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To the editor:

A germ line mutation in cathepsin B points toward a role in asparaginase pharmacokinetics

L-Asparaginase (ASNase) is a key component of protocols used
to treat acute lymphoblastic leukemia (ALL). Poorly understood
interpatient differences in ASNase pharmacokinetics demand thera-
peutic drug monitoring to prevent patients from receiving an
inadequate dose.1 Although it is unclear whether there is a causal
relation between elevated ASNase levels and toxicities, under-
exposure compromises therapeutic benefits. A recent report demon-
strated that lysosomal proteases degrade ASNase in vitro.2 However,
to which extent these proteases contribute to ASNase clearance in
patients remains unclear. Here we link a strongly prolonged ASNase
turnover to a germ line mutation in the gene encoding cathepsin B.

A pediatric patient, treated for common B-cell progenitor
ALL, developed encephalopathy associated with hyperammone-
mia (354 mmol/L) after the sixth dose of Erwinase. She required
plasmapheresis to reduce serum ammonia levels. Serum analysis
revealed abnormally high concentrations of Erwinase at the time of
plasmapheresis (2167 IU/mL, 2 days after the last dose). After
recovery, Erwinase treatment was restarted under therapeutic drug
monitoring. This revealed a strongly increased half-life of Erwinase
(Figure 1A), which could explain the high Erwinase serum concen-
trations (see supplemental Case Report for detailed information;
available on the Blood Web site).

We hypothesized that a defect in one of the lysosomal proteases,
previously reported to be capable of degrading asparaginase in vitro,2

might be responsible for the prolonged half-life observed in this
patient. Sequencing of DNA isolated from peripheral blood mono-
nuclear cells (PBMCs) and from buccal cells revealed a hetero-
zygous single codon deletion (c.709_711delAAG) in the gene
encoding cathepsin B in the germ line of the patient, which is not
listed in the Database of Single Nucleotide Polymorphisms (dbSNP;
National Center for Biotechnology Information, Bethesda,MD) or in
our in-house database containing the exome sequence data of 1154
individuals (Figure 1B). This mutation results in a deletion of a highly
conserved lysine residue in the C terminus of the protein (p.K237del),
which is predicted3 to lead to a loss of structural integrity of the protein
(supplemental Figure 1A-B).

Cathepsin B is synthesized as a 44-kDa pre-proenzyme that is
processed in late endosomes to a 33-kDa active single chain and
matured into an active 2-chain form consisting of a 24-kDa heavy
chain (and a 27-kDa glycosylated form) and a 5-kDa light chain.4

We expressed both wild-type and mutant cathepsin B, cloned from
RNA extracted from patient PBMCs, in HEK293 cells to follow the
maturation process. Biochemical analysis revealed defectivematuration

of the mutant cathepsin B, which was confirmed by an aberrant
subcellular localization (supplemental Figure 1C-F).

To test whether this mutation affects the protease activity,
we assessed cathepsin B activity in Epstein-Barr virus (EBV)–
immortalized B cells obtained from the patient. Indeed, cathepsin
Bactivity in theB cells obtained from the patientwas strongly reduced
as compared with B cells from age-matched donors (Figure 1C),
indicating that deletion of residue K237 results in a loss of function.

Next, we determined whether the reduced protease activity of
the mutant cathepsin B would result in a diminished degradation
of ASNase. Therefore, we incubated Erwinase in lysates of cells
expressing either wild-type or mutant cathepsin B and analyzed
samples taken at the indicated time points for residual ASNase
activity (Figure 1D).Mock transfected cells showed limited protease
activity and cleared the Erwinase after 20 hours of incubation. Of
note, this degradation was inhibited by the addition of a specific
cathepsin B inhibitor, CA-074 (color marked data points, Figure 1D),
indicating that endogenous cathepsin B is responsible for ASNase
degradation in these lysates. Overexpression of the wild-type
cathepsin B resulted in a rapid clearance of the Erwinase from the
lysate, which again was fully inhibited by the addition of the
cathepsin B inhibitor CA-074. Expression of the K237del mutant
cathepsin B protein was still capable of degrading ASNase, but
the rate of clearance was significantly reduced (P , .05) in com-
parison with the wild-type protein, consistent with the delayed
ASNase clearance observed in this patient. Western blot analysis
of asparaginase incubated in these cell lysates confirmed that
degradation of asparaginase protein rather than the inhibition of
enzymatic activity causes the decrease in asparaginase activity
that we measured in the previous assay (supplemental Figure 1G-H).

