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Measurable residual disease (MRD) positivity before haploidentical hematopoietic stem cell transplantation (haplo-HSCT) is an independent prognostic factor in determining outcomes in patients with B-cell acute lymphoblastic leukemia (ALL). In this study, we conducted a parallel comparison of the efficacy and safety in patients with suboptimal MRD response after reinduction who underwent haplo-HSCT after chimeric antigen receptor T-cell (CAR-T) therapy or chemotherapy. Forty B-cell ALL patients who relapsed after first-line chemotherapy and with an MRD ≥0.1% after reinduction were analyzed. The median pre-HSCT MRD in the CAR-T group (n = 26) was significantly lower than that in the chemotherapy group (n = 14) (0.009% vs. 0.3%, p = 0.006). The CAR-T group exhibited a trend toward improved 3-year leukemia-free survival and a significantly improved 3-year overall survival compared to the chemotherapy group [71.8% (95% confidence interval (CI): 53.9–89.6) vs. 44.4% (95% CI: 15.4–73.4), p = 0.19 and 84.6% (95% CI: 70.6–98.5) vs. 40.0% (95% CI: 12.7–67.2), p = 0.008; respectively]. Furthermore, no increased risk of graft-versus-host disease, treatment-related mortality, or infection was observed in the CAR-T group. Our study suggests that CAR-T therapy effectively eliminates pre-HSCT MRD, resulting in better survival in the context of haplo-HSCT.
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Introduction

Relapse remains the main cause of mortality in childhood B-cell acute lymphoblastic leukemia (ALL); approximately 20% of patients fail to respond to chemotherapy after relapse (1), with a 5-year survival rate of 30% (2, 3). Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is an effective treatment option for patients experiencing relapse after first-line chemotherapy (4). However, tumor load has been reported to be closely related to the outcomes after transplant; patients failed to achieve complete remission (CR) before HSCT, with a reported 3-year leukemia-free survival (LFS) rate of 21%–29%. Moreover, the importance of pre-HSCT measurable residual disease (MRD) status has gained appreciation in recent years and has shown significantly inferior outcomes in ALL patients with positive pre-MRD (5). Bader et al. have reported that the cumulative incidence of relapse for pre-MRD-negative, MRD < 0.01%, MRD <0.1% and ≥0.01%, and MRD ≥0.1% was 11%, 20%, 64%, and 54%, respectively (p < 0.001) (6). Thus, more effective therapies are required for patients experiencing relapse after first-line therapy for ALL.

Previous clinical trials have shown that refractory/relapse B-cell ALL patients receiving chimeric antigen receptor T-cell (CAR-T) therapy attained higher MRD-negative CR rates than those receiving conventional chemotherapy (6). However, studies on the efficiency and safety of CAR-T therapy compared with chemotherapy on pre-HSCT MRD eradication and survival based on MRD-guided treatment in the context of haploidentical HSCT (haplo-HSCT) are lacking. Therefore, in this study, we conducted a parallel comparison of the prognosis and treatment-related complications among relapse patients with suboptimal MRD response after reinduction chemotherapy who underwent haplo-HSCT from either CAR-T therapy or chemotherapy.



Methods


Patients

We included first relapse of B-cell ALL patients who had suboptimal MRD response after reinduction chemotherapy and underwent haplo-HSCT bridged from either CAR-T therapy or chemotherapy at Peking University People’s Hospital between April 2015 and April 2020. The exclusion criteria were as follows: (1) isolated extramedullary relapse; (2) previous transplantation and/or previous CAR-T therapy; (3) significant cardiovascular, hepatic, and renal dysfunction and active infections; (4) MRD < 0.1% after reinduction chemotherapy; and (5) patients followed by matched sibling donor transplantation (MSDT). Because the uniformity of treatment protocols can help to reduce the impact of different treatment protocols and most of the donors of allo-HSCT in our institute were haplo, 3 patients followed by MSDT were excluded. The study was approved by the Ethics Committee of Peking University People’s Hospital.



Detection of MRD

A panel of eight antibody combinations, which included cCD3, mCD3, CD2, CD5, CD7, CD10, CD19, CD20, CD34, CD38, CD45, CD58, CD99, CD123, and cTDT, were used for MRD detection. The standardized assays and quality controls were consistent with those of previous reports (7, 8). Any MRD level was considered positive. MRD was assessed every month until the patient undergoes HSCT in this study.



Treatment Protocol and Evaluation

All patients received a reinduction chemotherapy regimen (vincristine 1.5 mg/m2/day, days 1, 8, 15 and 22; idarubicin 8–10 mg/m2/day, days 1 and 8; cyclophosphamide 1,000 mg/m2/day, day 1; prednisone 60 mg/m2/day, days 1–28; and L-asparaginase 10,000 ug/m2/day, days 15–33) and risk-based intrathecal chemotherapy. After reinduction, morphologic response and multiparameter flow cytometry-MRD (FCM-MRD) were evaluated, and any level of MRD was considered positive.

