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Abstract—Asparaginase is one of the most important chemotherapeutic agents against acute lymphoblastic
leukemia, the most common form of blood cancer. To date, both asparaginases from E. coli and Dickeya
dadantii (formerly known as Erwinia chrysanthemi), used in hematology, induce chemoresistance in cancer
cells and side effects in the form of hypersensitivity of immune reactions. Leukemic cells may be resistant to
asparaginase due to the increased activity of asparagine synthetase and other mechanisms associated with
resistance to asparaginase. Therefore, the search for new sources of L-asparaginases with improved pharma-
cological properties remains a promising and prospective study. This article discusses the mechanisms of
development of resistance and drug resistance to L-asparaginase, as well as possible ways to overcome them.

Keywords: antitumor enzymes, L-asparaginase, drug resistance, immunogenicity

DOI: 10.1134/S1990750822030027

INTRODUCTION

Preparations with enzymatic activity have been
used in clinical medicine for more than 50 years.
Replacement therapy of pancreatic insufficiency,
acceleration of wound healing or thrombolytic treat-
ment are among the most successful applications of
enzyme preparations. Enzymes that irreversibly
destroy certain vital amino acids are being developed
as anticancer therapeutics [1]. The first bacterial
enzyme introduced into clinical practice was L-aspar-
aginase (L-asparaginamidohydrolase (EC 3.5.1.1))
[2]. Currently, native L-asparaginase from Escherichia
coli (EcA) and Dickeya dadantii (formerly known as
Erwinia chrysanthemi, ErA), along with the
PEGylated form of E. coli asparaginase, is being suc-
cessfully used to treat patients with acute lymphoblas-
tic leukemia [3—6]. Normal and tumor cells require
L-asparagine to meet their metabolic needs. Normal
cells can synthesize L-asparagine for their growth
using asparagine synthetase, while tumor cells lack the
ability to synthesize asparagine due to the absence or
insufficient expression of this gene, and therefore
depend on the exogenous supply of this amino acid
from the bloodstream [7]. The antitumor effect of
L-asparaginase is based on its ability to hydrolyze
L-asparagine to L-aspartate and ammonia. The effect
of L-asparaginase on tumor cells, mainly leukemic
cells, leads to disruption of protein synthesis and star-
vation of cancer cells, causing their death [8]. L-aspar-
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aginases have been identified in mammals, birds,
plants, fungi and a wide range of bacteria [9, 10]. To
date, dozens of microbial sources of L-asparginases
have been identified, although not all have demon-
strated cytotoxicity to leukemic cells or tumor-inhibit-
ing effects [1, 10].

Historically, L-asparaginases have been classified
into three families: plant type, Rhizobium etili type,
and bacterial type. Bacterial L-asparaginases, in turn,
can be divided into two types depending on inducibil-
ity, cellular localization, substrate affinity, and quater-
nary structure [11]. L-asparaginase type I—constitu-
tively expressed enzymes localized in the cytoplasm;
they have a relatively low affinity for L-asparagine.
Among the most studied type I enzymes are L-aspar-
aginases Bacillus subtilis [12], Pyrococcus horikoshii
[13] and Acinetobacter soli [14], which showed a rela-
tively low affinity for L-asparagine resulting in no
potential therapeutic application. Type II bacterial
L-asparaginases are periplasmic enzymes with
induced expression during anaerobiosis that have high
affinity for L-asparagine and broad substrate specific-
ity, resulting in potent antitumor activity [15].

The therapeutic use of L-asparaginases is limited
by many side effects: hepato- and nephrotoxicity, dys-
functions of the central nervous system, pancreatitis,
thromboembolism, mucositis, hyperglycemia and
dyslipidemia [16—18]. In addition, the genotoxic
activity of L-asparaginase produced by Streptomyces
ansochromogenes [19]. These side effects are thought
to be due to non-specific effects of these enzymes. In
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Table 1. Physicochemical properties of L-asparaginases used in clinical practice (adapted from [32])

L-asparaginase L._ asparaginase' .
Parameter . . Dickeya dadantii
Esherihia coli (Erwinia chrysanthemi)

