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* Overall asparaginase-
associated toxicity
and relapse were not
significantly associ-
ated with increased
asparaginase enzyme

Asparaginase treatment is a mainstay in contemporary treatment of acute lymphoblastic
leukemia (ALL), but substantial asparaginase-related toxicity may lead to jeopardized
protocol compliance and compromises survival. We investigated the association between
risk of asparaginase-associated toxicities (AspTox) and asparaginase enzyme activity
(AEA) levels in 1155 children aged 1.0 to 17.9 years, diagnosed with ALL between July
2008 and March 2016, and treated according to the Nordic Society of Pediatric Hematol-
ogy and Oncology (NOPHO) ALL2008 protocol. Patients with =2 blood samples for AEA

activity levels.

The risk of
pancreatitis and
osteonecrosis were
significantly associ-
ated with increasing
asparaginase enzyme
activity.

measurement drawn 14 = 2 days after asparaginase administration were included (6944
trough values). AEA was measurable (or >0 IU/L) in 955 patients, whereas 200 patients
(17.3%) had asparaginase inactivation and few AspTox recorded. A time-dependent mul-
tiple Cox model of time to any first asparaginase-associated toxicity adjusted for sex and
age was used. For patients with measurable AEA, we found a hazard ratio (HR) of 1.17
per 100 IU/L increase in median AEA (95% confidence interval [CI], 0.98-1.41; P = .09).
For pancreatitis, thromboembolism, and osteonecrosis, the HRs were 1.40 (95% CI,
1.12-1.75; P = .002), 0.99 (95% CI, 0.70-1.40; P = .96), and 1.36 (95% CI, 1.04-1.77; P = .02)
per 100 IU/L increase in median AEA, respectively. No significant decrease in the risk of
leukemic relapse was found: HR 0.88 per 100 IU/L increase in AEA (95% CI, 0.66-1.16;

P = .35). In conclusion, these results emphasize that overall AspTox and relapse are not
associated with AEA levels, yet the risk of pancreatitis and osteonecrosis increases with
increasing AEA levels.

Introduction

Survival rates in childhood acute lymphoblastic leukemia (ALL) now exceed 90%."” However, serious
treatment-related toxicities challenge protocol compliance and cure rates. Thus, the balance between
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antileukemic effect and toxicity has become critical. Asparaginase is
essential in the treatment of ALL in children, and truncated asparagi-
nase therapy has been associated with inferior survival.®"" Unfortu-
nately, asparaginase is also associated with a significant burden of
serious toxicity that often prevents further treatment.''™"® The most
common asparaginase-associated toxicities (AspTox) in children are
hypersensitivity (clinical allergy, 13%-15%%"""'* or silent inactiva-
tion, 3%-8%"""5"6), pancreatitis (5%-11%%%"9) and thrombo-
embolism (5%-8%20'23). Asparaginase, at least when administered
concomitantly with glucocorticosteroids, has also been suggested
to contribute to the development of osteonecrosis (6%-119%).242°
Hypersensitivity is accompanied by immunologic inactivation of
asparaginase enzyme activity (AEA) preventing an effective antileu-
kemic effect.'®2®

The treatment efficacy of asparaginase is based on adequate deple-
tion of the nonessential amino acid, asparagine, because lympho-
blasts are dependent on exogenous sources of asparagine.?”
Because of continued asparagine depletion ex vivo after sampling, it
is difficult to measure asparagine levels in the blood during aspara-
ginase therapy.?®3° Measurement of AEA is considered the best
way to monitor clinical effectiveness. Therapeutic drug monitoring
(TDM) is therefore widely used to identify patients with no AEA as a
result of silent inactivation or in association with hypersensitivity
reactions because absence of AEA has been associated with infe-
rior outcome." 273" However, AEA is not commonly used to identify
patients with levels above the therapeutic target or to assess the
risk of developing AspTox owing to limited knowledge regarding the
association between toxicities and AEA levels.

We evaluated the association between AEA levels and the risk of
AspTox and relapse in a large Nordic/Baltic cohort of children with
ALL.

Patients and methods
Study population

Participants were children aged 1.0 to 17.9 years and diagnosed
with non-high-risk, Philadelphia chromosome-negative B-cell precur-
sor or T-cell ALL.

Patients were diagnosed between 1 July 2008 and 1 March 2016
and treated according to the Nordic Society of Pediatric Hematol-
ogy and Oncology (NOPHO) ALL2008 protocol in Denmark, Esto-
nia, Finland, Iceland, Lithuania, Norway, and Sweden.