In the chemotherapy group, consolidation chemotherapy regimens composed of HDMTX (methotrexate 2.5–3.5 g/m2/day, day 1; vincristine 1.5 mg/m2/day, day 1; with or without peg-aspargase 3750 ug/m2/day, day 3), HDAra-c (cytarabine 2 g/m2/day, days 1–3; idarubicin 8–10 mg/m2/day, days 2 and 3), and/or IFO (ifosfamide 1 g/m2/day, days 1–5; etoposide 100 mg/m2/day, days 3–5; vincristine 1.5 mg/m2/day, day 1) were given, and patients were subjected to HSCT as soon as they achieved MRD negativity. For patients who failed to achieve MRD negativity, the chemotherapy regimens and the time of processing to HSCT were chosen by the doctors based on the patient’s condition and treatment history.

CAR-T cells in this study were investigational products and conducted in the setting of clinical trials (www.clinicaltrials.gov as #NCT 03050190; www.chictr.org.cn as #ChiCTR-OPN-17013507). Anti-CD19 CAR-T cells constructed with 4-1BB or CD28 costimulatory domains were generated via a lentiviral vector from fresh leukapheresis material. Lymphodepleting chemotherapy, including fludarabine- and cyclophosphamide-based conditioning treatments, were administered prior to CAR-T infusion.

The conditioning regimen for haplo-HSCT was in accordance with previous reports (9, 10). For patients with extramedullary relapse, a total body irradiation (TBI)-based conditioning regimen was administered, which included TBI (770 Gy) on day −6, cyclophosphamide (1.8 g/m2/day) from days −5 to −4, simustine (250 mg/kg/day) on day −3, and antithymocyte globulin (ATG) (2.5 mg/kg/day) from days −5 to −2. For patients with isolated bone marrow relapse, the conditioning regimen included cytarabine (4 g/m2/day) from days −10 to −9, busulfan (3.2 mg/kg/day) from days −8 to −6, cyclophosphamide (1.8 g/m2/day) from days −5 to −4, simustine (250 mg/kg/day) on day −3, and ATG (2.5 mg/kg/day) from days −5 to −2. After the conditioning regimen, all patients received granulocyte colony-stimulating factor-mobilized, fresh, and unmanipulated (without T-cell depletion of graft in vitro) bone marrow cells plus peripheral blood stem cells (PBSCs) or PBSCs alone. The regimen for preventing graft-versus-host disease (GVHD) included cyclosporin A, mycophenolate mofetil, and short-term methotrexate.



Study Endpoints and Definitions

The primary endpoints were the MRD response, LFS, and OS. The secondary endpoints were non-relapse mortality (NRM), acute GVHD (aGVHD), chronic GVHD (cGVHD), and complications after haplo-HSCT. Early marrow relapse was defined as relapse in <36 months from diagnosis, whereas late marrow relapse was defined as relapse in ≥36 months from diagnosis. CR2 was defined as bone marrow blasts <5%, neutrophils >1.0 × 109/L, platelet count >100 × 109/L, and extramedullary disease absence. LFS, overall survival (OS), non-relapse related mortality (NRM), engraftment, aGVHD, and chronic GVHD (cGVHD) were defined as described previously (9).



Statistical Analysis

Enumeration data were compared using the chi-square test or Fisher’s exact test, whereas the Mann–Whitney U test was used for continuous variables. The Kaplan–Meier method was used to analyze LFS and OS. The competing risk model was used to analyze cumulative incidence, and Gray’s test was used to assess the differences between cumulative incidences in univariable analyses. Multivariate analysis was performed using the Cox proportional hazards regression model. All p-values were two-sided, and values <0.05 were considered statistically significant. The Statistical Program for Social Sciences (SPSS) software (version 23.0; SPSS Inc. Chicago, IL, USA) and R version 3.5.3 (R Foundation for Statistical Computing, Vienna, Austria) were used for data analysis.




Results


Patients

In this study, 90 first relapse B-cell ALL patients were treated, and 40 patients with MRD ≥ 0.1% after reinduction were analyzed (Figure 1). The median age at relapse was 9.2 years (2–18 years) (Table 1), and the median duration of CR1 to relapse diagnosis was 27.2 months (3–57 months), including 23 and 17 patients with early and late relapse, respectively. The main site of relapse was isolated bone marrow (n = 32, 80%). Four (10%) patients were Philadelphia chromosome-positive, and fourteen (35%) patients harbored high-risk molecular and cytogenetic features. The median levels of bone marrow blasts and MRD at relapse diagnosis were 49.2% (8%–96%) and 24.2% (4%–94%), respectively. Twenty-five (62.5%) patients achieved CR2 after reinduction.




