
Impact of High Disease Burden on Survival in Pediatric Patients 
with B-ALL Treated with Tisagenlecleucel

Jonas W. Ravich1, Sujuan Huang, MS2, Yinmei Zhou, MS2, Patrick Brown, MD1,3, Ching-
Hon Pui, MD4, Hiroto Inaba, MD, PhD4, Cheng Cheng, PhD2, Stephen Gottschalk, MD5, 
Brandon M. Triplett, MD5, Challice L. Bonifant, MD, PhD1,3,*, Aimee C. Talleur, MD5,*

1The Sidney Kimmel Comprehensive Cancer Center, Johns Hopkins University School of 
Medicine, Baltimore, MD

2Department of Biostatistics, St. Jude Children's Research Hospital, Memphis, TN

3Department of Pediatrics, Johns Hopkins University School of Medicine, Baltimore, MD

4Department of Oncology, St. Jude Children's Research Hospital, Memphis, TN

5Department of Bone Marrow Transplantation and Cellular Therapy, St. Jude Children's Research 
Hospital, Memphis, TN

Abstract

Background: CD19-specific chimeric antigen receptor (CAR) T-cell therapies, including the 

FDA-approved tisagenlecleucel, induce high rates of remission in pediatric patients with relapsed/

refractory B-cell acute lymphoblastic leukemia (B-ALL). However, posttreatment relapse remains 

an issue. Optimal management of B-ALL after tisagenlecleucel treatment remains elusive and 

continued tracking of outcomes is necessary to establish a standard of care for this population.

Objective: We sought to evaluate outcomes on the real-world use of tisagenlecleucel in a 

contemporary pediatric patient population, and to identify risk factors influencing event-free 

survival (EFS) and overall survival (OS). Additionally, we aimed to describe post tisagenlecleucel 

management strategies, including use of allogeneic hematopoietic cell transplant (AlloHCT) 

and/or repeat CAR T-cell infusions.

Study Design: We report on 31 pediatric and adolescent and young adult patients (AYA) with 

B-ALL, treated with lymphodepleting chemotherapy followed by tisagenlecleucel. Patients were 

treated at Johns Hopkins Hospital and St. Jude Children’s Research Hospital between March 

2018 and November 2020. Data on patient, disease and treatment characteristics were collected 

retrospectively from medical records and described. EFS and OS were estimated by the Kaplan-

Meier method and compared by the log-rank test. Single-factor and multiple-factor analysis of 

EFS and OS were performed by fitting Cox regression models.
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Results: Of the 30 evaluable patients, 25 (83.3%) experienced a complete response, with 21 

having negative minimal residual disease (MRD). Treatment was well tolerated, with expected 

rates of cytokine release syndrome (61.3%) and immune effector cell associated neurotoxicity 

(29%). After initial CR, 12 patients (48%) had subsequent disease recurrence, with CD19-negative 

relapse (n=6) occurring sooner than CD19-positive relapse (P = 0.0125). With a median follow-up 

time of 386 day s(range:11–1187 days), the EFS for the entire cohort (n = 31) at 6- and 12-months 

post infusion was 47% (95% confidence interval [CI]: 28.4–63.4%) and 35.2% (CI, 18.4–52.5%), 

respectively. In multivariate analysis, high pretreatment leukemic burden ≥5% bone marrow blasts) 

was an independent risk factor for inferior EFS (HR 5.98 [95% CI, 1.1–32.4], P =0.0380) and OS 

(HR 4.2 [95% CI, 1.33–13.39, P = 0.0148).

Conclusions: Tisagenlecleucel induced high initial response rates in a contemporary cohort 

of pediatric and AYA patients with B-ALL. However, 48% of patients experienced subsequent 

disease relapse, including 6 with antigen-escape variants. This highlights a considerable limitation 

of single-agent autologous CD19-CAR T-cell therapy. Pretreatment leukemic disease burden of 

≥5% blasts was significantly associated with worse outcomes in this study, including lower EFS 

and OS. Our findings suggest that reducing pre-infusion leukemic burden is a viable treatment 

strategy to improve outcomes of CAR T-cell therapy.

INTRODUCTION

Pediatric patients with relapsed/refractory B-cell acute lymphoblastic leukemia (B-ALL) 

historically have poor survival outcomes due to inherent and/or acquired chemotherapy 

resistance (1). With the advent of CD19-specific chimeric antigen receptor (CD19-CAR) 

T-cell therapies, these patients are now experiencing remission at high rates (2–6). For 

pediatric patients without access to experimental T-cell products, the availability of the 

FDA-approved product tisagenlecleucel (Kymriah, Novartis) has changed the treatment 

paradigm (7, 8). Initial reports of real-world data from the Center for International Blood 

and Marrow Transplant Research (CIBMTR) registry showed that tisagenlecleucel has 

yielded efficacy and safety profiles similar to those from the registration trial (9).

