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Abstract

Polyethylene glycol (PEG)-asparaginase (pegaspargase) is a key agent in chemotherapy for 

acute lymphoblastic leukemia (ALL), but recipients frequently experience allergic reactions. We 

hypothesized that by decreasing antibody-producing CD20+ B cells, rituximab may reduce these 

reactions. Children and adolescents (aged 1–18 years) with newly diagnosed B-ALL treated on 

the St. Jude Total XVII study were randomized to induction therapy with or without rituximab on 

day 3 (cohort 1) or on days 6 and 24 (cohort 2). Patient clinical demographics, CD20 expression, 

minimal residual disease (MRD), rituximab reactions, pegaspargase allergy, anti-pegaspargase 

antibodies, and pancreatitis were evaluated. Thirty-five patients received rituximab and 37 did 

not. Among the 35 recipients, 16 (45.7%) experienced a grade 2 or higher reaction to rituximab. 

There were no differences between recipients and non-recipients in the incidence of pegaspargase 

reactions (P > 0.999), anti-pegaspargase antibodies (P = 0.327), or pancreatitis (P = 0.480). CD20 

expression on day 8 was significantly lower in rituximab recipients (P < 0.001), but there were 

no differences in MRD levels on day 8, 15, or at the end of induction. Rituximab administration 

during induction in pediatric patients with B-ALL was associated with a high incidence of infusion 
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reactions with no significant decrease in pegaspargase allergies, anti-pegaspargase antibodies, or 

MRD.

INTRODUCTION

Approximately 6000 cases of acute lymphoblastic leukemia (ALL) are diagnosed each year 

in the United States, with more than half of ALL cases presenting in patients younger than 

20 years (1, 2). Asparaginase is an essential component of chemotherapy, with several FDA-

approved formulations, including native L-asparaginase, pegaspargase, calaspargase pegol-

mknl, and Erwinia asparaginase. Native L-asparaginase is derived from Escherichia coli, and 

PEG-asparaginase (pegaspargase) is the monomethoxy-polyethylene glycol succinimidyl 

succinate conjugate of L-asparaginase (2). Pegaspargase replaced native L-asparaginase as 

the first-line therapy in the United States because of its longer half-life (2.4–11.8 days vs. 

17.3–19.0 hours) (3, 4) and because it caused fewer allergic reactions (2, 5, 6). In the St. 

Jude Total XVI study, approximately 13.5% of the patients experienced grade 2–4 allergic 

reactions to pegaspargase, whereas 41.2% experienced reactions to L-asparaginase in the 

Total XV study (5). Calaspargase pegol-mknl, which is currently approved for patients aged 

21 years or younger in the United States, is also an E. coli–derived asparaginase, but it 

is conjugated to monomethoxy-polyethylene glycol with a succinimidyl carbonate linker, 

extending the half-life to approximately 16 days. Like pegaspargase, calaspargase can elicit 

allergic reactions (7, 8). Because anti-pegaspargase antibodies predict allergic reactions 

to pegaspargase (5), strategies to decrease anti-pegaspargase antibodies may reduce the 

incidence of allergic reactions.

Rituximab is a chimeric anti-CD20 monoclonal antibody that is used to treat B-cell 

malignancies and autoimmune diseases (9, 10). Adding rituximab to an adult ALL 

regimen during all treatment phases significantly extended event-free survival in younger 

adults with CD20-positive ALL and reduced allergic reactions to native L-asparaginase, 

possibly by targeting CD20-positive B cells and reducing anti-drug antibody production 

(11). We hypothesized that rituximab could also reduce anti-pegaspargase antibodies and 

allergic reactions to pegaspargase in children. We further hypothesized that rituximab could 

contribute to an improved response to remission induction therapy in children. Therefore, 

pediatric patients with newly diagnosed B-ALL who were treated on the St. Jude Total XVII 

study were randomized to receive or not to receive rituximab during induction therapy.

PATIENTS AND METHODS

Treatment

Children and adolescents (aged 1–18 years) with newly diagnosed ALL were enrolled on the 

Total XVII study (ClinicalTrials.gov identifier: NCT03117751). During remission induction, 

patients received prednisone, vincristine, daunorubicin, pegaspargase (2500 units/m2), and 

triple intrathecal treatment (i.e., methotrexate, hydrocortisone, and cytarabine), followed 

by cyclophosphamide, cytarabine, and mercaptopurine. After induction, standard-risk (SR) 

and high-risk (HR) patients received an additional course of vincristine, pegaspargase, 
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cyclophosphamide, cytarabine, and mercaptopurine as early intensification therapy, whereas 

low-risk (LR) patients proceeded directly to consolidation.