Figure 1 | Diagram of patients enrolled in this study. CAR-T, chimeric antigen receptor T cells; CR, complete remission; HSCT, hematopoietic stem-cell transplant; MRD, measurable residual disease; MSDT, matched siblings donor transplantation; NR, non-remission; TRM, treatment-related mortality.




Table 1 | Characteristics of patients stratified by CAR-T and chemotherapy groups.



In the CAR-T group, nine (34.6%) patients remained NR before CAR-T cell infusion. The median MRD level was 7.2% (0.07%–72%) before CAR-T cell infusion. The median dose of CAR-T cells was 4.04 × 106/kg (0.35–6.51 × 106/kg). After 1 month of infusion, all patients were in CR2. MRD-negative CR was achieved by twenty-three (88.5%) patients, whereas MRD-positive CR was achieved by three (11.5%) patients; the median MRD level was 0.005% (0%–0.17%). Cytokine release syndrome (CRS) of any grade was observed in fifteen (57.7%) patients, whereas severe CRS (grades 3 and 4) was observed in three (11.5%) patients. Neurological adverse events occurred in three (11.5%) patients, but no CAR-T-related mortality was observed.

In the chemotherapy group, six patients remained NR after reinduction, and the median MRD level was 7.6% (0.11%–44%) after reinduction. Before haplo-HSCT, patients in the chemotherapy group received 3.4 (1–6) cycles of chemotherapy. No chemotherapy-related mortality was observed.



Response

Among the patients receiving haplo-HSCT, 39 (97.5%) achieved CR2 before HSCT, whereas 12 (30%) had positive pre-HSCT MRD; the median level of pre-HSCT MRD was 0.11% (0%–3.8%).

The median time from CAR-T therapy to haplo-HSCT was 56 days (30–90 days). CR2 status was attained before haplo-HSCT by 26 (100%) and 13 (92.8%) patients in the CAR-T and chemotherapy groups, respectively. Pre-HSCT MRD-negative CR was achieved by 21 (80.7%) and 10 (71.4%) patients in the CAR-T and chemotherapy groups, respectively. The median pre-HSCT MRD in the CAR-T group was 0.009%, which was significantly lower than that in the chemotherapy group (0.3%, p = 0.006).



Long-Term Survival

Post-HSCT relapse occurred in 7 (26.9%) patients at a mean period of 12.4 months in the CAR-T group; among them, three patients died of relapse, and four patients responded to salvage therapy (two survived by HSCT, one by CAR-T, and one by chemotherapy plus donor leukocyte infusion). In the chemotherapy group, post-HSCT relapse occurred in seven (50%) patients at a mean period of 10.5 months, and seven patients died of relapse. In addition, two patients (one from each group) died of NRM.

The mean follow-up time was 37.3 years for survived patients. Overall, 3-year probabilities of LFS and OS were 61.2% [95% confidence index (CI): 44.5–77.8] and 68.2% (95% CI: 52.9–83.5). The CAR-T group had a trend toward improved 3-year LFS compared to the chemotherapy group [71.8% (95% CI: 53.9–89.6) vs. 44.4% (95% CI: 15.4–73.4), p = 0.19] (Figure 2). The CAR-T group had a significantly improved 3-year OS compared to the chemotherapy group [84.6% (95% CI: 70.6–98.5) vs. 40.0% (95% CI: 12.7–67.2), p = 0.008].




Figure 2 | LFS rate and OS rate for patients in the CAR-T group and patients in the chemotherapy group. CAR-T, chimeric antigen receptor T cells; LFS, leukemia-free surival; OS, overall survival.



Among all patients, aged <10 years, isolated bone marrow relapse, pre-HSCT MRD positivity, and non-CAR-T therapy were risk factors for inferior survival (Table 2). In the CAR-T group, the factors of isolated bone marrow relapse and pre-HSCT MRD positivity may have been abrogated by CAR-T therapy; the 3-year LFS and OS of patients with isolated bone marrow relapse were comparable with those of combined relapse [64.6% (95% CI: 43.4–85.7) vs. 100%, p = 0.145] [82.0% (95% CI: 65.1–98.8) vs. 100%, p = 0.310], and the 3-year LFS and OS of patients with pre-HSCT MRD positivity were comparable with those of patients with pre-HSCT MRD negativity [75.0% (95% CI: 32.4–117.5) vs. 71.7% (95% CI: 52.1–91.3), p = 0.853] [60.0% (95% CI: 17.1–102.1) vs. 90.5% (95% CI: 77.9–103.0), p = 0.067]. However, in the CAR-T group, patients aged <10 years had an inferior 3-year OS than those aged ≥10 years [71.4% (95% CI: 47.6–95.1) vs. 94.5% (95% CI: 87.9–113.0), p = 0.049], but the 3-year LFS of patients aged <10 years was comparable with that of patients aged ≥10 years [61.5% (95% CI: 35.1–87.9) vs. 82.5% (95% CI: 60.3–104.6), p = 0.220].