Despite impressive initial response rates, relapse after CAR T-cell therapy is a significant 

concern, and questions remain regarding the optimal use of tisagenlecleucel (3, 4, 8, 10). 

These include how patient, disease, and treatment characteristics influence short-term and 

long-term outcomes, and how to employ post infusion management strategies and disease-

monitoring techniques. Consequently, the standard of care of tisagenlecleucel treatment is 

not yet established. Studies of clinical and disease characteristics that predict outcomes 

are necessary to identify patients who can benefit from post-tisagenlecleucel treatment 

regimens, including allogeneic hematopoietic cell transplantation (AlloHCT).

Herein, we report on the use of tisagenlecleucel to treat relapsed/refractory B-ALL in 

pediatric and adolescent and young adult (AYA) patients at two institutions. We highlight the 

impact of pre-infusion disease burden on the incidence of relapse and the risk of treatment 

resistance resulting from the emergence of CD19-negative antigen-loss variants.
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SUBJECTS AND METHODS

Study design

This retrospective study reflects our real-world experience of treating pediatric and AYA 

patients with relapsed and/or refractory B-ALL with lymphodepletion and tisagenlecleucel, 

between March 2018 and November 2020 at Johns Hopkins Hospital (JHH) and St. Jude 

Children’s Research Hospital (St. Jude). A subset of these patients was included in a recent 

retrospective analysis (11). The study was approved by both institutional review boards, 

and informed consent/assent was obtained from patients/guardians as appropriate. Patient, 

disease, and treatment information was abstracted from prospectively collected clinical 

databases and supplemented by retrospective medical record review. High-risk leukemic 

genetics were categorized using published literature (12–14). Data were also collected for 

patients who received a second CAR T-cell infusion using previously manufactured product. 

The date of data cutoff is October 31, 2021.

Leukapheresis products were collected and cryopreserved in accordance with institutional 

standard operating procedures before shipment to Novartis’ centralized production site. 

All infused tisagenlecleucel products met the release specification. The use and type 

of bridging therapy before tisagenlecleucel infusion was determined by the treating 

physician. Pretreatment disease burden was evaluated after bridging therapy and before 

cellular infusion. Most patients underwent a bone marrow analysis to determine the levels 

of morphologic blasts and the disease burden using minimal residual disease (MRD) 

measurement by flow cytometry. MRD was used to categorize patients into disease burden. 

One patient had disease confirmed by peripheral blood only and was empirically categorized 

as having 26% marrow disease for our analysis. For another patient who did not have MRD 

measured, the morphologic blast percentage (52%) was used as a measurement of disease 

burden. Evaluation of extramedullary (EM) sites of disease included a cerebrospinal fluid 

(CSF) examination and, in a subset of patients, a positron emission tomography (PET) 

scan. CAR T-cell therapy included lymphodepletion followed by tisagenlecleucel infusion. 

Routine supportive care followed institutional standard operating procedures, including the 

use of seizure and/or infectious prophylaxis.

Toxicity and outcome evaluations

Cytokine release syndrome (CRS) was graded using the American Society of 

Transplantation and Cellular Therapy (ASTCT) consensus grading criteria (15). Before the 

ASTCT criteria were released, immune effector cell–associated neurotoxicity syndrome 

(ICANS) was graded using the Common Terminology Criteria for Adverse Events 

(CTCAE). Disease response was determined at approximately 4 weeks post infusion and 

categorized by comparing the leukemic burden in pretreatment and post treatment bone 

marrow specimens, using morphology and MRD detection (flow cytometry, RT-PCR, and/or 

next-generation sequencing [NGS] testing [Adaptive Biotechnologies], when available for 

a given patient). MRD-negative complete response (CR) was defined as <5% blasts by 

morphology AND <0.01% blasts by flow cytometry, <10−4 by PCR, and/or <10−5 by 

NGS in post therapy marrow. For patients with ≥5% morphologic disease before therapy, 

MRD-positive CR was defined as <5% blasts by morphology AND ≥0.01% blasts by flow 
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cytometry, ≥10−4 by PCR, and/or ≥10−5 by NGS in the post therapy marrow. Patients 

with persistent disease after therapy were considered non-responsive if their disease burden 

remained at the same order of magnitude as before therapy (persistent MRD-positive or ≥5% 

blasts by morphology). Disease-response assessments of extramedullary sites were made 

independent of the marrow response.

Follow-up evaluations

Relapse was defined as the development of any detectable disease, including MRD-positive 

marrow (as defined above) or extramedullary disease, after initial CR post tisagenlecleucel 

treatment. Disease detected via flow-cytometry was determined to be CD19-positive or 

CD19-negative. Autologous B-cell recovery was defined as ≥1% CD19-positive cells (at two 

consecutive time-points ≥1 week apart) or an absolute CD19-positive cell count of ≥50/μL 

(at a single time-point) in the peripheral blood. Additional cell therapy (e.g., AlloHCT or 

CAR T-cell reinfusion) after CAR T-cell therapy was recorded.

