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Abstract

It is generally accepted that L-asparagine is an important amino acid required for

the fast growth of cells. Cancerous cells receive this amino acid from extracellular

sources. The depletion of L-asparagine from its surrounding environments by

asparaginase enzyme can be used as a therapeutic strategy in cancer patients. This

therapeutic enzyme is produced commercially mainly from bacteria such as

Escherichia coli and Erwinia chrysanthemi. The side effects of such drugs have per-

suaded scientists to find new enzyme sources. In this study, in silico approach was

applied to investigate L-asparaginase producing endophytic bacteria that produce

more compatible enzymes within the body. Protein–protein basic local alignment

search tool with E. coli and E. chrysanthemi asparaginase enzyme sequences against

262 endophytic bacteria were performed. The results with identity more than 35%,

coverage more than 80%, and E-value less than 10−4 were selected. Then, some of

bioinformatics tools were used to characterize them. A total of nine sequences con-

sisting of seven known and two hypothetical proteins were identified in six bacterial

species. The results showed that some of the asparaginase enzymes produced by

endophytic bacteria possess more suitable immunological indices compared with

asparaginase enzymes of E. coli and E. chrysanthemi. Herbaspirillum

rubrisubalbicans was predicted to produce a nonallergen and nonantigen

asparaginase enzyme. The number of antigenic determinants was predicted to be

lower in asparaginase enzymes produced by Bacillus amyloliquefaciens,

H. rubrisubalbicans, andH. seropedicae. Moreover, the number of high-scored B-cell

epitopes was lower in enzyme sequences related to the mentioned bacteria and

Paenibacillus polymyxa. The number of discontinuous epitopes and the number of
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T-cell epitopes were lower in B. amyloliquefaciens produced enzymes. Therefore,

the therapeutic use of these enzymes is possible.
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1 | INTRODUCTION

Cancer is a serious disease and one of the most important
causes of death in the world.1 One of the problems in the
treatment of this disease is the unwanted effects of drugs on
the normal cells of the body.2 Cancer cells differ from the
normal ones in some metabolic pathways. The inability to
synthesis certain amino acids and the need to obtain them
from the surrounding environment is one of these differ-
ences.3 Therefore, depleting the essential amino acids from
the environment surrounding the cancerous cells can serve
as a simple strategy to destroy these cells through delayed
protein, DNA and RNA synthesis, and apoptosis of the cells,
without harming normal cells.4 Diets alone do not fulfill this
goal. Therefore, the injection of amino acid degrading
enzymes can be helpful. One example is the application of L-
asparaginase (EC 3.5.1.1) as a chemotherapeutic agent in the
treatment of human cancers, especially acute lymphoblastic
leukemia5 and non-Hodgkins lymphoma.6 L-asparaginase
can affect the survival of abnormal cells by converting aspar-
agines to L-aspartic acid and ammonium. Asparaginase is a
member of the amidase or amidohydrolase (EC 3.5.1.4)
enzymes.7Many researchers have reported thewide distribu-
tion of L-asparaginase in plants, animals, rodents, andmicro-
organisms, including bacteria, fungi, and actinomyces.8

Currently, most of the patients with lymphomas receive the
first phase of the commercial L-asparaginase enzyme pro-
duced by Escherichia coli (EcAII), approved by the food and
drug administration, as a medicine. In half of the patients,
severe immune responses to this enzyme or even types of
conjugated with polyethylene glycol have been seen.9 As a
solution, these patients have been provided with the
L-asparaginase enzyme extracted fromErwinia chrysanthemi
which has no cross-reactivity with antibodies produced
against EcAII. However, it is immunogenic and also less
effective than the previous enzyme.10 So far, almost all
enzyme engineering experiments have focused on these two
enzymes.11 The microbial world is a rich source of enzymes
with different structural and functional properties, and it is
possible to isolate L-asparaginase with better therapeutic
properties and provide ideas for better enzyme engineering.12

Endophytes are a diverse group ofmicroorganisms located in
the internal tissues of leaves, roots, or stems in healthy
plants. More than 200 bacterial genera have been identified
to be entophytes. Endophytes have attracted scientists'

attention in the biotechnological sector recently.13 It is
reported that the endogenous natural products produced by
endophytes have unique structures and high biological activ-
ity, and these bacteria are a huge source of useful materials
in medicine, agriculture, and the industry.14,15 Since the dis-
covery of taxol production by an endophytic fungus,
Taxomyces andrenae,16 more studies are conducted on the
use of endogenous-derived bioactive substances in medi-
cine.17 To the best of our knowledge, there is no report about
in silico investigation of finding more human body compati-
ble asparaginase enzymes from endophytic bacteria source.
Therefore, in this study immunological properties of
enzymes from this origin were explored through the applica-
tion of some immunoinformatics tools. The obtained results
were compared with ones related to two commercially avail-
able therapeutic enzymes. Themain goal of this study was to
provide a prospective in probable production of the new
recombinant asparaginase as a drug instead of ones produced
byE. coli andE. chrysanthemi.