NOPHO ALL2008 and asparaginase treatment

In the NOPHO ALL2008 protocol, patients are stratified into 3 risk
groups: standard risk, intermediate risk, and high risk. Polyethylene
glycol conjugated Escherichia coli-derived asparaginase (PEG-
asparaginase) was used as standard preparation in the protocol;
1000 1U/m?/dose was administered intramuscularly from treatment
day 30 from diagnosis. All non-high-risk patients received 5 doses
of PEG-asparaginase at 2-week intervals during consolidation ther-
apy. Subsequently, patients were invited to participate in a random-
ized asparaginase study in which they were randomly assigned to
receive either 10 additional doses of PEG-asparaginase at 2-week
intervals (standard arm) or 3 additional doses at 6-week intervals
(experimental arm). Patients not included in the randomization were
scheduled for 15 doses of PEG-asparaginase. The randomization
was prematurely truncated on 1 March 2016 because an interim
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analysis showed no difference in disease-free survival between the
2 arms but did show a significantly reduced incidence of AspTox in
the experimental arm."® After closure of the randomization and end
of this study, all patients received 8 doses as standard of care.
Details about the NOPHO ALL2008 protocol and asparaginase
treatment are presented in the supplemental Data.

The NOPHO ALL2008 protocol was approved by the National Medi-
cines Agencies (EudraCT no. 2008-003235-20) and the relevant
national or regional ethics committees in each participating country.
The study was registered at clinicaltrials.gov (NCT03987542).
Informed consent was obtained from patients and/or legal guardians
according to national guidelines, and the study complied with the
Declaration of Helsinki (version 2008).

Asparaginase enzyme activity measurements

Blood samples for AEA measurements were scheduled before each
PEG-asparaginase administration. Asparaginase trough levels were
defined as samples drawn 14 * 2 days after administration.
Patients with =2 samples drawn during this period or early inactiva-
tion were included in the study and divided into 2 main groups
based on AEA measurements: (1) asparaginase inactivation
(AEA = 0 IU/L) and (2) measurable AEA (>0 IU/L). Patients with
measurable AEA were subdivided into 3 predefined groups based
on the median AEA level (AEAoq): (A) low level (1-<100 IU/L), (B)
therapeutic level (100-250 IU/L), and (C) high level (>250 IU/L).
Patients with clinical allergy and only 1 AEA sample drawn less than
16 days after an administration without measurable AEA (n = 32)
were presumed to have no AEA, and thus assigned to the inactiva-
tion group because clinical allergy typically appeared after the sec-
ond or third dose of PEG-asparaginase.'® Patients with inactivation
are underexposed to PEG-asparaginase, and these patients were
therefore not included in the main statistical analyses. All samples
were analyzed retrospectively and not reported continuously to the
clinicians. Samples were analyzed by Nessler's reagent or aspartic
acid B-hydroximate assay.®'32

Definition and registration of asparaginase-
associated toxicities

Hypersensitivity, pancreatitis, thromboembolism, and osteonecrosis
were defined and graded according to the Ponte di Legno Toxicity
Working Group consensus definitions.® Only symptomatic events
fulfilling diagnostic criteria were included. Toxicities were defined as
AspTox if they occurred within 18 days after last PEG-asparaginase
administration, when most patients have been shown to have
enzyme activity levels >100 IU/L after intramuscular administra-
tion.2”? However, osteonecrosis was defined as an asparaginase-
associated toxicity if it occurred any time after start of asparaginase
treatment. Clinical characteristics were collected to describe the
severity of each toxicity. Toxicities were prospectively included in the
NOPHO registry through online mandatory toxicity registration quar-
terly, with a compliance rate of 98.9%.2%* Detailed data were sub-
sequently retrieved from the treating centers, NOPHO Working
Group coordinators, and involved researchers who have published
data of the individual AspTox. Data on patient demographics, ALL
characteristics, and treatment were retrieved from the NOPHO
ALL2008 study database.
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Patients included in the
NOPHO ALL2008 cohort
N = 1,494

Patients eligible for inclusion
in the study
N = 1,250

Patients included in the
study cohort

Patients excluded (n = 244)
HR Patients (n = 227)
IR Patients with severe treatment modifications (n = 2)
Induction failed (n = 15)

Patients excluded (n = 95)
Patients with <2 AEA measurements drawn in the
predefined time slot

AEA = 1-<100 IU/L
N = 82 (8.6%)

N=1,155
Inactivation Measurable AEA
AEA =0 IU/L AEA >0 IU/L
N =200 (17.3%) N = 955 (82.7%)
Low levels Therapeutic levels

AEA = 100-250 IU/L
N = 543 (56.9%)

High levels
AEA >250 IU/L
N = 330 (34.5%)

Figure 1. Flowchart of included patients in the study cohort and subgroups.

