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ARTICLE INFO ABSTRACT

Keywords: L-asparaginase (L-ASNase) is a life-saving medication used in the treatment of Acute Lymphoblastic Leukemia
L-ASNase (ALL) which affects over 60,000 people yearly. However, L-ASNase still requires improvement since up to 60% of
Leukemia

the patients develop hypersensitivity due to its immunogenicity. To address this issue, this work describes the
downstream process of an L-ASNase from Erwinia chrysanthemi expressed extracellularly by Pichia pastoris with
human-like glycosylation pattern and its further impact on leukemic cells co-cultured with bone marrow (BM)
cytoprotective stromal cells. After size exclusion chromathography, a final yield of 54.93% was achieved and the
proteomics analyses confirmed the attainment of an extremely pure enzyme. Glycosylated L-ASNase induced the
complete inhibition of the proliferation of ALL and Acute Myeloid Leukemia (AML) cell lines tested, indepen-
dently of the presence of BM stromal cells. However, the cytotoxic efficacy (induction of apoptosis) of glyco-
sylated L-ASNase varied across cell lines, with ALL cell lines showing the most sensitivity. Additionally, the pro-
apoptotic effect of glycosylated L-ASNase was partially inhibited by BM stromal cells. Taken together, our data
warrant further investigations for the use of glycosylated L-ASNase against ALL and AML that should take into
consideration the mechanisms of resistance mediated by the BM stroma for improved efficacy.

Pichia pastoris

Protein purification
Cross-flow filtration
Tumour microenvironment

While the outcome of pediatric B-ALL patients has drammatically
improved over the past 15 years with survival rates reaching 80% at 5

1. Introduction

Acute Lymphoblastic Leukemia (ALL) represents the most frequently
diagnosed leukemia in children and young adults (90%) [1,2]. ALL arise
in the bone marrow where normal hematopoietic cells are hijacked by
immature lymphoid leukemic cells, resulting in decreased erythrocyte
and platelet counts [3,4]. As a result, patients develop anemia and can
experience symptoms such as fatigue, pallor, higher vulnerability to
infections, and bleeding episodes. ALL can arise in either B-cell (B-ALL)
or T-cell (T-ALL) progenitors and can affect both children and adults.

years, the prognosis of the adult B-ALL patients is much worse and the
survival rate reaches only 50-60% [1-3]. This is at least in part due to
the fact that adult patients express the BCR::ABL1 fusion protein. Che-
moresistance and relapse of acute leukemia are due to a pool of leukemic
stem cells (LSC), a heterogeneous group of cells responsible for initiating
and maintaining the disease [4]. While current treatments are effective
against the buk of the ALL tumour, they do not eradicate the LSC. These
therapy surviving leukemia, also known as minimal residual disease
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(MRD) determines the relapse of leukemia [3]. Several mechanisms
contribute to the survival of these highly refractory LSC, including the
protection provided by mesenchymal stromal cells and other cells
including adypocytes, T and B cells, dendritic cells, and macrophages, in
the bone marrow (BM) microenvironment which works as a sanctuary
where leukemic blasts and LSC can acquire a drug-resistant phenotype
and evade the treatment [4-6].

Among the main therapies used to treat ALL is L-Asparaginase (L-
ASNase) (EC 3.5.1.1, L-Asparagine amidohydrolase). Its mode of action
consists of a starving mechanism where L-asparagine (Asn) and L-
glutamine (Glu) are depleted from blood and BM [7]. Since leukemic
blasts are deficient in expression levels of the asparagine synthetase gene
(ASNS) (EC 6.3.5.4), neoplastic cells become dependent on Asn from the
bloodstream. Depravation of these two amino acids leads to the inhi-
bition of overall constitutive protein synthesis and the leukemic cells
undergo apoptosis [2]. On the other hand, healthy cells are
self-sufficient in the production of this amino acid and are not affected
by the action of L-ASNase [8].

Improving the efficacy of L-ASNase-based treatment will require
addressing some remaining challeges in the currently available L-
ASNase formulations such as the side effects caused by impurities or by
silent inactivation by the immune system. Additionally, according to
Patel and collaborators (2009) [9] therapy failure is caused by the
inactivation of L-ASNase by cellular lysosomal cysteine proteases. It is
important to pinpoint that microenvironmental cells, such as macro-
phages, can produce cathepsin B (CTSB) and contribute to ASNase
turnover in vivo in mice [4,10].

The available commercial L-ASNases approved by the FDA for
therapeutic purposes have been sourced from bacteria (E. coli and
E. chrysanthemi) [2]. However, the administration of these exogenous
proteins may induce an immune response, leading to the production of
anti-asparaginase antibodies. This is the main cause of reduced drug
efficacy, resulting from reduced L-ASNase activity and undesirable ef-
fects such as pancreatitis, coagulation disorders, and diabetes [11,12].

To overcome these side effects, a few studies have reported chemical
modifications such as encapsulation [13] and PEGylation (where the
enzyme is covalently bound to polyethyleneglycol (PEG)) [14,15].
These modifications reduce the immunogenicity of the molecule by
masking the epitopes that otherwise activate the immune system.
Moreover, the polymer stabilizes the enzyme and increases its half-life.
However, the only chemical modification approved to date by the FDA
for L-ASNase for human use is the PEGylated version [11].

