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Background

Tisagenlecleucel (tisa-cel) is increasingly being used in hematopoietic stem cell transplantation (HSCT)-naive patients. Outcomes for HSCT patients following chimeric antigen receptor (CAR) T-cell therapy demonstrate low relapse rates; however, a significant number of patients who receive tisa-cel can maintain remission without an HSCT. Multiple factors are considered when choosing whether or not to proceed with HSCT.





Methods

We retrospectively reviewed 31 patients who had received tisa-cel at our institution and who were transplant naive at the time of infusion. The aim was to determine the rate and timing of consolidative HSCT, factors that led to HSCT, and overall survival.





Results

Three of the 31 patients were non-responders to tisa-cel and ultimately died of disease. Twelve of the 28 responders remain alive with no evidence of disease (NED) without subsequent therapy. Of these patients, 5 of the 12 had isolated extramedullary acute lymphoblastic leukemia (ALL) (CNS, n = 4; testes, n = 1) and 2 of the 12 had Down syndrome, so no transplantation was planned. In the remaining 5 of 12 patients, close monitoring for signs of relapsed ALL, using serial next-generation sequencing (NGS) minimal residual disease (MRD) and lymphocyte subpopulation measurements, was performed. Owing to continued negative findings, no HSCT was chosen. Ultimately, 43% (12 of 28) of responders proceeded to HSCT, with three receiving tisa-cel as a planned bridge to HSCT as a result of CD22 negativity and/or provider preference (two patients survived with NED); three proceeded to HSCT as a result of early loss of B-cell aplasia (BCA) (all survived with NED); and six had salvage HSCT following relapse (three patients survived with NED and one patient was alive in relapse). Three of the 28 patients died following relapse post CAR T-cell therapy without HSCT. The final patient had an isolated extramedullary soft tissue CD19+ relapse 1 year post tisa-cel treatment, and is now NED without HSCT and persistent BCA.





Conclusion

Close monitoring of NGS results and BCA, as well as consideration of the site of the disease, can spare a subset of patients HSCT with the maintenance of leukemia-free remission, while still allowing for later HSCT in others. In our cohort, only a small subset of patients was unable to proceed to HSCT following relapse post-CAR T-cell therapy.
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1 Introduction

Chimeric antigen receptor (CAR) T cells have revolutionized therapy for children and young adults with relapsed, refractory B-cell precursor acute lymphoblastic leukemia (B-ALL). Complete remission rates of 81%–90% are seen in patients with severe chemotherapy-refractory disease, many of whom have previously undergone hematopoietic stem cell transplantation (HSCT) (1, 2). Furthermore, enduring remissions were observed without further therapy in this population of patients, who were previously believed to be incurable (3). Since its US FDA approval, tisagenlecleucel, a CD-19-directed CAR T-cell therapy, has been more widely available to patients, with many being treated earlier in their relapse or refractory course. Follow-up data from these clinical trials have demonstrated continued durable remissions in about half of the patients who achieve remission with this CAR T-cell product (3). Accordingly, in real-world practice, there is increasing use of CAR T-cell therapy in patients who are HSCT naive, in some cases as a way to achieve minimal residual disease (MRD) -negative remission status prior to HSCT and in other cases as a potential definitive therapy (4, 5). The possibility of decreased relapse rates has been observed when CAR T-cell remission is followed by consolidative HSCT (6). However, a blanket approach using consolidative transplantation will cause additional toxicity in some patients who could maintain a long-term remission with CAR T-cell therapy as definitive treatment. Importantly, the data available to guide treatment decisions are very heterogeneous, with varied patient populations, CAR T-cell products, and institutional preferences. In the absence of a randomized trial, we have reviewed outcomes following CAR T-cell infusion in transplant-naive patients treated at our center to further understand factors that lead to the use or avoidance of HSCT. In particular, we have examined the feasibility of HSCT at a later date if consolidative HSCT was not initially considered.




2 Materials and methods

We performed a retrospective review of relapsed or refractory B-ALL patients treated with tisagenlecleucel at Cincinnati Children’s Hospital Medical Center (CCHMC) between 2017 and 31 December 2021. We excluded patients who had had a prior stem cell transplant (SCT) from this analysis.