Statistical analyses

All AEA measurements done in the defined time slot were included
in the analyses.

To assess whether trends over time in AEA levels depended on the
number of planned asparaginase treatments (8 vs 15), and whether
the patients experienced any AspTox within the follow-up period (yes
vs no), we performed a linear regression analysis of individual AEA
measurements against time since treatment initiation stratified by the
number of doses and toxicity. Trends in AEA levels over time were
also assessed visually by plotting the median AEA level on each day
since treatment initiation with addition of a nonparametric smoother
to describe the trend over time in median AEA level for each group.

In the primary analysis, we considered any asparaginase-associated
toxicity as the outcome parameter. In this analysis, all patients were
followed from first AEA measurement until the date of first
asparaginase-associated toxicity (pancreatitis, thromboembolism, or
osteonecrosis), relapse, death, secondary malignancy, or 18 days
after the last asparaginase administration, whichever occurred first.
Death was considered a competing event, and secondary malig-
nancy was treated as censoring event. For the analysis of any
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asparaginase-associated toxicity, pancreatitis, thromboembolism,
and asparaginase treatment truncation, the AEA level throughout
the study period was modeled as a time-dependent covariate that
was updated at every AEA measurement and defined as the median
of the current AEA measurement and any AEA measurements done
in the past 30 days. Individuals were furthermore censored if more
than 30 days had elapsed without a new AEA measurement.
Patients reentered the analysis if a new AEA measurement was
registered.

For the analysis of osteonecrosis and relapse as outcomes, patients
were followed from the date of the last treatment until the date of
event, death, secondary malignancy, or end of follow-up on 18 Sep-
tember 2018, whichever occurred first. Death was considered a
competing event, and secondary malignancy was treated as censor-
ing event. For these outcomes, the median AEA level throughout
the entire treatment period was used as covariate.

For all outcomes, separate Cox proportional hazards models were
fitted with median AEA level as the primary covariate and adjusted
for age and sex. The analysis of relapse was further adjusted for the
ALL risk group.
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Table 1. Baseline characteristics of patients included in the final study cohort, n = 1155

Asparaginase enzyme activity levels

Toxicity*

Main groups

Subgroups Measurable AEA

Therapeutic levels

Inactivation Measurable Low levels (AEA = 100-250 High levels
Cohort (AEA = 01U/L) (AEA > 0 1U/L) (AEA = 1-99 IU/L) 1U/L) (AEA >250 IU/L)  No AspTox AspTox
Patients 1155 200 955 82 543 330 795 160
Sex
Male 624 (54.0%) 105 (52.5%) 519 (54.3%) 52 (63.4%) 301 (55.4%) 166 (50.3%) 437 (55.0%) 82 (51.3%)
Female 531 (46.0%) 95 (47.5%) 436 (45.7%) 30 (36.6%) 242 (44.6%) 164 (49.7%) 358 (45.0%) 78 (48.8%)
Age, median [IQR] 4 [2-7] 3 [2-6] 4 [2-8] 4 [3-8] 4 [2-8] 4 [2-7] 4 [2-6] 8 [4-12]
09y 963 (83.4%) 176 (88.0%) 787 (82.4%) 65 (79.3%) 436 (80.3%) 286 (86.7%) 691 (86.9%) 96 (60%)
10-17 y 192 (16.6%) 24 (12.0%) 168 (17.6%) 17 (20.7%) 107 (19.7%) 44 (13.3%) 104 (13.1%) 64 (40%)
Risk group 696 (60.3%) 110 (55.0%) 586 (61.4%) 49 (59.8%) 333 (61.3%) 204 (61.8%) 492 (61.9%) 94 (58.8%)
Standard risk 459 (39.7%) 90 (45.0%) 369 (38.6%) 33 (40.2%) 210 (38.7%) 126 (38.2%) 303 (38.1%) 66 (41.2%)
Intermediate risk
Immunophenotype 1066 (92.3%) 189 (94.5%) 877 (91.8%) 79 (96.3%) 496 (91.3%) 302 (91.5%) 735 (92.4%) 142 (88.8%)
B-cell ALL 89 (7.7%) 11 (5.5%) 78 (8.2%) 3 (8.7%) 47 (8.7%) 28 (8.5%) 60 (7.6%) 18 (11.2%)
T-cell ALL
Median AEA (IQR) 0 Iu/L 221 IU/L 221 IU/L 224 |U/L
(138316 1U/L) (138316 1U/L) (149333 IU/L)

*Only patients with AEA >0 IU/L.