While chemical reactions can improve biopharmaceuticals in terms
of stability and immunogenicity, the PEGylation reaction can also be
emulated through a biological route, exploring the tools from the recent
trends that molecular biology had brought. More specifically, a great
attention has been drawn towards exploiting the potential of post-
translational modifications, such as glycosylation, in new bio-
therapeutics. Glycosylated proteins are covered with oligosaccharides,
which, similarly to pegylation, provide stability and correct folding, and
may influence both their cellular activity and their biological function
[16]. Oligosaccharides may be bound to the Asn residues to form the
N-glycans (which is more common), or to the threonine or serine resi-
dues, forming O-glycans [17]. This tends to decrease adverse reactions
such as those observed with the use of L-ASNases from bacterial sources
[11].

Yeasts had become a valuable host system for the expression of re-
combinant proteins as they are eukaryotic organisms able to perform
glycosylation. Among them, the most well known systems to express
recombinant proteins are Saccharomyces cerevisiae and Pichia pastoris.
However, contrary to mammalian cells, protein glycosylation in mi-
croorganisms results in high-mannose N-glycans that may cause
immunogenic reactions when interacting with human mannose re-
ceptors present in immune cells, which results in rapid clearance from
the bloodstream [18].

To overcome these limitations, the possibility of reengineering the N-
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glycosylation pathway in yeast to obtain glycoproteins with human-like
pattern has become a promising approach among biochemical processes
[18,19]. One advantage of using the methylotrophic yeast P. pastoris
machinery rather than S. cerevisiae lies in the fact that the levels of
hyperglycosylation in P. pastoris were found to be much lower
(approximately 50 residues) than in S. cerevisiae (~500 residues) [18].
When engineered, P. pastoris adds 5 residues of mannose in the final
oligosaccharide.

The anti-leukemic effect of L-ASNase has been extensively investi-
gated in ALL, but only partially in Acute Myeloid leukemia (AML) [4].
AML is a heterogeneous blood cancer and represents the most frequently
diagnosed leukemia in adults (25%) and accounts for 15-20% cases in
children [3]. Despite continuous advances in the comprehension of AML
prognosis, patients are still subject to a high rate of relapse [3].

Some specific subtypes of AML have been reported to be more sus-
ceptible to ASNase as compared to others [20-22]. This is due to AML
cells present a proclivity addiction in glutamine for their energetic and
biosynthetic metabolism [23-25]. Hence, the efficacy of L-ASNase
should be considered in future studies targeting AML cells.

According to the literature, co-culture models provide a highly
relevant drug screening setting for testing L-ASNase as a possible ther-
apeutic intervention in ALL and AML since the BM tumour stroma has
been shown to be the major source for Asn to leukemic blasts [1,4]. By
co-culturing mCherry-HS5 BM fibroblastic stromal cells and
eGFP-expressing tumour cell lines that frequently originate in the BM, it
is possible to evaluate these reciprocal effects on cancer and BM stromal
cells. This platform can be scaled up to high throughput using 96 well
plates and allows the concomitant assessment of both tumour and BM
stroma response to anticancer drugs [26]. Hence, this fluorescent-based
co-culture methodology allows the evaluation of the reciprocal effect of
the stromal cell and anticancer therapy on tumour cells [26].

As described in a previous study, our research group has constructed
a new P. pastoris strain (Glycoswitch_pJAG-s1_asnb) that can express an
active extracellular L-ASNase from E. chrysanthemi with human-like
glycosylation [27]. The present work presents a critical approach of
the downstream processing by crossflow filtration and high-resolution
techniques evaluating the final yield of the process and the specific ac-
tivity of the glycosylated L-ASNase and aimed to investigate its effect on
leukemic blasts in the presence of the cytoprotective BM
microenvironment.

2. Material and methods
2.1. Expression system

The recombinant Pichia pastoris Glycoswitch® Superman5 (his’)
strain is being used to carry the asnB gene (i.e. amino acid residues
22-348 UniprotKB — P06608) from E. chrysanthemi. This construction
used the pJAG-s1_asnB expression vector as previously described [27].
The L-ASNase is glycosylated and secreted into the cellular medium
[11].

2.2. Production of L-ASNase with human-like glycosylation pattern in a
bench bioreactor

L-ASNase was produced in bioreactor as described by Parizotto et al.,
2021 [28]. Briefly, glycerol was used as a carbon source during the first
24 h of cultivation at batch mode. Once all glycerol had been consumed,
the induction phase with methanol began, in which the system was fed
with methanol every 24 h. The temperature was maintained at 35 °C
throughout the cultivation and aeration was maintained at 1 vvm and
initial agitation at 700 rpm and a target value of 20% dissolved oxygen
was kept with cascade control of agitation between 700 and 1000 rpm.
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2.3. Downstream

2.3.1. Crossflow filtration

To evaluate the purity of the glycosylated L-ASNase obtained by
biotechnological route, two strategies were investigated.

Strategy 1: After 24 h of culture induction, a 5 mL sample was
collected from the reactor and, after centrifugation (3000 xg for 10 min
at 4 °C), its activity was measured in the supernatant. Then, the extra-
cellular medium containing L-ASNase was transferred to four 250 mL
centrifuge vials each. The medium was then centrifuged at 3000 xg for
10 min at 4 °C. After that, the supernatant was redistributed to 50 mL
centrifuge vials and centrifuged again at 10000xg for 10 min. Finally,
the entire collected medium was vacuum filtered on 0.45 pm membrane
(Fig. 1).