This study was approved by CCHMC’s Institutional Review Board. A comprehensive review of disease status and patient characteristics, toxicities, and patient outcomes was performed. Cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS) were graded according to American Society for Transplantation and Cellular Therapy (ASTCT) consensus guidelines (7). Remission status was measured at day 28 post CAR T-cell infusion by bone marrow MRD using multiparametric flow cytometry. Next-generation sequencing determination of minimal residual disease (NGS-MRD) was performed using the commercially available clonoSEQ MRD® assay (Adaptive Biotechnologies, Seattle, WA, USA) (8–10). NGS-MRD evaluation required prior detection of baseline dominant clones from diagnostic marrow samples, and was not available for all patients. Morphologic CNS status was obtained via lumbar puncture at day 28. Patients had, at least, monthly evaluations of remission status, as measured by complete blood cell counts as well as measurements of B-cell aplasia (BCA) via peripheral blood lymphocyte subpopulations. B-cell recovery was defined as > 1% CD19+ cells on peripheral blood lymphocyte analysis. This was repeated on a confirmatory sample at least 1 week later. The data cut-off date for post CAR T-cell therapy outcomes was 31 December 2022.




Statistical analysis

Event-free survival (EFS) was calculated by the Kaplan–Meier method, and the Mantel–Cox test was used to evaluate significance. An event was defined as a relapse of the disease, a second malignancy, or death. Relapse was defined as the development of leukemic blasts in the CNS or detectable recurrence of disease by flow cytometry. HSCT was not considered an event. The Kaplan–Meier method was also used to determine overall survival. Statistical analysis was performed using Fisher’s exact text.





3 Results



3.1 Patients

Between 2014 and 2021, 41 patients with refractory or multiply relapsed B-ALL were treated at our institution. Thirty-one of the 41 (76%) had not undergone previous HSCT and were included in this study (Table 1). The median age at the time of tisagenlecleucel infusion was 13.0 years [range 0.9–24.1 years]. The male-to-female ratio was 21:10. Three patients in our cohort had Down syndrome ALL (DS-ALL). Nine patients (29.0%) had isolated extramedullary disease (isolated CNS, n = 8; isolated testicular disease, n = 1), and the remaining 24 (71.0%) had bone marrow involvement. The median disease burden by MRD at the last evaluation prior to infusion in patients with marrow disease was 2.4% (range 0.008%–72%). Three patients with isolated CNS leukemia were CNS2 at the time of infusion, and the remaining five were in CNS remission prior to infusion. One patient had a combined marrow and CNS relapse and was CNS3 at the time of infusion. The median CAR T-cell dose was 2.3 × 106/kg (range 0.8–4.6 × 106/kg). A total of 26 patients were treated with commercial tisagenlecleucel. Four patients were treated with the same product on a single patient investigational new drug (IND) or managed access program for failure to meet commercial release parameters [apheresis product > 9 months (n = 1), viability < 80% (n = 2), and retention of beads (n = 1)]. One patient was treated in accordance with the Children’s Oncology Group AALL1721 protocol investigating the use of Kymriah® for patients with National Cancer Institute (NCI) high-risk ALL and residual MRD at the end of up-front consolidation chemotherapy.


Table 1 | Patient demographics.






3.2 Response and toxicity

All patients had bone marrow evaluations and lumbar punctures at day 28 post-CAR T-cell infusion. Twenty-eight of the 31 (90%) patients achieved remission, which was defined as a negative MRD, as determined by flow cytometric analysis, and no evidence of CNS or extramedullary leukemia. Three patients were non-responders, as determined by flow cytometric analysis: two had persistent CD19+ ALL and one patient with KMT2A-r ALL had a lineage switch to acute myeloid leukemia. All three died of refractory leukemia. In addition, NGS-MRD data were available for 15 of the 31 (48%) patients, 11 of whom were negative. Two of the four positive NGS-MRD patients also had disease detected by flow MRD/morphology, and were classified in the group of non-responders noted above. One patient had positive NGS-MRD results, with negative flow cytometry results, and suffered a frank relapse within 1 month post CAR T-cell therapy. The fourth patient, who had primary refractory disease, had a clone detectable below the limits of reporting, and proceeded to planned HSCT and remains in remission. HSCT was planned for this patient prior to this result and was chosen as a therapy because of the primary physician and family preference.