Statistical methods

Descriptive statistics were compared using Fisher’s exact test, the Wilcoxon rank-sum test, 

or the Kruskal–Wallis test as appropriate. Event-free survival (EFS) and overall survival 

(OS) functions were estimated by the Kaplan–Meier method and compared by the log-rank 

test. EFS was defined as the time from CAR T-cell infusion to being non-responsive at week 

4 evaluation, relapse, or death; patients who underwent HCT before one of these events were 

censored at the time of HCT. OS was defined as the time from CAR T-cell infusion to death. 

Single-factor and multiple-factor analysis of EFS and OS were performed by fitting Cox 

regression models. The cumulative incidence function of relapse was compared by Gray's 

test accounting for competing risks. Relapse analysis included censoring of patients at the 

time of death or HCT. Risk factors with univariate P values of 0.25 or less were included 

in the multivariable models for EFS and OS. Statistical analyses were performed with SAS 

version 9.4.

RESULTS

Patient and disease characteristics

Thirty-three pediatric and AYA patients with relapsed/refractory B-ALL were considered 

for tisagenlecleucel treatment; two patients were not treated because of poor clinical status 

or manufacturing failure. Baseline patient and disease characteristics of the 31 treated 

patients are shown in Table 1, and Figure 1A gives an overview of treatment outcomes. 

Four patients received repeat CAR T-cell infusions subsequent to the first infusion without 

interval therapy, using previously manufactured product; the resulting data are reported 

separately in a subsequent section.

Median age at diagnosis of B-ALL was 6.5 years (range: 0.3–21.0 years) and median age 

at the time of cellular infusion was 7.9 years (range: 0.8–23.6 years; three patients aged ≤3 

years). Most patients had high-risk disease characteristics, with 19 having high-risk genetic 

features, 4 having undergone prior AlloHCT, and 8 having received prior CD19-directed 

therapy (blinatumomab or CD19-CAR) and/or CD22-directed therapy (inotuzumab). Most 
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patients received CAR T-cell therapy for primary refractory disease (35.5%) or in first 

relapse (45.2%) (Table 1). Pretreatment disease burden was assessed a median of 7 days 

(range: 1–23 days) prior to cellular infusion. Marrow results included a median morphologic 

blast percentage of 2% (range: 0–98%; n = 30) and a median MRD (flow cytometry) of 

1.6% (range: 0–96%; n = 29) (Table 1). One of the three MRD-negative patients had disease 

detectable, but below our cutoff for definition of MRD positivity by NGS (3 clones/million). 

Pretreatment CSF samples were obtained for 29 patients, one of whom had detectable 

CNS disease (CNS3). The presence of non-CNS extramedullary disease was assessed by 

PET scan in seven patients, three of whom had abnormal metabolic activity concerning for 

leukemic disease (Table 1).

Treatment characteristics

For four infused patients, two apheresis attempts were required because of insufficient 

collection (n=3) or bacterial contamination of the apheresis product due to concurrent 

bacteremia (n=1). During product manufacturing, 29 patients received bridging therapy. 

Lymphodepleting chemotherapy began at a median of 39.5 days after apheresis (range: 

25–284 days; date of apheresis was unavailable for two patients). All patients received 

fludarabine and cyclophosphamide, with two receiving additional agents because of their 

high disease burden; tisagenlecleucel dosing was in accordance with manufacturer guidance 

(Table 2). Patients received the cellular infusion while inpatient, with a median duration of 

hospitalization of 10 days (range: 1–35 days). All repeat infusions used product from the 

initial manufacture. De-identified peripheral blood samples were obtained from a subset of 

patients at various post infusion time-points for PCR-based detection of circulating CAR T 

cells (Supplemental Methods); all but one of these samples had detectable CAR T cells, and 

aggregation of the data showed the expected post infusion expansion (Supplementary Fig. 

1). Limited availability of specimens precluded relating clinical factors to the amplitude or 

timing of in vivo CAR T-cell expansion.