To describe the AEA levels of the entire treatment period for each
patient and clinical characteristics of toxicity, the AEA .4 was calcu-
lated. Effect modification by number of doses was assessed in a
subgroup analysis.

Two-sided P values < .05 were considered statistically significant.
All statistical analyses were carried out using the statistical comput-
ing software R version 4.0.3 (R Core Team).

Results

Patient characteristics

During the study period, 1494 patients with ALL were treated
according to the NOPHO ALL2008 protocol. Patients with high-risk
ALL (n = 227), severe treatment modifications (n = 2), and induc-
tion failure (n = 15) were excluded. Additionally, 95 patients with
<2 AEA measurements were excluded; 22 of these patients had 1
AEA measurement in the defined time slot and 73 patients had
none. In total, 1155 patients were included; 955 patients (82.7%)
had measurable AEA and 200 (17.3%) had asparaginase inactiva-
tion. Thirty-two patients were included in the inactivation group
based on evidence of clinical allergy and 1 available sample; they
were presumed to have early inactivation. In this study cohort, 868
patients were scheduled for 15 doses (315 of whom were included
in the randomization) and 287 patients were randomized to 8 doses
of PEG-asparaginase.

Patients with measurable AEA were divided into 3 predefined sub-
groups: (A) low level; n = 82 (8.6%), median AEA, o4 level: 80 IU/L
(interquartile range [IQR], 568-91 IU/L); (B) therapeutic level; n =
543 (56.9%), median AEA, 4 level: 182 IU/L (IQR, 148-213 IU/L);
and (C) high level; n = 330 (34.5%), median AEA, .4 level: 311
IU/L (IQR, 282-369). Flowchart is shown in Figure 1.

In the study cohort, 324 cases of asparaginase-associated toxicity
were registered in 308 patients (308/1155; 26.7%) including 161
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cases of clinical allergy (13.9%), 69 cases of pancreatitis (6.0%),
43 cases of thromboembolism (3.7%), and 51 cases of osteonecro-
sis (4.4%). The median age at diagnosis for the total cohort was 4
years (IQR, 4-7 years). Median age for patients with inactivation
was 3 years (IQR, 2-6 years) compared with 4 years (IQR, 2-8) for
patients with AEA >0 IU/L (P < .001). Sex, risk group, immunophe-
notype, and white blood cell count at diagnosis were equally distrib-
uted between patients with inactivation and measurable AEA and
between patients with AspTox and no AspTox. Baseline characteris-
tics can be found in Table 1.

Of 200 patients with inactivation, 149 had clinical allergy (74.5%)
and 51 had silent inactivation (25.5%). No prophylactic treatment to
avoid clinical allergic reactions were used as standard of care in the
NOPHO ALL2008 protocol. Four cases of other toxicities (2%)
were registered in this group: 1 with pancreatitis, 1 with thrombo-
embolism, and 2 with osteonecrosis compared with 16.8% of
AspTox in the group with measurable AEA.

Asparaginase enzyme activity levels

The total number of samples with AEA trough values was 6944,
and the median number of samples per patient was 5 (range, 2-15).
The median AEA trough level for all patients with measurable AEA
was 221 IU/L (IQR, 138-316). Overall, the study illustrated large
intra- and inter-individual variation for all patients (supplementary
Data; supplemental Figure 1). Figure 2 shows AEA levels over time
since first sample, stratified by the number of planned doses and by
toxicity. The relationship between median AEA level and time since
first sample showed a somewhat different pattern for patients
receiving asparaginase at 2-week intervals (15 doses total) and
asparaginase at 6-week intervals (8 doses) (Figure 2A). In a linear
regression model of all individual AEA measurements, the AEA level
increased with time, but we found no significant difference between
the increase in patients scheduled for 8 doses (slope = 0.40 IU/L;
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Figure 2. Individual asparaginase enzyme activity measurements over time stratified by number of planned doses and toxicity (n = 6944).

95% confidence interval [Cl], 0.02-0.62) compared with 15 doses
(slope = 0.49 IU/L; 95% Cl, 0.43-0.54) (P = .44); Figure 2B.

