 85.0 (77.5-90.0) 0.651
Social functioning 87.5 (75.0-87.5) 100.0 (87.5-100.0) <0.001
Role-emotional functioning 100.0 (100.0-100.0) 100.0 (100.0-100.0) 0.950
Mental health 88.0 (84.0-92.0) 88.0 (82.0-88.0) 0.147

Haplo-cord HSCT, haploidentical hematopoietic stem cell transplantation with unrelated cord blood infusion; MRD-HSCT, matched related donor hematopoietic stem cell transplantation;
HRQoL, health-related quality of life; IQR, interquartile range.
The bold values were statistically significant (P < 0.05).
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Variables

Cumulative incidence of neutrophil engraftment +28 days (%)
Cumulative incidence of platelet engraftment +60 days (%)
Median days to ANC > 0.5 x 10%/L (range)
Median days to PLT > 20.0 x 10%L (range)
Primary GF, no. (%)
Secondary GF, no. (%)
Infection, no. (%)
Relapse, no. (%)
Early death, no. (%)
TRM, no. (%)
Primary GF, no. (% of TRM)
Secondary GF, no. (% of TRM)
aGVHD, no. (% of TRM)
cGVHD, no. (% of TRM)
Infection, no. (% of TRM)
TA-TMA, no. (% of TRM)
Intracranial hemorrhage, no. (% of TRM)
MDS, no. (% of TRM)
PTLD, no. (% of TRM)
Poor graft function, no. (% of TRM)

MRD-HSCT (n = 88)

100 £ 0.0
96.2 2.1
11 (8-23)
13 (8-80)
0(0.0)
1(1.1)
47 (53.4)
0(0.0)
8(11.0)

Haplo-cord HSCT (n = 88)

97.7+16
96.5 2.0
12 (9-27)
15 (9-210)
223
223
48 (54.5)
0(0.0)
8(11.0)
16 (18.2)
163
1(6.3)
5(31.3)
1(6.3)
4(25.0)

P

0.497
0.804
0.001
0.003
0.477
1.000
0.880
1.000
1.000
0.455
0.444
0.444
0.069
1.000
0.176
0.672
1.000
1.000
1.000

Haplo-cord HSCT, haploidentical hematopoietic stem cell transplantation with unrelated cord blood infusion; MRD-HSCT, matched related donor hematopoietic stem cell transplantation;
ANC, absolute neutrophil count; PLT, platelet; TRM, transplantation related mortality; aGVHD, acute graft-versus-host-disease, cGVHD, chronic GVHD; GF, graft failure; MDS,
myelodysplastic syndrome; TA-TMA, transplantation-associated thrombotic microangiopathies; PTLD, post-transplant lymphoproliferative disease.

The bold values were statistically significant (P < 0.05).
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Variables

Median age, years (range)
Age, no. (%)
< 40 years
> 40 years
Gender (male/female), no.
Disease status (SAA/VSAA), no.
With PNH clone, no. (%)
ECOG score, median (range)
Previous transfusion
Median units of RBC (range)
Median units of PLT (range)
Median SF, ng/mL (range)
Median time from diagnosis to HSCT, months (range)
HCT-CI
<1
>2
Unfront treatment, no. (%)
Donor median age, years (range)
Donor-recipient sex match, no. (%)
Male-male
Male-female
Female-male
Female-female
Donor sex, no. (%)
Male
Female
Blood types of donor to recipient, no. (%)
Matched
Major mismatched
Minor mismatched
Major and minor mismatched
Source of graft, no. (%)
BM
PB
BM + PB
Median BM/PB MNCs, x 10%/kg (range)

Median BM/PB CD34" cells, x 10%/kg (range)
Median cord TNCs, x 107/kg (range)

Median cord CD34* cells, x 10%/kg (range)
Median follow-up time, months (range)

Before matching

MRD-HSCT Haplo-cord HSCT
(n=128) (n=180)
29 (4-56) 24 (3-55)
97 (75.8) 159 (88.3)
31 (24.2) 21 (11.7)

70/58 105/75
93/35 98/82
13 (10.2) 21 (11.7)
1(0-2) 1(0-2)
23 (3-36) 22 (2-38)
22 (0-120) 18 (2-120)
1300 (248-4250) 1680 (180-4550)

3(0.5-360) 2 (0.5-240)
107 (83.6) 161 (89.4)
21 (16.4) 18 (10.6)
116 (90.4) 137 (76.1)
31 (5-56) 41.5 (8-63)
28 (21.9) eg 38.3)
32 (25.0) 41 (22.8)
42 (32.8) 36 (20.0)
26 (20.3) 34 (18.9)
60 (46.9) 110 (61.1)
68 (53.1) 70 (38.9)
79 (62.0) 96 (53.0)
15 (11.6) 38 (21.5)
24 (18.6) 37 (20.5)

10 (7.8) 9(5.0)
17 (13.3) 17 (9.4)
30 (23.4) 9(5.0)
81(63.3) 154 (85.6)
11.0 (2.3-22.4) 11.2 (3.6-33.4)
3.8 (1.0-16.9) 36
0.7-8.9)
- 2.1(1.1-7.3)
- 0.6 (0.1-2.3)

51.5 (12.0-220.0) 39.0 (10.0-108.0)

<0.001
0.004

0.524
0.001
0677
0.589

0.306
0.067
0.059

0.440
0.132

0.001
< 0.001
0.009

0.013

0.120

<0.001

0.308

0.342

0.003

After matching
MRD-HSCT Haplo-cord HSCT
(n=88) (n=88)
29 (14-52) 29 (14-55)
73(83.0 68 (77.3)
15 (17.0) 20 (22.7)
48/40 48/40
28/60 28/60
10 (11.4) 11 (12.5)
1(0-2) 1(0-2
24 (4-36) 22 (2-36)
22 (2-118) 20 (2-120)
1350 (278-4050) 1610 (180-4352)
5 (1-200) 2 (0.7-240)
75(85.2) 78 (88.6)
13 (14.8) 10 (11.4)
78 (88.6) 69 (78.4)
32 (8-56) 31 (11-67)
20 (22.7) 31(35.2)
24 (27.3) 8 (20.! )
28 (31.8) 7 (19.
6(18.2) 22 (25.0) o
4 (50.0) 49 (85.7)
44 (50.0) 39 (44.3)
52 (59.1) 45 (51.1)
2(13.6) 17 (19.3)
8 (20.5) 21(23.9)
6(6.8) 5(6.7)
11 (12.5) 13 (14.8)
17 (19.3) 7(8.0)
60 (68.2) 68 (77.3)
10.8 (3.6-31.2) 10.7
(2.6-22.1)
3.7 3.9(1.2-16.4)
(0.8-8.6)
2.0(1.1-3.9)
0.5 (0.1-2.3)

53.0 (12.0-121.0) 48.0 (10.0-103.0)

P

0.901
0.345

1.000
1.000
0.816
0.701

0.267
0.098
0.072

0.987
0.502

0.067
0.742
0.076

0.450

0.639

0.089

0.301

0.351

0.134

Haplo-cord HSCT, haploidentical hematopoietic stem cell transplantation with unrelated cord blood infusion; MRD-HSCT, matched related donor hematopoietic stem cell
transplantation; SAA, severe aplastic anemia; vSAA, very SAA; PNH, paroxysmal nocturnal haemoglobinuria; ECOG,eastern cooperative oncology group scale; RBC, red blood cell;
PLT, paltelet; SF, serum ferritin; HCT-CI, hematopoietic stem cell transplantation-comorbidity index; BM, bone marrow; PB, peripheral blood; MNCs, mononuclear cells; TNCs, total

nucleated cells.
The bold values were statistically significant (P < 0.05).
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Total number of patients 252

