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Abstract

Arginine auxotrophy is a metabolic defect that renders tumor cells vulnerable towards arginine-depleting substances, such
as arginine deiminase (ADI) from Streptococcus pyogenes (SpyADI). Previously, we confirmed SpyADI susceptibility on
patient-derived glioblastoma multiforme (GBM) models in vitro and in vivo. For application in patients, serum half-life of
the enzyme has to be increased and immunogenicity needs to be reduced. For this purpose, we conjugated the S. pyogenes-
derived SpyADI with 20 kDa polyethylene glycol (PEG20) moieties, achieving a PEGylation of seven to eight of the 26
accessible primary amines of the SpyADI. The PEGylation reduced the overall activity of the enzyme by about 50% without
affecting the Michaelis constant for arginine. PEGylation did not increase serum stability of SpyADI in vitro, but led to
a longer-lasting reduction of plasma arginine levels in mice. Furthermore, SpyADI-PEG20 showed a higher antitumoral
capacity towards GBM cells in vitro than the native enzyme.

Key points

o PEGylation has no effect on the affinity of SpyADI for arginine

e PEGylation increases the antitumoral effects of SpyADI on GBM in vitro
e PEGylation prolongs plasma arginine depletion by SpyADI in mice
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Introduction

Arginine is a semi-essential amino acid required for the
biosynthesis of proteins, polyamines, creatinine, and nitric
oxides. Furthermore, the availability of arginine is impor-
tant for a variety of biological pathways, e.g., cell growth,
proliferation, and survival (Delage et al. 2012; Husson
et al. 2003; Morris 2004, 2009; Riess et al. 2018; Wu et al.
2009; Wu and Morris 1998). Human cells obtain arginine
either from extracellular or intracellular sources. Extra-
cellular arginine originates from diet or is provided by
the kidney where the majority of the circulating arginine
is synthesized. Extracellular arginine is taken up into the
cell via solute carrier proteins (SLC) (Fultang et al. 2016).
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Intracellularly, arginine is obtained by proteolytic degra-
dation and arginine de novo synthesis in the urea cycle. It
has been observed that cancer cells frequently downregu-
late non-essential biosynthesis pathways to allow faster
growth with smaller energy expenditure (DeBerardinis
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et al. 2008). Accordingly, in several tumor entities includ-
ing hepatocellular carcinoma, prostate or pancreatic can-
cer, GBM, and others, arginine auxotrophy has been found
(Bowles et al. 2008; Fiedler et al. 2015; Kim et al. 2009;
Syed et al. 2013; Wu et al. 2013). The arginine auxotrophy
is caused by a defective arginine synthesis due to the inac-
tivation of the arginine succinate synthetase 1 gene (ASS/)
or the arginine succinate lyase gene (ASL) by hypermethyl-
ation of CpG islands in the promoter regions (Delage et al.
2012; Fiedler et al. 2015; Fultang et al. 2016; Riess et al.
2018; Syed et al. 2013). Arginine auxotrophy makes these
cancer cells prone for arginine depletion-based therapies.

The susceptibility of cancer cells to arginine deprivation
was first observed in cancer cell cultures contaminated with
Mycoplasma spp., as the bacteria efficiently utilize arginine
for energy production via the arginine deiminase system
(ADS) (Kenny and Pollock 1963; Kraemer 1964; Kraemer
et al. 1963; Schimke et al. 1966). The ADS comprises the
enzymes arginine deiminase (ADI), ornithine carbamoyl-
transferase, and carbamate kinase and is present in numerous
bacteria. The ADS is an important catabolic pathway in bacte-
ria and has been shown to contribute to their energy metabo-
lism, as ATP is produced upon the ADS mediated degrada-
tion of arginine (Cunin et al. 1986; Deibel 1964; Fiedler et al.
2011; Hering et al. 2013). Furthermore, the ADS contributes
to intracellular pH homeostasis in acidic environments, e.g.,
in several streptococci (Casiano-Colon and Marquis 1988;
Cusumano and Caparon 2015), by providing (a) ammonia
to capture protons and (b) additional ATP that drives FOF1
type ATPases to pump protons out of the cytosol (Levering
et al. 2016; Ryan et al. 2009). The primary step in the ADS
pathway is the ADI mediated deimination of L-arginine to
L-citrulline and ammonium.