2 | METHODS

2.1 | Sequence retrieval

The amino acid sequences of E. coli asparaginase (UniProt:
P00805) and E. chrysanthemi (UniProt: P06608) was used
as a query in protein–protein basic local alignment search
tool (BLASTp) (http://blast.ncbi.nlm.nih.gov/Blast.cgi)18

against nonredundant (nr) protein sequence database with
endophytic bacteria as a selected organism. The list of
262 selected endophytic bacteria used in this study was
obtained through a literature review (S1).19,20 The results
with identity more than 35%, coverage more than 80%, and
E-value less than 10−4 were selected. Since the identifica-
tion of some endophytic bacteria had been reported in the
genus level in previous studies, the isolation sources of
bacteria which met defined criteria were checked
using BioSample database (https://www.ncbi.nlm.nih.gov/
biosample/),21 and the sequences of endophytic species
were considered as a positive result. The analyses described
hereunder were performed for selected sequences and
E. coli and E. chrysanthemi asparaginase sequences simulta-
neously, to introduce the best candidate by comparing the
results.
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2.2 | Physicochemical characterization

Basic physicochemical properties such as molecular
weight, extinction coefficient, isoelectric point, aliphatic
index, grand average of hydropathicity, and instability
index were estimated by ProtParam tool (http://web.
expasy.org/protparam/).22

2.3 | Complementary sequence analysis
for hypothetical proteins

If a hypothetical protein (HP) protein exists among chosen
sequences, further analysis will be required to ensure its
potential to have asparaginase activity. Therefore, for HPs,
the following analyses were performed. The prediction of
expression probability of HP sequences via codon adapta-
tion index was revealed using CAIcal tool.23 Subcellular
localization of proteins was predicted by CELLO (cello.life.
nctu.edu.tw)24 and PSLpred (http://www.imtech.res.in/
raghava/).25 Involvement of HPs in nonclassical protein
secretion was predicted using SecretomeP 2.0 (http://www.
cbs.dtu.dk/services/SecretomeP/).26 To predict probable
transmembrane helices in HPs, transmembrane helices
hidden Markov model (TMHMM) (http://www.cbs.dtu.dk/
services/TMHMM/)27 server was used. To protein domains
annotation and domain architectures analysis, simple
modular architecture research tool (http://smart.embl-
heidelberg.de/)28 was used.

2.4 | Tertiary structure prediction,
structure validation, and quality prediction

The three-dimensional (3D) structure of a protein affects
its shape, size, and function. For Three-dimensional pro-
tein structure predictions, (PS)2-v3: template-based pro-
tein structure prediction server (http://ps2v3.life.nctu.
edu.tw)29 was used. Ramachandran plot (http://mordred.
bioc.cam.ac.uk/~rapper/rampage.php)30 and the Z-score
calculated by protein structure analysis (ProSA) web
(https://prosa.services.came.sbg.ac.at/prosa.php)31 were
checked to measure the quality of the generated models.

2.5 | Immunological properties

Allergenicity of selected sequences was predicted by
Algpred sever (http://www.imtech.res.in/raghava/
algpred/submission.html) prediction.32

Antigenic regions of sequences were analyzed using
Bioinformatic Antigenic Peptide Prediction (BPAP) tool
(http://imed.med.ucm.es/Tools/antigenic.html).33 The

VaxiJen v2.0 server (http://www.ddg-pharmfac.net/
vaxijen/VaxiJen/VaxiJen.html) was used to predict the
productivity of proteins. Sequences were subjected to pre-
dict linear B-cell epitopes using ABCreds (http://crdd.
osdd.net/raghava/abcpred/).34 Conformational discontin-
uous B-cell epitopes were predicted by ElliPro tool
(http://tools.iedb.org/ellipro/)35 using three-dimensional
protein structures. MHC class I and class II binding
regions within sequences were revealed by ProPredI
(http://crdd.osdd.net/raghava/propred1/)36 and ProPred
(http://crdd.osdd.net/raghava/propred/)37 servers predic-
tions, respectively. The 50% inhibitory concentration
(IC50) of epitopic regions within the protein sequences
which bind to highest number of major histocompatibil-
ity complex class I (MHCI) and major histocompatibility
complex class II (MHCII) alleles was calculated using
quantitative prediction of binding affinity of peptide–
MHC binding site, MHCPred (http://www.ddg-pharmfac.
net/mhcpred/MHCPred/).38 IC50 values less than
100 nM for allele HLA-A* 0201 in MHCI binding epi-
topes39 and allele DRB1*0101 in MHCII binding epi-
topes40 were selected as a strong binder epitope.

3 | RESULTS AND DISCUSSION

3.1 | Sequence retrieval

The results of BLASTp of the amino acid sequence
of E. coli and E. chrysanthemi asparaginase sequences
against nonredundant protein sequences of entophytic
bacteria showed that nine protein sequences from six
endophytic bacteria five different genera met determined
criteria. The accession number of selected proteins and
the name of the bacteria they belong to are given in
Table 1. As can be seen from the table, two gram-positive

TABLE 1 List of bacteria and their related protein candidates

which met determined criteria in BLASTp

Bacteria
Protein accession
number

Azorhizobium caulinodans BAF90379.1

Bacillus amyloliquefaciens ERK81845.1 (hypothetical),
KNX35781.1

Bradyrhizobium japonicum BAL10002.1 (hypothetical),
AHY50093.1

Herbaspirillum
rubrisubalbicans

ALU91046.1, ALU91730.1

Herbaspirillum seropedicae ADJ65404.1

Paenibacillus polymyxa KOS01895.1

Abbreviation: BLASTp, protein–protein basic local alignment search tool.
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selected bacteria were from Bacillus and Paenibacillus
genera.