Table 2 | Clinical characters and their association with survival.





Engraftment After Haplo-HSCT

The median dose of infused MNC and CD34 in the CAR-T group was comparable with that in the chemotherapy group [9.3×108/kg (6.2–12.9×108/kg) vs. 9.4×108/kg (6.6–12.2×108/kg), p = 0.863] [2.8×106/kg (1.3–7.4×106/kg) vs. 2.5×106/kg (1.1–4.5×106/kg), p = 0.519]. All patients achieved neutrophil engraftment, and the mean duration of neutrophil engraftment in the CAR-T group was comparable with that in the chemotherapy group [13 days (11–21 days) vs. 13 days (11–17 days), p = 0.525]. The mean duration of platelet engraftment in the CAR-T group was 16 days (8–34 days), which was comparable with that in the chemotherapy group [15 days (10–43 days), p = 0.891].



Complications After Haplo-HSCT

The cumulative 100-day incidences of aGVHD grades II–IV and III and IV in the CAR-T group were similar to those in the chemotherapy group [26% (95% CI: 21%–31%) vs. 23% (95% CI: 18%–28%), p = 0.303 and 7% (95% CI: 5%–9%) vs. 5% (95% CI: 4%–6%), p = 0.723; respectively] (Table 3). The cumulative 3-year incidences of total and severe cGVHD in the CAR-T group were also similar to those in the chemotherapy group [53% (95% CI: 36%–70%) vs. 50% (95% CI: 41%–59%), p = 0.623 and 11% (95% CI: 8%–14%) vs. 10% (95% CI: 5%–15%), p = 0.876; respectively].


Table 3 | Complications of patients stratified by CAR-T and chemotherapy groups.



The 100-day incidences of cytomegalovirus and Epstein–Barr virus reactivation in the CAR-T group were comparable with those in the chemotherapy group [73.1% (95% CI: 52.8%–93.4%) vs. 65.0% (95% CI: 48.9%–81.1%), p = 0.75 and 11.5% (95% CI: 8.7%–14.3%) vs. 14.2% (95% CI: 10.1%–18.3%), p = 0.64; respectively]. One patient in the CAR-T group was diagnosed as transplantation-association thrombotic microangiopathy, which was not found in the chemotherapy group. One patient in the CAR-T group died of gastrointestinal hemorrhage and intracranial infection, and one patient in the chemotherapy group died of severe pneumonia and respiratory failure.




Discussion

Although the prognosis of pediatric ALL has been proven, >85% of patients survived without relapse (11). However, survival following relapse is dismal; the Children’s Oncology Group has reported that the 5-year OS rate for relapse patients is 36% (12), and the 10-year OS for children treated in the ALL-REZ BFM 90 trial was 36% (13). Multiple studies have demonstrated that the interval between remission and relapse and the site of relapse are important predictors of outcome (14–16). Moreover, MRD response to reinduction has been defined as the strongest prognostic factor for relapsed ALL; the ALL-REZ BFM P95/96 trial showed that MRD <0.1% after reinduction predicted a 10-year event-free survival (EFS) of >70% and MRD ≥0.1% after reinduction predicted a 10-year EFS of <20% with conventional chemotherapy (17). Therefore, an MRD-based strategy to intensify treatment with allo-HSCT in patients with MRD ≥0.1% after reinduction was implemented in the ALL-REZ BFM 2002 trial and an improved outcome (8-year EFS, 64% vs. 18% in the historical control) was observed (18). However, some studies have suggested that pre-HSCT MRD positivity is associated with subsequent relapse and poor survival (8, 19). The International BFM Study Group reported the first prospective study to evaluate the effect of pre-HSCT MRD status and found that the 4-year EFS was the highest at 64% for undetectable MRD and 48% for MRD <0.01%; a multivariate Cox regression model confirmed that pre-HSCT MRD positivity (>0.01%) was the only independent prognostic factor for relapsed ALL (6). We found the same results in this study; patients with pre-HSCT MRD positivity had significantly lower 3-year LFS than those with pre-HSCT MRD negativity (33% vs. 71%, p = 0.041).