Sex: male 133 (53%)
Median age (range) at transplant 45.1(1.6-73.4)
Age <18 years 13 (5%)
Diagnosis

AML [secondary AML] 180 (71%) [32 (17%))
ALL [Ph+ ALL] 68 (27%) [8 (12%))
Biphenotypic AL 42%)
Transplant date

<2005 3(2%)
2006-2010 69 (27%)
2011-2015 180 (71%)
Disease status at transplant

Not treated 2(1%)
1CR 135 (54%)
22CR 61(25%)
Primary induction 26 (10%)
Relapse 26 (10%)
Missing 2
Donor

HLA-matched sibling 98 (39%)
1 locus mismatched related 3(1%)
Haploidentical 49 (20%)
Unrelated 102 (40%)
Stem cell source

Bone marrow 83 (33%)
Peripheral blood 169 (67%)
Conditioning regimen

Myeloablative (with TBI) 42(17%)
Myeloablative (only drugs) 137 (55%)
Reduced intensity 71(28%)
GVHD prophylaxis

CYAFK + MTX 80 (32%)
Cya/FK + MTX + ATG 120 (48%)
PT-CY 13 (5%)
Other 36 (15%)
Missing 3
Acute GVHD

Grade 0 169 (68%)
Grade | 42 (17%)
Grade Il 27 (11%)
Grade lll-IV 10 (4%)
Missing 4
Chronic GVHD

Absent 109 (53%)
Mild-moderate 72 (35%)
Severe 26 (12%)
Missing 5

No, number; AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; Ph+,
Philadelphia chromosome positive; CR, complete remission; TBI, total body irradiation;
CyA, cyclosporine; FK, tacrolimus; MTX, methotrexate; ATG, antithymocyte globulin;
PT-Cy, post-transplant cyclophosphamide.
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Total number of cases
Time between transplant and first DLI (days)
Time between DLIs
DLl indication

AL relapse

Mixed chimerism
Pre-emplive/prophylaxis
Missing

Treatment before DLIs
No treatment
Radiotherapy
Chemotherapy

Targeted therapy
Missing

Dose (x 10°/kg)
Median (range)

Missing

Acute GVHD

Grade 0

Grade -1

Grade lI-IV

Missing

Grade IV hematological toxicity
Number of cases
Missing

AL, acute leukemia.

1stDLI

252
258 (55-3,784)

172/235 (73%)

30/235 (17%)

24/235 (10%)
17

41/103 (40%)
3/103 (3%)
40/103 (39%)
19/103 (18%)
149

1(0.01-10)
198

141/163 (87%)
17/163 (10%)
5/163 (3%)
89

9/82 (11%)
170

2ndDLI

166

29 (1-1015)

110/126 (87%)

5/126 (4%)
11/126 (99%)
30

2(0.01-64)
126

94/106 (89%)
9/106 (8%)
3/106 (3%)

50

4/35 (11%)
121

3rdDLI

91

30 (2-636)

70/78 (90%)
1/78 (1%)
2/78 (2%)
6/78 (1%)

13

5(0.05-100)
70

64/69 (93%)
3/69 (4%)
2/69 (3%)

22

4/26 (15%)
65

4thDLI

49

33 (7-628)

40/47 (85%)
2/47 (5%)
7/47 (15%)

2

10 (0.05-50)
33

36/39 (82%)
2/39 (5%)
1/39 (3%)

10

218 (11%)
31

=5thDLI

53

31(13-441)

28/46 (61%)
1/46 (2%)
17/46 (37%)
7

10 (0.05-50)
38

43/48 (90%)

4/48 (8%)
1/48 (2%)

53
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Factor HR 95%Cl P

Age
Modeled as continuous variable 1012 1.001-1.024 0.027
Sex

Male 1 0.683-1.408 0623
Female 1.084

Diagnosis

AML 1 0.742-1.495 0907
ALL 0979

Donor

Unrelated 1

HLA-identical sibling or 1 locus 1.494 1.031-2.165 0.034
mismatched related

Haploidentical 1.843 1.199-2.883 0.005
Treatment before DLI

No treatment/RT 1

Chemotherapy 1.820 1.009-8.282 0.046
Targeted therapy 1.281 0599-2.738 0522
DLl indication

AL Relapse 1

Mixed chimerism 0.434 0.257-0.735 0.002
Pre-emptive/prophylaxis 0.431 0.231-0801 0.008
Number of DLIs

Modeled as continuous variable 0883 0.782-0.997 0.045
Time HCT-first DLI

<180 days 1

181-356 days 0.765 0.508-1.151 0.199
366-730 days 0915 0.599-1.395 0680
780 days 0556 0.324-0.955 0.034
Number of transplants

1 1

2 0,682 0.446-1.042 0077

AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; HLA-id, HLA-identical;
MM, mismatched; RT, radiotherapy.
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Patient Diagnosis High-Risk Factor at Disease Status  Starting Time of Cyclesof  Reason for Discontinua-  Bone Marrow Time From HSCTto  Treatment  Overall
No. Diagnosis at HSCT Decitabine (days)  Decitabine tion of Decitabine Results at Relapse Relapse (days) After Relapse  Survival
(days)
16 BALL  Ph' CR1 63 5 Withdrew consent Marrow blast 97.6% 276 DU+ 433
WBG >100x10°/L 7315/ mutation chemotherapy
2 B-ALL  CD10” CR1 o7 8 Completed study Extramedullary 551 Chemotherapy; 725
Bl
ou
17 BALL  Pn* CR2 110 2 Relapse Marrow blast 42% 168 Automatic 213
Age >35 7315/ mutation discharge
3 B-ALL  No CR2 84 3 Relapse Marrow blast 49.6% 205 Automatic 244
discharge
30 T-LBL Leukemic phase; CR1 93 3 Relapse Extramedullary 156 Chemotherapy ~ >205
WBC>100x10%/L.
18 BALL  Pn* CR1 60 5 Relapse Marrow blast 16.4% 221 Chemotherapy ~ >427

WBC: white blood cel: CR, complete remission: DL donor ymphocyle infusion; HSCT, hemalopoistic stem cel ransplanistion.
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Malo, n (%)
Diagnosis,n (%)
AMUMDS
AL
Myeloproiferative disorders
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Grroric ymphocytc ukensa
Number of units received, n (%)
1
2
Overall CD34, median x 10°%kg (range)
Overall TNG, median x 10'/kg (range) *
Total volume, ml, median (range) '
Age of CB unit, mo., median (range)
Prosenco of donor spacific anti-HLA antibodios, n
HLA matching to recipients, n (%)
6
%6
o6
Conditioning intensity, n (%)
Oytoxan, fudarebine, T81(1320)
Treosulfan, fludarabine, TBI (200)
GUHD prophytasis, n (%)
Camv
Status at time of HCT, n (%)
MRD
cRi
cRz
Reapsodiefractory dsease
Chronic phase (CLL/CML)
Other (refractory anemia)

Total (n = 34)
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15 44.1)
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Alive (n = 19)

Modian age, years (range) 18(1-68)
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Negative 760
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1,820 oGy 1400
200 oGy 5@
Acute GUHD, n (%)

Gradio 0-1 15689)
Grad 1V 307
MRD, n (%)

. 76
] 1269
CR at transplant, n (%)

<oA1 1368
CR2 662
Days to engraftment

(WBC > 500), median (range) 19 (13-44)

Death (n = 15)

33(18:56)

10(67)
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59
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7467 records were identified 303 records were identified

through electronically through hand searching

searching databases. related journals, website of
companies and general
internet searching.