Endophytic Bacillus species have been shown to benefit
plants through a variety of mechanisms, including promot-
ing plant growth, protecting the plant from phytopatho-
genic bacteria, fungi, insects, and nematodes, and inducing
systematic resistance. B. amyloliquefaciens is one of the
most studied endophytic Bacillus species. Various bioactive
compounds and novel molecules are predicted to be pro-
duced by Bacillus spp. strains.41 The production of L-
asparaginase by B. amyloliquefaciens has been mentioned
previously.42 Ophiopogon japonicas is a medicinal plant
common in South-East Asia with anticancer activity43 and
isolation of B. amyloliquefaciens from this herb has been
reported.44 It is assumed that some of the anticancerous
attributes of medicinal plants are derived from endosymbi-
ont bacteria in the plant.45 Paenibacillus spp. are predomi-
nant endophytic bacteria isolated from woody plants.46

Paenibacillus polymyxa (previously known as Bacillus poly-
myxa) is a plant growth-promoting rhizobacteria (PGPR)
with wide ranges of plant hosts.47 Screening, production,
and optimization of L-asparaginase from this bacterium
have been studied.48 Endophytic P. polymyxa has been iso-
lated from medicinal plant Lonicera japonica.49 This plant
has been used in herbal medicine due to its anticancer
effects on the respiratory system.50 Moreover, isolation of
this bacterium from Ginseng (Panax ginseng CA Meyer), a
well-known anticancer medicinal plant, has been
reported.51 Three-gram negative selected bacteria were from
Azrhizobium, Bradyrhizobium, and Herbaspirillum genera
(Table 1). Azorhizobium caulinodans is a diazotrophic endo-
phyte usually associated with cereal crops.52 Also, isolation
of this bacterium from Allium ursinum plant has been
reported.53 Allium herbs have beneficial antimicrobial and
antitumor effects.54 Bradyrhizobium japonicum is an endo-
phytic bacteria that usually has been isolated from soybean
(Glycine ma L. Merr.) varieties.55 Strong anticancer proper-
ties have been discovered in soybeans.56 L-asparaginase pro-
duction by Bradyrhizobium sp. (Lupinus) has been shown,57

but there is no report showing that B. japonicum. Her-
baspirillum rubrisubalbicans is an endophytic diazotroph of
sugarcane (Saccharurm spp.) and Herbaspirillum
seropedicae colonizes in different species of the Gramineae

family.58 Herbaspirillum spp. has been isolated from tea
(Camellia sinensis) plant.59 The tea plant is considered one
of the medicinal plants with anticarcinogenic properties.60

There is no report about L-asparaginase production by these
species.

3.2 | Physicochemical analyses

ProtParam parameters shown in Table 2 reveal the physi-
cochemical properties of the selected protein. The values
of aliphatic index are high among studied proteins and
they range from 83.72 to 101.55. All studied proteins are
predicted to have high extinction coefficient (16,390 to
29,450). Interestingly, according to prediction results,
E. chrysanthemi asparaginase possesses the shortest half-
life in mammalian reticulocytes and in vitro among stud-
ied proteins. ProtParam classifies all studied proteins as
stable (Instability index < 40).

3.3 | Complementary analyses for
hypothetical proteins

As can be seen from Table 1, among nine candidate pro-
teins, two proteins, that is, ERK81845.1 and BAL10002.1,
hereafter called HP1 and HP2, were hypothetical. To
ensure their functional annotation and their ability to be
asparaginase, the following analyses were performed.
There is heterogeneity in the codon adaptation among
different genes of various species. The rate of this index
varies from 0 to 1 and is related to the amount of gene
expression high probability of the gene expression is indi-
cated by an index greater than 0.5. The index values were
0.768 and 0.902 for HP1 and HP2, respectively. Therefore,
both of them had a high probability of expression. Both
subcellular localization prediction sites viz., CELLO and
PSLpred, identified HP1 as an extracellular and HP2 as a
periplasmic protein.

Confidently predicted domains, repeats, motifs, and
features of HPs are given in Table 3. Asparaginase
domain is predicted to present in both of them with
acceptable E-value. Moreover, HP2 is predicted to

TABLE 3 The results of identification and annotation of HPs domains by simple modular architecture research tool

Protein name Identifiers
Confidently predicted domains,
repeats, motifs, and features E-value Start End

HP1 Asparaginase 1.21e-86 2 259

HP2 G7D7T8_BRAJP, G7D7T8 Signal peptide
Asparaginase

N/A
9.07e-123

1
35

21
353

Abbreviation: HP, hypothetical protein.
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possess a signal peptide sequence. This enhances the
possibility of extracellularity prediction of the HP by
subcellular localization prediction sites. When a pro-
tein is not predicted to contain a signal peptide, it may
secrete nonclassically if it obtains a SecP score exceed-
ing the threshold of 0.5. Predicted SecP score of HP1
was 0.844078 which is in line with the previous result
of periplasmic localization of this protein. There is a
pool of enzymes in the periplasm compartment that
carry on the verity of functions such as protein folding,

degrading and oxidation. These residing enzymes are
exported across the inner membrane mainly by classi-
cal secretory pathways of Sec and twin-arginine trans-
location pathways. However, some proteins lack signal
peptides and are translocated across the inner mem-
brane by the nonclassical secretion pathway.61

According to the TMHMM prediction, both HPs did
not have transmembrane helices, which confirms the
prediction results of subcellular localization and
SecretomeP 2.0.