Consolidation therapy consisted of four doses of high-dose methotrexate (HDMTX), with 

2.5 g/m2 for LR and a target steady-state drug concentrations of 65 μM for SR/HR patients, 

administered concurrently with triple intrathecal therapy and daily mercaptopurine (12, 13). 

SR/HR patients received pegaspargase (1000 units/m2) after clearance of HDMTX with each 

course.

During continuation therapy, LR patients primarily received weekly methotrexate and daily 

mercaptopurine with pulses of dexamethasone and vincristine. Pegaspargase (2500 units/m2) 

was given during reinduction therapy in weeks 7, 9, 17, and 19. SR/HR patients received 

pegaspargase (2500 units/m2) every 2 weeks beginning week 1 of continuation and daily 

mercaptopurine with pulses of doxorubicin, vincristine, and dexamethasone for the first 

20 weeks. Thereafter, they received rotating drug pairs: methotrexate plus mercaptopurine, 

cyclophosphamide plus cytarabine, and dexamethasone plus vincristine. The study was 

approved by the institutional review board of St. Jude Children’s Research Hospital. Written 

informed consent was obtained from all patients or from their legal guardians with assent 

and/or consent from the patients when appropriate.

Rituximab and pegaspargase administration

Patients with B-ALL treated between March 2017 and March 2019 were eligible to be 

randomized 1:1 to or not to receive rituximab (375 mg/m2) before the first dose of 

pegaspargase in an unblinded fashion. Randomization was stratified according to diagnostic 

white blood cell levels (< or ≥50 × 109/L) and CD20 expression on ALL cells (positive 

or negative). Rituximab was administered intravenously at 0.5 mg/kg/h for the first hour, 

and the rate was increased by 0.5 mg/kg/h every 30 min to a maximum of 4 mg/kg/h as 

tolerated. The planned infusion duration was approximately 350 min without interruptions. 

If an infusion reaction occurred, the infusion was interrupted and resumed at 50% of the rate 

achieved prior to interruption of the infusion. If the infusion was tolerated at the lower rate, 

the rate of infusion was increased again as described above. Rituximab was discontinued if 

infusion reactions did not improve with the slowest infusion.

From March 2017 to January 2018, rituximab was given on day 3 of induction, after 

premedication with acetaminophen (15 mg/kg; maximum: 650 mg) and diphenhydramine 

(1 mg/kg; maximum: 50 mg) 30 min before rituximab infusion. Pegaspargase was given 

on days 4, 23, and, for SR/HR patients only, day 43 to these patients (= cohort 1). The 

rituximab randomization was temporarily suspended in January 2018 because of the high 

incidence of rituximab infusion reactions. Rituximab randomization was resumed in August 

2018, with the administration times being changed to day 6 and day 24 of induction 

therapy to increase exposure to prednisone in an attempt to reduce infusion reactions. 

Patients then received premedication with acetaminophen, diphenhydramine, hydrocortisone 

(100 mg/m2), and ranitidine (2 mg/kg/dose; maximum: 150 mg) 30 min before rituximab 

infusion. Pegaspargase was given on days 7, 25, and, for SR/HR patients only, day 46 to 

these patients (= cohort 2).
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Toxicity criteria

Adverse effects were graded according to the National Cancer Institute (NCI) Common 

Terminology Criteria for Adverse Events (CTCAE) version 4.0. For rituximab-related and 

pegaspargase-related toxicities, the incidences of grade 2 or higher events were recorded. 

For infection and febrile neutropenia, grade 3 or higher events were used.

Minimal residual disease and CD20+ cells after rituximab administration

Bone marrow samples on day 15 and at the end of induction (around day 42) were evaluated 

for minimal residual disease (MRD) measured by flow cytometry as described previously 

(14). Peripheral blood MRD and CD20+ cells in the MRD population were examined on 

days 1, 3, 4, and 8 for cohort 1 and on days 1, 6, and 8 for cohort 2.

Anti-pegaspargase antibody measurement

Plasma samples were collected on days 1, 22, and 43 of induction; on day 1 of 

consolidation; and at weeks 7 and 17 of continuation therapy. Anti-pegaspargase antibodies 

were measured using an enzyme-linked immunosorbent assay (ELISA) as described 

previously (5). Antibody-positive cases were defined as those with an anti-pegaspargase–

positive ELISA result at any timepoint after the first rituximab infusion. Samples that tested 

positive for anti-pegaspargase antibodies were reflexively tested for antibodies against PEG 

or L-asparaginase. Asparaginase activity was also assayed at the same timepoints.