In total 7770 records were
identified after removed
duplicated.

7751 records were removed
after we examined the titles
and abstracts because

1) most of them were not RCTS;

2) the others were not relavant

7770 records were screened to RIC for AML in CR and MDS.

10 records were removed after
intensive assessment because

1) 3 records were not RCTS;

2) 4 records were not relavant
to RIC;

3) 1 record did not compare
RIC with MAC,;

19 fulltexts were examined for 4) 2 records were duplicated
eligibility. reports.

6 studies with 9 records were
included in qualitative
assessment.

6 studies were included in
meta-analysis.
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Characteristic Value

Age at HSCT, year, range (median) 15-49 (20)
Sex, n (%)

Male 22 (64.7)

Female 12 (35.3)
Diagnosis, n (%)

B-ALL 22 (64.7)

T-ALL/T-LBL 7/5 (35.3)
Risk classification, n (%)

High risk 25 (73.5)

Standard risk 9(26.5)
Subtype, n (%) some-positive (Ph+) ALL

Ph* ALL 7(20.6)

Ph™ ALL 27 (79.4)
MROD after the 1%t induction, n (%)

Negative 18 (64.3)

Positive 10(35.7)
MROD at allo-HSCT, n (%)

Negative 27 (79.4)

Positive 7 (20.6)
Disease status at allo-HSCT, n (%)

CR1 31(91.2)

CR2 3(8.8)
HCI-CI score, n (%)

0 21 (61.8)

1 12 (35.3)

2 1(2.9)
EBMT risk score, n (%)

0 4(11.8)

1-2 25(73.5)

34 5(2.9)
Conditioning regimen, n (%)

mBu/Cy 26 (76.5)

TBI/Cy 8(23.5)
Transplant resource, n (%)

PBSC 31(91.2)

PBSC+BM 3(8.8)
Donor/HLA match, n (%)

Matched related 21(61.8)

Mismatched related 11(324)

Matched unrelated 1(2.9
Mismatched unrelated 1.9
CD34* cellsx10%kg, range (median) 1.52-16.3 (5.7)
MNC cellsx10%/kg, range (median) 1.2-11.5 (6.3
Time of leukocyte engraftment, d (median) 8-21 (13)
Time of platelet engraftment, d (median) 10-22 (14)

ALL, acute lymphoblastic leukemia; LBL, lymphoblastic lymphoma; Ph, Philadelphia
chromosome; MRD, minimal residual disease; HCT-Cl, hematopoietic cell
transplantation comorbidity index; EBMT, European Society for Blood and Marrow
Transplantation; Bu, busulfan; Cy, cyclophosphamide; TB, total body irradiation; mBu/
Cy, modified Bu/Cy; PBSC, peripheral blood stem cell; BM, bone marrow; MNC,
mononuclear cell.
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Outcomes Data
MRD before maintenance treatment, n (%)
Positive 4 (11.7)
Negative 30 (88.3)
Start time of decitabine, d, median (range) 96 (51-175)
No. of cycles, median (range) 7 (1-14)
Completed study, n (%) 14 (41.1)
Maintenance period, n (%) 8(23.5)
Reason for discontinuation, n (%)
Withdrew consent 5(14.7)
Relapse 4(11.7)
GVHD 3(8.8)
Hematological toxicity, n (%)
I~ 32 (94.1)
i~V 2(5.8)
Acute GVHD after maintenance treatment, n (%) 1(.9)
I~ 0
i~V 1(2.9
Chronic GVHD after maintenance treatment, n (%) nnnn(%), n 7 (20.5)
(%6)n(%)
Mild 3(8.8)
Moderate 0
Severe 4(11.8)
Relapse, n (%) 6(17.6)
B-ALL 5(14.7)
T-LBL 1(2.9
Cause of death, n (%) 6(17.6)
Relapse 4(11.7)
Infection 1(2.9)
GVHD 1(2.9
Duration of follow-up, d, range (median) 154-1,629
(480.5)

GVHD, graft-versus-host disease.
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PatientNo. TKI Before HSCT TKI in Conditioning TKI after HSCT Relapse

Starting Time of TKI (days) Usage of TKI Time of TKI Withdrawal (days)
16 Dasatinib (100 mg/d) + chemotherapy Dasatini (100 mg/d) 60 Imatini (400 mg/c)* 276 Yes
17 Imatinib (400 mg/d) + chemotherapy Imatinib (400 mg/c) 61 Imatinio (400 mg/c) 170 Yes
18 Dasatinib (100 mg/d) + chemotherapy Dasatinib (100 mg/d) 59 Dasatinib (100 mg/d) 223 Yes
19 Imatinib (400 mg/d) + chemotherapy Imatinib (400 mg/c) 65 Imatinio (400 mg/c) 365 No
20 Imatinib (400 mg/d) + chemotherapy Imatinib (400 mg/c) 54 Imatinib (400 mg/d) 379 No
21 Dasatinib (100 mg/d) + chemotherapy Dasatinib (100 mg/d) 66 Dasatinib (100 mg/d) 156 No
157 Imatinib (400 mg/d)* 365
22 Imatinib (300 mg/d)® + chemotherapy Imatinib (300 mg/c) 57 Dasatinib (100 mg/c) 366 No

TKI, tyrosine kinase inhibitor; ALL, acute lymphoblastic leukemia; HSCT, hematopoietic stem cell ransplantation.
*As the patient suffered from diabetes melltus complicated with fundus disease, dasatinib was replaced with imatinib after transplantation. *Dasatinib was replaced with imatinib at 157 days after transplantation because of repeated pleural
oftusion after taking dasatinib.

$The patient was infolerant 1o imatind (400 mo/d), accompanied by severe nausea and vorniting, so imatind was reduced o 300 mafd.
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Group References  No. of patients No. of deaths (%) Cause of deaths (no. of Infection-related GVHD-related

deaths) deaths (%) deaths (%)
EPAGHST ©3) 92 1(1.1) Paraneoplastic - -
encephalopathy (1)
(29) 21 2(9.5) Infections (2) 2(100) =
Total 113 327) - 3(66.7) -
Haplo-HSCT ) 20 3(15) Infection (1), GVHD (1), 1(33.3) 1(33.3
PTLD (1)
@1) 76 11(145) Infections (3), GVHD (2), 3(27.9) 2(182)
PTLD (3), graft failure (2),
suicide (1)
(14) 28 3(10.7) GVHD (1), Not reported (2) - 1(333)
(33) 23 2(8.7) Cardiogenic shock (2) - -
Zhang 18 6(33.3) Infection (4), GVHD (2) 4(66.7) 2(233)
(32)
Total 165 25 (15) - 8(32) 6(24)

EPAG, eltrombopag; IST, immunosuppressive therapies; HSCT, hematopoietic stem cell transplantation; GVHD, graft vs. host disease; PTLD, post-transplant lymphoproliferative disease.