Therefore, we aimed to explore a powerful strategy to eliminate pre-HSCT MRD under the guidance of MRD in the context of haplo-HSCT. Blinatumomab has been proven to be active in relapsed and refractory adult and pediatric ALL (20, 21). COG AALL1331 reported that blinatumomab has a deeper MRD clearance, improved LFS and OS, and lower toxicity compared with chemotherapy. In patients with MRD ≥0.1% after reinduction, blinatumomab was used followed by HSCT to eliminate pre-HSCT MRD in some institutes (4). However, studies on intensifying treatment with CAR-T pre-haplo-HSCT in patients with MRD ≥0.1% after reinduction are lacking. In the present study, 35.7% of patients in the chemotherapy group failed to achieve pre-HSCT MRD-negative CR, and the median level of pre-HSCT MRD was 0.3 (0%–3.8%). In the CAR-T group, 19.2% of patients failed to achieve pre-HSCT MRD-negative CR, and the median level of pre-HSCT MRD was 0.009 (0%–0.17%). Simultaneously, the CAR-T group exhibited a trend toward improved 3-year LFS and a significantly improved 3-year OS compared with the chemotherapy group (71.8% vs. 44.4%, p = 0.19) (84.6% vs. 40.0%, p = 0.008). We believe that a deeper MRD clearance effectively led to improved survival. Our data showed that MRD-based strategies, including CAR-T, improved the prognosis of relapse patients. Moreover, our study observed that patients aged <10 years had an inferior survival compared to those aged ≥10 years. Isolated bone marrow relapse was found to have inferior survival compared to bone marrow combined extramedullary relapse, which is consistent with previous studies, and may in part be due to the added TBI in patients with extramedullary relapse.

Safety was another concern regarding the application of CAR-T pre-HSCT; consistent with previous studies, no increased NRM was observed in the CAR-T group in the present study (22, 23). The median duration of engraftment after haplo-HSCT, the cumulative 100-day incidence of aGVHD grades II–IV, and the 3-year incidence of total and severe cGVHD in the CAR-T group were also similar to those of the chemotherapy group. Moreover, several studies have reported that CRS occurred in nearly 30%–94% of patients from 1 to 22 days after CAR-T cell infusion (24, 25). Maude et al. observed that 37%–78% of patients show cytopenia 1 month after CAR-T cell infusion (24). Therefore, we designed a regimen that bridged haplo-HSCT after at least 1 month of CAR-T infusion to reduce treatment-related complications. Park et al. have reported that 3 of 53 patients experienced infection-related mortality after CAR-T infusion. In the present study, no increased risk of viremia was detected in the CAR-T treatment protocol combined with haplo-HSCT.

The strengths of this study include homogeneous patient groups using consistent conditioning regimens, stem cell sources, and supportive care algorithms. However, our study has the following limitations: (1) it was not a prospective randomized study, (2) the sample size was limited, and (3) the choice of covariates for the multivariate analysis was constrained by the small number of observed events.

In conclusion, our study indicates that CAR-T therapy effectively eliminates pre-HSCT MRD, resulting in better survival in the context of haplo-HSCT. Moreover, no additional treatment-related complications were observed.



Author Contributors

LPZ and XH designed the research and revised the paper. GH and YFC analyzed the data and wrote the paper. YZ, YJC, PS, YJ, AL, YW, SJ, LJZ, YS, CY, LX, XZ, KL, and YW collected and analyzed data. All authors contributed to the article and approved the submitted version.



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 authors.



Ethics Statement

The studies involving human participants were reviewed and approved by the Peking University People’s Hospital Review Board. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



Funding

This work was supported by the Foundation of 2018 Beijing Key Clinical Specialty Construction Project-Pediatrics (2199000726) and the Foundation of CAMS Innovation Fund for Medical Sciences (CIFMS) (grant number: 2019-I2M-5-034).



Acknowledgments

The authors thank all the doctors at the institute who participated in this study for providing the follow-up samples and information.



References

1. Gaynon, PS, Angiolillo, AL, Carroll, WL, Nachman, JB, Trigg, ME, Sather, HN, et al. Long-Term Results of the Children's Cancer Group Studies for Childhood Acute Lymphoblastic Leukemia 1983-2002: A Children's Oncology Group Report. Leukemia (2010) 24(2):285–97.

2. Reismuller, B, Peters, C, Dworzak, MN, Potschger, U, Urban, C, Meister, B, et al. Outcome of Children and Adolescents With a Second or Third Relapse of Acute Lymphoblastic Leukemia (ALL): A Population-Based Analysis of the Austrian ALL-BFM (Berlin-Frankfurt-Munster) Study Group. J Pediatr Hematol Oncol (2013) 35(5):e200–204.