The use of ADI as a therapeutic drug was first proposed
by Miyazaki et al. (1990) and the efficacy was demonstrated
for multiple tumor entities (for review, see Riess et al. 2018).
Currently, recombinant ADI from Mycoplasma spp. is the
most frequently used enzyme for arginine deprivation ther-
apy (Ensor et al. 2002; Holtsberg et al. 2002; Tomlinson
et al. 2015). Drawbacks of (Mycoplasma-derived) ADI
are the high immunogenicity and the rapid renal clearance
due to the low molecular weight of 35 kDa. Both problems
can partially be circumvented by PEGylation (Delage et al.
2010; Fultang et al. 2016). PEGylation is the conjugation of
biomolecules with polyethylene glycol (PEG). PEGylated
enzymes have a vastly decreased immunogenicity and
enhanced serum half-life while retaining most of their enzy-
matic activity. This was first described by Abuchowski and
colleagues in 1977 for bovine liver catalase (Abuchowski
et al. 1977a). PEG is commonly linked to proteins via a
coupling agent in a two-step reaction. In a first step, PEG
reacts with the coupling agent forming activated PEG. In
a second step, the activated PEG reacts with a functional
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group, e.g., an amino group or sulfhydryl group. During
this reaction, the coupling agent is either substituted by the
protein (e.g., N-succinimidyl ester) or reacts directly with
the protein, thereby acting as a linker between protein and
PEG (Abuchowski et al. 1977b). Activated PEG reagents of
different functionalities and molecular weights, utilizing a
great variety of different linking chemistries, are commer-
cially available today (Abuchowski et al. 1977b; Bailon and
Won 2009; Jevsevar et al. 2010).

To date, all arginine-depleting therapies in clinical trials
are based on an ADI derived from Mycoplasma spp. For
clinical application, the enzyme is usually conjugated PEG
moieties with a molecular weight of 20 kDa (ADI-PEG20)
(Holtsberg et al. 2002). In this form, it can be applied to
ASS1 negative and thus arginine auxotrophic tumors. ASS1
loss has even become a reliable predictive and prognostic
biomarker for poor outcomes (Szlosarek et al. 2021). Hence,
ADI-PEG20 should be used further in clinical settings.

We previously proposed ADI from Streptococcus pyo-
genes (SpyADI) as an alternative to Mycoplasma spp.-
derived ADI, as it is well adapted to the conditions of the
human body. Furthermore, its higher molecular weight of
46 kDa suggests better pharmacokinetic properties than
Mycoplasma-derived ADI (Fiedler et al. 2015; Hering et al.
2013). We could previously show that heterologously pro-
duced and purified SpyADI efficiently inhibits the growth of
hepatocellular carcinoma and GBM tumor cells in vitro and
in an ectopic xenograft mouse model (Fiedler et al. 2015;
Maletzki et al. 2017).

Here, we describe the PEGylation and purification of the
heterologously expressed SpyADI and its properties and
antitumoral activity in comparison to the native enzyme.

Material and methods

Bacterial strains and culture conditions For heterologous
expression of the ADI of S. pyogenes serotype M49 strain
591 (SpyADI), the previously described Escherichia coli
DH5a clone carrying the plasmid pASK_IBA2_ArcA was
used (Hering et al. 2013). The E. coli strain was cultivated
at 37 °C under ambient air conditions in Lysogeny Broth
medium containing 100 mg/l ampicillin (LB,,,).

GBM cell lines and treatment schedule Previously described
low-passage glioblastoma cell lines HROG02, HROGO5,
HROG52, and HROG63 were used in this study (Fiedler
et al. 2015; Maletzki et al. 2017). Cells were cultured in
DMEM/F12 medium supplemented with 10% fetal calf
serum (FCS) and 6 mM L-glutamine at 37 °C in a 5% CO,
enriched humidified atmosphere. For SpyADI treatment,
5% 10° cells/well were seeded in triplicates in a 96-well plate
and incubated in standard medium for 37 °C. Subsequently,
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cells were treated for up to 72 h with 35 mU/ml SpyADI or
SpyADI-PEG20 in standard medium.