Statistical analysis

The original design was based on past Total Therapy studies (5). The sample size was 

set to n = 400 per group and a 12% pegaspargase allergic reaction rate was assumed for 

the control group. With treatment group allergic reaction rates of 6% and 5%, the power 

of the study to detect the difference at the overall 5% significance level was expected to 

be 88% and 97%, respectively. The rituximab study was closed early due to unexpectedly 

high rate of reactions to rituximab administration. Patient demographic data (e.g., sex, age, 

race, initial white blood cell counts, and leukemia risk) and data on rituximab reactions, 

asparaginase allergies, asparaginase-associated pancreatitis, infections, febrile neutropenia, 

duration of each treatment phase, anti-pegaspargase antibody status, CD20 expression, and 

MRD were collected for analysis. Comparisons between patients who did versus did not 

receive rituximab during the randomization period was performed using chi-square test or 

Kruskal-Wallis test. P value of 0.05 or lower was considered statistically significant and no 

adjustment of multiple tests was applied. These data were analyzed with SAS version 9.4 

and R version 4.2.1.

RESULTS

Patients

During the two study periods, 85 patients were eligible for randomization. Seventy-six 

patients provided consent, but two of these were not randomized because of the closure of 

this study objective (Fig. 1). Consequently, 37 patients were randomized to receive or not 

to receive rituximab in each of cohorts 1 and 2. Among the 37 patients in cohort 1, 18 
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were randomized to rituximab, but rituximab was not given to one of these patients because 

of a systemic viral infection. In cohort 2, 19 patients were randomized to rituximab, but 

rituximab was not given to one of these patients who was taken off treatment before day 

6 because this patient had a congenital cardiac disease that made him not eligible for the 

protocol therapy.

Patient characteristics are shown in Table 1. There was no significant difference in the 

clinical demographics between patients who did or did not receive rituximab.

Rituximab administration and adverse reactions

In cohort 1, seven of the 17 patients (41.2%) who received rituximab developed an infusion 

reaction to rituximab. There were five grade 2 reactions, one grade 3 reaction, and one 

grade 4 reaction (Table 2). In four of these seven patients, the rituximab infusion was 

not completed, and these patients received an estimated median 5.0% (range 0.8% to 

18.6%) of the planned dose. Two patients with grade 3 or 4 reactions required epinephrine 

administration because of bronchospasm and hypoxia. The median rituximab infusion 

duration was 291 min (range: 13 min to 1093 min), while the median time for completed 

infusions was 348 min (range: 215 min to 1093 min).

In cohort 2, nine of the 18 patients (50.0%) who received rituximab developed an infusion 

reaction for the first dose. There were six grade 2 reactions and three grade 3 reactions 

(Table 2). The rituximab infusion was discontinued in five of these nine patients, and these 

patients received an estimated median 22.2% (range 4.2% to 66.5%) of the planned dose. 

For the first dose, the median rituximab infusion duration was 396 min (range: 80 min to 

2179 min), while the median time for completed infusions was 405 min (range: 282 min 

to 2179 min). Thirteen of the 18 patients who received rituximab in cohort 2 received a 

second dose. These 13 patients included four who had a reaction with the first course but 

completed the dose and tolerated the second infusion without infusion reactions (median 

infusion duration: 365 min, range: 185 min to 533 min).

Sixteen of the 35 patients (45.7%) in cohorts 1 and 2 (combined) who received rituximab 

experienced an infusion reaction to the treatment, and the infusion was discontinued in nine 

patients. Because of the high incidence of reactions to rituximab, the rituximab study was 

closed.

There were no significant differences in patient characteristics and treatment response 

between patients who did or did not develop reactions to rituximab treatment (Supplemental 

Table 1).

Pegaspargase reactions, anti-pegaspargase antibodies, and pancreatitis

Nine of the 72 patients in the combined cohorts (12.5%) had an allergic reaction to 

pegaspargase, with all such reactions occurring before or at the time of the fourth 

pegaspargase dose (Table 3 and Fig. 2). There was no significant difference in the frequency 

of pegaspargase reactions between the patients who received rituximab and those who did 

not receive it (P > 0.999); four of the 35 patients (11.4%) who received rituximab had 

a reaction to pegaspargase, as did five of the 37 patients (13.5%) who did not receive 
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rituximab. All 4 cases of pegaspargase reactions in patients who received rituximab were 

observed after induction therapy, but 3 of the 5 cases of reactions in those who did not 

receive rituximab were observed during induction therapy. Of the four patients who received 

rituximab and had a reaction to pegaspargase, three had also experienced a reaction to 

rituximab, of whom one had the rituximab infusion discontinued.