3. Einsiedel, HG, von Stackelberg, A, Hartmann, R, Fengler, R, Schrappe, M, Janka-Schaub, G, et al. Long-Term Outcome in Children With Relapsed ALL by Risk-Stratified Salvage Therapy: Results of Trial Acute Lymphoblastic Leukemia-Relapse Study of the Berlin-Frankfurt-Munster Group 87. J Clin Oncol (2005) 23(31):7942–50.

4. Hunger, SP, and Raetz, EA. How I Treat Relapsed Acute Lymphoblastic Leukemia in the Pediatric Population. Blood (2020) 136(16):1803–12.

5. Gandemer, V, Pochon, C, Oger, E, Dalle, JH, Michel, G, Schmitt, C, et al. Clinical Value of Pre-Transplant Minimal Residual Disease in Childhood Lymphoblastic Leukaemia: The Results of the French Minimal Residual Disease-Guided Protocol. Br J Haematol (2014) 165(3):392–401.

6. Bader, P, Kreyenberg, H, Henze, GH, Eckert, C, Reising, M, Willasch, A, et al. Prognostic Value of Minimal Residual Disease Quantification Before Allogeneic Stem-Cell Transplantation in Relapsed Childhood Acute Lymphoblastic Leukemia: The ALL-REZ BFM Study Group. J Clin Oncol (2009) 27(3):377–84.

7. Wang, XY, Fan, QZ, Xu, LP, Wang, Y, Zhang, XH, Chen, H, et al. The Quantification of Minimal Residual Disease Pre- and Post-Unmanipulated Haploidentical Allograft by Multiparameter Flow Cytometry in Pediatric Acute Lymphoblastic Leukemia. Cytomet B Clin Cytom (2020) 98(1):75–87.

8. Zhao, XS, Liu, YR, Xu, LP, Wang, Y, Zhang, XH, Chen, H, et al. Minimal Residual Disease Status Determined by Multiparametric Flow Cytometry Pretransplantation Predicts the Outcome of Patients With ALL Receiving Unmanipulated Haploidentical Allografts. Am J Hematol (2019) 94(5):512–21.

9. Wang, Y, Liu, QF, Xu, LP, Liu, KY, Zhang, XH, Ma, X, et al. Haploidentical vs Identical-Sibling Transplant for AML in Remission: A Multicenter, Prospective Study. Blood (2015) 125(25):3956–62.

10. Huang, XJ, Liu, DH, Liu, KY, Xu, LP, Chen, H, Han, W, et al. Haploidentical Hematopoietic Stem Cell Transplantation Without In Vitro T-Cell Depletion for the Treatment of Hematological Malignancies. Bone Marrow Transplant (2006) 38(4):291–7.

11. Pui, CH, Yang, JJ, Hunger, SP, Pieters, R, Schrappe, M, Biondi, A, et al. Childhood Acute Lymphoblastic Leukemia: Progress Through Collaboration. J Clin Oncol (2015) 33(27):2938–48.

12. Nguyen, K, Devidas, M, Cheng, SC, La, M, Raetz, EA, Carroll, WL, et al. Factors Influencing Survival After Relapse From Acute Lymphoblastic Leukemia: A Children's Oncology Group Study. Leukemia (2008) 22(12):2142–50.

13. Tallen, G, Ratei, R, Mann, G, Kaspers, G, Niggli, F, Karachunsky, A, et al. Long-Term Outcome in Children With Relapsed Acute Lymphoblastic Leukemia After Time-Point and Site-of-Relapse Stratification and Intensified Short-Course Multidrug Chemotherapy: Results of Trial ALL-REZ BFM 90. J Clin Oncol (2010) 28(14):2339–47.

14. Oskarsson, T, Soderhall, S, Arvidson, J, Forestier, E, Montgomery, S, Bottai, M, et al. Relapsed Childhood Acute Lymphoblastic Leukemia in the Nordic Countries: Prognostic Factors, Treatment and Outcome. Haematologica (2016) 101(1):68–76.

15. Bhojwani, D, and Pui, CH. Relapsed Childhood Acute Lymphoblastic Leukaemia. Lancet Oncol (2013) 14(6):e205–217.

16. Locatelli, F, Moretta, F, and Rutella, S. Management of Relapsed Acute Lymphoblastic Leukemia in Childhood With Conventional and Innovative Approaches. Curr Opin Oncol (2013) 25(6):707–15.

17. Eckert, C, von Stackelberg, A, Seeger, K, Groeneveld, TW, Peters, C, Klingebiel, T, et al. Minimal Residual Disease After Induction is the Strongest Predictor of Prognosis in Intermediate Risk Relapsed Acute Lymphoblastic Leukaemia - Long-Term Results of Trial ALL-REZ BFM P95/96. Eur J Cancer (2013) 49(6):1346–55.