Strategy 2: After 24 h of culture induction, a 5 mL sample was taken
from the reactor and, after centrifugation (3000 xg for 10 min at 4 °C),
its activity was measured. Then the extracellular medium containing L-
ASNase was transferred to four 250 mL centrifuge vials each. The me-
dium was then centrifuged at 3000xg for 10 min at 4 °C to separate the
medium from the cells. After this time, a 300 kDa cut-off membrane was
used to remove the remaining cell debris by tangential ultrafiltration.
Thus, the permeate was collected for the next steps (Fig. 1).

Extracellular media from strategies 1 and 2 were separately
concentrated and diafiltered using the Sartoflow Slice 200 Benchtop
System (120 V) ultrafiltrator (Brand Sartorius® Stedim Biotec) under
the following conditions: flow rate of 400 mL min’; 30 psi of trans-
membrane pressure; polyethersulfone membrane; and three different
pore sizes were studied separately (10, 30 and 100 kDa). The medium
was then concentrated tenfold and buffer exchange was performed by
the addition of sodium acetate buffer (50 mM, pH 5.2) upon reaching
the desired (pH 5.2) to perform the next step of the purification process:
the cation exchange chromatography.

2.3.2. Cationic exchange chromatography
A 20 mL SP HP column (GE Healthcare, USA) was used for cation
exchange. To equilibrate the column, three column volumes (CV) of
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sodium acetate buffer (50 mM, pH 5.3 with 100 mM of glycine) were
used. The sample was loaded into the column using the Akta Start (GE
Healthcare, USA) peristaltic pump with a flow rate of 0.5 mL min™ to
ensure that the protein binds with the column resin. Finally, the column
was washed with 1.5 column volumes of the same buffer to remove the
excess of contaminant proteins. The target protein was eluted with so-
dium acetate buffer (50 mM, pH 5.3 with 100 mM of glycine) with NaCl
1 M by step mode on the range of 0-100 mM of NaCl 1 M increasing
20 mM of NaCl every 3 CV. Samples of 500 pL were collected to measure
enzyme activity, total protein concentration, and purity using SDS-
PAGE. The remaining enzyme was purified by gel filtration.

2.3.3. Size-exclusion chromatography

After Cationic Exchange Chromatography, size-exclusion was per-
formed using the Superdex™ 200 Increase 10/300 GL column (GE
Healthcare, USA). The column was washed with water and equilibrated
with two column volumes of pH 5.5 sodium acetate buffer with 100 mM
glycine. The protein was eluted with 1.5 column volumes of the same

buffer at a flow rate of 0.75 mL.min"".

2.3.4. Determination of enzyme activity

Pure enzyme activity was estimated using the modified Nessler
method according to Simas et al., 2021 [29], where 1 unit represents the
release of 1 ymol ammonia per minute. Briefly, in a 96-well plate,
168 uL. Asn (44 mM), 148 uL. 50 mM Tris HCI buffer (pH 8.6), 37 uL
ultra-pure water, and 17 uL sample were added. After 10 min incubating
at 37 °C, the reaction was stopped by adding 17 pL of 1.5 M trichloro-
acetic acid. In another 96-well plate, 279 pL of ultra-pure water, 37 uL of
Nessler’s reagent, and 37 uL of the previous reaction were added and the
absorbances read at 440 nm in a plate reader SpectraMax (Molecular
Devices, USA). The absorbance measurement was then compared to the
standard curve previously made with the Nessler reagent and ammo-
nium sulfate at concentrations of 0.05, 0.1, 0.25, 0.5, 1.0, and 2.5 mM.

2.3.5. Polyacrylamide gel electrophoresis (SDS-PAGE)
For SDS-PAGE, 20 pL of samples from each purification step were

L-ASNase cultivation

Strategy 1

Centrifugation 3200g

Centrifugation 8 000g

Conventional Filtration

Strategy 2

Centrifugation 3200g

Crossflow filtration 300 kDa

(1) L-ASNase activity measured

Crossflow filtration 10 kDa

(2) L-ASNase activity measured

Ion Exchange Chromatography

(3) L-ASNase activity measured

Size Exclusion Chromatography

(4) L-ASNase activity measured

Fig. 1. Schematic diagram of the process purification. On the left, strategy 1 with conventional filtration. On the right, strategy 2 where conventional filtration was

replaced by crossflow filtration with a 300 kDa membrane.
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transferred to a microtube and 5pl. of Laemmli sample buffer
+ dithiothreitol (DTT) were added and then heated at 95 °C for 5 min

Using a 12% acrylamide separating gel, samples were loaded into the
lanes and the protein marker (BioRad, USA) was loaded into the first and
the last lane. The voltage was set to 120 V and the running buffer (tris-
glycine pH 8.5 + SDS 1% (w/v) was added until the top of the electro-
phoresis system. When the run was completed, the polyacrylamide gel
was stained with Coomassie Blue R-250 for 1h, and then it was
destained overnight with solution (40 v/v % methanol, 20 v/v % acetic
acid).

2.3.6. Total protein assay

Total protein was determined by the BCA (bicinchoninic acid assay)
method. Initially, a calibration curve was constructed using BSA (bovine
serum albumin) in the range 0.1-1.2 mg mL™. Then, before measuring
the protein concentration, interferences were removed using the Non-
Interfering Protein Assay™ (Calbiochem®, USA) kit. A solution of
bicinchoninic acid (50 parts) plus copper sulfate (1 part) was prepared
for each sample. From this mixture, 200 uL. were aliquoted into an
Eppendorf tube and 25 pL of the sample were added. After homogeni-
zation, it was incubated for 30 min at 37 °C. Finally, the absorbance was
measured at 562 nm.