Seventeen of the 72 patients (23.6%) tested positive for anti-pegaspargase antibodies at 

any point in therapy (Fig. 2). Although only 17.1% of patients who received rituximab 

tested positive for anti-pegaspargase antibodies, compared with 29.7% of patients who 

did not receive rituximab, this difference was not statistically significant (P = 0.327). 

All 17 patients positive for anti-pegaspargase antibodies were positive for anti-PEG 

antibodies, and 5 patients were also positive for anti-asparaginase antibodies. Eight patients 

had anti-pegaspargase antibodies without reaction to pegaspargase, consistent with our 

previous findings on rates of pegaspargase allergy (5). Low asparaginase activity without 

pegaspargase reactions in the presence of positive anti-pegaspargase antibodies (i.e., silent 

inactivation) occurred in only 3 patients, all in the non-rituximab group.

Nine of the 72 patients (12.5%) developed pancreatitis that was attributed to pegaspargase; 

eight patients had grade 3 reaction and one grade 4. There was no significant difference 

in the incidence of pancreatitis between the patients who received rituximab (three of 35 

patients, 8.6%) and those who did not (six of 37 patients, 16.2%) (P = 0.480).

Incidences of infection and febrile neutropenia and duration of each treatment phase

We analyzed grade 3 or higher infection in both overall and in the induction period. There 

were 31 infections in patients who received rituximab and 35 in those who did not (P 
= 0.42), of which 10 and 9, respectively, occurred during the induction therapy. There 

was no significant difference in the incidences of febrile neutropenia between patients 

who received rituximab (22 patients) and those who did not (18 patients) (P = 0.25), of 

which 5 and 7, respectively, occurred during the induction phase. When duration of each 

treatment phase was evaluated, there were no significant differences in the duration of 

induction, early intensification, consolidation, continuation weeks 1–6, reinduction 1 (weeks 

7–9), continuation weeks 10–16, or reinduction 2 (weeks 17–19) between the 2 groups 

(Supplemental Table 2).

MRD response and CD20 expression

The MRD response was evaluated in peripheral blood at day 8 (71 patients) and in bone 

marrow at day 15 and at the end of induction (72 patients) (Table 1). There was no 

significant difference between the MRD values of patients who received rituximab and those 

of patients who did not receive it. MRD values were not significantly different between 

patients who did or did not develop reactions to rituximab (Supplemental Table 1).

We also evaluated the change in blast percentages and CD20 expression on blasts before 

and after rituximab administration (Fig. 3). There were no significant differences in blast 

percentages between patients who received rituximab and those who did not. In cohort 1, 

there was a significant decrease in CD20+ cells on days 4 and 8 in patients who received 

rituximab, as compared with those who did not (P < 0.001 for both). Similarly, in cohort 2, 
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CD20 expression was significantly decreased on day 8 in patients who received rituximab, 

as compared with those who did not (P = 0.003). In the combined cohort, although CD20 

expression on day 1 did not differ between patients who received rituximab and those who 

did not, CD20 expression on day 8 was significantly lower in the former group (P < 0.001). 

There were increases in CD20 expression after the initiation of chemotherapy but before 

rituximab therapy in patients who were randomized to the rituximab arm (on day 3 for 

cohort 1 and on day 6 for cohort 2) and in those who were randomized to the non-rituximab 

arm (on days 3, 4, and 8 for cohort 1 and on days 6 and 8 for cohort 2) (Fig. 3).

DISCUSSION

Asparaginase remains a cornerstone of treatment of ALL (15, 16). Until the recent 

introduction of calaspargase, pegaspargase was the first-line asparaginase formulation in 

the United States, and it continues to be used globally. Although the incidence of allergic 

reactions to pegaspargase is lower than that of reactions to native L-asparaginase, reactions 

to pegaspargase can be more severe and occur in 10–15% of pediatric patients (5, 17, 

18). Interruption of asparaginase therapy has been associated with inferior event-free 

survival in some (19, 20) but not all studies (21). In addition to causing allergic reactions, 

anti-pegaspargase antibodies can accelerate drug clearance of both asparaginase and other 

chemotherapy such as dexamethasone, neutralize asparaginase activity, and diminish drug 

exposure, necessitating replacement with the more expensive and less convenient Erwinia 
asparaginase (5, 22). Therefore, it is imperative to identify strategies to mitigate the 

production of anti-drug antibodies and to reduce reactions to ensure adequate anti-leukemic 

drug exposure and maintain the high cure rate of childhood ALL.