18. Eckert, C, Henze, G, Seeger, K, Hagedorn, N, Mann, G, Panzer-Grumayer, R, et al. Use of Allogeneic Hematopoietic Stem-Cell Transplantation Based on Minimal Residual Disease Response Improves Outcomes for Children With Relapsed Acute Lymphoblastic Leukemia in the Intermediate-Risk Group. J Clin Oncol (2013) 31(21):2736–42.

19. Leung, W, Pui, CH, Coustan-Smith, E, Yang, J, Pei, D, Gan, K, et al. Detectable Minimal Residual Disease Before Hematopoietic Cell Transplantation is Prognostic But Does Not Preclude Cure for Children With Very-High-Risk Leukemia. Blood (2012) 120(2):468–72.

20. Kantarjian, H, Stein, A, Gokbuget, N, Fielding, AK, Schuh, AC, Ribera, JM, et al. Blinatumomab Versus Chemotherapy for Advanced Acute Lymphoblastic Leukemia. N Engl J Med (2017) 376(9):836–47.

21. Brown, PA, Ji, L, Xu, X, Devidas, M, Hogan, LE, Borowitz, MJ, et al. Effect of Postreinduction Therapy Consolidation With Blinatumomab vs Chemotherapy on Disease-Free Survival in Children, Adolescents, and Young Adults With First Relapse of B-Cell Acute Lymphoblastic Leukemia: A Randomized Clinical Trial. JAMA (2021) 325(9):833–42.

22. Zhang, Y, Chen, H, Song, Y, Tan, X, Zhao, Y, Liu, X, et al. Chimeric Antigens Receptor T Cell Therapy as a Bridge to Haematopoietic Stem Cell Transplantation for Refractory/Relapsed B-Cell Acute Lymphomalastic Leukemia. Br J Haematol (2020) 189(1):146–52.

23. Zhao, H, Wei, J, Wei, G, Luo, Y, Shi, J, Cui, Q, et al. Pre-Transplant MRD Negativity Predicts Favorable Outcomes of CAR-T Therapy Followed by Haploidentical HSCT for Relapsed/Refractory Acute Lymphoblastic Leukemia: A Multi-Center Retrospective Study. J Hematol Oncol (2020) 13(1):42.

24. 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(26):2531–44.

25. Levine, JE, Grupp, SA, Pulsipher, MA, Dietz, AC, Rives, S, Myers, GD, et al. Pooled Safety Analysis of Tisagenlecleucel in Children and Young Adults With B Cell Acute Lymphoblastic Leukemia. J Immunother Cancer (2021) 9(8):e0022.




Conflict of Interest: Author YW was employed by company Beijing Yongtai Reike Biotechnology Company Ltd.

The remaining 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 © 2022 Hu, Cheng, Zuo, Chang, Suo, Jia, Lu, Wang, Jiao, Zhang, Sun, Yan, Xu, Zhang, Liu, Wang, Zhang and Huang. 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.


OEBPS/Images/fimmu-13-915590-g002.jpg
100%

12

24

36

Chemotherapy

48

Months after relapse

Number at risk

-~  60%
=
S
w
&3
= 4%
20%
0%
0
CAR-T 26

Chemotherapy 14

29

10

60

100%

80%

. 60%
S
4 Chemotherapy
O
40%
20%
0%
0 12 24 36 48 60
Months after relapse
Number at risk
CAR-T 26 25 17 13 3 0
Chemotherapy 14 11 5 3 2





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Comparisons of Long-Term Survival and Safety of Haploidentical Hematopoietic Stem Cell Transplantation After CAR-T Cell Therapy or Chemotherapy in Pediatric Patients With First Relapse of B-Cell Acute Lymphoblastic Leukemia Based on MRD-Guided Treatment

      

        		

          Introduction

        



        		

          Methods

        

          		

            Patients

          



          		

            Detection of MRD

          



          		

            Treatment Protocol and Evaluation

          



          		

            Study Endpoints and Definitions

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Patients

          



          		

            Response

          



          		

            Long-Term Survival

          



          		

            Engraftment After Haplo-HSCT

          



          		

            Complications After Haplo-HSCT

          



        



        



        		

          Discussion

        



        		

          Author Contributors

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu.2022.915590_cover.jpg
’ frontiers | Frontiersin Immunology

Comparisons of Long-Term Survival
and Safety of Haploidentical
Hematopoietic Stem Cell
Transplantation After CAR-T Cell
Therapy or Chemotherapy in
Pediatric Patients With First Relapse
of B-Cell Acute Lymphoblastic
Leukemia Based on MRD-Guided
Treatment