TABLE 5 IC50 values of epitopic regions within the protein sequences which bind to highest number of MHCI and MHCII alleles

Protein

Epitope sequence which
bind to highest number
of MHCI alleles IC50 value

Epitope sequence
which bind to highest
number of MHCII alleles IC50 value

E. coli Asparagianse FDVSKLNEL 724.44 VVNIGSQDM 1,606.94

YNYANASDL 638.26 VVMVGAMRP 57.28

ARVLLQLAL 1,233.1 MRPSTSMSA 26.36

DPQQIQQIF Nonbinder

E. chrysanthemi asparaginase KLSQRVNEL 4,355.12 IVILATGGT 195.88

LPGLVSDSL Nonbinder MRPATAISA 4.95

BAF90379.1 RPPEGRLHL Nonbinder VARITTLQA 95.94

VVMVGAMRP 57.28

VVLNDTIHG 1,563.15

FRSLNTGPA 9.38

LQLLLANGH 6.89

ERK81845.1 hypothetical NPQKARILL Nonbinder VVVAGSMRP 158.12

KNX35781.1 KQFMPFITF 3,326.6 VVNIGSQNM 1,023.29

KLAKRVNKL 2,710.19 VVVAGSMRP 158.12

ARILLMLAL 425.60 VVLNDRIAS 138.04

ILLMLALTK 7.00

AHY50093.1 YPLPAGEQL 182.81 VVIVGSMRP 340.41

MRPATAVSA 3.59

IVLAGVGDG 229.61

BAL10002.1 hypothetical YPLPAGEQL 182.81 VVIVGSMRP 340.41

MRPATAVSA 3.59

IVLAGVGDG 229.61

LLIAGGMTA 594.29

ALU91046.1 KLAKRVNTL 1,674.94 VVIVGAMRP 78.89

ALU91730.1 LPRVEIIPM 4,655.86 IRKAPVPAL 16.63

ADJ65404.1 KLGKRVNTL 1,725.84 VVIVGAMRP 78.89

FVVSDTLNA 1.12

KOS01895.1 IPLLASFIL Nonbinder MTMIPLLAS 15.00

FILGSTLWS 1.99

YFLNLVIKS 1.93

MRPATAISA 4.95

Abbreviations: MHCI, major histocompatibility complex class I; MHCII, major histocompatibility complex class II.
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3.4 | Tertiary structure prediction and
validation

Three-dimensional model structures of protein sequences
were generated by (PS)2-v3 and structures quality was
validated by Ramachandran plot and ProSA (Table S2).
ProSA-web Z-score plot can be used to check whether the
Z-score of the input structure is within the range of the
source typically found for the native proteins of a similar
size. The Z-score values of all protein structures checked
in this study were highlighted as a black dot which indi-
cates being in the range of native conformations.31 The
Ramachandran plot is a plot of the torsional angles of
amino acids contained in a peptide. The Ramachandran
plot analysis of the generated models revealed that 90%
of all residues proteins were located in the favored and
allowed regions, indicating that the predicted models had
good qualities.62 Generated 3D structures were used to
predict conformational discontinuous B-cell epitopes.

3.5 | Immunological properties
prediction

The results of the software used for the prediction of immuno-
logical properties are summarized in Table 4. As can be seen,
upon Algpred prediction, two of the investigated endophytic
asparagianse sequences (BAF90379.1, ALU91730.1) were
nonallergen, whereas E. coli and E. chrysanthemi
asparaginases, which are used as a drug, were predicted to be
potential allergen and allergen, respectively. A spectrum of
immunologically mediated hypersensitivity reactions with
varying mechanisms and clinical presentations is called
allergy. Drug allergy is an unpredictable reaction that leads to
a decline in the quality of patient life, probably delayed treat-
ment, and even death. Given the myriad of symptoms associ-
ated with the condition, diagnosis is often challenging.63