Calcein AM staining For biomass quantification of GBM
cells in 96-well plates, cells were stained with Calcein AM.
For that purpose, cells were washed with 100 ul PBS per
well and then incubated with 100 ul PBS containing 2 uM
Calcein AM. After incubation for 20 min at 37 °C, fluo-
rescence was measured with a SpectraMax M3 microplate
reader with excitation at 485 nm and emission at 535 nm.
Biomasses of treated cells were related to biomasses of
untreated control cells.

Heterologous production of SpyADI S. pyogenes ADI was
heterologously produced in E. coli as described before (Fiedler
et al. 2015; Hering et al. 2013; Maletzki et al. 2017). For Spy-
ADI production, 50 ml of LB,,,, medium were inocu-
lated with E. coli DH5a pASK_IBA2_ArcA cells from an
LB ,p-agar plate and incubated overnight at 37 °C under
vigorous shaking. The next day, two Erlenmeyer flasks each
containing 500 ml of LB, medium were pre-warmed to
approximately 37 °C and inoculated with 25 ml of the pre-
culture. The bacteria were incubated at 37 °C under vigorous
shaking until an optical density at 600 nm of 0.5-0.6 was
reached. The SpyADI production was induced by the addi-
tion of anhydrotetracycline (final concentration 0.2 ug/ml).
The bacteria were further incubated overnight at room tem-
perature on a laboratory shaker. Subsequently, both cultures
were pooled and the cells were harvested by centrifugation
at 4000 g for 20 min and stored at — 20 °C.

StrepTactin affinity chromatography Protein purification
was achieved by affinity chromatography on StrepTactin
sepharose as described previously (Feldman-Salit et al.
2013; Hering et al. 2013). In brief, bacterial pellets were
thawed, suspended in 5 ml buffer W (100 mM Tris—HCI
pH 8.0, 1 mM EDTA, 150 mM NacCl) and cell disruption
was achieved by the FastPrep method with acid-washed
glass beads. Two cycles of 30 s each at a speed of 6.0 ms~!
were applied. In between, samples were cooled on ice for at
least 2 min. Cell debris was removed by centrifugation for
10 min at 20,000 g. Afterwards, the clear supernatant was
loaded on a column containing 1 ml StrepTactin sepharose
(IBA Lifesciences) equilibrated with 2 ml of buffer W. The
column was washed five times with 1 ml of buffer W and
the SpyADI was eluted with 6 to 8 times 500 ul buffer W
containing 2.5 mM desthiobiotin. Each elution fraction was
collected in a separate 1.5 ml micro-reaction tube for SDS-
PAGE and Western blot analysis. Subsequently, all fractions
containing the desired protein were pooled and dialyzed for
16 h in 800 ml PBS buffer at pH 6.8 or pH 8.0 (for PEGyla-
tion) using a dialysis tube with a molecular weight cut-off
(MWCO) of 15 kDa (Serva Electrophoresis GmbH). The

dialyzed sample was then either used for PEGylation or
subjected to an Amicon ultra centrifugal filter tube (Merck
KGaA) with a MWCO of 30 kDa and centrifuged for 10 min
at 2300 g and 4 °C to increase protein concentration of the
sample. Subsequently, the activity was determined and the
SpyADI solution was stored at 4 °C.

PEGylation The protein concentration of a SpyADI prepa-
ration after dialysis in PBS at pH 8.0 was determined by
Bradford analysis and adjusted to a concentration of 1 mg/ml
with PBS (pH 8.0). Then a 40-fold molar excess of PEG rea-
gent (MPEG20K-Succinimidyl Carboxymethyl Ester, Sigma
Aldrich) was dissolved in 1-2 ml PBS (pH 8.0). For exam-
ple, for PEGylation of 1 mg SpyADI (MW: 49,783 g/mol),
16 mg PEGylation reagent (MW 20,000 g/mol) were added.
PEG reagent and SpyADI were mixed and incubated for 2 h
at room temperature with stirring. Afterwards, the reaction
mixture was dialyzed against 1 X PBS (pH 6.9) overnight at
4 °C. Subsequently, PEGylated SpyADI was separated from
native SpyADI by anion exchange chromatography.