Molecular weight of the subunit, kDa 36.8 34.2
Specific activity, [lU/mg protein 280—400 330-350
Optimum pH 8—-8.6 7—10
K, for asparagine, uM 12 194
Isoelectric point 4.6-5.5 8.85
L-glutaminase activity, % of L-asparaginase 3 3

addition to the well-studied antiproliferative effects of
L-asparginases, which are caused by a deficiency of
L-asparagine in the environment of tumor cells, sev-
eral alternative mechanisms have also been proposed.
According to the first of them, as a result of the degra-
dation of alternative enzyme substrates such as L-glu-
tamine, D-asparagine, succinic acid monoamide and
asparaginyl-tRNA [20, 21] antiproliferative or side
effects may occur. According to the second, L-aspar-
aginase from F. coli can release carbohydrates from the
o2-HS-glycoprotein fetuin, and hydrolysis of cell
membrane glycoproteins and inhibition of their syn-
thesis by the enzyme can lead to cell lysis [22]. Accord-
ing to the third, this enzyme can also inhibit glycopro-
tein biosynthesis and lead to an increase in membrane
permeability due to a specific effect on the concanav-
alin A receptor [23]. An unexpected cytotoxic asparag-
ine-independent mechanism has been described for
the mutant L-asparaginase of Rhodospirillum rubrum
(RrA). RrA has demonstrated regulatory ability and
downregulated telomerase activity in several human
cancer cell lines, normal activated CD4" T lympho-
cytes, and human solid tumor xenografts [24—26].
These observations point to the existence of multiple
mechanisms of action of L-asparaginases on tumor
cells, which can also affect normal cells, thereby caus-
ing a variety of side effects and the development of
resistance. In this review, we reviewed the main mech-
anisms for the development of drug resistance in the
application of L-asparaginases and the results of work
to find ways to overcome it.

1. CHARACTERIZATION
OF L-ASPARAGINASES USED
IN CLINICAL PRACTICE

The study of the antitumor properties of L-aspara-
ginases began in the 1950s with the detection of a
reduction in lymphoma in mice that were injected
with serum from the blood of guinea pigs [27, 28].
J. Broome suggested that I-asparaginase, found in the
blood serum of guinea pigs, is effective against tumor
cells of lymphoid tissue [29]. Over the years, about five
hundred different L-asparaginases have been isolated

and described from plants, terrestrial and marine
microorganisms [30], of which bacterial L-asparagi-
nases EcA and ErA had the highest antitumor activity
[31]. These two enzymes, which are 77% identical in
amino acid composition, exhibit similar properties
(Table 1).

Both enzymes belong to class II L-asparaginases
and function as homotetramers with a molecular
weight of about 140 kDa. Every 2 monomers are com-
bined into dimers, forming a tetramer. There are 4 cat-
alytic sites between the N- and C-terminal domains
(Fig. 1). Only the tetramer has enzymatic activity [33].

The known mechanism of the catalytic reaction
consists in the interaction of nucleophilic threonine
located near the active site of the enzyme with the car-
bonyl group of asparagine to form an acyl enzyme. In
this case, an ammonia molecule is split off from the
substrate, and the acyl enzyme reacts with a water
molecule to form aspartate and a free enzyme (Fig. 2)
[33].

The antitumor effect of these enzymes is to reduce
the concentration of L-asparagine in the blood, which
is necessary for the synthesis of proteins (primarily
membrane proteins) and nitrogenous bases of rapidly
dividing tumor cells, and to ensure a normal cell cycle.
[7]. The rapid proliferation of tumor cells leads to a
deficiency of L-asparagine in them, and the introduc-
tion of L-asparaginase causes depletion of extracellu-
lar L-asparagine. In leukemia, lymphoblasts are not
able to produce asparagine to compensate for the defi-
ciency of extracellular asparagine (due to the
extremely low activity of the asparagine synthetase
enzyme), therefore, the cell cycle stops in the postmi-
totic G1 phase and subsequent death along the apop-
tosis pathway (Fig. 3) [34, 35].

L-asparaginases EcA and ErA are the key drug in
all protocols for the treatment of such oncological dis-
eases as: lymphoid leukemia, which is divided into T-
and B-, with further subdivision into acute (ALL) and
chronic (CLL), chronic myeloid leukemia (CML),
non-Hodgkin lymphoma, NK/T-lymphoma, glio-
blastoma, reticuloblastoma, and some solid tumors
[10, 36]. Currently, 3 drugs are used in the clinic: a
native enzyme from EcA (under the trade names
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Fig. 1. Homotetramers of L-asparaginases (a) EcA and (b) ErA, showing the identity of their quaternary structures. Each mono-
mer is highlighted with an individual color. The L-aspragine substrate molecule at the active site of each monomer is shown in
yellow. Protein Data Bank data source: for EcA 5f52; for ErA 6v5f. The structures were visualized using the PyMOL program

(Schrodinger Inc., USA).
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R H3N+ H3N+ H3N+
i MNHz B M——— —C;[S — > NO_
: /
Glu283 . NH;j R
/\
R™ "CHj; N
\/\
R R)\CH3 ny R
Tyr25 Thrl2
Thr89
Triad I Triad IT ;/(
R~ Asp90