2.3.7. Proteomics analysis by LC-MS/MS

This analysis was performed to asses the final purity of the glyco-
sylated L-ASNase. In-gel reduction, alkylation, and digestion with
trypsin (Sigma-Aldrich; Trypsin sequencing grade) was performed on
the gel sample prior to the analysis by mass spectrometry. Cysteine
residues were reduced with dithiothreitol (10 mM) and derivatized by
treatment with iodoacetamide (55 mM) to form stable carbamidomethyl
derivatives. Trypsin digestion was carried out overnight at room tem-
perature after initial incubation at 37 °C for 2 h.

The peptide sample was suspended in 30 uL of resuspension buffer
(2% acetonitrile (ACN) in 0.05% formic acid (FA)), 10 pL of which were
injected to be analyzed by LC-MS/MS. Chromatographic separation was
performed using a U3000 UHPLC NanoLC system (ThermoFisher-
Scientific, UK). Peptides were resolved by reversed phase chromatog-
raphy in a 75 pm C18 column (50 cm length) using a three-step linear
gradient of 80% ACN in 0.1% FA. The gradient was set to elute the
peptides at a flow rate of 250 nl.min™' over 60 min. The eluate was
ionized by electrospray ionization using an Orbitrap Fusion Lumos
(ThermoFisherScientific, UK) operating under Xcalibur v4.1.5. The in-
strument was first programmed using a “Universal CID” method by
defining a 3 s cycle time between a full MS scan and MS/MS fragmen-
tation. This method takes advantage of the multiple analyzers on
Orbitrap-Fusion-Lumos and drives the system to use all available par-
allelizable time, resulting in decreasing the dependence on method pa-
rameters (such as data dependent acquisition). The instrument was
programmed to acquire in the automated data-dependent switching
mode, selecting precursor ions based on their intensity for sequencing by
collision-induced fragmentation using a TopN CID method. The MS/MS
analyses were conducted using collision energy profiles that were cho-
sen based on the mass-to-charge ratio (m/z) and the charge state of the
peptide.

2.4. Cell culture

The following Human eGFP-ALL cell lines were used in our experi-
ments: HB-119, SEMK2 and REH. HB-119 and REH were a generous gift
of Prof. Eric So (King’s College London) and Prof Owen Williams (Uni-
versity College London), respectively. We also evaluated the action of L-
ASNase on the eGFP-AML cell line MV4-11. The fibroblastic HS5 cell
line transduced with the red fluorescent protein mCherry was used as a
source of bone marrow stromal cells [30]. We analyzed eGFP-ALL and
eGFP-AML cell proliferation and apoptosis on mCherry-HS5. mCher-
ry-HS5 human stromal cell line were cultured in Dulbecco’s modified
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Eagle medium with L-glutamax supplemented with 10% of fetal bovine
serum (FBS). All eGFP-tumour cell lines were cultured in RPMI-1640
medium supplemented with 10% of FBS. All cell lines were cultured at
37 °Cin a humidified atmosphere in the presence of 5% of CO2, 95% air.

2.5. Determination of cell proliferation and viability of tumour cells in co-
culture with mCherry HS5 cells

mCherry fibroblastic stromal cells were seeded at 5 x 10 * cells/per
well in a 96-well plate and incubated overnight. eGFP-positive cells were
seeded alone or layered on mCherry-HSS5 cells in triplicate per condition.
We evaluated the effect of drug treatment plus untreated control of eGFP
cells seeded alone or in co-culture with BM microenvironment cell after
leaving blank wells for calculation of background values. The fluores-
cence intensity per well was read at Aex488 nm/528 nm and at Aem584
nm/607 nm to detect the numbers of eGFP tumour cells and mCherry
HS5 cells, respectively, using a FLx800 multidetector microplate reader
(Biotek Instruments, Potton, Bedfordshire, UK) at day O and day 3. The
proliferation index was calculated by dividing the fluorescence intensity
in the same well at day 3/day0 after subtracting the average of the
background values of the corresponding condition (eGFP cultured alone
or in co-culture). The various tumour cell lines cultured alone or in co-
culture were treated with concentrations of L-ASNase in the range of
0.1-1.0 IU.

2.5.1. Fluorescence microscopy

Cells seeded in 96 well plates were imaged using an Elipse Nikon
fluorescence microscope (Nikon UK Limited, Surrey, UK) equipped with
a motorised stage and an environmental chamber with controlled tem-
perature and CO5 levels. Images were captured and exported as JPEG
files using NIS-Elements Nikon software.

2.5.2. Flow cytometry analysis

Cell suspensions of cultured cells were prepared at day 3 for fluo-
rescence activated cell sorting (FACS) analysis using a flow cytometer
(BD Accuri C6, USA). Analysis of forward scatter (FSS) and side scatter
(SC) as well as the levels of emission of fluorescence of eGFP (Aexcitation
395 nm; \emission). Data were analysed using the BD Accuri C6 Anal-
ysis software.

2.5.3. Intracellular amino acid quantification

Intracellular amino acids from HB-119, REH, and MV411 lineages
were measured by UPLC-MS/MS using precolumn derivatization with 6-
aminoquinolyl-N-hydroxysuccinimidyl carbamate (AccQTag kit) [31].

3. Results and discussion
3.1. Protein purification

Glycoproteins are promising therapeutical molecules in the bio-
pharmaceutical field. The newly developed glycosylated L-ASNase can
be identified by the analysis of the chromatograms shown in Fig. 2.