Rituximab targets the CD20 surface marker that is present on pre-B cells through mature 

B cells and induces B-cell death by three mechanisms: complement-mediated cytotoxicity, 

antibody-dependent cellular cytotoxicity, and direct lysis (23). Rituximab administration 

rapidly reduces peripheral malignant cells in patients with B-chronic lymphocytic leukemia 

(24) and significantly improves outcomes of CD20+ adult B-ALL (11). Because rituximab 

targets both leukemic and normal CD20+ cells, we hypothesized that it could decrease 

the incidence of allergic reactions to asparaginase by decreasing antibody production from 

CD20+ B cells and improve the control of CD20+ B-cell ALL.

Rituximab has been used successfully with chemotherapy to treat adult ALL and was 

well tolerated (11, 25). To our knowledge, this is the first randomized trial and report 

of rituximab administration in pediatric B-ALL. However, the incidence and degree of 

rituximab infusion reactions were unexpectedly high. Such reactions were observed in 

45.7% of the patients in the combined cohort and the median duration to complete rituximab 

infusions was between 5 to 6 hours which required close monitoring and intervention in 

the event of an infusion reaction. Therefore, the rituximab study was closed early. A high 

leukemia burden and insufficient premedication can contribute to reactions to rituximab 

treatment due to tumor lysis, mast cell degranulation, and cytokine release syndrome with 

elevated tumor necrosis factor-α and interleukin-6 (26). For cohort 2, we delayed rituximab 

administration until day 6 of induction therapy to allow more time for the leukemia burden 

to be reduced and to facilitate further immunosuppression. We added further premedication 
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in the form of hydrocortisone and an H2-receptor antagonist, in addition to diphenhydramine 

and acetaminophen, and we titrated the infusion of rituximab to decrease cytokine release. 

However, the incidence of rituximab reactions did not change, despite the peripheral blast 

percentages being lower on day 6 than on day 3. Exposure to 5 days of prednisone and 

a dose of vincristine and daunorubicin was still inadequate to prevent rituximab infusion 

reactions in pediatric patients. The incidence and severity of hypersensitivity reactions is 

reported to be generally low when rituximab is used to treat mature B-cell malignancies such 

as Burkitt lymphoma (27). This is possibly because rituximab is given after the first course 

of immunosuppressive chemotherapy (one dose each of cyclophosphamide and vincristine 

and 7 days of prednisone). Accordingly, there were no reactions in cohort 2 to the second 

dose of rituximab on day 24 of induction, although five patients with reactions to the first 

dose did not receive a second dose. Additional factors that may have contributed to the high 

incidence of rituximab reactions observed in our trial but not in prior adult ALL trials are 

intrinsic immunologic differences between children and adults, differences in leukemia and 

cytokine burden, and institutional differences in the monitoring and management of infusion 

reactions. However, we were not able to definitively identify a cause of the unexpectedly 

high reactions to rituximab.

Importantly, although the number of patients in our study was small, there was no significant 

decrease in pegaspargase allergy with rituximab use. This contrasts with the findings of 

a study of rituximab in adult B-ALL, in which survival outcomes were improved and 

allergic reactions to native E. coli L-asparaginase were reduced (11). This divergence 

may reflect the recent finding that the mechanisms of pegaspargase and L-asparaginase 

allergies are fundamentally different (5): the PEG moiety, not L-asparaginase, is the major 

antigen that caused hypersensitivity reaction in patients treated with pegaspargase. Prior 

patient exposure to PEG-containing products, such as laxatives (Miralax®), eye drops, tablet 

coatings, topicals, and food, could have caused sensitization to PEG before ALL diagnosis 

and treatment, and the subsequent administration of pegaspargase could have re-induced and 

reactivated the PEG allergy. Typically, symptomatic reactions are early events, occurring 

at the time of the third or fourth dose of pegaspargase (5, 17). Interestingly, reactions 

to pegaspargase generally occurred earlier (i.e., induction) in the non-rituximab group 

compared to the rituximab group (Table 3), possibly suggesting that rituximab delayed the 

onset of reactions.