OPS/images/fonc-11-614965/fonc-11-614965-t003.jpg
References No. of patients  No.aGVHD (%)  No. cGVHD (%)

Yang et al. (3) 20 11(55.0) 3(15.0)
Xu (2018) 76 42(55.3) 9(11.8
Cheng etal. (14) 28 16 (57.1) 8(28.6)
Choi et al. (33) 23 12 (52.2) 14 (60.9)
Zhang (31) 18 9(50.0) 12 (66.7)
Total 165 90 (54.5) 46(27.9)

HSCT, hematopoietic stem cell transplantation; aGVHD, acute graft vs. host disease;
cGVHD, chronic graft vs. host disease.
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References

Yang et al. (3)
Xu @1)

Cheng et al.
(14)

Choi et al.
@3

Zhang (32)

Infection prophylaxis

Antibiotic prophylaxis, oral
trimethoprim-sulfamethoxazole,
fluconazole, acyclovir
Non-absorbable oral antibiotics

Uttrabroad spectrum Antibiotics and
antifungal medications
Uttrabroad spectrum antiviotics and
antifungal medications

GVHD prophylaxis

CsA, MMF, MTX

CsA, MMF, MTX

CsA, MMF, MTX

CsA, MTX

CsA, MTX, MMF

MMF, mycophenolate mofetil: MTX, methotrexate; CsA, cyclosporine A.
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Group References Disease (no. Study period Study Male ratio Median age Study protocol/ Frontline/salvage Median

patients) design (%) (range), conditioning regimen follow-up
years (months)
EPAGHST ©3) SAA(92) 2012-2015 P 543 32(3-82) EPAG-+horse Frontline 24(2.8-47.4)
VSAA (NR) ATG+CsA
©9) SAA 1) 2012-2018 P 524 60 (19-84) EPAG-+horse Frontline 21(3-49)
VSAA (NR) ATG+CsA-+glucocorticoid
(80) SAA (39) 2012-2018 R NR 15 (NR) EPAG-+horse Frontline NR
VSAA (NR) ATG+CsA
@4 SAA() 2015-2016 P 300 555 (39-67) EPAG-rabbit Frontline 83.36
VSAA (NR) ATG+CsA (22.0-104.1)
Average / / / / 4557 + 40.6+21.04 / / 4445+
1351 38.05
Haplo-HSCT [©) SAA(11) 2012-2016 R 70 13 (4-18) CY, ATG, CY, ATG; Flu, Frontline 29 (1-47)
VSAA (9) Bu
31 SAA (62) 2009-2017 R 60.5 28 (18-49) Bu, CY, ATG Frontline 24.7
VSAA (24) (6.1-103.0)
(14) SAA(17) 2007-2016 R 57.1 8(2-17) Bu, CY, ATG Frontline 38 (0-108)
VSAA (11)
(12) SAA(23) 20072015 R NR 9(2-17) Bu, CY, ATG Frontline NR
©@3) SAA(22) 1998-2012 R 60.9 93(0.6-17.2) CY, Fiu, ATG; BU, T8I, Frontline NR
VSAA (1) oy
@) SAA(18) 2010-2014 R 556 8(3-14) Flu, OY, ATG Frontline 24(3-52)
Average / / / / 614552 13.1:+7.308 / / 2893+
6.441
P-value / / / / 0.0857 0.0242 / / 0.2000

SAA, severe aplastic anemia; OS, overall survival; P, prospective; R, retrospective; NR, not report; ATG, antithymocyte globulin; ENt, eltrombopag; CsA, cyclosporine A; CY, cyclophosphamide; ATG, antithymocyte globulin; Flu, fludarabine;
BU, busulfan; TBI, total body irradiation.
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Characteristics

Patient age, years
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Femdio
Disease, n(%)
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Diagnosis to transplant, months, n
)
26 months
<6 months
Conditioning rogimen, (%)
BU-basect
TBlbased
Donor age years
Medan (ange)
Donor source, (%)
Father
Mother
Sing
onia
Golateral
Donor-recipient ABO match, n(%)
Matcn
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Meior misatch
Bisrectona mismatch
MNC. x10%kg
Medan (ange)

cDo4, x10Pkg
Median (range)

06, x10%g
Median (range)

G-PB alone
=67

20 2-55)

42(627)
25(873)

26(388)
39(582)
260

a7(0.1)
20299)

650070
200

38(6-68)

27(403)
600
14(209)
20299)
000

a7(652)

16(239)

12(17.9)
260

078 552
1929

2.70(1.00-
1352)

G-PBIG-BM
(N =392)

31860

234 (59.7)
158 (10.9)

200610
185 (47.2)
708

202(515)
190 (48.5)

389992
308

40(8-65)

167 (12.6)
22(56)
%053
(259
5019

215(548)
77(196)
80 (20.4)
206

891030
2131)

219(0.35-9.59)

2.72(1.17-6.26) 189 (0.33-7.06)

P

0536

0644

o111

0157

0236

0631

0798

0001

0001

<0001

AL, acute myeoid eukema; ALL, acute hmphobiasiceukenia, B, bone marow; BU,
busulan; HID, haploidenticaldonor; MNC, mononuciear cel; MPAL, miectphenotype
acute leukemia: PB, peripheral blood: TBI, fotal body imadiation.
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100-day aGVHD
Grade IV
Gradie -V
1-year CGVHD
Total
Moderateto
severe.
t-year reapse
i-year NRM
1-year LFS
i-year OS

BM, bone marow; G, confdence ntenval; aGVHD, acute graftversus-host disease

G-PB alone group.

Cumulative  95% CI

incidence

%)
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17.4

189

34
827
817

)
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409638
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o081
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7a7-94.7

G-PB plus G-BM group.
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incidence
)
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224

18
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876

(%)
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4899

532-634
180-26.7

85151
4395
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841911

P

0269
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0828
0542

CGYHD, chron graltversus-host dsease; NAM, non-relapse mortalty: LFS, levkemi-
o0 suvial and S, overal suvial; PB, peripheral bood.
“The criterion for statistical sionificance was P < 0.05.
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NO. Date Morphology MFC STR Status
(%blasts) (%blasts) (% recipient)

Case April HSCT
1 20-21,2016
November 0 0 0 Right
16,2017
Mar 7, 2018 52 658 N Left
Mar 17, 2018 0 0 0 Right
Mear 27, 2018 52 234 N Left

STR, short tandem repeat mismatches; N, no detection; Right, aspirates from the right
posterior iliac crest; Left, aspirates from the left posterior iliac.
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Summary of considerations

«  Standardization of the microbiome field is complex.

» Proper documentation of sample collection, data processing, and analysis methods is crucial to be reproducible.

« The choice of method may also vary, depending on the research interests, simplicity of fecal collection procedures and presence of adequate biobanking
infrastructure (63, 66).

Optimal time-points for sample collection before and after HSCT:

+  pre-mobilization (usually cyclophosphamide and G-CSF)

«  pre-transplant conditioning (up to 15 days before starting the conditioning regimen)

»  peri-engraftment, i.e. within 7 days following stem cell engraftment

- Serial post-transplant samples at time points where other immune reconstitution samples are taken (e.g. 3 monthly in the first year, and yearly thereafter,
in remission or with stable disease),

» inthe event of relapse and/or progression

Collection and storage of fecal samples:

+  Freshly isolated fecal samples, instantly frozen at -80°C without additives (16S rRNA, flow cytometry), widely regarded as the gold standard (69).