Therefore, allergenicity prediction of drug candidates is an
important subject.64 The administration of therapeutic pro-
tein products to patientsmay be associated with eliciting anti-
drug antibodies.65 There are many experimental and protein
engineering methods for assessment of the immunological
properties of biological drugs and reducing the immunogenic-
ity of biotherapeutics.66,67 However, there are some in silico
methods which play significant roles in predicting unwanted
immune responses.68 According to vaxijen server prediction
(Table 4), all of the studied proteins predicted to be protective
antigen except for endophytic sequences of ALU91046.1, and
ALU91730.1. Referring to predictive results of antigenic
regions (Table S3), the number and sequence of B-cell
(Table S4), T-cell epitopes (Tables S5 and S6), IC50 values of
epitopic regions within the protein sequences which bind to
highest number of MHCI and MHCII alleles (Table 5), and

summarized results of used software for prediction of immu-
nological properties (Table 4), the following information was
obtained. Four proteins with the accession numbers of
ERK81845.1, KNX35781.1, ALU91046.1, and ADJ65404.1
possessed less antigenic regions than E. coli and
E. chrysanthemi asparaginases. B-cell epitope prediction
results were indicative of four proteins with the accession
numbers of ERK81845.1, ALU91046.1, ALU91730.1, and
ADJ65404.1 that had less high-scored epitopic region than
sequences currently used as a medication. All studied
asparaginase sequences from endophytic bacteria are
predicted to own conformational B-cell epitopes equal or less
than E. chrysanthemi asparaginase and sequences of
KNX35781.1 showed to have the least conformational epitope
number of 4. ERK81845.1 predicted to have the least number
of MHCI (84) and MHCII (62) binding epitopes among all
studied sequences. Moreover, predicted IC50 values (Table 5)
showed a weak binding affinity for two epitopic regions
within this sequence which bound to the highest number of
MHCI and MHCII alleles. The ability of epitopes to bind to
multiple alleles is considered an advantage in the develop-
ment of an epitope-based vaccines69 whereas it is a negative
factor in drug studies. Table 5 also indicates that just two
ERK81845.1 and KOS01895.1 proteins have binding epitopes
stronger than E. coli and E. chrysanthemi asparaginases
among epitopes which bind to the highest number of MHCII
alleles.

4 | CONCLUSION

L-asparaginase is an enzyme catalyzing the conversion
of L-asparagine amino acid to L-aspartic acid and
ammonia. This amino acid is necessary for the function
of most neoplastic cells, and it is introduced as a che-
motherapy drug. Stimulation of immune response of
currently used asparaginases in some patients has moti-
vated scientists to find new sequences with
asparaginase activity but fewer side effects. Given that
endophytes have been proven to synthesize pharmaceu-
ticals useful to health, this study identified and immu-
nologically characterized 9 endophyte originated
asparaginase sequences selected from 262 endophytic
bacteria by in silico approaches. The obtained immuno-
logical analyses results with prediction software indi-
cated that some endophytic bacteria such as
B. amyloliquefaciens and H. rubrisubalbicans could pro-
duce enzymes with suitable immunological properties
and therapeutic use of these enzymes is possible. How-
ever, advanced researches using specialized databases,
more innovative software and experimental investiga-
tions are required to characterize the predicted
sequences more precisely in the future.
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SUPPORTING INFORMATION TABLE S1. Criteria for risk group classification
in protocol ALL-SEHOP-PETHEMA 2013

STANDARD RISK: The patient must meet each and every one of the following criteria: 
- Age >1 and <10 years. 
- Leukocytes <20 x109/l at diagnosis.
- Non-T inmunophenotype. 
- Absence of CNS or testicular infiltration 
- Good risk cytogenetics  

o High hyperdiploidy (51-67 chromosomes), DNA index 1.10-1.44 (always 
confirmed by other cytogenetic techniques). or

o t(12;21) / ETV6-RUNX1 rearrangement 
- Absence of t(1;19) /TCF3/PBX1 rearrangement. 
- No MLL rearrangement.
- Good prednisone response (<1,000 blasts/mm3 in peripheral blood on day +8 of 

Induction IA)
- Good early response (< 5% de blasts and < 0.1% MRD in bone marrow on day +15 of 

Induction and at the end of induction IA)

HIGH RISK: The existence of any of the following criteria determines the inclusion of the patient
in this High-risk group: 

- t(4;11) (MLL/AF4). 
- Hypodiploidy <44 chromosomes or DNA index <0.81 (confirmation by other techniques 

is required). 
- Poor prednisone response (> 1,000 blasts in peripheral blood on day +8 of Induction,) 
- M2 (> 25% blasts) and >10% MRD on day +15 of Induction, in bone marrow. 
- MRD > 1% on day +33 of Induction, in bone marrow. 
- MRD > 0.1% before consolidation, in bone marrow. 
- Patients with BCR-ABL1 rearrangement (Ph+ ALL).

INTERMEDIATE RISK: Those patients who do not meet the criteria for Standard Risk or High 
Risk. 