Asparaginase-associated toxicities

In all, 159 events, pancreatitis, thromboembolism, or osteonecrosis,
were registered in 955 patients with measurable AEA. Twelve
patients were registered with clinical allergy without having inactiva-
tion of asparaginase. Median age for patients with AspTox was
8 years (IQR, 4-12) compared with 4 years (IQR, 2-6) for patients
with no AspTox (P < .001). Other baseline characteristics were
equally distributed. The median AEA level for patients with measur-
able AEA who experienced AspTox was 224 IU/L (IQR, 149-333)
compared with 221 IU/L (IQR, 138-316) for patients with no
AspTox (P = .1).

Individual AEA measurements stratified by toxicity over time are
shown in Figure 2C; a flexible curve describing median levels
showed a similar pattern for patients with and without toxicity. A lin-
ear regression model of all individual measurements was used to
show how AEA levels change with time for patients with and without
toxicity (Figure 2D). The slope describes increases in AEA over time,
and we found no significant difference between the increase in AEA
in patients with AspTox (slope = 0.36 IU/L; 95% CI, 0.21-0.51)
compared with patients without AspTox (slope = 0.51 IU/L; 95%
Cl, 0.45-0.56) was found (P = .07) (Figure 2D). Most patients with
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AspTox had AEA, .4 at a therapeutic level (98/159, 61.6%); 32.7%
had AEA at a high level, and 5.7% had AEA at a low level (Table 2).

In an age- and sex-adjusted time-dependent multiple Cox propor-
tional hazards model of time to any first asparaginase-associated
toxicity, we found no significant association between AEA levels
and the hazard ratio (HR) of asparaginase-associated toxicity (HR,
1.17 per 100 IU/L increase in median AEA; 95% CI, 0.98-1.41;
P = .09) (Figure 3). In a subgroup analysis for patients scheduled
for 8 (n = 269) and 15 doses (n = 686) of PEG-asparaginase the
HR of asparaginase-associated toxicity per 100 IU/L increase in
median AEA were 0.61 (95% ClI, 0.24-1.50; P = .296) and 1.23
(95% Cl, 1.02-1.49; P = .03), respectively (supplemental Table 1).
We found no significant difference in the association between the
groups (P = .995)

Pancreatitis

In total, 68 cases of pancreatitis in 955 patients were identified,
among these, 58 (85.3%) had severe pancreatitis. Four patients
(5.9%) had an AEA,cq in the low level, 39 (57.4%) in the therapeu-
tic level, and 25 (36.8%) the high level.

In an age- and sex-adjusted time-dependent Cox proportional haz-
ards model, we found a significantly increased risk of pancreatitis
with increasing AEA levels (HR, 1.40 per 100 IU/L increase in AEA,
95% Cl, 1.12-1.75; P = .002) (supplemental Figure 2). A subgroup
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Table 2. Clinical characteristics of asparaginase-associated toxicities by groups of asparaginase enzyme activity levels

Asparaginase enzyme activity levels

Total cohort
Inactivation
Events (N = 324)

(0 1IU/L) (n = 200)

Measurable AEA (N = 955)

Low levels
(0-99 IU/L) (n = 82)

Therapeutic levels
(100-250 1U/L) (n = 543)

High levels
(>250 1U/L) (n = 330)

Allergy 161 149

Grade* 36 (22.4%) 31 (20.8%)

Mild 125 (77.6%) 118 (79.2%)
Severe
Pancreatitis 69 1
Grade* 11 (15.7%) 1 (100%)
Mild 58 (82.9%) 0
Severe 1 (1.4%) 0
Unknown
Cysts/pseudocyst in pancreas 20 (28.6%) (0]
Admission to intensive care unit 34 (47.9%) 0
Intubation 6 (8.5%) 0
Pressure support 8 (11.3%) 0
Insulin-dependent diabetes mellitus 15 (21.1%) 0
Acute 7 (9.9%) 0
Permanent insulin use
Thromboembolism 43 1
Grade* 8 (18.6%) 0
2at 11 (25.6%) 0
2b 20 (46.5%) 1 (100%)
3 1 (2.3%) 0
4 3 (7.0%) 0
5
Relation to central venous line 17 (37.8%) 0
Location 17 (37.8%) 0
Supra-diaphragmatic thromboembolism# 10 (22.2%) (0]
Infra-diaphragmatic thromboembolism# 15 (33.3%) 1
Cerebral sinus venous thrombosis 3 (6.6%) 0
Pulmonary embolism
Osteonecrosis 51 2
Grade* 27 (52.9%) 1 (50%)
2-3 2 (3.9%) 1 (50%)
3 22 (43.1%) 0
4
Number of sites 28 (54.9%) 1 (50%)
1 15 (29.4%) 1 (50%)
2 3 (5.9%) 0
3 4 (7.8%) 0
4 1 (1.96%) 0
>4