Treatment-related toxicities

Treatment was well tolerated, with the expected side effect profile (16). After initial 

infusion, 19 patients (61.3%) developed CRS at a median of 4 days (range: 0–9 days) 

post infusion. Among these patients, six (31.6%) had grade ≥3 CRS. Nine patients (29%) 

experienced ICANS, with three cases being grade ≥3, at a median of 6 days (range: 1–15 

days) post infusion. Eight patients had concurrent CRS and ICANS (Fig. 1B). Two patients 

(6.5%) developed CAR T-cell therapy-associated hemophagocytic lymphohistiocytosis 

(carHLH)(17) at a median of 9.5 days post infusion; both patients were recovering from 

high-grade CRS at the time of carHLH onset (18). Treatment for immune-mediated side 

effects included tocilizumab (n=11 patients), corticosteroids (n=4), siltuximab (n=3) and, in 

those patients with carHLH, anakinra (n=2) and ruxolitinib (n=1). With the exception of 

one patient with carHLH, all patients recovered. As expected, the incidence and severity of 

immune-mediated toxicities correlated with pre-infusion leukemic burden (Fig. 1B). Seven 

patients required hospital readmission within 30 days (median: 8 days; range: 4–28 days) 

post infusion, five for CRS and two for late-onset bacteremia. Nine patients required care 

in the pediatric intensive care unit (ICU), 3 were pre-emptive due to presumed high risk of 

developing complications and the remainder for CRS management. ICU transfer occurred 
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at a median of 5 days (range: 0–15 days) after infusion, with a median duration of ICU 

admission of 8 days (range: 1–20 days).

Disease response

Thirty patients were evaluable for disease response, at a median of 28 days (range: 22–

35 days) post infusion, with one death occurring before disease evaluation. Twenty-five 

patients (83.3%) had a CR, 21 (84%) of whom were MRD-negative (Fig. 1C; 3 with 

available NGS testing). Four patients had an MRD-positive CR, including two who were 

positive by NGS (at 10 and 154 clones/million) and two by flow cytometry (at 0.01% and 

1.7%) (Fig. 1D). Five patients had no response to treatment, including two with identified 

changes in CD19 expression (CD19-negative or CD19-dim). Post infusion CSF analysis was 

performed for 26 patients, none of whom had leukemia cells. The patient with pretreatment 

CNS leukemia was not reassessed post infusion because of no response to therapy, with 

persistent peripheral blasts. Of the three patients with pre-infusion PET positivity, one had 

a repeat PET scan that was negative for extramedullary disease and the other two were 

not re-evaluated either because of early death or no response in the marrow. Of the two 

patients who received intensified lymphodepletion, one had no response and the other had a 

MRD-positive CR.

Follow-up evaluations and outcomes

All 25 patients with a CR had concurrent autologous B-cell aplasia (BCA). Of these 25 

patients, 10 (40%) had autologous B-cell recovery between 0.9 and 18.4 months (median: 

4.1 months) post infusion. The remaining 15 patients had ongoing BCA at their last 

follow-up for a median of 2.8 months (range: 0.7–31.1 months) post infusion (Fig. 1A). 

Notably, although they did not experience B-cell recovery, two patients had early events 

(treatment-related death and consolidative HCT) that precluded extended monitoring for 

ongoing BCA. Similarly, continued monitoring for BCA was not performed in patients after 

leukemic relapse.

With a median follow-up time of 386 days (range: 11–1187 days), the EFS for the entire 

cohort (n = 31) at 6- and 12-months post infusion was 46.9% (95% confidence interval 

[CI]: 28.4–63.4%) and 35.2% (CI, 18.4–52.5%), respectively (Fig. 2A). Among the 25 

patients with a CR after tisagenlecleucel treatment, the duration of remission at the time of 

data cutoff ranged from 1.2 to 39.2 months (median: 5.2 months). Twelve patients (48%) 

experienced subsequent disease recurrence (Fig. 2B), six with CD19-positive leukemia, all 

in the setting of preceding or concurrent loss of BCA, and six with CD19-dim to negative 

disease, all in the setting of ongoing BCA. Notably, CD19-negative recurrence occurred 

significantly earlier than CD19-positive relapse, at a median of 1.6 months versus 5.4 

months post infusion (P = 0.0125) (Fig. 2C). Of note, of the four patients that achieved an 

MRD-positive CR, three relapsed wiith CD19-negative disease (at 45-, 45-, and 50-days post 

infusion) and one died secondary to infection. The OS was 80.6% (CI: 61.9–90.8%) at 6 

months and 67.4% (CI: 47.9–81.0%) at 12 months (Fig. 2A). Of the 31 infused patients, 

13 (41.9%) died at a median of 227 days (range: 11–865 days) post infusion. Two patients 

died of treatment-related complications. The first patient developed CRS and subsequent 

carHLH (18), with associated multi-organ failure and diffuse neuronal injury, and died 11 
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days post infusion. The second patient had disseminated multi-organism infection, including 

bacteremia, bacterial meningitis, and fungal rhinosinusitis with cerebral extension, and died 

35 days post infusion. The remainder died of refractory leukemia (n = 4), relapsed leukemia 

(n = 5) or toxicities related to subsequent treatments (n = 2). Among survivors (n=18), 

median length of follow-up is 760 days (range: 318–1187 days).