There was CD20 upregulation on ALL blasts towards day 8 after the initiation of 

chemotherapy. This may confirm the finding of CD20 upregulation due to prednisone 

treatment during induction therapy for pediatric B-ALL (28). We expected rituximab to 

eradicate CD20+ normal B cells and B-ALL cells. After rituximab administration, CD20+ 

cells significantly decreased in patients who received rituximab, as compared to those who 

did not, but there was no difference in MRD between the groups as was reported for the 

adult UKALL14 study (25). Given the multimodal induction therapy, other chemotherapy 

agents may have already effectively reduced the leukemia burden and lowered the MRD, 

and any contribution that rituximab may have made was not discernible. A limitation of this 

study is that event free survival (EFS) data were not available at time of analysis but given 

how strongly end of induction MRD predicts EFS (29), we do not expect any differences in 

EFS between groups.
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In conclusion, rituximab administration during the early phase of induction therapy in 

pediatric patients with B-ALL was associated with a high incidence of infusion reactions but 

was not associated with significant decreases in pegaspargase allergies, anti-pegaspargase 

antibodies, or MRD levels. Further investigation of the mechanisms of pegaspargase allergy 

are needed so that alternative allergy prevention strategies can be identified and developed in 

future studies.
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Figure 1. 
Randomization schema for this study.

Abbreviations: ALL, acute lymphoblastic leukemia; RTX, rituximab
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Figure 2. 
Number of patients with pegaspargase reactions (A, C, and E) and anti-pegaspargase 

antibodies (B, C, and F) based on rituximab randomization.
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Figure 3. 
Changes in blast percentage in peripheral blood mononuclear cells and in CD20 positivity in 

leukemia blasts.

Abbreviations: MNC, mononuclear cells
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Table 1.

Patient demographics

Variables Total (n = 72) Rituximab (n = 35) No Rituximab (n = 37) P

Age at diagnosis [n (%)]

 1–<10 years 51 (70.8) 27 (77.1) 24 (64.9) 0.305

 ≥10 years 21 (29.2) 8 (22.9) 13 (35.1)

Sex [n (%)]

 Male 36 (50.0) 18 (51.4) 18 (48.6) >0.999

 Female 36 (50.0) 17 (48.6) 19 (51.4)

Race [n (%)]

 White 61 (84.7) 28 (80.0) 33 (89.2) 0.275

 Black 8 (11.1) 4 (11.4) 4 (10.8)

 Other 3 (4.2) 3 (8.6) 0 (0)

WBC count at diagnosis [n (%)]

 <50 × 109/L 62 (86.1) 31 (88.6) 31 (83.8) 0.736

 ≥50 × 109/L 10 (13.9) 4 (11.4) 6 (16.2)

CNS status at diagnosis [n (%)]

 CNS-1 41 (62.5) 20 (57.1) 21 (56.8) 0.682

 CNS-2 22 (30.6) 10 (28.6) 12 (32.4)

 CNS-3 2 (2.8) 2 (5.7) 0 (0)

 TLP with blasts 7 (9.7) 3 (8.6) 4 (10.8)

Treatment risk [n (%)]

 Low risk 39 (54.2) 22 (62.9) 17 (45.9) 0.279

 Standard risk 31 (43.1) 12 (34.3) 19 (51.4)

 High risk 2 (2.8) 1 (2.9) 1 (2.7)

PB MRD on day 8 (%)

 N 71* 35 36* 0.175

 Mean (std) 1.65 (5.52) 0.97 (2.08) 2.31 (7.47)

 Median (min, max) 0.07 (0.00, 41.31) 0.03 (0.00, 7.93) 0.14 (0.00, 41.31)

BM MRD on day 15 (%)

 N 72 35 37 0.786

 Mean (std) 3.22 (10.81) 2.55 (6.94) 3.85 (13.57)

 Median (min, max) 0.05 (0.00, 80.74) 0.13 (0.00, 27.65) 0.05 (0.00, 80.74)

BM MRD on day 42 (%)

 N 72 35 37 0.972

 Mean (std) 0.35 (2.99) 0.73 (4.30) 0.00 (0.01)

 Median (min, max) 0.00 (0.00, 25.41) 0.00 (0.00, 25.41) 0.00 (0.00, 0.06)

Abbreviations: n, number; WBC, white blood cell; CNS, central nervous system; TLP, traumatic tap; PB, peripheral blood; MRD, minimal residual 
disease; std, standard deviation; min, minimum; max, maximum; BM, bone marrow

*
One patient did not have PB MRD data on day 8.
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