3 7 2
1 (33.3%) 4 (57.1%) 2 (100%)
2 (66.7%) 3 (42.9%) 0
4 39 25
0 6 (15%) 4 (16%)
4 (100%) 33 (85%) 20 (80%)
0 0 1 (4%)
1 (25%) 13 (33%) 6 (24%)
1 (25%) 17 (44%) 16 (64%)
0 1 (2.6%) 5 (20%)
0 2 (5.1%) 6 (24%)
0 12 (31%) 3 (12%)
0 6 (15.4%) 1 (4%)
2 31 9
2 (100%) 4 (12.9%) 2 (22%)
0 9 (29%) 2 (22%)
0 14 (45.2%) 5 (56%)
0 1(3.2%) 0
0 3 (9.7%) 0
2 (100%) 10 (32.3%) 3 (33%)
2 (100%) 10 (32.3%) 3 (33%)
0 8 (25.8%) 2 (22%)
0 10 (32.3%) 4 (44%)
0 3 (9.7%) 0
3 28 18
2 (66.7%) 14 (50%) 10 (56%)
0 1 (4%) 0
1 (33.3%) 13 (46%) 8 (44%)
3(100%) 16 (57%) 8 (44%)
0 6 (21%) 8 (44%)
0 1 (4%) 2 (11%)
0 4 (14%) 0
0 1 (4%) 0

*According to Ponte di Legno Toxicity Working Group consensus definitions.?® Grading is outlined in supplemental Data and supplemental Table 1.
tSymptomatic thromboembolism related to central venous line. All patients received systemic anticoagulation.
#Supra- and infra-diaphragmatic thromboembolism are defined as deep venous thrombosis occurring at any site in the upper and lower venous system, respectively.

analysis for patients scheduled for 8 or 15 doses was not feasible
for this outcome because of a low number of events among patients
scheduled for 8 doses.

We did not observe a higher number of patients diagnosed with severe
pancreatitis (according to Ponte di Legno Toxicity Working Group con-
sensus definitions) in the group with high levels of AEA (20/25, 80%)
compared with the group with AEA at therapeutic levels (33/39, 85%).
Clinical characteristics of AspTox can be found in Table 2.

Thromboembolism

Among 955 patients, 42 cases of thromboembolism were identified,
of these 28 (54.8%) had grade 3 thromboembolism or higher. Two
patients (9.5%) had a low level AEA .4, 31 (73.8%) a therapeutic
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level, and 9 (21.4%) a high level. No significant association between
increasing levels of AEA and hazard of thromboembolism was found
(HR, 0.99 per 100 IU/L increase in AEA; 95% CI, 0.70-1.40); P =
.96) in a time-dependent Cox proportional hazards model (supple-
mental Figure 3). We found no difference in the association
between AEA and thromboembolism in the groups scheduled for
15 or 8 doses, P = .580 (supplemental Table 1).

Three patients were registered with grade 5 thromboembolism (throm-

bosis-related death); all had a AEA,,,q4 at a therapeutic level (Table 2).

Osteonecrosis

Forty-nine of 955 patients developed osteonecrosis. Grade =3
osteonecrosis was found in 24 patients (49.0%). Three patients
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Figure 3. Adjusted hazard ratio of any asparaginase-associated toxicity by
median asparaginase enzyme activity level. Hazard ratio of 1.17 per 100 IU/L
increase in median AEA (95% ClI, 0.98-1.41; P = .09).

(6.19%) had a AEA g in the low level, 28 (57.1%) in the therapeutic
level, and 18 (36.7%) in the high level.

In an age- and sex-adjusted Cox proportional hazards model, a sig-
nificantly increased hazard of osteonecrosis with increasing AEA lev-
els was found (HR, 1.36 per 100 IU/L increase in AEA; 95% CI,
1.04-1.77; P = .02) (supplemental Figure 4).

The subgroup analysis for patients scheduled for 8 and 15 doses
of PEG-asparaginase showed significant difference between the
2 groups (P = .034). HR of asparaginase-associated toxicity
were 0.83 (95% CI, 0.47-1.46; P = .52) and 1.66 (95% ClI,
1.22-2.26; P = .001), respectively (supplemental Table 1).
Patients with grade 4 osteonecrosis had low levels (1/3, 33.3%),
therapeutic levels (13/28, 46%), and high levels (8/18, 44%) of
AEA (Table 2).