Fig. 2. Mechanism of the reaction in catalytic triads based on the enzyme EcA. Triad I acylates the substrate (L-asparagine) to
form a B-aspartyl enzyme intermediate. Triad I1 deacylates the intermediate in the presence of a water molecule, releasing L-aspar-
tic acid and ammonia as products. In the first reaction, the electron density migrates from Glu283 to Tyr25 oxygen and then to
Thr 12 oxygen. A nucleophilic attack occurs, leading to the release of ammonia and the formation of an ether. In the second reac-
tion, due to the presence of a charge on Asp90, an ionic bond is formed with the amino group Lys162, which leads to the removal
of a proton from Thr 89, followed by a nucleophilic attack of a water molecule on the ester carbon. Thus, a deacetylation reaction

occurs.

Elspar, Leinase, Kidrolase, Krasnitin, asparaginase
Medak and VeroAsparginase), a PEGylated form of
this enzyme PEG-L-asparaginase (a conjugate of a
native enzyme covalently bound to PEG in places that
do not affect the enzymatic activity, Oncaspar) and
the ErA enzyme (Ervinase). The efficacy of various
asparaginase-based regimens has been shown in stud-
ies such as SMILE [37], GELOX [38], AspaMetDex
[39] and DDGP [40].

The above drugs proved to be most effective in the
treatment of ALL in children. Remission in them
reaches 40—60% of cases with single drug therapy, and
up to 90-95% with the additional use of the cytostatic
vincristine in combination with prednisolone [41].
However, L-asparaginase preparations are of limited
use because they cause severe adverse reactions: dis-
seminated vascular coagulation syndrome (clot forma-
tion), severe hypertriglyceridemia (contributing to the
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Fig. 3. Mechanisms of antitumor effects of L-asparaginase. Cleavage of asparagine induces the expression of the asparagine syn-
thetase gene, which leads to a decrease in asparagine deficiency and can cause resistance to L-asparaginase. Upon hydrolysis of
asparagine (and/or glutamine), cells activate GCN2 kinase, which phosphorylates the o.-subunit of the eukaryotic translation ini-
tiation factor 2. This phosphorylation reduces the rate of protein synthesis and results in energy savings needed for cell survival.
Overall protein synthesis is reduced, but preferential translation of mRNA of pro-apoptotic proteins occurs. One of them, tran-
scription activating factor 4 (ATF4), can result in both the expression of the asparagine synthetase gene, which promotes cell sur-
vival, but can also induce the expression of proapoptotic factors. L-asparaginase affects the mTOR signaling pathway, which con-
trols cell growth and division in response to environmental conditions. Under the action of L-asparaginase, it leads to inhibition

of protein synthesis.

development of atherosclerosis, pancreatitis and Alz-
heimer’s disease), acute hyperglycemia (diabetes mel-
litus), hypofibrinogenemia (hemorrhage), osteone-
crosis (death of the bone marrow and bone structure)
[42]. These reactions are due to the formation of anti-
bodies to the enzyme due to its bacterial origin and
large molecular weight. Antibodies produced by
immune cells in response to the introduction of
L-asparaginases are divided into neutralizing and
non-neutralizing. Neutralizing antibodies are able to
bind to the active site of the therapeutic protein,
inhibit the activity and reduce the effectiveness of the
drug, necessitating higher and more frequent doses to
achieve a clinical effect. Non-neutralizing antibodies
do not bind to the active site, but are able to accelerate
drug clearance by forming immune complexes with
biotherapeutic drugs and removing them from circula-
tion through the system of mononuclear phagocytes.

The study of the immunogenicity of native and
PEGylated EcA and native Erwinia carotovora (EwA)
asparaginase by the surface plasmon resonance
method, which makes it possible to determine the
kinetic, equilibrium and thermodynamic parameters
of intermolecular interactions (including detection of
antibody specificity), showed that 96.4% of the pro-
duced antibodies are neutralizing [43]. Frequent
administration of EcA, which has the highest immu-
nogenicity, can lead to the development of anaphylac-
tic shock [18].