It is unknown where degradation of ASNase occurs. Low levels
of cathepsin B activity are detected in human serum (data not
shown), but these amounts are insufficient to degrade Erwinase or
Escherichia coliASNase in vitro (supplemental Figure 1). Instead, it
appears that cathepsin B–mediated degradation of ASNase occurs
intracellularly, after being removed from the blood by phagocytic
cells, which is consistent with the fact that pegylated forms of this
protein show an increased serum half-life.5

Current knowledge of factors influencing ASNase pharmacoki-
netics is limited.5,6 Only the presence of inhibitory antibodies that
bind asparaginase is known to significantly shorten the half-life
of ASNase.7 In our patient, we found no evidence of an immune
response targeting the ASNase. Our observations support the
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hypothesis that the lysosomal protease cathepsin B is an essential
component in the regulation of ASNase turnover. Mutations in
the cathepsin B gene, as observed in our patient, are rare events.
However, because cathepsin B activity is tightly regulated, not
only at the level of gene expression, but also by protein maturation
and enzyme activity,8,9 many additional factors may contribute to
variations in cathepsin B activity and can therefore contribute to
the interpatient differences in ASNase kinetics.
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Figure 1. A mutation in the gene encoding cathep-

sin B in a patient with strongly reduced metabolism

asparaginase. (A) Pharmacokinetics of Erwinase serum

levels indicate a strongly delayed metabolism of ASNase

in this patient. The half-life (ln2/Kel) of 28.5 hours (normal

7-15 hours5) was calculated using best-fit nonparametric

modeling of the data points. (B) DNA sequencing of

the cathepsin B gene reveals a heterozygous deletion

of a single codon (c.709_711delAAG) in DNA isolated

fromPBMCs and buccal cells of the patient. (C) Cathepsin B

activity in lysates of EBV-transformed B cells of the

patient (carrying the mutation) and age-matched con-

trols (N 5 5) was determined by measuring cleavage of

the fluorescent substrate Ac-RR-AFC. The plot shows

an average of 2 experiments with standard deviation.

One of the control samples was set to 1, and all

samples were correlated to this sample. Unpaired

2-tailed t test was used to determine significance.

(D) ASNase was incubated in lysate of HEK293 cells

expressing wild-type or mutant cathepsin B. After

incubation, residual ASNase activity was assayed

as described in the supplemental Methods section.

Cathepsin inhibitor CA-074 was included in selected

samples to confirm the contribution of cathepsin B

in this degradation. The plot shows an average of 3

independent experiments with standard error of the

mean. Analysis of variance statistical analysis was

applied to test for significance.
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To the editor:

Bendamustine, etoposide, cytarabine, melphalan, and autologous stem cell rescue produce
a 72% 3-year PFS in resistant lymphoma

Based on the results of the PARMA and CORAL studies, high-dose
chemotherapy (HDT) followed by autologous stem cell rescue has
become the standard of care for patients with relapsed, chemo-
sensitive aggressive non-Hodgkin lymphoma (NHL).1,2 Moreover,
HDT/autologous stem cell rescue is considered the therapy of choice
for Hodgkin lymphoma (HL) patients in chemosensitive relapse.3

However, HDT/autologous stem cell rescue is hampered by several
major pitfalls, namely the toxicity related to the procedure and the
lack of efficacy in chemoresistant patients.

We previously demonstrated the safety of a new HDT regimen
with bendamustine, etoposide, cytarabine, and melphalan (BeEAM)
prior to autologous stem cell rescue in 43 patients with resistant/
relapsed lymphoma.4 The characteristics of patients are reported
in the previously published paper.4 The study was conducted in
accordance with the principles of the Declaration of Helsinki, Good
Clinical Practice (ICH-GCP), and the current national guidelines
for conducting clinical studies. The protocol was approved by the
Institutional Ethics Committee. All subjects gave written informed
consent. The study was registered at the European Medicines
Agency with the European Clinical Trials Database number 2008-
002736-15. Transplant-related mortality was 0%. The cumulative

incidence of infectious complications was approximately 60%,
without any serious adverse events (grades 3-4). Furthermore, this
regimen showed significant antilymphoma activity, with 80% of
patients being in complete remission after transplant.5 Disease type
(NHL vs HL) and disease status at transplant (chemosensitive vs
chemoresistant) were the only statistically significant variables
influencing progression-free survival (PFS), whereas disease status
at transplant was the only variable affecting overall survival (OS) at
the time of writing.4 However, the primary objective of the studywas
to determine the 36-month PFS rate, according to Fleming’s method
([p0]5 40%, [p1]5 60%, a5 0.05, and 1-b5 0.80). At the time of
publication, the median follow-up for surviving patients was short
(18 months), and therefore, it was not possible either to establish if
we had met the primary end point of the study or to draw final
conclusions on the efficacy of this regimen.

With this in mind, we updated the follow-up at 41 months after
transplant in order to evaluate the midtime efficacy of the BeEAM
regimen in terms of PFS andOS.Responseswere again evaluated ac-
cording to the criteria reported elsewhere byCheson et al.5 At present,
31/43 patients are still in complete remission (72%), as documented
by both PET and CT scans. Two patients (4.6%)were refractory to
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