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Patients Log-rank analysis Univariate Cox regression analysis
(n)

LFS (95% CI) P 0S (95% CI) P HR (95% Cl) for P HR (95% Cl) for P

LFS os

Age, years

1-9 23 474 (26.8- 0.046 54.4(33.4-75.4) 0.041 1 0.061 1 0.506
31.1)

10-18 17 73.7 (61.1— 78.7 (66.7— 0.34 (0.11-1.05) 0.65 (0.17-2.34)
96.2) 100.1)

Sex

Male 27 53.1(33.1- 0537 59.3(39.3-79.3) 0.501 1 0.546 1 0.078
73.1)

Female 13 69.2 (44.1- 75.2 (50.5-99.8) 0.71 (0.23-2.19) 0.31 (0.08-1.14)
94.3)

Cytogenetic group

Non-unfavorable 25 67.3(486- 0.186 69.5(50.5-88.5) 0.661 1 0.201 1 0.663
85.9)

Unfavorable 15 42.7 (16.3- 57.1 (30.2-83.9) 1.89 (0.71-5.06) 1.27 (0.43-3.79)
70.1)

Site of relapse

Isolated bone marrow relapse 33 46.8 (27.9- 0.018 54.0(34.6-73.4) 0.035 1 0.159 1 0.203
65.6)

Combined bone marrow and 7 100 100 0.03 (0-3.89) 0.03 (0-6.51)

extramedually

Timing of relapse

<36 months 23 48.4 (25.7-  0.211 58.0(36.0-79.9) 0.399 1 0.228 1 0.406
71.1)

>36 months 17 70.1 (48.1- 73.1 (60.4-95.8) 0.52 (0.18-1.50) 0.61(0.18-1.97)
92.0)

Response of reinduction

CR 25 64.8 (44.4- 0.113 70.7 (50.1-91.3) 0.118 1 0.128 1 0.131
85.2)

NR 15 46.7 (21.4- 53.3 (28.0-78.6) 2.15 (0.80-5.75) 2.32 (0.78-6.93)
71.9)

Pre-HSCT treatment

CAR-T therapy 26 71.8(63.9- 0.190 84.6(70.6-98.5) 0.008 1 0.176 1 0.039
89.6)

Chemotherapy 14 44.4 (15.4- 40.0 (12.7-67.2) 1.97 (0.74-5.25) 3.25 (1.06-9.94)
73.4)

Pre-HSCT MRD

Positive 12 33.3 (6.6-60.0) 0.041 37.0(8.4-65.6) 0.012 1 0.053 1 0.020

Negative 28 71.2 (54.3- 77.7 (61.8-93.6) 2.64 (0.98-7.03) 3.68 (1.23-11.03)
88.1)

CAR-T, chimeric antigen receptor T cells; Cl, confidence index, CR, complete remission; HSCT, hematopoietic stem cell transplant; LFS, leukemia-free survival; MRD, measurable residual
disease: NR. non-remission: OS, overall survival.
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Complications CAR-T group (n = 26) Chemotherapy group (n = 14)

-V aGVHD 8

3
Total cGVHD 16 9
Cytomegalovirus infection 22 11
Epstein-Barr virus infection 3 2
TA-TMA 1 0
TRM 1 1

CAR-T, chimeric antigen receptor T cells; GVHD, graft-versus-host disease; TA-TMA, transplantation-association thrombotic microangiopathy; TRM, treatment-related mortality.
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Characteristic CAR-T group (n = 26) Chemotherapy group (n = 14) P
Age at relapse

Median, years 9.5 9.0 0.706
Sex

Female 12 5 0.747
Male 16 9

Cytogenetic group 6 3 0.906
Favorable

ETV6-RUNX1 3 3

Hyperdiploid 3 -

Unfavorable 8 r 0.310
Hypodiploid - 1

Complex karyotype - 2

E2A-PBX1 3 -

BCR-ABL1 3 1

Ph-like = 1

IKZF1 mutation 2 2

Site of relapse

Isolated bone marrow 22 " 0.679
Combined bone marrow and extramedullary 4 3
Timing of relapse

<36 months after diagnosis 16 7 0.521
=36 months after diagnosis 10 7

Bone marrow blasts after relapse median, % 40 56 0.125
MRD after relapse 22 25 0.890
median, %

Disease status before HSCT

NR 0 1 0.350
MRD-positive CR 5 4 0.505
MRD-negative CR 21 10

MRD before HSCT 0.009 (0-1.7) 0.304 (0-3.8) 0.006

median (range), %

CAR-T, chimeric antigen receptor T cells; CR, complete remission; HSCT, hematopoietic stem cell transplant; MRD, measurable residual disease; NR, non-remission.