«  Samples can be also preserved at —20°C within 15 min after collection, then transferred to a laboratory on dry ice within 24 h of collection and stored at ~80°C
thereafter (70).

+  Sample collection in tubes containing a DNA stabilizer (e.g. OMNIgene GUT tubes or Stratec stool collection tubes) or 95% ethanol, which allows sample storage at
room temperature (16S rRNA) (63, 66).

Methods of detection:

*  16S rRNA sequencing

+  Shot-gun metagenomics sequencing

+  Metabolic profiling

+  Flow cytometric analysis
The selection of sequencing methods depends on the scientific questions and sample types:

«  Amplicon sequencing: taxonomic composition of microbiota, cost effective, feasible for large-scale research.

» Shot-gut Metagenomic sequencing: more information, more expensive than amplicon sequencing.

- The integration of different methods is advisable, as muiti-omics provides insights into both the taxonomy and function of the microbiome (71).

Bioinformatics analysis:

Several popular software or pipelines are available for data analysis; QIIME and USEARCH are the most largely adopted (71).

AD, autoimmune diseases; HSCT, Hematopoietic Stem Cell Transplantation; G-CSF, granulocyte colony-stimulating factor; FACS, Fluorescence-activated cell sorting.
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Microbiome Analysis

Microbiome Biomarker

HSCT Outcome

Taur et al.,
2012 (59)

Ubeda et al.,
2013 (60)

Taur et al.,
2014 (61)

Holler et al.,
2014 (62)

Weber et al.,
2015 (63)

Jeng et al.,
2015 (64)

Shono et al.,
2016 (65)

Harris et al.,
2016 (66)

Peled et al.,
2017 (67)

Mancini et al.,
2017 (68)

Doki et al.,
2017 (69)

Lee et al., 2017
(70)

Golob et al.,
2017 (71)

Stein-
Thoeringer
etal, 2019 (72)

Galloway-Pefia
et al, 2019 (79)

Biagi et al,

2019 (74)

Han et al., 2019
(75)

Lee etal., 2019
(76)

Peled et al.,
2020 (3)

Payen et al.,
2020 (77)

Han et al., 2020
(78)

Greco et al.,
2021 (79)

Khan et al.,
2021 (80)

94 adult patients
Allogeneic HSCT
Single center, USA
94 adult patients
Allogeneic HSCT
Single center, USA
80 adult patients
Allogeneic HSCT
Single center, USA
31 adult patients
Allogeneic HSCT
Single center, Germany

131 adult patients
Allogeneic HSCT
Single center, Germany

115 adult patients
Alogeneic HSCT
Single center, USA

857 adult patients
Alogeneic HSCT
Single center, USA
94 adult patients
Allogeneic HSCT
Single center, USA

541 adult patients
Alogeneic HSCT
Single center, USA
96 adult patients
Alogeneic HSCT
Single center, ltaly

107 adult patients
Alogeneic HSCT
Single center, Japan
234 adult patients
Allogeneic HSCT
Single center, USA
66 adut patients
Alogeneic HSCT
Single center, USA
1325 adult patients
Alogeneic HSCT
Four centers: USA,
Germany, Japan

44 adult patients
Allogeneic HSCT
Single center, USA
36 pediatric patients
Alogeneic HSCT
Four centers, ltaly

141 adult patients
Allogeneic HSCT
China

211 adult patients
Allogeneic HSCT
Single center, Korea

1362 adult patients
Allogeneic HSCT
Four centers: USA,
Germany, Japan

70 adult patients (n=35
with GVHD; n=35 without
GVHD)

Allogeneic HSCT
Single center, France
150 adult patients
Allogeneic HSCT

Two centers, China

96 adult patients
Allogeneic HSCT
Single center, Italy

534 adult patients
Autologous HSCT
Two centers, USA

454 pyrosequencing, V1-V3 region of the 168
RNA gene

454 pyrosequencing, V1-V3 region of the 168
RNA gene

454 pyrosequencing, V1-V3 region of the 165
RNA gene

Roche 454 platform sequencing, V3 region of
the 16S RNA gene

Strain-specific PCR of enterococci

Urinary indoxyl sulfate analysis **

Roche 454 platform sequencing, V3 region of
16S RNA gene

Strain-specific PCR of enterococci

Urinary indoxyl sulfate analysis **

First cohort (n=64): Roche 454 platform
sequencing, V1-V3 region of the 165 RNA
gene

Second cohort (n=51): llumina MiSeq platform
sequencing, V4-V5 region of the 165 RNA
gene

Ilumina MiSeq platform sequencing, V4-V5
region of the 16S RNA gene

454 pyrosequencing, V1-V3 region of the 168
RNA gene
llumina MiSeq platform sequencing, V4-V5

region of the 16S RNA gene

Roche 454 platform sequencing, V3-V5 region
of the 165 RNA gene

Roche 454 platform sequencing, V1-2 region
of the 168 RNA gene

Ilumina MiSeq platform sequencing, V4-V5
region of the 165 RNA gene

llumina MiSeq platiorm sequencing, V3-V4
region of the 16S RNA gene

Ilumina MiSeq platform sequencing, V4-V5
region of the 16S RNA gene

llumina MiSeq platform sequencing, V4 region
of the 165 RNA gene

llumina MiSeq platform sequencing, V3-V4

region of the 16S RNA gene

llumina MiSeq platform sequencing, V3-V4
region of the 16 RNA gene

165 rRNA gene sequencing

lumina MiSeq platform sequencing, V4-V5
region of the 16 RNA gene

llumina MiSeq platform sequencing, V3-V4
region of the 165 RNA gene

llumina MiSeq platform sequencing, V3-V4
region of the 165 RNA gene

Roche 454 platform sequencing, V3-V5 region
of the 165 ANA gene

llumina MiSeq platform sequencing, V4-V5
region of the 165 RNA gene

Enterococcus domination (>30%)
Proteobacteria domination (>30%)

Barnesiella genus" enteric colonization

Low bacterial diversity at engraftment

Enterococcus abundance > 20%
Urinary indoxyl sulfate levels decrease during aplasia after HSCT

Low urinary indoxyl sulfate levels within day +10 after HSCT
(Lachnospiraceae and Ruminococcaceae *** » high urinary
indoxyl sulfate levels; Bacill » low indoxyl sulfate levels)

Increased bacterial diversity

Blautia genus # abundance

Lachnospiraceae abundance

Clostridiales abundance

Clostridia abundance

Imipenem-cilastatin treatment

Piperacilin-tazobactam treatment

(associated to loss of Bacteroidetes and Lactobacillus ##)
Low baseline diversity

Enterococcus domination (>30%)

y-Proteobacteria domination (>30%)

Abundance of Eubacterium limosum and other related bacteria

Baseline Enterobacteriaceae >5%

Baseline Lachnospiraceae <10%

Higher abundance of Firmicutes, lower abundance of
Bacteroidetes, higher abundance Fecal bacterium and
Eubacterium at baseline

Combined abundance of Bacteroidetes phylum,
Lachnospiraceae family, Ruminococcaceae family
Enterococcus faecalis at various rank designations
Presence of oral Actinobacteria and oral Firmicutes in stool,
deficit of Lachnospiraceae at neutrophil engraftment

Enterococcus domination (>30%) at early post-transplant period
(day O to day +12)

Low microbial diversity at engraftment

Low Coriobacteriia, Coriobacteriaceae at engraftment
Pretransplant Blautia genus abundance