The development of resistance is also one of the
factors limiting the use of this drug. The reasons for
the resistance of tumor cells to chemotherapy may be
the result of a number of processes: a decrease in the
intracellular concentration of the antitumor drug due
to active ATP-dependent excretion of the substance
into the intercellular environment (such transport is
carried out by the plasma membrane protein P-glyco-
protein (Pgp), which is a product of the MDRI1 gene);
violation of apoptosis in the tumor cells themselves
(mutation or deficiency of the p53 gene, overexpres-
sion of the Bcl-2 gene, making cells insensitive to
proapoptotic stimuli); activation of detoxifying sys-
tems such as glutathione/glutathione-S transferases;
sequestration of drugs into intracellular vesicles of the
lysosome and endosome; change in the targets of
topoisomerase I1, which affects the topology of DNA;
increased repair of drug-induced DNA damage; over-
expression of multidrug resistance genes (MDR,
MRP, BCRP, etc.); change in lipid metabolism incl.
in the ceramide pathway (ceramides are a component
of the cell membrane, and also serve as a signal mole-
cule in the processes of proliferation, differentiation
and apoptosis); inhibition of the capture of drugs
when changing surface receptors and carriers; overex-
pression of target enzymes, such as thymidylate syn-
thetase, which is a key enzyme that controls DNA rep-
lication (is a predictive factor in the treatment of solid
tumors); chromosomal abnormalities in tumor cells
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leading to overexpression of antiapoptotic genes [44].
According to Rajic et al. [45], the risk of developing
complications in treatment with L-asparaginase is of a
genetic nature, at least in children whose entire exome
sequencing revealed a polymorphism of the gene
encoding the GRIAI protein, a heteromeric protein
complex of the glutamate receptor, which is an excit-
atory neurotransmitter in the mammalian brain.

2. METHODS FOR REDUCING
THE IMMUNOGENICITY
OF L-ASPARAGINASES

The immunogenicity of a protein can be reduced
by altering the amino acid sequences recognized by
B cell epitopes, or sequences that are associated with a
major histocompatibility complex that elicits T cell
dependent immune responses. The identification and
removal of B cell epitopes is difficult due to their con-
formational nature and the lack of knowledge of the
B cell antibody repertoire in people of various ethnic
groups. Enzyme T cell epitopes are usually present in
large numbers and their removal requires significant
alteration of the sequence of the polypeptides. Devel-
oped by Cantor et al. [46] a neutral drift system using
the IEDB epitope database (http:www.iedb.org.)
made it possible to create an EcA mutant containing
8 amino acid substitutions, 3 of which are not found in
any of the 500 bacterial-type asparaginases. This EcA
mutant had low immunogenicity with preserved cata-
lytic activity and stability. In works performed prior to
the creation of the IEDB database, Moola et al. [47]
determined that the main antigenic epitope of
EwAisthe sequence near the C-terminus—
282GIVPPDEELP287. They obtained a mutant form
of the enzyme with an 8-fold reduced antigenicity,
replacing Pro285 with Thr285. In M.N. Offman two
EcA mutants resistant to degradation by protease B
and human asparaginyl endopeptidase, an enzyme
produced by leukemic blast cells, were obtained [48],
and the replacement of three amino acids 195RKH197
with 195AAA197 made it possible to reduce the anti-
genicity of the enzyme by 5 times, which was proved by
ELISA using polyclonal antibodies against wild-type
asparaginase [49]. Sequence 254NLYKSVF260 iden-
tified in EcA structure causing activation of immune
responses in ALL therapy [50]. In the work by Mechta
and co-authors, significant amino acids in B-cell epi-
topes were determined by ELISA: Ser122, Tyr-176,
Tyr181 and by site-directed mutagenesis, 10 times less
immunogenic proteins were obtained, which were also
able to reduce the transcription of asparagine synthe-
tase [51].

The ErA enzyme has a lower ability to induce aller-
gic and other adverse reactions and the immunogenic-
ity of this enzyme is 5 times lower compared to EcA
[52]. Also, PEGylated forms of EcA (1 day) and ErA
(0.6 days) have a lower immunogenicity and a longer
half-life [53]. The PEGylated form of ErA maintained
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complete depletion of plasma asparagine in mice for
72 hours using a 50-fold lower dose of the enzyme and
did not cause the formation of specific antibodies [6].