Toxicity was manageable, with 61.1% of patients having any grade of CRS, which was grade 3 or 4 in five cases (16.1%). Seven patients (19.4%) had any grade of ICANS, with five (13.9%) experiencing grade 3 or 4. Tocilizumab was given to 10 patients. Three patients were given dexamethasone for grade 4 ICANS. No treatment-related mortality was observed. One patient developed a disseminated Fusarium infection; however, this patient had been heavily pretreated and was neutropenic prior to starting lymphodepleting chemotherapy. No other bacterial or fungal infections were reported.




3.3 Outcomes post CAR T-cell therapy-mediated remission

Clinical pathways following CAR T-cell infusion are shown in Figure 1. Three patients (6.5%) experienced treatment failure and ultimately died of disease. Three patients (6.5%) proceeded directly to planned consolidative HSCT, leaving 25 of the 31 patients (81%) undergoing surveillance post-CAR T-cell therapy. Two of the three patients who proceeded directly to HSCT remained disease-free after HSCT, whereas the third, who had not received prior inotuzumab ozogamicin, died of sinusoidal obstructive syndrome (SOS) post transplantation. High-risk features for CAR T-cell therapy failure and/or limited salvage options led to the use of consolidative transplantation in the three patients. Two of the three patients had high disease burden (8.8% and 72%) prior to CAR T-cell therapy, and one patient had previously failed blinatumomab treatment. The other patient had chemorefractory marrow and CNS3 disease, and was noted to be CD22 negative.




Figure 1 | Clinical course and outcome.This flow diagram shows the distribution of patients following CAR T-cell therapy: no remission, bridge directly to HSCT, no further therapy, HSCT at time of B-cell recovery, relapse followed by salvage HSCT, and death after relapse without HSCT. CAR, chimeric antigen receptor; HSCT, hematopoietic stem cell transplantation.



Focused analysis of patients who underwent surveillance identified that 12 of 25 (48%) remain in remission beyond 1 year without further leukemia-directed therapy, with a median duration of remission (DOR) of 32.4 months (range 12.4–54.1 months). Five of these patients had isolated extramedullary disease at a site of disease pre CAR T-cell therapy (CNS, n = 4; testicular, n = 1). Two patients with DS-ALL, who were not considered for empiric consolidative HSCT due to the high risk of toxicity, remained alive with NED. Five of the 12 patients had bone marrow-only disease, and have been followed by close serial monitoring of NGS-MRD results and BCA. These patients remain in initial CAR-induced remission. Owing to ongoing NGS-MRD negativity and/or at least 6 months of BCA these patients never underwent consolidative HSCT. An additional patient had persistent BCA and marrow NGS-MRD negativity at more than 1 year after infusion, but suffered an isolated breakthrough extramedullary soft tissue CD19+ relapse in the breast tissue. She was treated with radiation to the site and pembrolizumab. She was in her third continuous remission (CR) 5 months post-recurrence without HSCT. Nine patients (36%) in the post CAR T-cell surveillance cohort proceeded to consolidative HSCT. Three patients went to expedited HSCT at the time of early B-cell recovery (all at 3 months) and all remained alive with NED. Six patients out of 25 (24%) suffered a CD19+ relapse and achieved an additional remission post CAR T-cell therapy failure and proceeded to HSCT. Notably, four of the six patients had previously lost B-aplasia at 3–6 months post CAR T-cell therapy, but did not proceed directly to consolidative HSCT for various reasons [isolated CNS disease, DS-ALL, patient refusal for additional therapy, and religious beliefs (Jehovah’s Witness)] until after a subsequent relapse. Four patients remained alive post-HSCT following CAR T-cell therapy failure, with one unfortunately having an active relapse. Two patients who proceeded to HSCT following CAR T-cell therapy failure died: one from subsequent disease relapse and one from transplant-related infection toxicity. Three patients (12%) in the surveillance cohort died of relapsed ALL without proceeding to HSCT. One of the three patients with an isolated CD19-negative relapse had suffered neurologic comorbidities in up-front and relapsed therapy and chose not to pursue further therapy. The other two patients had significant previous medical history, as both had previously been treated for medulloblastoma and one had suffered from congenital mismatch repair deficiency (CMMRD). Both of these patients failed to attain a subsequent remission with conventional chemotherapy. Figure 2 is a swimmer plot that graphically represents the duration of follow-up/remission, as well as the timing of key events including the loss of BCA, relapse, transplantation, and death for all responding patients.