Even after one single step of cationic exchange chromatography,
only one active and well-resolved peak was detected (Fig. 2 A). This can
be explained by the first purification steps using crossflow filtration
(strategy 2) and because the protein is expressed to the extracellular
medium, which simplifies the downstream process and avoids proteins
from the intracellular space (that could be immunogenic) to contami-
nate the product. After size exclusion chromatography (Fig. 2B) a very
well-resolved active peak was observed as well as one additional fraction
that showed low activity attributable to other proteoforms expressed in
smaller amounts. It further showed an active L-ASNase peak eluted in a
time corresponding to a 160 kDa protein, which suggests that the
enzyme expressed in P. pastoris Glycoswitch preserved the original
tetrameric configuration of L-ASNase observed in E. coli and
E. chrysanthemi.
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Fig. 2. Chromatograms of glycosylated L-ASNase after cationic exchange
chromatography (A) and size exclusion chromatography (B). Elution for
cationic exchance chromatography by step gradient mode with sodium acetate
buffer (50 mM, pH 5.3 with 100 mM Glycine) and NaCl 1 M (on steps 60 mM,
80 mM, 100 mM). Elution for size exclusion chromatography with sodium ac-
etate buffer (50 mM, pH 5.5 with 100 mM glycine).

Fig. 3 shows the SDS-PAGE throughout the downstream process of
our L-ASNase in which the increasingly concentrated and pure 40 kDa
band can be observed, which corresponds to the glycosylated L-ASNase
monomer. The glycosylated L-ASNase tetramer can be seen in Fig. 2B,
corresponding to 160 kDa. Comparing Figs. 2 and 3, it is possible to
conclude that the enzyme is more pure after size exclusion
chromatography.

kDa
e
50
40
30 -

Fig. 3. SDS-PAGE of glycosylated L-ASNase from each purification step:
Extracellular Medium (EM); Crossflow filtration (CF); Cationic Exchange
chromatography (CE); Size exclusion chromatography (SE).
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3.2. Evaluation of the purity of the glycosylated L-ASNase by LC-MS/MS

In our previous work, we have analyzed the L-ASNase presented in
this research through mass spectrophotometry. We have found that this
L-ASNase is glycosylated in the epitope ASN;7o with the glycan
GlcNAcoMany [11].

It is well known that injectable biopharmaceuticals must have a very
high purity degree to avoid undesirable side effects. From the regulatory
perspective, impurities can be process related (host cell proteins, media
residues, column leachables) or product related (precursors, degrada-
tion products, aggregates). Understanding the impurities is essential to
developing control strategies to reduce or remove them from the final
product [32]. Thus, to provide an extensive information about the purity
of our L-ASNase after our downstream process, we performed proteomic
analysis by LC-MS/MS to identify potential remaining contaminants.
Table 1 shows the results of proteomics of the glycosylated L-ASNase
after the purification process.

Given the absence of contaminating proteins in the final purified
fraction, we can conclude that our process yielded an extremely pure
protein after downstream processing. The contaminants detected by the
proteomic analysis are from the sample preparation. Recently, Zenatti
and collaborators [33] performed a similar analysis by LC-MS/MS of the
impurities from the two L-ASNases available in the Brazilian market
used to treat ALL. Their findings had shown a very high amount of im-
purities in Leuginase® in contrast to the impurities from Aginasa® [33].
Therefore, our purification process is significantly better than the ones
currently used for commercial production, having potential for scale-up
and eventually reaching market after clinical trials.

3.3. Evaluation of the downstream Yyield of the glycosylated L-ASNase

While biopharmaceutical product purity is a critical criteria in pro-
cess development, the process yield is just as relevant in the industrial
production setting. Hence, we evaluated the L-ASNase yield and
enrichment after each step of the downstream process, (Tables 2A and
2B), for the two purification strategies tested.

In view of a possible loss resulting from the use of the filter in con-
ventional filtration (strategy 1), we decided to change the clarification
steps prior to crossflow filtration. Thus, centrifugation and conventional
filtration were excluded and crossflow filtration with a 300 kDa cut-off
membrane was adopted (strategy 2). Since the protein was approxi-
mately 140-160 kDa, using strategy 2, we first collected the permeate
from this step, and then this permeate went through crossflow filtration
using a 10 kDa cassette.

A loss of approximately 28% of the enzyme activity and a yield of
72.08% were detected after strategy 1 (the use of the filter in conven-
tional filtration), while strategy 2 resulted in 98.20% recovery of the
enzyme (Tables 2A and 2B). In both cases, the enzyme is unlikely to have
been lost to the permeate since it did not present detectable L-ASNase
activity and the molecular weight of the enzyme is over one order of
magnitude larger than the 10 kDa membrane pore-size.

It is noteworthy that the clarification steps prior to crossflow filtra-
tion are necessary because we need to ensure complete removal of cells
from the extracellular medium (where L-ASNase is contained) to avoid
column clogging in the later stage of cation exchange chromatography.
The overall yield of the purification processes were 39.31% and 54.93%

Table 1

Proteins identified by LC-MS/MS analyses from L-ASNase with human-like
glycosylation pattern expressed extracellularly by recombinant Pichia pastoris
after protein purification.

Accession Identified protein Spectral peptides count kDa
ASPG_DICCH L-Asparaginase 212 38
TRY1_BOVIN Cationic trypsin 18 26
ACTB_XENLA Cluster of actin 8 42
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Table 2A
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— Purification process of L-ASNase with human-like glycosylation pattern expressed extracellularly by recombinant Pichia pastoris using a 10 kDa cassette during

crossflow filtration (strategy 1).