1



SUPPORTING INFORMATION TABLE S2. Treatment protocol for standard-risk
patients in ALL-SEHOP-PETHEMA 2013

Treatment phase/drug Single or daily dose Days of application per phasea

Induction

IA

Prednisone/Prednisolone (PO/IV) 

Vincristine (IV)

Daunorubicin (PI over 1 h)

L-Asparaginase (IM)

Methotrexate/ARA-C/Prednisone (IT)

60 mg/m2/d

1.5 mg/m2/dose (max. 2 mg)

30 mg/m2/dose

10 000 IU/m2/dose

12/30/20 mg/doseb 

1-28c

8, 15, 22, 29

8, 15

12, 15, 18, 21, 24, 27, 30, 33

1,12, 19, 26, 33d,e

IB

Cyclophosphamide (PI over 1 h)

Cytarabine (PI over 1 h)

6-Mercaptopurine (PO)

Methotrexate/ARA-C/Prednisone (IT)

1000 mg/m2/dose

75 mg/m2/dose

60 mg/m2/d

12/30/20 mg/doseb 

36, 64

38-41, 45-48, 52-55, 59-62

36-63

45, 59

Consolidation

Methotrexate (PI over 24 h)f

6-Mercaptopurine (PO)

Methotrexate/ARA-C/Prednisone (IT)

5000 mg/m2/dose

25 mg/m2/d

12/30/20 mg/doseb

8, 22, 36, 50

1-56

8, 22, 36, 50

Reinduction

Dexamethasone (PO/IV)

Vincristine (IV)

Doxorubicin (PI over 1 h)

L-Asparaginase (IM)

Cyclophosphamide (PI over 1 h)

Cytarabine (IV)

6-Thioguanine (PO)

Methotrexate/ARA-C/Prednisone (IT)g

10 mg/m2/d

1.5 mg/m2/dose (max. 2 mg)

30 mg/m2/dose

10 000 IU/m2/dose

1000 mg/m2/dose

75 mg/m2/dose

60 mg/m2/d

12/30/20 mg/doseb

1-21c

8, 15, 22, 29

8, 15, 22, 29

8, 11, 15, 18

36

38-41, 45-48

36-49

1, 17, 38, 45

Maintenanceh

Methotrexate (PO)

6-Mercaptopurine (PO)

Methotrexate/ARA-C/Prednisone (IT)

20 mg/m2/dosei

50 mg/m2/di

4x 12/30/20 mg/doseb 

once a week

daily

monthly
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aAdjustments  of  schedule  were  allowed  if  clinical  condition  and  bone  marrow  recovery  were
inadequate.
bDoses of IT drugs were adjusted for children <3 years of age.
cSteroids were tapered over 9 additional days.
***Differences of induction treatment given after amendment on November 2016:

- Asparaginase given in induction is PEG-asparaginase IM at dose 1000 IU/m2 on days 12 and 26.
dIT therapy on days 19 and 26 was only administered to patients with CNS-2 at diagnosis or T-ALL
and > 100 000 leukocytes/mm3 at diagnosis.
ePatients with CNS status CNS 3 received 5 weekly doses of IT therapy on days 1, 8, 15, 22, and
29 in Induction Protocol A.
fA loading dose of 10% was infused over 30 min, the remaining 90% over 23.5 h. Leucovorin rescue
was given at hours 42, 48, and 54 (each 15 mg/m2). Doses of leucovorin rescue were adjusted, if
MTX levels were > 1.0 µmol/l at hour 42 or later. If the MTX level at hour 54 was > 0.25 µmol/l, the
rescue was continued at six-hour intervals until MTX levels were  0.25 µmol/l.
***Differences of reinduction treatment given after amendment on November 2016:

- Asparaginase given in reinduction is PEG-asparaginase IM at dose 1000 IU/m2 on day 1.

- Dexamethasone given from day 1 to 14.
gIT therapy on days 1 and 17 in reinduction was only administered to patients with CNS-2 or CNS-3
at diagnosis or T-ALL with > 100 000 leukocytes/mm3 at diagnosis.
hDoses were adjusted to WBC (target range 2.0-3.0 x109/L).
iMaintenance was given from the end of intensive chemotherapy until 104 weeks after diagnosis.

PO indicates orally; IV, intravenous push; PI, intravenous infusion; IT, intrathecal; IM intramuscular
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SUPPORTING INFORMATION TABLE S3. Treatment protocol for intermediate-
risk patients in ALL-SEHOP-PETHEMA 2013. 

Treatment phase/drug Single or daily dose Days of application per phasea

Induction

IA

Prednisone/Prednisolone (PO/IV) 

Vincristine (IV)

Daunorubicin (PI over 1 h)

L-Asparaginase (IM)

Methotrexate/ARA-C/Prednisone (IT)

60 mg/m2/d

1.5 mg/m2/dose (max. 2 mg)

30 mg/m2/dose

10 000 IU/m2/dose

12/30/20 mg/doseb 

1-28c

8, 15, 22, 29

8, 15, 22, 29 

12, 15, 18, 21, 24, 27, 30, 33

1,12, 19, 26, 33d,e

IB

Cyclophosphamide (PI over 1 h)

Cytarabine (PI over 1 h)

6-Mercaptopurine (PO)

Methotrexate/ARA-C/Prednisone (IT)

1000 mg/m2/dose

75 mg/m2/dose

60 mg/m2/d

12/30/20 mg/doseb 

36, 64

38-41, 45-48, 52-55, 59-62

36-63

45, 59

Consolidation

Methotrexate (PI over 24 h)f

6-Mercaptopurine (PO)

Methotrexate/ARA-C/Prednisone (IT)

5000 mg/m2/dose

25 mg/m2/d

12/30/20 mg/doseb

8, 22, 36, 50

1-56

8, 22, 36, 50

Reinduction

Dexamethasone (PO/IV)

Vincristine (IV)

Doxorubicin (PI over 1 h)