Figure 2 | Swimmer plot of outcomes post CAR T-cell response. The y-axis represents individual record numbers of the 25 responding patients. The x-axis is time in days since tisa-cel infusion. The blue arrows depict the 17 patients who remain in continuous CR post tisa-cel, either with or without consolidative transplantation (marked by a square). The black arrows represent patients who have suffered either a post tisa-cel relapse or treatment-related death post transplant. Non-responders are not represented on this plot. The triangle represents time of loss of BCA. The circle represents time of relapse. X indicates time of death. CAR, chimeric antigen receptor; CR, continuous response.






3.4 B-cell aplasia

The duration of BCA was noted to be a predictor of outcome for our patients (Figure 3). For patients in our cohort who remain in remission without further therapy, 11 out of 12 (91.7%) maintained BCA longer than 6 months. The median duration of BCA for this group of patients has not been reached as 11 have ongoing BCA. This is in contrast to those patients who relapsed after the initial response, where only 2 out of 10 (20%) maintained BCA for longer than 6 months. Three additional responding patients, not in either of the previous categories, lost BCA at 3 months and proceeded directly to HSCT in MRD-negative remission. The median time from loss of BCA to day of stem cell infusion was 3 days (range 26–67 days). All remain in a continuous complete remission post HSCT.




Figure 3 | Duration of B-cell aplasia predicts outcome. The Kaplan–Meier curves on the left show EFS and OS according to B-cell aplasia (BCA) > 6 months (blue line) vs. BCA < 6 months (red line). BCA, B-cell aplasia; EFS, event-free survival; OS, overall survival.






3.5 Retrieval therapies following relapse post-CAR T-cell therapy remission

A total of 10 out of 25 patients suffered a relapse post CAR T-cell therapy remission during the post-CAR T-cell therapy surveillance period. Six of the patients were successfully salvaged with a combination of CAR T-cell reinfusion, investigational humanized CAR T cells, and/or inotuzumab and were able to undergo HSCT in an MRD-negative remission. (Table 2). Two of the patients received a reinfusion of tisagenlecleucel after CD19+ relapse. Patient 16 had no response to reinfusion, but ultimately achieved MRD-negative remission with inotuzumab and is in remission post HSCT. Patient 4, with a third isolated CNS relapse, had CR with re-establishment of BCA for 2 months with tisagenlecleucel reinfusion and then proceeded to humanized CAR T cells on a clinical trial as a path to HSCT. Two other patients (patients 5 and 7) had humanized CAR T cells on a clinical trial and, ultimately, proceeded to HSCT due to early loss of BCA. Inotuzumab was given to patients 2 and 11 to achieve MRD-negative remission prior to HSCT. Only one of the five patients who received inotuzumab as part of the salvage regimen had sinusoidal obstructive syndrome during transplantation, which resolved with treatment. Three of the 10 patients died without HSCT and one patient (patient 1) with isolated CD19-CNS relapse elected for only palliative therapy due to significant previous toxicities with up-front therapy. The other two patients who had secondary ALL post medulloblastoma (patients 9 and 22) suffered an aggressive relapse within 2 months of infusion and died of refractory leukemia.


Table 2 | Retrieval therapies post CAR T-cell therapy.



Five patients received a reinfusion of tisagenlecleucel from the original manufactured batch. In addition to the two patients noted above who were reinfused for relapsed CD19+ disease, three others were given a reinfusion for early B-cell recovery at 3, 4, and 7 months. BCA was re-established in two patients, in one case for 1 month and in the other for 14 months. All three patients ultimately relapsed and were able to achieve MRD-negative remission with alternate salvage regimens and proceeded to HSCT, with one of three alive without disease.