Purification steps Volume Activity (U/ [Total Proteins] Total Total Proteins Specific Activity Purification Yield
(mL) mL) mg/mL Activity (mg) (U/mg) fold (%)
(Y]

(1) Extracellular Medium 700.0 1.5 0.3 1014.6 178.3 5.7 1.0 100.0

(2) Crossflow filtration and 140.0 5.2 0.3 731.3 45.9 15.9 2.8 72.1
diafiltration

(3) Cationic exchange 1.3 332.9 2.6 416.1 33 128.0 22.5 41.0
chromatography

(4) Size exclusion 1.5 265.9 1.1 398.9 1.6 253.3 44.5 39.3
chromatography

Table 2B -

Purification process of L-ASNase with human-like glycosylation pattern expressed extracellularly by recombinant Pichia pastoris using a 300 kDa cassette before the

10 kDa cassette during crossflow filtration (strategy 2).

Purification steps Volume Activity (U/ Total Proteins Total Total Proteins Specific activity Purification Yield
(mL) mL) mg/mL Activity (mg) (U/mg) fold (%)
((9)

(1) Extracellular medium 500.0 3.5 0.5 1743.5 260.3 6.7 1 100

(2) Cross flow filtration and 85.0 20.1 1.0 1712.1 87.3 19.6 2.9 98.2
diafiltration

(3) Cationic Exchange 1.8 539.5 1.8 987.3 3.2 307.1 45.9 56.6
Chromatography

(4) Size Exclusion 4.0 239.4 0.5 957.7 2.0 475.0 70.9 54.9
Chromatography

for strategies 1 and 2, respectively (Tables 2A and 2B). Table 4
able

There was a loss of 31.07% and 41.57% of yield after cation ex-
change chromatography (Table 2A). However, no enzymatic activity
was detected in the column outlet during the loading, thus ruling out the
possibility that the column was saturated protein. After adopting strat-
egy 2 as a protocol, we evaluated the recovery and yield factor with the
30 and 100 kDa cassettes (Table 3).

We can conclude that the strategy with the highest yield for L-
ASNase purification was strategy 2 using the 10 kDa diameter cut-off
cassette (Table 3). Using the 100 kDa cassette we had the highest loss.
Interestingly, using the 30 kDa cassette we obtained a lower yield, but
also the highest purification factor among all the studied conditions.

In a study conducted by De Castro Girao and collaborators [34], a
glycosylated L-ASNase obtained from S. cerevisiae was expressed in
P. pastoris. The authors firstly employed size exclusion chromatography,
and then ion-exchange chromatography (MONO-Q) (Table 4). A single
active peak in molecular exclusion and 4 active peaks in cation exchange
were obtained, which, according to the authors, were attributed to
different proteoforms related to different post-translational modifica-
tions. The final yield of the process and the specific activity obtained
were, respectively, 51.3% and 204.4 Urng'1 [34].

Lopes and coauthors [35] found an estimated weight for their
L-ASNase of 178 kDa after gel filtration (Table 4). The final yield
reached by the authors after affinity chromatography was 11.4% with a
specific activity of 5.4 Umg' from a L-ASNase from S. cerevisiae
expressed in E. coli [35].

Studies undertaken by Kante and collaborators [36] evaluated the
production and purification of recombinant human asparaginase

Table 3

Evaluation of purification fold and final yield of the downstream process from
the glycosylated L-ASNase through crossflow filtration using cassettes with
variable cut-off sizes.

Cut off (kDa) Purification fold Final yield (%)
10 (strategy 1) 44.5 39.3
10 (strategy 2) 70.9 54.9
30 (strategy 2) 102.7 45.2
100 (strategy 2) 45.9 15.9
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Final yield and specific activity of different recombinant L-ASNase reported in

the literature.

L-ASNase Purification Specific Final Reference
source Methodology activity yield
(U/mg) (%)
Saccharomyces Cross flow filtration, 204.4 51.3 [34]
cerevisiae size exclusion, anionic
expressed by exchange
Pichia pastoris
Saccharomyces Affinity 5.4 11.4 [35]
cerevisiae chromatography
expressed by
Escherichia coli
Escherichia coli Cross flow filtration 200.0 51.0 [36]
and cationic exchange
Bacillus Cross flow filtration, 697.1 33.0 [37]
lincheniformis precipitation, ionic
exchange, size
exclusion
Erwinia Anionic exchange 312.8 17.8 [38]
chrysanthemi
expressed by
Escherichia coli
Escherichia coli Affinity 190.0 86.0 [39]
chromatography
Escherichia coli Anionic exchange and 190.0 50.8 [40]
size exclusion
Erwinia Cross flow filtration, 475.0 54.9 This work
chrysanthemi cationic exchange,
expressed by size exclusion
Pichia pastoris

expressed in E. coli by crossflow filtration at different temperatures (22,
25, and 28 °C) and transmembrane pressures (12, 16, 20 and 25 psi).
They reported that using 12 and 16 psi transmembrane pressure reached
a process yield of 70% and 74%, respectively [36]. The recombinant
human asparaginase was purified using cation exchange chromatog-
raphy (SP-Sepharose FF) in gradient mode elution and resulted in a 51%
yield and specific activity of 200 Umg™! [36]. Their findings corroborate
with our founding yield of 72.08% using 15 psi transmembrane pressure
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and the same membrane pore size 10 kDa as in the present study
(Table 4).