L-Asparaginase (IM)

Cyclophosphamide (PI over 1 h)

Cytarabine (IV)

6-Thioguanine (PO)

Methotrexate/ARA-C/Prednisone (IT)g

10 mg/m2/d

1.5 mg/m2/dose (max. 2 mg)

30 mg/m2/dose

10 000 IU/m2/dose

1000 mg/m2/dose

75 mg/m2/dose

60 mg/m2/d

12/30/20 mg/doseb

1-21c

8, 15, 22, 29

8, 15, 22, 29

8, 11, 15, 18

36

38-41, 45-48

36-49

1, 17, 38, 45

Maintenanceh

Methotrexate (PO)

6-Mercaptopurine (PO)

PEG-asparaginase (IM) 

Methotrexate/ARA-C/Prednisone (IT)

20 mg/m2/dosei

50 mg/m2/di

1000 IU/m2

6x 12/30/20 mg/doseb 

once a week

daily

biweekly

monthly
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aAdjustments  of  schedule  were  allowed  if  clinical  condition  and  bone  marrow  recovery  were
inadequate.
bDoses of IT drugs were adjusted for children <3 years of age.
cSteroids were tapered over 9 additional days.
***Differences of induction treatment given after amendment on November 2016:

- Asparaginase given in induction is PEG-asparaginase IM at dose 1000 IU/m2 on days 12 and 26.
dIT therapy on days 19 and 26 was only administered to patients with CNS-2 at diagnosis or T-ALL
and > 100 000 leukocytes/mm3 at diagnosis.
ePatients with CNS status CNS 3 received 5 weekly doses of IT therapy on days 1, 8, 15, 22, and
29 in Induction Protocol A.
fA loading dose of 10% was infused over 30 min, the remaining 90% over 23.5 h. Leucovorin rescue
was given at hours 42, 48, and 54 (each 15 mg/m2). Doses of leucovorin rescue were adjusted, if
MTX levels were > 1.0 µmol/l at hour 42 or later. If the MTX level at hour 54 was > 0.25 µmol/l, the
rescue was continued at six-hour intervals until MTX levels were  0.25 µmol/l.
***Differences of reinduction treatment given after amendment on November 2016:

- Asparaginase given in reinduction is PEG-asparaginase IM at dose 1000 IU/m2 on day 1.

- Dexamethasone given from day 1 to 14.
gIT therapy on days 1 and 17 in reinduction was only administered to patients with CNS-2 or CNS-3
at diagnosis or T-ALL with > 100 000 leukocytes/mm3 at diagnosis.
hDoses were adjusted to WBC (target range 2.0-3.0 x109/L).
iMaintenance was given from the end of intensive chemotherapy until 104 weeks after diagnosis.

PO indicates orally; IV, intravenous push; PI, intravenous infusion; IT, intrathecal; IM intramuscular.
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SUPPORTING  INFORMATION  TABLE  S4.  Treatment  protocol  for  high-risk
patients in ALL-SEHOP-PETHEMA 2013. 

Treatment phase/drug Single or daily dose Days of application per phasea

Induction

IA

Prednisone/Prednisolone (PO/IV) 

Vincristine (IV)

Daunorubicin (PI over 1 h)

L-Asparaginase (IM)

Methotrexate/ARA-C/Prednisone (IT)

60 mg/m2/d

1.5 mg/m2/dose (max. 2 mg)

30 mg/m2/dose

10 000 IU/m2/dose

12/30/20 mg/doseb 

1-28c

8, 15, 22, 29

8, 15, 22, 29 

12, 15, 18, 21, 24, 27, 30, 33

1,12, 19, 26, 33d,e

IB

Cyclophosphamide (PI over 1 h)f

Cytarabine (PI over 1 h)

6-Mercaptopurine (PO)

Methotrexate/ARA-C/Prednisone (IT)

1000 mg/m2/dose

75 mg/m2/dose

60 mg/m2/d

12/30/20 mg/doseb 

36, 64

38-41, 45-48, 52-55, 59-62

36-63

45, 59

Consolidation
HR1’

Dexamethasone (PO/IV)

Vincristine (IV)

Cytarabine (IV)

Methotrexate (PI over 24 h)g

Cyclophosphamide (PI over 1 h)

PEG-Asparaginase (IM)

Methotrexate/ARA-C/Prednisone (IT)

20 mg/m2/d

1.5 mg/m2/dose (max. 2 mg)

2x 2000 mg/m2/dose

5000 mg/m2/dose

5x 200 mg/m2/dose

1000 IU/m2/dose

12/30/20 mg/doseb

1-5

1, 6

5

1

2-4

7

1

HR2’

Dexamethasone (PO/IV)

Vindesine (IV)

Daunorubicin (IV)

Methotrexate (PI over 24 h)g

Ifosfamide (PI over 1 h)

PEG-Asparaginase (IM)

Methotrexate/ARA-C/Prednisone (IT)

HR3’

20 mg/m2/d

3.0 mg/m2/dose (max. 5 mg)