4 Discussion

Our data show the clinical post-CAR T-cell pathway for transplant-naive patients with B-ALL following remission induced by tisagenlecleucel remains variable. Twelve patients, all of whom had at least 1 year of follow-up, had CAR T-cell treatment as a stand-alone therapy and are alive with no evidence of disease. Given that the median follow-up is 32 months for this group, transplantation will likely not be needed for the majority of these patients, as follow-up data from the global registration trial and real-world data show that most relapses occur in the first year after infusion (3–5). Five additional patients remain in continuous remission following CAR T-cell therapy and HSCT, two of whom two proceeded directly to HSCT; the others underwent HSCT at the time of early loss of BCA. Our data show that only a small number of patients will not be able to proceed to transplantation at a later date, with only 2 of 28 initially responding patients (7.1%) attempting but failing to achieve a subsequent remission following a relapse post CAR T-cell therapy. Even these two cases may be outliers, as both had secondary leukemias following an earlier treatment course for medulloblastoma. The risk of transplant morbidity and mortality has to be weighed against the known failure rate of CAR T-cell therapy. We examined the patient characteristics and criteria used to avoid or defer HSCT in a subset of patients.

Several patient or disease characteristics that have emerged since the broader use of tisagenlecleucel often guide a watchful waiting versus a consolidative HSCT approach. Optimal management of an isolated CNS relapse has been challenging, with a variety of strategies being adopted, including cranial irradiation combined with HSCT, a long, intensive chemotherapy backbone, or a less intense chemotherapy regimen (11, 12). Attempts to reduce chemotherapy backbone have yielded less favorable results (13). CAR T cells have been shown to effectively track into the CNS, and recent data have demonstrated encouraging outcomes when CAR T-cell therapy is used for isolated CNS relapse (14, 15). The data presented here are comparable to those that have been previously published. Given the favorable data with CAR T-cell therapy in this population, and the questionable benefit that an allograft offers these patients, we often use tisagenlecleucel as a stand-alone therapy for iCNS relapse. Patients with DS-ALL have a higher risk of relapse, and management of relapsed disease has been very challenging, not only due to chemorefractory disease, but also due to excess toxicity and relapse following HSCT (16). The 3-year overall survival in a cohort of DS patients undergoing HSCT is only 24%. Fortunately, toxicity and treatment outcomes for patients with DS-ALL undergoing CAR T-cell therapy are comparable to those seen in their non-DS counterparts (17). Given the higher risk of transplant-associated toxicities and relapse, consolidative HSCT is not routinely employed for children and young adults with DS-ALL. For patients with genetic conditions (such as CMMRD or Li–Fraumeni syndrome), very young age or previous organ or infectious comorbidity that escalates the risk of toxicity from a TBI-based HSCT, CAR T-cell therapy can potentially offer an opportunity to avoid or defer HSCT. Furthermore, religious reasons and a strong patient preference can also lead to avoidance or deferral of consolidative transplantation. In our cohort, isolated CNS disease (n = 7), Down syndrome (n = 3), cancer predisposition syndrome (n = 2), young age (n = 1), religious beliefs (Jehovah’s Witness; n = 1), and the patient’s refusal of HSCT (n = 1) were factors that guided adopting a watchful waiting approach in 15 of our patients.