Does not cause the production of cross-antibodies
with EcA and ErA L-asparaginase Rodospyrillum
rubrum (RrA) [54], consisting of 172 amino acid resi-
dues (18 kDa), having a low degree of homology with
the above enzymes. RrA does not require cofactors for
functioning and has low glutaminase activity (no more
than 0.1% of asparaginase activity). By site-directed
mutagenesis, RrA clones carrying D60K, F61L,
R118H, and GI120R substitutions were obtained,
which showed an improvement in Kinetic parameters
and enzyme stability. E149R and V150P substitutions
led to an increase in antitumor activity and a decrease
in toxicity to normal cells [54, 55], and in vivo studies
in mice with tumors have shown a doubling of life
expectancy, and in 14% of mice a complete cure [56].
Asparaginase variants RrA E149R, V150P, and F151T
were also found to enter breast cancer cells and normal
lymphocyte cells [26, 57]. Penetration occurs with the
help of the clathrin protein, which provides receptor-
mediated endocytosis, that is, the selective uptake of
substances by an animal cell, in which the macromol-
ecule binds to the cell surface receptor and enters the
cell in vesicles bordered by clathrin. In addition to
asparaginase activity, the enzyme exhibits antibody
activity inside cell nuclei, reducing the expression of
the hTERT subunit of telomerase and inhibiting telo-
merase activity by 80%, and thereby blocking the divi-
sion of the tumor cell. Therefore, RrA can potentially
be used as an antitumor agent with a dual mechanism
of action. The immunogenicity of RrA can also be
reduced by PEGylation, as due to enlargement of the
molecule, less antibodies are formed and the uptake of
L-asparaginase by the monocyte-macophage cell sys-
tem decreases [6, 53].

Chito-PEGylation was performed to stabilize RrA
[58]. This process is based on the formation of enzyme
conjugates with branched graft copolymers based on
PEG-modified ionogenic chitosan. The physico-
chemical properties of the polymer can purposefully
be varied over a wide range depending on the degree of
polymerization of the chitosan polysaccharide and the
degree of PEGylation. The polyelectrolyte nature of
copolymers causes a multipoint electrostatic interac-
tion with the protein surface, helping to stabilize the
conformation of the enzyme. Conjugation of RrA with
PEG-chitosan did not change the structure of the
enzyme (the content of o- and B-helices remained the
same) and increased the specific activity by almost
30%. The conjugates, due to their polycationic prop-
erties, contributed to the pH shift towards physiologi-
cal values (from pH 9.2 to pH 7.5). Therefore, the
chito-PEGylation method is promising for the devel-
opment of highly effective drugs of L-asparaginases.

To reduce immunogenicity problems, attempts
have been made, so far unsuccessful, to replace bacte-
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rial enzymes with human enzymes. Mammalian and,
in particular, human asparaginases, designated
hASNase 1 and hASNase 3, radically differ in struc-
ture from bacterial L-asparaginases. Thus, hASNase 1
(asparaginase-like protein, glial asparaginase) exhibits
activity as L-asparaginase, as well as 3-aspartyl pepti-
dase. In addition, hASNase3 is the N-terminal
domain of human lysophospholipase, which has prop-
erties similar to bacterial L-asparaginases [59]. A
phospholipase with 3 enzymatic activities was isolated
and characterized from the liver of rats: phospholi-
pases, acetylhydrolases, and L-asparaginases. The
N-terminal domain of this enzyme possessed L-aspar-
aginase activity. The results of kinetic analysis, muta-
genesis, structural modeling and fluorescent labeling
indicate its homology with EcA type 1. All obtained
human asparaginases have very high (about 50 mM)
K, values for asparagine and therefore cannot be used
as therapeutic agents. Unlike human, guinea pig
L-asparaginase (gp ASNase 1) has a low K, for aspar-
agine (57.7 uM), has no glutaminase activity, and is
also 70% homologous to human hASNase 1. As a
result of the humanization of gp ASNase 1 (replace-
ment of the C-terminal domain of gpASNase 1 with
the domain of hASNase 1), 2 clones were obtained,
100 and 140times greater catalytic activity
than hASNase 1. They had antiproliferative activity
and had K, like gp ASNase 1, what is the basis for cre-
ating a fundamentally new drug for the clinic of leuke-
mia [60].