Other studies reported the recovery of L-ASNase from Bacillus lin-
cheniformis by ultrafiltration, reaching a 94.81% yield [37]. Since ul-
trafiltration is a process involving pressure action, the optimal
transmembrane pressure (TMP) filtration operation is also very impor-
tant to protect the protein’s native structure. The lower recovery yield
may be due to the formation of protein aggregates caused by the solution
feed flow in the membrane with increasing pressure [36].

Trang and coauthors [38] studied the purification of L-ASNase from
E. chrysanthemi expressed by E. coli, and after two chromatographic steps
(Sephacryl and DEAE) the authors obtained a final yield of 17.8% with a
specific activity of 312.8 Umg™ [38]. Another study obtained an 86% of
yield and a specific activity of 190 Umg™ using affinity chromatography
from an extracellularly L-ASNase expressed in E. coli [39].

Other studies employed anionic exchange chromatography (DEAE
column) and size exclusion chromatography to purify a L-ASNase from
E. coli and obtained 50.8% and 190 Umg™ of final yield and specific
activity [40].

Our findings had shown after cation exchange and size exclusion
chromatography, we achieved a specific activity of 128.04 Umg'l,
253.26 Umg’!, respectively, and a yield of 56.63% and 54.93%,
respectively. Table 4 summarizes the yield and specific activities re-
ported in the literature from the purification process of other recombi-
nant L-ASNase and in the present work.

3.4. Evaluation of the cytotoxicity activity of the glycosylated L-ASNase
using a high throughput fluorescent-based platform

The anti-leukemic and anticancer effect of L-ASNases has been
extensively investigated however, the effect of the recombinant glyco-
sylated L-ASNase on human leukemic cells has not been fully elucidated.
There is compelling evidence showing that the BM microenvironment
can promote resistance to ASNases by secreting and providing Asn to
leukemic cells [41] or through production of the protease cathepsin B,
which inactivates ASNases [4]. Hence, the efficacious validation of ef-
ficacy of ASNases against leukemia cells requires the use of co-culture
models that mimic as close as possible the in vivo setting. We used in
our study the commonly used BM stromal cell line HS5 expressing
mCherry, which closely recapitulates critical characteristics of the
cytoprotective mesenchymal/fibroblastic BM niche [26,30,42]. To
study the effect of purified recombinant L-ASNase on human leukemic
cell lines, eGFP-tumour cells were cultured on their own and co-cultured
with mCherry-HS5 (Fig. 4) and were treated with different concentra-
tions of the purified enzyme.

Treatment with glycosylated L-ASNase resulted in the complete
repression of the proliferation of all the cell lines under study from the
lowest L-ASNase concentration tested (0.1 IU) independently of the
presence of the BM stromal cell line mCherry-HS5 (Fig. 4). This is a
valuable information considering that lower doses of glycosylated L-
ASNase may required for the treatment turning more feasible the pro-
duction of this biopharmaceutical in an industrial context of bioprocess
and avoiding undesirable effects by the patient.

However, in terms of the impact of L-ASNase on cell viability we
observed differences among cell lines. Glycosylated L-ASNase induced a
concentration-dependent increase in the percentage of apoptotic cells in
the ALL cell lines eGFP-SEMK2 and eGFP-REH (Fig. 4 B, E). A stronger
cytotoxic effect of glycosylated L-ASNase was observed in eGFP- HB-119
cells cultured on its own and co-cultured with the BM stromal fibroblast
cell line HS5 (Fig. 4 G, H, I). At the lowest concentration tested (0.1 IU),
L-ASNase induced apoptosis in 100% of eGFP- HB-119 independently of
the presence of BM stromal cells (Fig. 4 H). In contrast, the presence of
mCherry-HS5 cells significantly inhibited the pro-apoptotic effect of L-
ASNase in eGFP-SEMK2 and particularly, in eGFP-REH cells. Addition-
ally, eGFP-REH showed the lowest levels of apoptosis in comparison to
eGFP-SEMK2 and eGFP-HB-119 cells under all the experimental
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conditions tested (Fig. 4 A-L). In a recent study, different cell lines were
tested against four different L-ASNase proteoforms. Although the study
was conducted using the MTT methodology, it was also observed that
the REH strain was the most resistant strain to the treatment with L-
Asparaginase, while on the other hand, the MOLT-4 linage was the most
sensitive to treatment [43]. This may be explained because the REH
strain express lysosomal proteases, such as cathepsin B, that inactivate
L-ASNase.

Interestingly, the AML eGFP-MV4-11 strain responded in a
concentration-dependent manner to treatment with L-ASNase leading to
apoptosis (Fig. 4 K). HS5 cells have been shown to inhibit the efficacy of
clinical drugs against AML [44]. However, in our study the presence of
HS5 cells failed to offer cytoprotection of eGFP-MV4-11 cells against
L-ASNase. These results suggest that L-ASNase treatment may overcome
resistance mediated by the BM mesenchymal/fibroblastic niche at least
for some AML cells. Saeed and collaborators reported that their re-
combinant L-ASNase also presented cytotoxicity activity against the
AML linage THP-1 [45]. As previously described by Michelozzi and
collaborators [4] AML cells have variable expression of asparagine
synthetase and seem susceptible to glutamine depletion. This explains
why L-ASNase is not commonly used as first protocol in AML treatment.
The authors evaluated the cytotoxicity activity of the commercial
L-ASNases against THP-1, KG-1 and HL-60 [4]. Their findings showed a
superior efficacy of Erwinase® in all AML cell lines tested in terms of
induction of apoptosis rather than the E. coli ASNase (Kidrolase®) [4].
Furthermore, Emadi and co-authors found that Erwinase showed
anti-leukemic afficacy as a single agent in two out five AML patients
studied [46]. All these findings support that our recombinant glycosi-
lated L-ASNase may also be used to treat AML disorder since it is the
same protein expressed by Erwinia chrysanthemi with human-like
glycosylation patterns added by Pichia pastoris.