Pretransplant Fusobacterium abundance

Abundance of

Bacteroides at engraftment

At day 15 after HSCT:

Low diversity

Low Lachnospiraceae

Low Peptostreptococcaceae

Low Erysipelotrichaceae

High Enterobacteriaceae

Post engraftment:

Loss of diversity compared to pre transplant sample Depletion
Ruminococcus

Increase of Eubacterium

Increase of Escherichia

Higher intestinal diversity in the peri-engraftment period (between
days 7 and 21 after HSCT)

Higher intestinal diversity before HSCT (from day ~30 to -6)
Lower microbial diversity
Depletion of Blautia

Reduction of Lachnospiraceae and Ruminococcaceae
Increase of Prevotella and Stenotrophomonas §§

Gut microbiota score: a formula based on selected gut
microbiota features

Low Diversity at day +10 after HSCT

Enterococcaceae > 90% at day +10

<10% Lachnospiraceae at day +10

Staphylococcaceae >40% at day +10

Increased bacterial diversity at peri-neutrophil engraftment period
Post-engraftment increased bacterial diversity
Abundance of Enterococcus

VRE Bacteremia 9-fold increased risk
Gram negative Bacteremia 5-old
increased risk

Protection from VRE domination

Lower OS
Higher TRM

Increased frequency of Gl acute GvHD

Low 0S
High TRM

Higher OS

Lower TRM

Lower GVHD related mortaiity

Higher OS

Lower GvHD related mortality

Lower incidence of acute GVHD requiring
systemic corticosteroids or steroid-
refractory

Lower GvHD related mortality

Higher GVHD related mortality

Higher grades 2-4 acute GVHD

Higher GI acute GvHD

Higher risk of pre-engraftment pulmonary
complications

Higher risk of post-engraftment pulmonary
complications

Lower relapse/progression of disease risk

Higher risk of microbiologically confirmed
sepsis, severe sepsis and septic shock
Lower OS

Higher infectious related mortality

Higher non-infectious related mortality
Higher risk of acute GVHD

Protection from Clostridium difficile
infection

Higher risk of Clostridium difficile infection
Higher risk of acute GVHD

Lower OS
Higher GVHD related mortaiity
Higher grades 2-4 acute GVHD incidence

Higher risk of intestinal acute GvHD
Higher TRM

Higher risk of intestinal acute GvHD
Lower acute GvHD risk

Higher severe Gl acute GVHD risk
Higher grades 2-4 acute GVHD risk

Higher acute GvHD risk
Higher acute GVHD grades

Higher risk of intestinal acute GvHD

Higher OS

Lower TRM

Lower GvHD related mortality §
Higher OS

Lower TRM

Severe acute GvHD

Risk of grades 2-4 acute GvHD

Higher grades 2-4 acute GVHD
Higher grades 3-4 acute GVHD
Higher risk of Gl involvement
Higher risk of acute GvHD with skin
involvement

Higher grades 2-4 acute GVHD
Higher grades 3-4 acute GvHD
Higher risk of acute GvHD with GI
involvement

Higher risk of acute GvHD with GI
involvement

Higher risk of acute GvHD with GI
involvement

Higher risk of acute GvHD with liver
involvement

Higher risk of steroid-refractory acute
GvHD

Higher PFS

Higher PFS and OS

Lower OS

“Barnesiella genus belongs to the family Porphyromonadaceae, within the phylum Bacteroidetes.
*“*Urinary indoxyl sulfate originates from the degradation of tryptophan to indole by colonic microbiota, followed by microsomal oxidation to indoxyl and sulfonation.

“**Families of Lachnospiraceae and Ruminococcaceae belong to the class of Clostridia, phylum Firmicutes. Eubacterium rectale is a prominent member of the family of Lachnospiraceae.
#Blautia genus is classified as follows: family Lachnospiraceae, order Clostridiales, class Clostridia, and phylum Firmicutes.

##This study analyzed antibiotic treatment impact on GvHD risk, then antibiotic impact on microbiome within the same population.
SGVHD related mortality was significantly lower in patients with higher intestinal diversity in transplant from unmanipulated grafts.
§§Prevotella and Stenotrophomonas respectively belong to the Bacteroidetes and Proteobacteria families.

GVHD, Graft-versus-Host Disease; Gl, gastrointestinal; HSCT, Hematopoietic Stem Cell Transplantation; OS, Overall Survival; PFS, Progression-Free survival; TRM, Transplant-related
mortality; VRE, Vancomycin-resistant Enterococcus.
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Microbial translocation

Commensals or pathogens escaping

the gut barrier may translocate into Gut pathobiont
the periphery and cause

autoimmune responses, e.g. gut

pathobiont Enterococcus gallinarum

in SLE (13).

Modulation of Tz, responses
Microbiota-derived short-chain fatty
acids (SCFAs) promote the
expansion and differentiation of Ty
cells (14). Beneficial commensal

Intestine
(Cross-section)

bacteria, such as B. fragilis, can
attenuate CNS inflammation (15).

Molecular mimicry

Autoreactive lymphocytes and
autoantibodies cross-react with
mimotopes expressed by gut
commensals to trigger
autoimmunity, e.g. Fusobacteria in
T1D (16), Roseburia intestinalis in
APS (17) or Ro60-containing
bacteria in SLE (18).

Induction of T,,17 responses
Ty17 cells, induced by segmented
filamentous bacteria (SFB) in the
intestine (19), might migrate to
the periphery and drive
autoimmune responses in target
organs, e.g. in CNS (20) or joints
(21).






OPS/images/fonc.2021.722436/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.708727/table2.jpg
Studies Random sequence  Allocation  Blinding of participants and  Blinding of outcome  Incomplete outcome  Selective Other

generation concealment  personnel (performance assessment (detection  data (attrition bias) reporting bias
(selection bias) (selection bias) All outcomes bias) All outcomes All outcomes (reporting
bias) bias)

Beelen Low risk Low risk Low risk Low risk Low risk Low risk Unclear
etal. (8) risk
Bornhéuser Low risk Low risk Low risk Low risk Low risk Low risk Low
etal. (9) risk
Kroger Low risk Low risk Low risk Low risk Low risk Low risk Low
etal (10) risk
MC- Low risk Low risk Low risk Low risk Low risk Low risk Unclear
FludT.14/L risk
Trial | (7)

Ringdén Low risk Low risk Low risk Low risk Low risk Low risk Low
etal (11) risk
Scottetal.  Low risk Low risk Low risk Low risk Low risk Low risk Low
(12) risk

We used Cochrane Collaboration-recommended tool to assess the quality of included studies (19). The studies were classified into low-risk and high-risk groups. Studies reporting
sufficient information to show low risk of bias in the sequence generation and allocation concealment were stratified into the low-risk group; otherwise, they were stratified into the high-risk
group. Studies with high risk in any other domains were stratified into the high-risk group, too. Funnel plots and meta-regression would be used to assess publication bias.
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Studies

Recruitment period

Number of RIC
participants ~ MAC
Median age  RIC
(range), years

MAC
Diagnosis RIC
(number)

MAC
Number of RIC
high risk

MAC
Donor RIC
source MAC
(number)
Performance  RIC
status before
HSCT

MAC

Conditioning RIC
regimen

MAC
Median RIC
follow-up MAC
time, months
GVHD RIC
prophylaxis

MAC
Withdrawn/all

randomized (%)

Beelen et al. (8)

Jan 25", 2013-
November 16", 2016

240
220
61.0 (66.5-64.0)

60.0 (55.0-65.0)

AML in CR (138);
MDS (102)

AML in CR (155);
MDS (65)

AML in CR: 43;
MDS: 55

AML in CR: 63;
MDS: 36
MRD, MUD
MRD, MUD

HCT-CI Score
>2, number
(percentage)

140
(58%)

HCT-CI Score
>2, number
(percentage)

131
(60%)

Bu 6.4 mg/kg
intravenously + Flu
150 mg/m?