3. FACTORS DETERMINING RESISTANCE
AND HYPERSENSITIVITY
TO L-ASPARAGINASES

Not all leukemic cells are sensitive to the action of
L-asparaginase, and asparaginase resistance is an
unfavorable prognostic factor. The first established
mechanism for such resistance is the ability of tumor
cells to express asparagine synthetase (ASNS). ASNS
catalyses the synthesis of asparagine and glutamate
from aspartate and glutamine in an ATP-dependent
amidotransferase reaction [61]. In ALL cells, ASNS
expression is absent, which is the rationale for L-aspar-
aginase therapy. However, in some cancers, ASNS is
overexpressed, promoting cell proliferation, chemore-
sistance, and metastasis. Particularly high levels of
expression were found in tumor cells of pancreatic,
brain, thyroid, and testis cancers [62]. The exact role
of ASNS in tumor growth modulation is unknown,
but the expression of this gene is increased with the
proliferation of solid tumors and the development of
resistance to chemotherapy with L-asparaginase. A
mechanism has been proposed according to which
asparagine depletion increases the activity of GCN2
kinase, which phosphorylates the o-subunit of the
translation initiation factor elf2o;, which, in turn,
reduces the rate of protein synthesis and, ultimately,
promotes the survival of leukemic cells [63]. Simulta-
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neously with the slowdown in protein synthesis, the
translation of total mRNA, including the transcription
factor ATF4, increases, the induction of which pro-
motes tumor proliferation under nutrient restriction
and induces the expression of ASNS as a key factor in
tumor initiation and growth under conditions of a lim-
ited amount of amino acids. Normally, ASNS is
required for normal brain development, and underex-
pression caused by 15 unique mutations in the gene
leads to developmental delay in children, microceph-
aly, and progressive brain atrophy [63]. W. Liu et al.
[64] studied the relationship between ASNS mRNA
levels and response to L-asparagine in NK/T lym-
phoma cell lines. The authors were unable to draw a
clear conclusion whether ASNS is an oncogene or an
anti-oncogene. A. Aslanian et al. [65] demonstrated
the resistance of MOLT-4 tumor cells to the action of
L-asparaginase when ASNS was overexpressed. It was
also found that increased ASNS activity was associ-
ated with a polymorphism of the main leucine-activat-
ing transcription factor ATF5 [66]. Measurement of
blood ASNS levels can predict resistance to L-aspara-
ginase therapy, but ASNS levels are important, but not
the only factor in resistance of leukemic cells to the
action of a therapeutic enzyme [67].

The use of genome-wide screening for ASNS
knockout revealed that sensitization to L-asparaginase
is mediated in mammals by WNT, a signaling system
that regulates the development of malignant tumors.
WNT-dependent protein stabilization depends on
proteasomal degradation (catabolic source of asparag-
ine) and glycogen synthase 3. Inhibition of this
enzyme was found to increase sensitivity to L-aspara-
ginase in resistant leukemia cells [68]. Therefore,
ASNS inhibition may represent a promising strategy
for the treatment of ASP-resistant leukemias, the so-
called asparagine synthetase chemotherapy.

The first candidate for an inhibitor ASNS in
human leukemia cell culture [69] adenylated sulfoxi-
mine, which inhibited ASNS B nanomolar concentra-
tions. However, its ability to pass through cell mem-
branes is limited by the presence of amine and carbox-
ylate functional groups that recognize and bind
aspartate. Study of the kinetic parameters of action
ASNS suggests that B-aspartyladenylate analogs, sul-
fur-containing aspartate analogs, cysteine sulfonic
acid, and N-acylsulfonamide may also be inhibitors of
this enzyme [69].

In the development of resistance to the action of
L-asparaginase, glutamine synthetase plays a signifi-
cant role, since L-asparaginase can also hydrolyze
L-glutamine to L-glutamic acid and ammonia. It was
found that L-asparaginase-resistant cells produced
more glutamine by increasing the activity of glutamine
synthetase [70]. Indeed, the effectiveness of the thera-
peutic action of L-asparaginases depends on its ability
to hydrolyze L-glutamine, which competes for the
active center of the enzyme with L-asparagine. Gluta-
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mine is able to restore asparagine-deprived cells
through a transamidation reaction, where glutamine is
an amino group donor in the synthesis of asparagine
with the participation of ASNS. L-glutamine defi-
ciency inhibits tumor growth through inhibition of the
mTOR pathway (in particular, protein kinase, which is
part of signaling multimolecular complexes mTOR
regulates cell growth and survival), which leads to
inhibition of protein synthesis. But, having a sufficient
amount of glutamine, ASNS increases the concentra-
tion of asparagine, which inhibits GSN2 (a protein
kinase that phosphorylates the hydroxyl residues of
serine and threonine) and prevents apoptosis [33].

From the above, it follows that for successful anti-
leukemic activity of L-asparaginase, in addition to the
depletion of asparagine, a decrease in glutamine levels
is also necessary. Therefore, L-asparaginase ErA,
which has a relatively high level of glutaminase activ-
ity, has become a therapeutic drug that gives fewer side
effects compared to EcA drugs [71].

4. WAYS TO OVERCOME DRUG RESISTANCE
TO ASPARAGINASES

The main factor limiting the use of asparaginases
are hypersensitivity reactions that develop according
to various estimates in 5—45% patients [72, 73]. To
reduce immunogenicity and overcome drug resistance
to asparaginases, several approaches have been pro-
posed that are used to improve the pharmacological
characteristics of L-asparaginase: the search for new
natural and development of recombinant asparagi-
nases with improved properties; enzyme immobiliza-
tion on polymeric carriers; incorporation of asparagi-
nase into artificial polymeric vesicles or erythrocytes.