It is noterworthy that glycosylated L-ASNase also induced a signifi-
cant inhibition of the proliferation of HS5 fibroblast cells (Fig. 4 M).
Since the HS5 stromal cell are source of L-asparagine for leukemic blasts,
this repression of the activity of thi cytoprotective BM niche by L-ASNase
may represent a mechanism of action of glycosylated L-ASNases by
interfering with the BM tumour microenvironment avoiding cytopro-
tection and relapse of the disease.

Taken together, our data show that glycosylated L-ASNase shows
high cytostatic and cytotoxic activity against ALL and AML cells and
interferes with the possible expansion of cytoprotective BM mesen-
chymal/fibroblastic cells. Overall, our results indicate high efficacy of
glycosylated ASNase against ALL and possibly AML, albeit with different
degrees of impact depending on the capacity of leukemia cells to stim-
ulate the interaction with cytoprotective BM stromal niches.

3.5. Effect of L-ASNase treatment in the leukemic cells intracellular
aminoacids

Chiu and collaborators proposed an amino acid trade-off mechanism
to explain the resistance against L-ASNase along the treatment [41].
According to the authors, stromal cells adapt to L-ASNase and protect
leukemic blasts from the enzyme action. The leukemic blasts synthesize
and secrete glutamine, increasing the extracellular glutamine avail-
ability, which is used by stromal cells to synthetize asparagine, which is
then released to keep the asparagine-auxotrophic leukemic blasts.
Considering this mechaminism, the inhibition of glutaminase syntetase
by L-ASNase avoids this trade-off mechanism.

Thus, in order to evaluate the nutritional support interplayed be-
tween stromal cells and leukemic blasts, an intracellular amino acids
analysis was performed after the treatment with the glycosylated L-
ASNase. For those tests, we selected the concentration of 0.3 IU and cell
cultures were treated for 24 h, and we identified the intracellular me-
tabolites by UPLC-MS/MS in the HB-119, REH and MV4-11 lineages
(Fig. 5).

Upon L-Asparaginase treatment, we detected a major decrease in
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Fig. 4. Analysis of the impact of glycosylated L-ASNase on tumour and stromal cell proliferation in co-culture. Fluorescent-based analysis of proliferation of eGFP-
expressing leukemic cell lines (A, D, G, J) and mCherry-expressing HS5 stromal cells (M) in response to increasign concentrations of glycosylated L-ASNase. Pro-
liferation of cells was evaluated after 72 h. Percentage of apoptotic cells in response to glycosylated L-ASNase treatment (B, E, H, K) analysed by FACS. Fluorescence
micrographs showing the presence of eGFP-SEMK2 cells (C), eGFP-REH cells (F), eGFP-HB-119 cells (I) and eGFP-MV4-11 cells (L) cultured alone or in the presence
of mCherry-HS5 BM stromal cells. All experiments were repeated 3 times.*P < 0.001, ANOVA test versus control (untreated). #P < 0.001 ANOVA test versus co-
coltured models.
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intracellular asparagine levels when tumour cells were cultured on their
own. In contrast, when tumour cells were co-cultured with stromal cells,
all leukemia cell lines tested sustained higher levels of intracellular
asparagine (Fig. 5). These data reaffirm that BM provides cytoprotection
to tumour cells by synthesizing and providing asparagine [41]. In
contrast, the levels of glutamine did not fluctuate with treatment with
glycosylated L-ASNase, indicating a high specificity of the enzyme for
asparagine. In comparison, some previously reported ASNases have
demonstrated low specificity as they also show glutaminase activity
[43], which may results in unwated side effects on healthy tissues.

In addition, the highest concentration of lysine for all three cell lines
studied was detected when the tumour cells were co-cultured with BM.
These result suggests a possible dependence by cancer cells of lysine
synthesized by BM stromal cells, which could potentially lead to future
drug discovery studies targeting also lysine [47]. It is also important to
remark that from the lysine perspective, we can see a difference in the

lone
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response between ALL and AML cells. When MV4-11 cells were cultured
alone, treatment with glycosylated L-ASNase had a minor impact on the
levels of lysine whereas a significant reduction in lysine levels were
observed in the two ALL cell lines tested under the same experimental
conditions.

4. Conclusion

In summary, the recombinant glycosylated L-ASNase generated in
this study induced a cytotoxic effect in all human leukemic cell lines
tested. These data support the potential of the glycosylated L-ASNase as
a promising alternative enzyme in ALL treatment and warrants further
studies to explore its application against AML treatment as well. The
method described for L-ASNase purification may be used for the devel-
opment of a further bioprocess to better address the challenge of offering
alternative L-ASNase with high purity and yield. In addition, our data
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show the critical role of the cytoprotection of ALL and AML cells
mediated by their interaction with BM stromal cell that should be taken
into consideration for any significant pre-clinical investigations to study
the efficacy of L-ASNases.
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