Impact of disease burden on EFS and OS

Risk-factor analysis was conducted using the following variables: treating institution, receipt 

of prior CD19-directed and/or CD22-directed therapy, pretreatment disease burden (bone 

marrow MRD-negative, MRD-positive [>0-<5% blasts], or ≥5% blasts), development of 

severe CRS, and tisagenlecleucel dosing. Patients with high levels of pretreatment bone 

marrow disease (≥5% blasts) had significantly poorer 12-month EFS when compared to 

those who were MRD-positive or MRD-negative (15.4% [CI: 2.5–38.8%] vs. 46.2% [CI: 

18.2–70.4%] vs. 66.7% [CI: 5.4–94.5%]; P = 0.0392) (Fig. 3A). This was also true for 

12-month OS (38.5% [CI: 14.1–62.8%] vs. 86.2% [CI: 54.9–96.4%] vs. 100% [NA]; P 
= 0.0027) (Fig. 3B). Notably the effect of pre-treatment disease burden on both EFS and 

OS was minimized in patients who achieved an MRD-negative remission with treatment, 

though small overall numbers in the group of patients achieving an MRD-negative post 

treatment remission with ≥5% pre-treatment disease preclude informative statistical analysis 

(Supplemental Fig. 2). In univariate analysis, the presence of high-burden disease (≥5% 

blasts) was associated with worse EFS (hazard ratio [HR]: 3.1 [95% CI: 1.2–7.8], P = 

0.0176) and OS (HR 7.3 [95% CI: 1.9–27.6], P = 0.0034) compared to those with lower 

pretreatment disease burden (<5% blasts). Additionally, severe CRS and prior CD19- or 

CD22-directed therapy was associated with worse OS (HR 5.32 [95% CI: 1.67–16.95], P = 

0.0047 and HR 3.3 [95% CI: 1.1–10.3], P = 0.0403, respectively) (Fig. 4A). In multivariate 

analysis, higher pretreatment disease burden (≥5% blasts) remained an independent risk 

factor for worse EFS (HR 5.98 [95% CI, 1.10–32.4, P = 0.0380) and OS (HR 4.2 [95% 

CI, 1.33–13.39, P = 0.0148) (Fig. 4B). Among those patients who experienced an initial 

CR, higher pretreatment disease burden was associated with a higher cumulative incidence 

of relapse (P=0.0482) (Fig. 3C). None of the evaluated risk factors correlated significantly 

with initial disease response (no response vs. MRD-positive CR vs. MRD-negative CR) at 4 

weeks post infusion (data not shown).

Subsequent treatment

Four patients received a second infusion of their previously manufactured tisagenlecleucel 

product without other intervening therapy because of recurrent CD19-positive leukemia (n = 

3) or early autologous B-cell recovery (n = 1). Median time between the infusions was 189 

days (range: 90–223 days). All four patients received fludarabine and cyclophosphamide 

lymphodepletion before reinfusion, in two cases at higher doses than used with the first 

infusion. Reinfusion was well tolerated, with no CRS or ICANS. However, response to 

reinfusion was poorer than that for initial infusion. Two of three patients who were reinfused 

for active leukemia did not attain MRD negativity. The third patient experienced a second 

MRD-negative CR, but their CD19-positive disease relapsed after a remission shorter than 

that after the first infusion (63 vs. 196 days post infusion). The fourth patient infused 
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for B-cell recovery did not experience BCA after reinfusion and ultimately proceeded to 

AlloHCT.

The decision to proceed with consolidative AlloHCT was patient/provider dependent. Of 

the 25 patients who had a CR after their first infusion, one underwent preemptive AlloHCT 

and three underwent AlloHCT because of early loss of BCA, 1 of whom had AlloHCT 

after CAR T-cell reinfusion (Fig. 1A). This was first HCT for these patients, three of whom 

remained alive and in remission at their last evaluation. Notably, nine additional patients 

were ultimately treated with AlloHCT as a component of the treatment for post-CAR 

T-cell therapy relapse. For seven of these patients, it was their first AlloHCT. Among these 

nine patients, five remained in remission at time of last follow-up, two died secondary to 

transplant related toxicities and two experienced leukemic relapse.

DISCUSSION

We have reported on a cohort of 31 patients treated with tisagenlecleucel at two treatment 

centers. In this study, we included some patients who would have been excluded from 

the tisagenlecleucel registration trial (8), such as children aged ≤ 3 years, patients with high-

risk leukemic genetics, and those with CNS leukemia, prior treatment with CD19-directed 

therapies, and/or low pre-infusion disease burden (<5% blasts). However, our cohort is 

representative of the diversity of patients now being treated with tisagenlecleucel worldwide 

(9, 10).