Anion exchange chromatography Separation of PEGylated
from native SpyADI was achieved by anion exchange chro-
matography using a strong anion exchange column HiTrap Q
XL 1 ml (GE Healthcare). First, all buffers were degassed by
filtration through a 0.22 um filter. The column was washed
with five column volumes of start buffer/mobile phase A
(12 mM phosphate buffer, pH 7.4, containing 2.7 mM KCI
and 10 mM NaCl) using a syringe that was connected to the
column via a Luer lock connector. Subsequently, the col-
umn was washed with five column volumes of regeneration
buffer/mobile phase B (12 mM phosphate buffer, pH 7.4,
containing 2.7 mM KCI and 1 M NaCl) and equilibrated
with ten column volumes of start buffer. The sample was
loaded onto the column and the flow through was collected.
The column was then washed with five column volumes
of start buffer and again the flow through was collected.
The elution was done with a LC-20AD HPLC system (Shi-
madzu) at a flow rate of 0.2 ml/min for 3 h applying a linear
NaCl concentration gradient from 10 to 500 mM in 12 mM
phosphate buffer (pH 7.4, containing, 2.7 mM KCl) and elu-
tion fractions were collected in 1-ml portions. After initial
assessment of the appropriate NaCl concentration for the
elution of SpyADI-PEG20, the elution was done in a 2-step
gradient including 45 min elution with 210 mM NaCl (elu-
tion of SpyADI-PEG20) followed by 15 min elution with
500 mM (elution of native SpyADI) at a flow rate of 0.2 ml/
min.

Arginine deiminase activity assay ADI activity was deter-
mined as described before (Hering et al. 2013). In short,
ADI activity was measured by quantifying the ammonia
released during the conversion of L-arginine to L-citrulline.
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The standard assay mixture had a final volume of 250 ul and
contained 100 mM MES/KOH (pH 6.5), 5 mM MgCl,, and
10 mM L-arginine and 50 pl of ADI sample (undiluted or
diluted 1:10, 1:20, 1:50, 1:100, 1:200, 1:400, and 1:800 in
distilled water). The reaction was started by the addition of
L-arginine. For kinetic measurements, L-arginine was added
in the range from 0.5 to 20 mM. After 10-30 min at 37 °C,
the amount of ammonia in the assay mixture was determined
with the Rapid Ammonia Assay Kit (Megazyme). The activ-
ity was calculated as U/ml or U/mg protein and 1 Unit was
defined as conversion of 1 umol L-arginine per minute.

Arginine quantification For quantification of arginine con-
centration, an Agilent 1260 Infinity II HPLC system with a
Diode Array Detector (DAD) G7117A was used. The system
was controlled by OpenLAB CDS Workstation software. For
sample preparation, 100 ul 35% perchloric acid were added
to 1 ml sample, mixed, and placed on melting ice for 10 min.
After the precipitation step, 55 pl potassium hydroxide solu-
tion (7 M) were added and centrifuged for 2 min at 20,000 g.
The supernatant was filtered through a 0.22 pm syringe filter
into a HPLC sample vial.

Separation of arginine from other substances in the
sample was performed by using a reversed-phase column
(Agilent Poroshell 120 EC-C18 4.6 X 100 mm, 2.7 um). The
standard L-arginine (Sigma-Aldrich, St. Louis, MO, USA)
was dissolved in deionized water and used in concentrations
of 1 uM-1 mM. The quantification of arginine was done
according to manufacturer’s guidelines (AdvanceBio Amino
Acid Analysis, © Agilent Technologies, Inc. 2018).