30 mg/m2/dose

5000 mg/m2/dose

5x 800 mg/m2/dose

1000 IU/m2/dose

12/30/20 mg/doseb

1-5

1, 6

5

1

2-4

7

1

1



Treatment phase/drug Single or daily dose Days of application per phasea

Dexamethasone (PO/IV)

Cytarabine (IV)

Etoposide (IV)

PEG-Asparaginase (IM)

Methotrexate/ARA-C/Prednisone (IT)

20 mg/m2/d

4x 2000 mg/m2/dose 

5x 100 mg/m2/dose

1000 IU/m2/dose

12/30/20 mg/doseb

1-5

1-3

3-5

6

5

Delayed Intensification

Reinduction 1 h

Dexamethasone (PO/IV)

Vincristine (IV)

Doxorubicin (PI over 1 h)

PEG-Asparaginase (IM)

Cyclophosphamide (PI over 1 h)

Cytarabine (IV)

6-Thioguanine (PO)

Methotrexate/ARA-C/Prednisone (IT)

10 mg/m2/d

1.5 mg/m2/dose (max. 2 mg)

30 mg/m2/dose

1000 IU/m2/dose

500 mg/m2/dose

75 mg/m2/dose

60 mg/m2/d

12/30/20 mg/doseb

1-15c

1, 8

1, 8

1,15

15

17-20, 24-37

15-28

1i, 17, 24

Reinduction 2

Dexamethasone (PO)

Vincristine (IV)

Doxorubicin (PI over 1 h)

PEG-Asparaginase (IM)

Cyclophosphamide (PI over 1 h)

Cytarabine (IV)

6-Thioguanine (PO)

Methotrexate/ARA-C/Prednisone (IT)

Reinduction 3

Dexamethasone (PO)

Vincristine (IV)

Doxorubicin (PI over 1 h)

PEG-Asparaginase (IM)

Cyclophosphamide (PI over 1 h)

Cytarabine (IV)

6-Thioguanine (PO)

Methotrexate/ARA-C/Prednisone (IT)

Interim maintenance

Methotrexate (PO)

6-Mercaptopurine (PO)

10 mg/m2/d

1.5 mg/m2/dose (max. 2 mg)

30 mg/m2/dose

1000 IU/m2/dose

500 mg/m2/dose

75 mg/m2/dose

60 mg/m2/d

12/30/20 mg/doseb 

10 mg/m2/d

1.5 mg/m2/dose (max. 2 mg)

30 mg/m2/dose

1000 IU/m2/dose

500 mg/m2/dose

75 mg/m2/dose

60 mg/m2/d

12/30/20 mg/doseb 

20 mg/m2/dosej

50 mg/m2/dosej

1-15c

1, 8

1, 8

1,15

15

17-20, 24-27

15-28

1i, 17, 24

1-15c

1, 8

1, 8

1,15

15

17-20, 24-27

15-28

1i, 17, 24

once a week

daily

Maintenance  k  
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Treatment phase/drug Single or daily dose Days of application per phasea

Methotrexate (PO)

6-Mercaptopurine (PO)

Methotrexate/ARA-C/Prednisone (IT)

20 mg/m2/dosej

50 mg/m2/dj

6x 12/30/20 mg/doseb 

once a week

daily

monthly

aAdjustments  of  schedule  were  allowed  if  clinical  condition  and  bone  marrow  recovery  were
inadequate.
bDoses of IT drugs were adjusted for children <3 years of age.
cSteroids were tapered over 9 additional days.
***Differences of treatment given after amendment on November 2016:

- Asparaginase given in induction is PEG-asparaginase IM at dose 1000 IU/m2 on days 12 and 26,

- In induction, patients Ph+ only receive a single dose of 1000 IU/m2 of PEG-asparaginase on day
12.

dIT therapy on days 19 and 26 was not administered to patients with BCP ALL who were included in
the HR group only because of a poor prednisone response at day 8.
ePatients with CNS status CNS 3 received 5 weekly doses of IT therapy on days 1, 8, 15, 22, and
29 in Induction Protocol A.
fT-ALL patients with poor prednisone response at day 8 received one cyclophosphamide at dose
1000 mg/m2 on day 10 in induction protocol A. 
gA loading dose of  10% was infused over 30 min,  the remaining 90% over 23.5 h. Leucovorin
rescue was given at  hours 42, 48,  and 54 (each 15 mg/m2).  Doses of  leucovorin rescue were
adjusted, if  MTX levels were > 1.0 µmol/l  at  hour 42 or later.  If  the MTX level  at  hour 54 was
> 0.25 µmol/l, the rescue was continued at six-hour intervals until MTX levels were  0.25 µmol/l.
hIn T-ALL patients with CNS status CNS 3 and without HSCT indication, delayed intensification
reinduction 2 was substituted by an additional HR1’ and HR2’. 
iIT therapy on day 1 in delayed intensification reinduction 1,  2,  and 3 was not administered to
patients with BCP ALL who were included in the HR group only because of a poor prednisone
response at day 8 of induction. 
jDoses were adjusted to WBC (target range 2.0-3.0 x109/L).
kMaintenance was given from the end of intensive chemotherapy until 104 weeks after diagnosis.

PO indicates orally; IV, intravenous push; PI, intravenous infusion; IT, intrathecal; IM intramuscular.
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