Overall, the treatment was well tolerated, with the expected rates of immune-mediated 

side effects (9, 10). As anticipated, initial response rates were high, with 83.3% of 

evaluable patients experiencing a CR at approximately 4 weeks post infusion, the majority 

being MRD-negative. However, the EFS rates of 46.9% and 35.2% at 6 and 12 months, 

respectively, highlight a considerable limitation of single-agent autologous CD19-CAR T-

cell therapy. Relapse was the most common event, with 48% of patients who experienced a 

CR after tisagenlecleucel treatment subsequently experiencing leukemic relapse. Notably, of 

patients that achieved a CR, those with MRD-positivity had a high rate of relapse, including 

2 that were positive by NGS testing (3/3 evaluable; 1 deceased secondary to toxicity). 

However, not all patients in the MRD-negative cohort had NGS testing available at the time 

of disease assessment and therefore low-level disease post treatment may be underestimated.

Pretreatment leukemic disease burden in the bone marrow was associated with worse 

outcomes in this study, such that having ≥5% blasts portended an increased toxicity risk, 

lower EFS and OS, and a higher incidence of relapse. Importantly, higher disease burden 

was the only risk factor significantly associated with worse EFS and OS in multivariate 

analyses. Other groups have also found that a high pretreatment disease burden predicts 

an increased relapse risk and worse outcomes (10, 11, 19, 20). Although the ‘cut-off’ 

used to distinguish ‘high’ and ‘low’ leukemic burden has varied, the presence of some 

level of leukemic disease in the bone marrow before CAR T-cell treatment clearly affects 

outcomes. Such analysis was inherently lacking in earlier trials, given the disease-burden 

requirements for patients to receive protocol treatment (8). Furthermore, as more patients 

receive commercially available CAR T-cell products, patient characteristics not accounted 
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for in early clinical trials need to be carefully considered in contemporary analysis. This 

is particularly important as there may be a correlation between disease features (such as 

disease status or high-risk genetics) and pretreatment disease burden, such that higher 

pretreatment disease burden represents a biologically higher risk patient population.

In our patient cohort, 48% of patients had recurrent leukemic disease after treatment 

with tisagenlecleucel. Relapses with retained CD19 expression occurred in the setting of 

CD19+ B-cell recovery, suggestive of a loss of functional CAR T cells resulting from 

limited persistence and/or T-cell exhaustion. This is consistent with previous reports (8). 

Interestingly, in our cohort, half of the relapses demonstrated loss of CD19 expression 

and these relapses occurred earlier than CD19-positive cases. CD19-negative relapses after 

targeted CAR T-cell therapy have been reported to result from i) expression of alternately 

spliced isoforms that mask expression of the targeted CD19 epitope or prevent surface 

protein expression (21, 22); ii) lineage switch to a myeloid phenotype (23–25); iii) genomic 

mutations causing frameshift transcripts with the loss of elements necessary for surface 

expression (26); or iv) intron retention predicted ultimately to cause nonsense-mediated 

decay (27, 28) It is unknown whether these relapses are due to pre-existing CD19-negative 

subclones or to mutations acquired under targeted immunological pressure. Not surprisingly, 

comparison of pretreatment disease specimens with those acquired at relapse has identified 

CD19-negative subclones predating CD19-CAR T-cell therapy (22, 28). Furthermore, two 

recent reports have highlighted the association of pre-tisagenlecleucel high disease burden 

(20) and the impact of prior Blinatumomab therapy on CD19-negative relapse (11). We 

did not analyze biological specimens collected from our patients but believe that the 

timing of the CD19-negative disease emergence supports a hypothesis that this represents 

pretreatment subclonal disease that is selected for with single-antigen targeting. We hope for 

the development of biomarker assays capable of identifying minute populations of CD19-

negative disease with high accuracy. If such disease is detected, therapeutic consolidation 

with AlloHCT or alternate dual-antigen targeted therapy should be considered to prevent 

subclonal selection and subsequent disease relapse.

There is a real risk of relapse after tisagenlecleucel treatment. Establishing a consensus 

regarding the ‘best’ post CAR T-cell clinical management remains difficult, particularly 

with respect to using pre-emptive consolidative AlloHCT. Given that relapse and treatment-

related morbidity remain significant threats after transplant, it is often desirable to avoid 

AlloHCT. At present, such a decision is based largely on institutional and family/patient 

preferences, with consideration of patient-specific history and clinical status (29–31). In 

our study, few patients proceeded directly to AlloHCT after tisagenlecleucel treatment. 

However, of the 12 patients with recurrent disease after tisagenlecleucel treatment, nine 

underwent AlloHCT as part of their relapse treatment regimen. Our experience suggests 

that a substantial subset of patients will ultimately receive AlloHCT after tisagenlecleucel 

treatment. Proceeding immediately to AlloHCT after CAR T-cell therapy–induced remission 

may offer the best chance of cure with the least treatment-related cumulative organ toxicity. 