The modern development of genetic engineering
makes it possible to create recombinant enzymes that
are encoded by the genes of some organisms in the
cells of others, which makes it possible to obtain
enzymes with the desired properties and simplify the
technology of their production and purification. Cur-
rently in Protein Data Bank order data available
500 L-asparaginases of various origins, including
genetically engineered ones. Theoretical studies and
practical experience have made it possible to deter-
mine the most significant amino acids involved in the
catalytic process and to obtain enzymes with improved
properties. Many mutant forms of L-asparginases with
improved pharmacological properties have been
obtained compared to the original enzymes [74].
Recent progress in the development of programmable
nucleases such as zinc finger nucleases (ZFNs), effec-
tor nucleases like transcription activators (TALENSs),
and clustered nucleases associated with short palin-
dromic repeats (CRISPR)-Cas, related to Cas enabled
gene editing to move from concept to clinical practice
[75]. These methods have been shown to be effective
in minimizing the immunogenicity of certain
enzymes, improving their substrate specificity and sta-
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bility. Actively developing approaches to protein engi-
neering de novo c using deep learning neural networks
such as trRosetta [76] or AlphaFold 2 [77], become
attractive tools for designing proteins with desired
properties. These methods can be used to create
potent artificial L-asparaginases with reduced immu-
nogenicity, low specificity for L-glutamine, and
increased blood stability. An important criterion for
the effectiveness of L-asparginases is the half-life of
the enzyme, due to the activity of blood serine prote-
ases such as blood coagulation factors II, VII, IX, X,
XI, XII and the Fletcher factor. The resistance of the
enzyme to proteases under experimental conditions is
tested by its resistance to trypsin, since the selectivity
of the action of these proteases is ensured by the spe-
cific structures of the N-terminal regions of the mole-
cules and the amino acid sequence of the regions of
blood coagulation factors is homologous to those of
trypsin. Trypsin resistance (maintenance of 75%
activity) showed a chimeric protein, EcA with protec-
tive single chain antibody [78].

In order to improve the pharmacological properties
of L-asparginases, attempts have been made for the
last 25 years to obtain immobilized enzymes. The term
“immobilized enzymes” means that the enzyme is
localized in a certain region of space with the preser-
vation of its catalytic activity. Immobilized enzymes
can be used continuously and repeatedly. However,
the carrier may change such physico-chemical and
pharmacological properties enzyme as: solubility,
thermal and storage stability, pH and temperature
optima, half-life, substrate affinity (K,,), half-life and
cytotoxicity. The carrier also protects the enzyme from
the action of proteases, blocks the sites that cause the
production of antibodies, creates a shell that prevents
the molecule from being accessible to proteins and
cells of the immune system, but is permeable to the
substrate [33]. The following approaches are used for
immobilization: physical adsorption under the action
of hydrogen, Coulomb and dispersion forces; covalent
attachment, characterized by the establishment of an
irreversible chemical bond between the functional
groups of the enzyme and the carrier material of the
nanoparticles; capture of the enzyme by the type of
“lattice” i.e. capture of the enzyme by a water-insolu-
ble polymer (most often polyacrylamide or polyvinyl
alcohol); capture of the enzyme by the type of “micro-
capsules” i.e. the enzyme is surrounded by a semi-per-
meable polymeric membrane [71]. The main carriers
used to modulate the functions of L-asparginase are
biological and biogenic nanoparticles in the form of
polyethylene glycol (PEG), polyglycolic and polylac-
tic acids; liposomes (large, small and multilayer), den-
drimers (polyamidoamine, polylysine), carbon nano-
tubes (fullerenes, graphene), metals (Au, Ag, Pt, Ti,
Fe, SiO,) [79]. Table 2 presents the main polymer car-
riers of L-asparginases and their properties.
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Table 2. Polymer carriers of L-asparginases and some properties of the copolymers

Polymer carriers of L-asparaginase

Some properties of copolymers in comparison with native L-asparaginase

PEG, palmitic acid

Albumin copolymer

Fibroin (silk protein)

Copolymer of vinylpyrrolidone and acrolein
Carboxymethylcellulose

N, O-carboxymethylchitosan

Dextran sulfate and polyglucin

Fructose polymer

Colomic acid

Increase in catalytic activity

Increasing resistance to proteolysis, reducing immunogenicity
Thermal stability at 60°C, storage stability, decreased immunogenicity
Increasing thermal stability