PEG-asparaginase treatment and leukemia-
specific outcomes
Of the study cohort, 268 (23.2%) patients were registered with pre-

mature discontinuation of PEG-asparaginase therapy. The most fre-
quent causes of truncation were clinical hypersensitivity (n = 161,

— Estimate - =- Confidence interval

Hazard ratio
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Figure 4. Adjusted hazard ratio of relapse by median asparaginase
enzyme activity level. Hazard ratio 0.88 per 100 IU/L increase in median AEA
(95% CI,0.66-1.16; P = 0.35).
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60.1%, 149/161 with inactivation), pancreatitis (n = 57, 21.3%),
and thromboembolism (n = 15, 5.6%). None of the patients experi-
enced truncation of PEG-asparaginase therapy because of osteo-
necrosis. All truncation characteristics are shown in supplemental
Data and supplemental Table 2.

We found no association between increasing AEA levels and haz-
ard of asparaginase truncation (HR, 0.99 per 100 IU/L increase in
AEA; 95% CI, 0.81-1.19; P = .85) for patients with measurable
AEA (supplemental Figure 5).

Of 955 patients with measurable AEA, 57 experienced leukemic
relapse after first complete remission, 9 developed a second
malignant neoplasm, and 9 patients died during first remission. In
a Cox proportional hazards model adjusted for sex, age, and risk
group, we found no significant association between increasing
AEA levels and hazard of relapse (HR, 0.88 per 100 IU/L
increase in AEA; 95% ClI, 0.66-1.16; P = .35) (Figure 4). No dif-
ference in the association between AEA and relapse in the
groups scheduled for 15 or 8 doses was found, P = .30 (supple-
mental Table 1).

Discussion

Measurements of AEA are considered the best way to monitor
clinical efficacy of asparaginase.®?%273' However, TDM is not
commonly used to identify patients with high levels of AEA
because there is limited evidence assessing its clinical impor-
tance. In this study, we illuminate the association between risk of
AspTox and leukemic relapse for different AEA levels during treat-
ment in childhood ALL.

This study demonstrated no significant increase in the risk of any
type of asparaginase-associated toxicity with increasing AEA levels.
Based on these results, we do not think there is any clinical advan-
tage of using TDM to identify patients with high levels of AEA to
enable dose reduction with the aim of avoiding overall toxicity asso-
ciated with asparaginase. This is consistent with a recent study
demonstrating a limited effect on AspTox after reducing the dose of
PEG-asparaginase (starting at 1500 IU/m?) in patients with AEA
>950 IU/L.'® However, it is important to note that Figure 3 shows
a trend of increasing risk of any toxicity with increasing AEA levels.
Furthermore, the association between any AspTox and increasing
AEA levels was statistical significance for patients scheduled for 15
doses, illuminating that number of doses and frequency in adminis-
tration affect the association. Therefore, we speculate whether the
association between AEA levels and AspTox is more apparent in
patients with even higher AEA levels than shown in this study,
because it is well-known that a high cumulative dose of asparagi-
nase causes higher AEA levels, and this has previously been associ-
ated with an increased burden of toxicity.'®'%353¢ Because our
conclusions based on children treated with a relatively low dose of
PEG-asparaginase, this should be confirmed in a cohort receiving
higher asparaginase doses than those used in the present study
and in patients older than age 18 years. Furthermore, the intervals
between asparaginase doses might affect this as well because we
observed higher AEA levels in patients with continuous PEG-
asparaginase exposure at 2-week intervals compared with patients
with intermittent asparaginase dosing at 6-week intervals. Results of
the separate toxicity analyses showed that each type of
asparaginase-associated toxicity might affect this association in
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different directions and that it is important to investigate each toxicity
separately.

This study reports a very limited incidence of toxicity in patients with
inactivation of asparaginase, emphasizing that these patients are
underexposed to asparaginase.