Careful recording and analysis of patient-specific and disease-specific data that can inform 

such population-based treatment decisions is critical.
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Our data highlight the poorer outcomes and high rates of relapse in patients with higher 

leukemic disease burden (≥5%) before CAR T-cell therapy, as well as the possibility that 

CD19-negative subclonal expansion is a mechanism of post infusion recurrent disease. This 

is of particular concern given the lack of available salvage therapies for such high-risk 

patients. Repeat CD19-CAR T-cell infusions are generally not as effective (32), as was the 

case in our cohort, where two of four patients treated with a second tisagenlecleucel infusion 

had no response to reinfusion. Rather than reinfusion with tisagenlecleucel, use of alternate 

CD19-CAR T-cell products can be considered. A recent study showed that treatment with 

humanized CD19-CAR T-cells led to an overall response rate of 64% at 1 month post 

infusion in patients who had refractory or relapsed B-ALL, and prior exposure to CD19-

CAR T-cell therapy. This approach may therefore salvage some patients who relapse after 

tisagenlecleucel. However, subsequent post treatment relapse remained a concern (33). The 

use of alternate CAR T-cell therapies (e.g., with CD22-specific or CD19/CD22-bispecific 

CAR T-cells) may be another option for some patients, but these therapies are currently 

unavailable outside clinical trial enrollment. Dual-antigen targeting, allogeneic platforms, 

and/or gene-editing strategies are being actively explored and may ultimately offer more 

targeted, less toxic treatment alternatives. It is hoped that these ‘next-generation’ CAR T-cell 

therapies will mitigate the relapse risk and obviate the need for AlloHCT. However, with the 

tools currently at our disposal, AlloHCT should be strongly considered to extend immune 

surveillance and a durable remission state for high-risk patients who experience a CR after 

CD19-CAR T-cell therapy.
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Figure 1. Disease response and toxicities of pediatric and AYA patients treated with 
lymphodepletion and tisagenlecleucel.
A. Swimmer plot depicting the longitudinal outcomes of the entire patient cohort (n=31, 

each lane represents a single patient), including the initial response at 4 weeks post CAR 

T-cell infusion (CR: complete response; NR: no response), the duration of B-cell aplasia 

(BCA) and subsequent events (relapse [CD19-positive or CD19-negative]), the time of 

planned consolidative allogeneic hematopoietic cell transplantation (HCT), and death. For 

each patient, the data end at the time of the first event (NR, relapse, HCT, or death). 

Ongoing remission without any event is indicated by an arrow. B. Heatmap depicting the 

maximum grade of cytokine release syndrome (CRS) and immune effector cell–associated 

neurotoxicity syndrome (ICANS) for each treated patient. Patients are ordered by increasing 

burden of leukemia (%) as measured by flow cytometry in the bone marrow before 

tisagenlecleucel therapy. C. Treatment response at approximately 4 weeks post infusion 

among the 30 evaluable patients. D. Change in bone marrow disease burden (%) measured 

using pretreatment and post tisagenlecleucel therapy evaluations. Each line represents a 

single patient and is color coded to indicate the response.
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Figure 2. High rates of initial remission and relapse in pediatric patients treated with 
tisagenlecleucel.
A. Kaplan-Meier curve of event-free survival (EFS) and overall survival (OS) in the total 

cohort of 31 patients. The median time of follow-up was 329 days (range: 11–1046 days). 

The median EFS time was 4.3 months (95%CI: 1.5-NA) (NA = not able to be calculated); 

the median OS has not been reached but the last death occurred at 28.9 months giving a 

51.5% OS rate. B. Cumulative incidence of relapse among patients who experienced an 

initial CR. Relapse was defined as recurrent detectable disease after initial CR, including 

minimal residual disease (MRD-positive: ≥0.01% blasts by flow cytometry, ≥10−4 by PCR, 

and/or ≥10−5 by NGS). Death was considered as a competing risk. C. Cumulative incidence 

of relapse defined by antigen subtype: CD19-positive (n = 6) vs. CD19-negative (n = 6). 

CD19-negative relapse occurred sooner than CD19-positive relapse, with the median times 

to occurrence being 1.6 months and 5.4 months post infusion, respectively (P = 0.0125).
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Figure 3. Disease burden of ≥5% before CAR T-cell therapy predicts worse outcomes after 
tisagenlecleucel treatment.
A. Kaplan-Meier estimation of the event-free survival (EFS) of patients based on their 

pre-infusion disease burden. Patients with higher pretreatment disease burden had worse 

EFS (P = 0.0392). Median EFS time based on disease burden: ≥5% blasts: 1.5 months 

(95% CI: 0.9–3.0); MRD-positive (>0-<5% blasts): 9.1 months (95% CI: 1.2-NA); MRD-

negative: NA. B. Kaplan-Meier estimation of the overall survival (OS) of patients stratified 

by pre-infusion disease burden. Patients with higher pretreatment disease burden had worse 