Increase in life expectancy of experimental animals up to 3 times
25-Fold increase in half-life, physiological pH

Thermal stability and storage stability

Thermal stability and storage stability

K., as a native enzyme, stability in the bloodstream

Table 3. Nanostructures used to encapsulate L-asparaginases

% incorporation

Carriers Compound . Characteristics of the resulting drug
of L-acparaginase
Liposomes Phosphatidylcholine, cholesterol, From 36.7 to 72.5 | 2-Fold increase in survival time,
sterylamide ester, monosialoganglios | depending on the size | decrease in anaphylactic reactions,
of the liposomes half-life 5.5 times longer than that
of the native enzyme
Bionanospheres | Copolymer of lactide and glycoside 100 Circulation time 20 days
Nanoparticles Polyhydroxybutyrate 28.0 Activity 38% of the original within 4 h
Polyhydroxybutyrate + heparin — Activity 50% of the original after 6 h.
No side effects
Carboxymethyl-konjac- 68 High thermal and pH stability
glucomannan-chitosan
Chitosan-hyaluronic acid-chitosan — Targeted delivery in a magnetic field,
with Fe*? salts and Fet? non-toxicity, enzyme stability
for 4 months. At 4°C
Maltose-functionalized 77.2 Retention of 90% activity at 550°C
Fe;0, core on Au nanoparticles for3h
Fe;04-chitosan 60 Targeted delivery in a magnetic field,

non-toxicity, enzyme stability
for 4 months. At 4°C

The results of numerous studies demonstrate the
advantages of PEGylated L-asparaginase over the
native enzyme, since PEGylation blocks potential
immunogenic epitopes of the native enzyme mole-
cule, thereby reducing the immune response and
hypersensitivity reactions. PEGylation provides a
delay in the excretion of the enzyme and prolongs the
time of its circulation in the body up to 8 days [78].
The high efficacy of PEGylated EcA as a first-line
chemotherapy drug was registered in the protocol of
intensive care for ALL in children [80]. The drug also
showed a reduced titer of antibodies to the enzyme, a
longer half-life and remission in patients not only with
ALL, but also with lymphoid tumors [81].

Encapsulation of the enzyme is used to overcome
drug resistance. the inclusion of various microparti-

cles inside, which makes it possible to protect the
enzyme from active plasma proteases and from the
immune system. This leads to the fact that practically
no antibodies are formed against the injected foreign
protein, which makes it possible to greatly lengthen
the lifetime of the drug inside these particles (and,
accordingly, in the bloodstream, if the particles them-
selves are sufficiently long-lived). In addition, the
enzyme exhibits catalytic activity while inside the par-
ticles, so there are no high concentrations of free
enzyme in the bloodstream, which cause many side
effects. Various artificial polymeric and natural carri-
ers are used as particles for incorporating L-asparagi-
nase (Table 3).

Work is underway on the encapsulation of L-aspar-
aginases in erythrocytes [82]. The advantages of eryth-
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rocytes as microvesicles for enzyme delivery are: ease
of obtaining autologous cells from the blood, ideal
biocompatibility, the ability to protect the enzyme
from inactivation and immunological reactions of the
body and, as a result, a longer (up to 3 months) dura-
tion ofaction [83]. Methods forincorporating L-aspar-
aginases into erythrocytes are: a method of reversible
hypoosmotic effect on erythrocytes, when erythro-
cytes are incubated in a hypotonic medium in the
presence of an enzyme, while the enzyme enters the
cells, and then the tonicity of the medium is restored
[82]; through disulfide bonding with arginine-rich low
molecular weight protamine, which has a powerful
penetrating ability, which allows you to maintain the
morphological integrity of the erythrocyte and double
the half-life [83]; immobilization of the enzyme on
the surface of erythrocytes, which increases the phar-
macodynamic effect by 10 times and reduces the anti-
body titer by 1000 times [84].

CONCLUSIONS

Analysis of the mechanisms of drug resistance to
asparaginases and ways to overcome them allows us to
draw the following conclusions.

(1) Mandatory monitoring of the level of asparag-
ine in the blood of cancer patients is required to adjust
the treatment.

(2) There is a cross-production of antibodies to all
L-asparaginase preparations, the source of which is
E. coli.

(3) PEG-asparaginase allows to reduce the number
of injections and reduce the formation of antibodies
when prescribed in the induction of remission.

(4) In addition to the search for new asparaginases
suitable for the treatment of cancer, methods are being
developed to improve existing drugs. Such methods
are: immobilization, encapsulation and incorporation
of the enzyme into erythrocytes.
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