For pancreatitis, we found an increasing risk with increasing AEA
levels. A high cumulative dose of PEG-asparaginase has been sug-
gested to be a risk factor for pancreatitis,®3” supporting the impor-
tance of both total asparaginase exposure and AEA trough levels.
Using TDM to identify patients with high AEA levels might be useful
to detect patients assumed to have an increased risk of pancreatitis,
especially patients older than 10 years of age because these
patients have been shown to have an increased risk of pancreati-
tis."® Dose reduction might be beneficial for these patients. How-
ever, a recent study found no significant correlation between
pancreatitis and AEA levels, and dose reduction in patients with
high AEA levels had a limited effect on the risk of toxicity when com-
paring the results with a previous treatment protocol; however, the
nonrandomized study included a smaller cohort, fewer AEA meas-
urements, and fewer events than ours.'®

Moreover, we found an association between increasing AEA levels
and osteonecrosis. This was somewhat unexpected because the
association between osteonecrosis and asparaginase treatment is
still being debated,®® but we interpret the results as confirming
asparaginase as a contributing factor in the risk for developing
osteonecrosis during or after ALL treatment. Osteonecrosis is asso-
ciated with exposure to glucocorticoids.®® In the NOPHO ALL2008
protocol, dexamethasone is scheduled in the same time periods as
PEG-asparaginase treatment of patients receiving 15 doses. The
subgroup analysis showed a significant difference in the association
between AEA levels and osteonecrosis in patients scheduled for
8 or 15 doses. This illustrates that the number of scheduled doses
is an effect modifier for the association. Concomitant treatment with
dexamethasone might affect the association as well. The use of
TDM to identify patients with high AEA levels to prevent osteonecro-
sis might be relevant in a clinical setting, especially in patients with
additional risk factors such as hyperlipidemia,2#3%4%4! peing
female, and age older than 10 years.?* Finally, it might be beneficial
to avoid concurrent therapy with glucocor’[icoids39 in patients with
high AEA levels. Whether dose reduction is beneficial must be
investigated further.

We demonstrated no association between increasing AEA levels
and risk of thromboembolism, which is supported by a report by
Kloos et al."® This consolidates the notion that asparagine depletion
causes a prothrombotic state regardless of AEA level. Furthermore,
several other factors are known to increase the risk of thromboem-
bolism in children with leukemia (eg, presence of indwelling central
venous lines, immobilization, leukemic burden, and corticoste-
roids).*>** These factors likely contribute to the risk of thromboem-
bolism to a greater extent than the AEA level.

We did not observe an association between grade and severity of
the clinical characteristics of each asparaginase-associated toxicity
and AEA level. Especially, we did not find any evidence of an asso-
ciation between high levels of AEA, .4 and increased severity com-
pared with lower levels. However, the small number of events in
each AEA group precludes conclusions regarding the association
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between clinical characteristics and the grading of AspTox. Thus,
future studies are needed to further explore this.

In our patients, premature asparaginase discontinuation because of
toxicity was not associated with increasing AEA levels. The most fre-
quent causes of truncation were clinical allergy, pancreatitis, and
thromboembolism. It is important to explore further how to avoid
asparaginase truncation because truncation has been associated
with inferior event-free survival in several studies."

The risk of leukemic relapse did not decrease significantly with
increasing AEA levels, which confirms the idea that if patients have
measurable AEA levels and thus asparagine depletion, this might be
sufficient to ensure an antileukemic effect. This also indicates that
dose reduction might not increase risk of relapse if asparagine
depletion is maintained.

Overall, we consider that the association between high AEA levels
and increasing risk of pancreatitis and osteonecrosis justifies the
use of TDM to identify patients with high AEA levels, but the benefit
of dose reduction in relation to prevention of pancreatitis and osteo-
necrosis should be validated in another cohort. The trend of increas-
ing risk of overall AspTox with increasing AEA must be investigated
further, especially in patients with even higher AEA levels or for
patients receiving higher doses of asparaginase. These patients
might benefit from dose reduction to a greater extent.

We showed that asparaginase levels change over time, which con-
solidates the use of TDM during the whole asparaginase treatment
period for identification of emerging inactivation.

The main strengths of this study are the large number of patients
included and the systematic, prospective toxicity registration with a
very high compliance rate of 98.9%.2°* This provides a unique
platform for exploring AspTox. Furthermore, the high number of AEA
measurements is a strength; only a small number of patients (95/
1,250, 7.6%) were excluded because of too few AEA measure-
ments in the defined time period. Many single AEA measurements
were noninformative because of a prolonged interval between PEG-
asparaginase and sampling; these measurements were thus
excluded from the analysis, which is a limitation.

In conclusion, our study demonstrated no significant increase in the
risk of overall AspTox, asparaginase truncation, or leukemic relapse
with increasing AEA levels, but a significant association between
increasing AEA levels and pancreatitis and osteonecrosis was
found, which should be taken into consideration when future treat-
ment protocols are designed. TDM of AEA is indicated, mainly to
detect inactivation, but may be further explored for dose reduction
to reduce some specific toxicities.
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