OS (P = 0.0027). The median survival for patients with a disease burden of ≥5% was 8.4 

months (95% CI: 1.3-NA) and unable to be calculated (NA) for patients with pretreatment 

MRD-positive or MRD-negative disease. C. Cumulative incidence of relapse after initial CR 

among patients by pre-infusion disease burden, such that patients with a disease burden of 

≥5% had a higher rate of relapse (P = 0.048), with a median time to relapse of 2.2 months. 
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The median time to relapse could not be calculated (NA) for patients with pretreatment 

MRD-positive or MRD-negative disease. Relapse included any recurrent detectable disease, 

including MRD-positive cases. Death in remission was considered as a competing risk.
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Figure 4. Analysis of the impact of pretreatment and post treatment factors on event-free and 
overall survival.
A. Univariate analyses of event-free survival (EFS) and overall survival (OS) performed 

by fitting Cox regression models. Higher pre-infusion disease burden (≥5% blasts) was 

significantly associated with worse EFS and OS (P = 0.0176 and 0.0034, respectively). 

Severe CRS and antigen-directed pre-treatment were also associated with worse OS (P = 

0.0047 and 0.0403, respectively) but had no impact on EFS. B. Multivariate analysis of EFS 

and OS, including risk factors with univariate P values less than or equal to 0.20. Higher 
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pre-infusion disease (≥5% blasts) burden remained significantly associated with poorer EFS 

(P = 0.0380) and OS (P = 0.0148). EFS: date from infusion to first event (NR at week 4 

evaluation, relapse [recurrent detectable disease, including MRD-positive cases], or death; 

patients who underwent HCT before one of these events were censored at the time of HCT). 

OS: date from infusion to date of death.
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Table 1:

Patient and Disease Characteristics (n = 31)

Treating institution

 JHH 18 (58.1)

 St. Jude 13 (41.9)

Sex

 Male 18 (58.1)

 Female 13 (41.9)

Age at diagnosis 6.5 [0.3–21.0]

Age at time of CAR T-cell infusion 7.9 [0.8–23.6]

Indication for tisagenlecleucel

 Primary refractory disease 11 (35.5)

 Relapse 1 14 (45.2)

 Relapse 2 5 (16.1)

 Relapse 3+ 1 (3.2)

High-risk genetics

 BCR-ABL1 1 (3.2)

 Ph-like 6 (19.4)

 KMT2A rearranged 5 (19.4)

 p53 alteration (without associated hypodiploidy) 2 (6.5)

 TCF3-PBX1 1 (3.2)

 Myc translocation 1 (3.2)

 Low hypodiploidy 3 (9.7)

 Monosomy 7 1 (3.2)

Prior allogeneic HCT 4 (12.9)

Prior CD19- or CD22-directed therapy

 Any agent 8 (25.8)

 Blinatumomab 6 (19.3)

 Inotuzumab 5 (16.1)

 CD19-CAR T-cell therapy 1 (3.2)

Pre-infusion disease evaluation *

 Marrow burden (median disease % [range])

  MRD-negative (n = 3) —

  MRD-positive >0 to <5% (n = 15) 0.6 [0.003–2.7]

  ≥5% (n = 13**) 52 [7.6–100]

 CNS3 1 (3.2)

 Non-CNS extramedullary disease^ 3 (9.7)
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JHH: Johns Hopkins Hospital; St. Jude: St. Jude Children’s Research Hospital; HCT: hematopoietic cell transplantation; MRD: minimal residual 
disease (by flow cytometry). Numerical data are presented as the n (%) or median [range]

*
After bridging chemotherapy and before CAR T-cell therapy

**
One patient without available disease % by flow cytometry was classified using morphologic blasts (52%), and one patient had disease 

confirmed by peripheral blood only and was empirically categorized as having 26% disease for this analysis

^
Increased metabolic uptake on PET-CT [evaluated in a subset of patients (n = 7)]
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Table 2:

Treatment Characteristics (n = 31)

Lymphodepletion* (number [%])

 Flu (120 mg/m2)/Cy (1000 mg/m2) 19 (61.3)

 Flu (75 mg/m2)/Cy (900 mg/m2) 10 (32.3)

 Flu (75 mg/m2)/Cy (900 mg/m2)/Eto (500 mg/m2) 1 (3.2)

 Flu (75 mg/m2)/Cy (900 mg/m2)/Ara-C (4 g/m2) 1 (3.2)

CAR T-cell dose administered (median [range])

 Patients ≤ 50 kg (n = 21) 2.1 [0.9–4.5] **

 Patients > 50 kg (n = 10) 1.1 [0.5–1.6] ***

Flu: fludarabine; Cy: cyclophosphamide; Eto: etoposide; Ara-C: cytarabine

*
cumulative doses

**
×106 CAR-positive T cells/kg patient weight

***
×108 CAR-positive T cells.
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