In contrast, data are also emerging to suggest that a subset of treatment and disease factors increase risk of eventual CAR T-cell failure, leading to increased use of consolidative transplantation up front for these patients. Even if negative by flow cytometry, NGS-MRD > 0 at day 28 is a significant risk factor for relapse and remains an independent predictor of relapse at 3 months, with an increased hazard ratio (HR 12.0) (10). Another group of patients with an unacceptably high risk of relapse is patients who have previously failed to respond to blinatumomab. These patients tend to have a lower response rate to CD19+ CAR T-cell therapy and a markedly lower EFS at 6 months (27.3%, compared with 66.9% for responders or 72% for blinatumomab-naive patients) (18). This was the rationale for bridging directly to transplantation in one patient with blinatumomab failure and a high disease burden. This patient unfortunately had SOS during transplantation and died of this complication. The prior use of blinatumomab in this cohort was notably low, with only one other patient having received and responded to blinatumomab and had CD19+ relapse 12 months post-CAR T-cell therapy. The absence of immunotherapy targets, including CD22, causes concern for the ability to salvage chemotherapy-refractory patients post-CAR relapse, especially in the setting of a CD19 antigen loss at relapse. For this reason, we chose to proceed to HSCT in a chemotherapy-refractory patient whose leukemia failed to exhibit CD22. Inotuzumab was utilized to achieve MRD remission prior to HSCT in several of our patients who relapsed post-CAR T-cell treatment, as well as 30% of salvage attempts post-CAR relapse in the Pediatric Real World CART Consortium (PRWCC) (19). A high disease burden at the time prior to tisagenlecleucel treatment is associated with inferior outcomes in the PWRCC; however, as many patients did not proceed directly to HSCT in that cohort, it is unclear whether or not proceeding to HSCT will abrogate that risk. The presence of a refractory high disease burden of 72% marrow blasts was a factor in selecting HSCT for one of our patients.

We monitored monthly lymphocyte subpopulations to identify B-cell recovery for the 25 transplant-naive patients at our center who did not bridge to HSCT. Early B-cell recovery (< 6 months) has been consistently shown to be associated with a risk of relapse, and has been used to recommend HSCT over continued monitoring. Follow-up data from the ELIANA trial showed the median DOR for patients with BCA < 6 months not undergoing SCT to be 12 months, whereas the median DOR of remission for BCA persisting longer than 6 months was not reached (3). Three of our patients with early loss of BCA proceeded to transplantation and remain in remission. In the PWRCC, 15 of the 25 relapsed patients had a loss of BCA preceding relapse by a median of 84 days prior (19). The majority of patients lost BCA prior to 6 months, providing a potential opportunity to avoid relapse by an expedited transplant. Our data also support the risk of relapse with early B-cell recovery, as loss of BCA prior to 6 months was seen in four of our patients who ultimately relapsed. These patients did not proceed directly to HSCT with loss of BCA due to patient-specific factors. These factors include patient refusal, religious beliefs, underlying Down syndrome, and isolated CNS disease. More recently, we have increased the frequency and number of patients who are followed using NGS-MRD results. We perform NGS-MRD on marrows at day 29 as well as at 3, 6, 9, and 12 months post-CAR T-cell therapy, as well as monthly using peripheral blood during the intervening months. Any recurrence of MRD by NGS warrants confirmation and often therapeutic intervention.

Clinical trials and real-world data for our current FDA-approved CD19 CAR T-cell therapy, tisagenlecleucel, show that approximately half of the patients can maintain a CAR T-cell-mediated remission without other therapies (1, 3–5). This study illustrates the real-world individualized factors that led to the decisions whether or not to pursue consolidative transplantation following CAR T therapy and why a one size fits all approach will not work. The goal is ultimately to avoid transplant toxicity in those who do not need it, to minimize the number of patients who relapse, and, importantly, to identify those who relapse and who are unlikely to be salvaged and get a second opportunity to proceed to HSCT in MRD-negative remission. The risk of relapse, which is inherent to this therapy, must be balanced against the morbidity and mortality risk of HSCT that accompanies the reduction in relapse it may offer (6). Patients and their families, as well as their physicians, have a variable tolerance for the risk of relapse that accompanies watchful waiting that may be abrogated by proceeding directly to HSCT. A well-designed randomized clinical trial would be helpful to provide additional data for these patients. However, the design of such a trial remains a significant challenge because, illustrated in this paper, many individual factors already contribute to the selection or omission of consolidative transplantation. In settings where pretreatment of a disease or patient characteristics do not strongly influence the choice to proceed to allogeneic transplant, informed consent between families and their physicians is needed to adopt a post-CAR T-cell treatment strategy. Future widespread use of humanized CAR or an improved CAR with persistence that improves disease-free survival for CAR may allow more comfort in a watchful waiting approach (20).
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