Treosulfan 30 g/m?2 +
Flu 150 mg/m?

17.4
15.4
CsA/MTX
CsA/MTX

16/476 (3.48)

Bornhauser et al. (9)

Nov 15", 2004-Dec 31%,
2009

99
96
44 (18-60)
45 (18-60)

AML in CR (99)

AML in CR (96)

22
26

MRD, MUD
MRD, MUD

Participants have adequate

renal, cardiac, pulmonary,
and neurological function.

Participants have adequate
renal, cardiac, pulmonary,
and neurological function.

TBI 8 Gy + Flu 120 mg/m?

TBI 12 Gy + Cy 120 mg/kg

119
119

CsA/MTX
CsA/MTX

0/195 (0)

Kréger et al. (10)
May 2004-December
2012

65

64

51 (22-63)

50 (19-64)

MDS (61);
SAML in CR (4)

MDS (54);

SAML in CR (8); missing
@

7

9

MRD, MUD
MRD, MUD

ECOG  0(21), 1(29),

(number) 2 (3), 3(2),
Missing (10)

ECOG 0(18), 1(32),
(number) 2 (3), 3(0),
Missing (11)

Bu 8 mg/kg + Flu 150
mg/m?

Bu 16 mg/kg + Cy 120
mg/kg

72
75
CsAMTX
CsAMTX

0/129 (0)

MC-FludT.14/
L Trial 1 (7)

Nov 24",
2008-Sep
26'", 2012
168

152

58.0 (54.0-
63.0)

59.0 (53.0-
63.0)

AML in CR
(109);
MDS (43)
AML in CR
(130);
MDS (38)
NR

N/R

MRD, MUD
MRD, MUD

HCT-CI
Score,
Median
Q1,
Qg)
HCT-CI
Score,
Median
Q1,
Q3)

Bu 6.4 mg/kg
intravenously +
Flu 150 mg/m?

30
@0,
5.0)

30
(.0,
4.0)

Treosulfan 42
g/m? + Flu 150
mg/m?

12
12

CsAMTX
CsAMTX

10/330 (3)

Ringdén et al. (11)

N/R

18
19

46 (26-61)
45(22-58)

AML in CR (14);
CML in CP1 (4)

AML in CR (15);
CML in CP1 (4)

3
3

MRD, MUD
MRD, MUD

Patients who would

tolerate MAC without
advanced diseases.

Patients who would
tolerate MAC without
advanced diseases

Bu 8mg/kg + Flu 150—
180 mg/m?

Bu 16 mg/kg + Cy
120 mg/kg

40.8
62.4
CsA/MTX
CsA/MTX

0/37 (0)

Scott et al. (12)

June 2™, 2011-
April 101, 2014

137

135

54.8 (21.9-65.9)
54.8 (21.9-66)

AML in CR (110);
MDS (27)

AML in CR (108);
MDS (27)

7

54

MRD, RUD, MUD
MRD, RUD, MUD
HCT-CI 0 (40),
Score, 1-2 (52),
(number) >3 (44)
HCT-CI 0 (46),
Score, 1-2 (45),
(number) =3 (42)

Bu 8 mg/kg + Flu
(120-180 mg/m?);
Flu (120-180 mg/
m? + Mel

(<150 mg/m?)

Bu 16 mg/kg or TBI
(12-14.2 Gy) + Flu
(120-180 mg/m? or
Cy 120mg/kg)

50

50

CNI/MMF, CNI/
MTX, Tac/Siro
CNI/MMF, CNI/
MTX, Tac/Siro
0/272 (0)

N/R, not reported; RIC, reduced intensity conditioning; MAC, myeloablative conditioning; AML, acute myeloid leukemia; CR, complete remission; MDS, myelodysplastic syndrome; SAML,
secondary AML; CML, chronic myeloid leukemia; CP1, the first chronic phase; MRD, matched related donor; MUD, matched unrelated donor; RUD, related mismatched donor; HCT-CI,
hematopoietic cell transplantation-comorbidity index; ECOG, Eastern Cooperative Oncology Group; Q1, the first quartile; Q3, the third quartile; Bu, busulfan; Flu, fludarabine; TBI, total body
iradiation; Gy, Gray: Mel, melphalan; Cy cyclophosphamide; CsA, cyclosporine; MTX, methotrexate; CNI, calcineurin inhibitor; MMF, mycophenolate mofetil: Tac, tacrolimus; Siro, sirolimus.
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A. Non-relapse mortality (NRM)
RIC MAC Hazard Ratio Hazard Ratio

3.1.1 RIC vs. TBI/Bu based MAC

Bomhauser et al. -0.48 0.37 99 96 313% 0.62[0.30, 1.28]
Kroger et al. -0.38 0.36 65 64 33.1% 0.68[0.34, 1.38]
Ringdeén et al. 0.08 1 18 19 43% 1.08[0.15,7.69]
Scott et al. -1.13 037 137 135 31.3% 0.32[0.16, 0.67]
Subtotal (95% Cl) 319 314 100.0% 0.53 [0.36, 0.80]

Heterogeneity: Chi* = 2,98, df = 3 (P = 0.40); I’ = 0%
Test for overall effect: Z = 3.03 (P = 0.002)

3.1.2 RIC vs. treosulfan 30 g Im2 based MAC

Beelen et al. 0.51 0.25 240 220 100.0% 1.67[1.02, 2.72)
Subtotal (95% Cl) 240 220 100.0% 1.67 [1.02, 2.72)
Heterogeneity: Not applicable

Test for overall effect: Z = 2.04 (P = 0.04)

3.1.3 RIC vs. treosulfan 42 g lm2 based MAC
MC-FludT.14/L Trial | -0.27 0.27 152 168 100.0% 0.76 [0.45, 1.30]

Subtotal (95% Cl) 152 168 100.0% 0.76 [0.45, 1.30]
Heterogeneity: Not applicable
Test for overall effect: Z = 1.00 (P = 0.32)

0.01 0.1 1 10 100

Favours [RIC] Favours [MAC
Test for subaroun differences: Chi* = 12.37. df = 2 (P = 0.002). I? = 83.8% [ ] l ]

B. Acute graft versus host disease (aGVHD)
RIC MAC Hazard Ratio Hazard Ratio

3.2.1 RIC vs. TBI/Bu based MAC

Bomhauser et al. 035 031 94 90 19.4% 0.70[0.38, 1.29]
Kréger et al. 023 025 64 61 298% 1.26[0.77, 2.05)
Ringdén et al. 071 067 18 19 42% 0.49[0.13,1.83]
Scott et al. 045 02 133 132 466% 0.64[0.43, 0.94]
Subtotal (95% Cl) 309 302 100.0% 0.79 [0.60, 1.03]

Heterogeneity: Chi* = 5.25, df = 3 (P = 0.15); I = 43%
Test for overall effect: Z =1.75 (P = 0.08)

3.2.2 RIC vs. treosulfan 30 g /m based MAC
Beelen et al. 0.19 013 240 220 100.0%  1.21[0.94, 1.56]

Subtotal (95% Cl) 240 220 100.0% 1.21[0.94, 1.56]
Heterogeneity: Not applicable
Test for overall effect: Z = 1.46 (P = 0.14)

3.2.3 RIC vs. treosulfan42 g Irrl2 based MAC
MC-FludT.14/L Trial | 0 015 152 168 100.0% 1.00[0.75, 1.34]

Subtotal (95% Cl) 152 168 100.0% 1.00 [0.75, 1.34]
Heterogeneity: Not applicable
Test for overall effect: Z = 0.00 (P = 1.00)

0.01 0.1 1 10 100

Favours [RIC] Favours [MAC
Test for subaroun differences: Chi* =5.17. df = 2 (P = 0.08). I? = 61.3% [ ] [ ]

C. Chronic graft versus host disease (cGVHD)

RIC MAC Hazard Ratio Hazard Ratio
3 3 3 : Random, 9 Random, 9

3.3.1 RIC vs. TBI/Bu based MA

Bomhauser et al. 0.28 0.32 94 90 10.6% 1.32[0.71, 2.48)
Kroger et al. 0.07 0.24 64 61 154% 1.07 [0.67, 1.72]
Ringdén et al. 0.88 0.53 18 19 4.7% 2.41[0.85, 6.81)
Scott et al. -0.39 0.16 133 132 22.7% 0.68 [0.49, 0.93]
Subtotal (95% CI) 309 302 53.4% 1.07 [0.68, 1.69]

Heterogeneity: Tau? = 0.13; Chi* = 8.60, df = 3 (P = 0.04); I = 65%
Test for overall effect: Z=0.29 (P = 0.77)

3.3.2 RIC vs. treosulfan 30 g /nt based MAC
Beelen et al. 009 014 190 179 250%  1.09[0.83, 1.44]

Subtotal (95% CI) 190 179 25.0% 1.09 [0.83, 1.44)
Heterogeneity: Not applicable
Test for overall effect: Z = 0.64 (P = 0.52)

3.3.3 RIC vs. treosulfan 42 g Im2 based MAC
MC-FludT.14/L Trial | -0.04 017 152 168 21.7% 0.96 [0.69, 1.34]

Subtotal (95% CI) 152 168 21.7% 0.96 [0.69, 1.34)
Heterogeneity: Not applicable
Test for overall effect: Z=0.24 (P = 0.81)

Total (95% Cl) 651 649 100.0% 1.01 [0.79, 1.28)
Heterogeneity: Tau® = 0.04; Chi* = 9.86, df =5 (P = 0.08); I = 49%
Test for overall effect: Z = 0.06 (P = 0.96) L Fgcours [RIC) ! R [h;(ﬁ?\C] W

Test for subaroun differences: Chi¥ = 0.36.df =2 (P =0.83). F=0%
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RIC MAC

-0.34 0.2

Bornhauser et al. 99 96
Kroger et al. -0.38 0.26 65 64
Ringdén et al. -063 0.6 18 19
Scott et al. 043 0.19 137 135
Total (95% Cl) 319 314

30. 3%
26.8%
12.0%
30.9%

100.0%

Heterogeneity: Tau? =0.17; Chi*=11.03,df =3 (P =0.01); P =73%

Test for overall effect: Z = 0.59 (P = 0.56)

Hazard Ratlo Hazard Ratlo

0.71[0.48, 1 05]
0.68 [0.41, 1.14]
0.53 [0.16, 1.73]
1.54 [1.06, 2.23)

0.86 [0.53, 1.41]

0.01 0.1 1 10 100
Favours [RIC] Favours [MAC])
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A. Overall survival (OS)
RIC MAC

013 Ot3 Neigh

2.1.1 RIC vs. TBI/Bu based MAC

Bornhauser et al. -0.26 0.24 99 9 18.2%
Kroger et al. -0.57 0.32 65 64 15.1%
Ringden et al. -063 0.6 18 19 7.6%
Scott et al. 042 023 137 135 18.6%
Subtotal (95% Cl) 319 314 59.6%

Heterogeneity: Tau? = 0.16; Chi* = 8.47, df = 3 (P = 0.04); I = 65%
Test for overall effect: Z = 0.67 (P = 0.50)

2.1.2 RIC vs. treosulfan 30 g Im2 based MAC

Beelen et al. 049 0.17 240 220 21.0%
Subtotal (95% ClI) 240 220 21.0%
Heterogeneity: Not applicable

Test for overall effect: Z = 2.88 (P = 0.004)

2.1.3 RIC vs. treosulfan42 g Im based MAC

MC-FludT.14/L Trial | -0.26 0.21 152 168 19.4%
Subtotal (95% ClI) 152 168 19.4%
Heterogeneity: Not applicable

Test for overall effect: Z = 1.24 (P = 0.22)

Total (95% ClI) 711 702 100.0%

Heterogeneity: Tau? = 0.16; Chi* = 18.14, df = 5 (P = 0.003); I = 72%
Test for overall effect: Z = 0.26 (P = 0.80)
Test for subaroun differences: Chi* = 9.29. df = 2 (P = 0.010). I’ = 78.5%

B. Cumulative incidence of relapse (CIR)

RIC MAC

Ot3 Ot3 Neigh

2.2.1 RIC vs. TBI/Bu based MAC

Bornhauser et al. 0.1 0.28 99 9% 15.7%
Kroger et al. 0.21 0.45 65 64 85%
Ringdeén et al. -0.97 0.71 18 19 4.0%
Scott et al. 0.72 0.22 137 135 19.8%
Subtotal (95% Cl) 319 314 48.1%

Heterogeneity: Tau? = 0.17; Chi* = 7.15, df = 3 (P = 0.07); I = 58%
Test for overall effect: Z = 0.80 (P = 0.42)

2.2.2 RIC vs. treosulfan 30 g /m based MAC

Beelen et al. 0.1 0.2 240 220 21.4%
Subtotal (95% ClI) 240 220 21.4%
Heterogeneity: Not applicable

Test for overall effect: Z =0.70 (P = 0.48)

2.2.3 RIC vs. treosulfan42 g Irr? based MAC

MC-FludT.14/L Trial | -0.01 0.09 152 168 30.5%
Subtotal (95% ClI) 152 168 30.5%
Heterogeneity: Not applicable

Test for overall effect: Z=0.11 (P = 0.91)

Total (95% ClI) 711 702 100.0%

Heterogeneity: Tau? = 0.07; Chi* = 11.80, df =5 (P = 0.04); I* = 58%
Test for overall effect: Z = 1.09 (P = 0.28)
Test for subaroun differences: Chi*=098.df =2 (P =0.61). I?’=0%

C. Leukemia-free survival (LFS)

RIC MAC

-0.16 0.26 99

Bormhauser et al. 9% 31 7%
Kroger et al. -0.16 0.28 65 64 29.9%
Scott et al. 049 0.19 137 135 38.4%
Total (95% Cl) 301 295 100.0%

Heterogeneity: Tau? = 0.11; Chi* = 5.84, df = 2 (P = 0.05); I* = 66%
Test for overall effect: Z=0.38 (P = 0.71)

Hazard Ratio

0.77 [0.48, 1.23]
0.57 [0.30, 1.06)
0.53 [0.16, 1.73)
1.52[0.97, 2.39)
0.84 [0.50, 1.40]
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