Determination of accessible primary amines Free primary
amines were determined by 2,4,6-trinitrobenzene sulfonic
acid (TNSBA) staining. For that purpose, 120 pl of pro-
tein solutions with concentrations between 20 and 200 pg/
ml were incubated with 60 ul TNSBA (0.01% [w/V]) in
0.1 M NaHCO; (pH 8.5) in 96-well plates for 2 h at 37 °C.
The reaction was stopped by adding 60 ul SDS (10% w/V)
and 30 pl HCI (1 N) per sample. Subsequently, absorbance
was measured at 335 nm in a SpectraMax M3 (Molecular
Devices) microplate reader. The number of accessible pri-
mary amines in proteins was calculated based on a standard
curve with L-alanine at concentrations of 2—-20 ug/ml.

Serum stability Venous blood from four healthy donors was
drawn into 7.5 ml serum Monovettes (Sarstedt) and cell-free
supernatants were obtained after sedimentation. Serum from
all four donors was pooled, and stored at — 80 °C. Written
informed consent was obtained according to the local Ethics
Committee (reference number A2017-0191) and the guide-
lines for the use of human material. To assess serum stability
of SpyADI and SpyADI-PEG20, 200 pl enzyme solution
with 2 mg/ml were mixed with 600 pl human serum and
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incubated at 37 °C for up to 48 h. As controls, (1.) 200 ul of
SpyADI or SpyADI-PEG20 were mixed with 600 ul PBS
and (2.) 600 pl serum were mixed with 200 ul PBS and
treated equally. At different time points, 30-ul samples were
taken, immediately mixed with SDS sample buffer, and
stored on ice. Samples were subjected to SDS-PAGE and
Western blot analysis with alkaline phosphatase conjugated
StrepTactin to detect SpyADI and carboxyterminal degrada-
tion fragments. Furthermore, samples were taken for ADI
activity measurements.

Ethical statement All animal experiments were approved
by the local governmental authority (approval number:
7221.3-1-032/19-3), in accordance with the governmental
animal protection law and the EU Guideline 2010/63/EU.
Therefore, 6-week-old female NOD.Cg-Prkdc*ci112rg™!Wil
(NSG, Charles River Laboratories, Lyon, France) mice were
used as recipients. Mice were bred in the local animal core
facility under specific pathogen-free conditions. During
the experiment, mice were kept in type III cages (Zoon-
lab GmbH, Castrop-Rauxel, Germany) at 12-h dark:light
cycle, the temperature of 21 +2 °C, and relative humidity
of 60 +20% with food (pellets, 10 mm, ssniff-Spezialdidten
GmbH, Soest, Germany) and tap water ad libitum. All
animals received enrichment as mouse-igloos (ANT Tier-
haltungsbedarf, Buxtehude, Germany), nesting material
(shredded tissue paper, Verbandmitte] GmbH, Frankenberg,
Deutschland), paper roles (75 X 38 mm, H 0528-151, ssniff-
Spezialdidten GmbH), and wooden sticks (40 X 16 X 10 mm,
Abedd, Vienna, Austria).

Pharmacodynamics of SpyADI and SpyADI-PEG20
invivo Twenty-seven NSG mice were randomly divided into
three groups with nine animals each. One group was intrave-
nously injected in the tail vein with 250 U/kg body weight
of SpyADI, the second group was injected with the same
activity of SpyADI-PEG20, and the third group was injected
with PBS as a control. Blood was collected 6 h, 12 h, or 24 h
after injection by retro-orbital bleeding. EDTA was added
as anti-coagulant. Plasma was obtained by centrifugation for
10 min at 13,000 g. Plasma arginine levels were determined
via HPLC as described above.

Results

Heterologous production and purification of SpyADI yielded
7.1+ 1.5 mg pure enzyme per liter of culture (n =4 biologi-
cal replicates). The purified SpyADI was PEGylated with a
40-fold molar excess of mPEG20K-Succinimidyl Carboxy-
methyl ester for 2 h at room temperature and dialyzed in PBS
pH 7 for neutralization. The PEGylation success was ana-
lyzed via SDS-PAGE and Western blot (Fig. 1A and B). The
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Fig.1 SpyADI PEGylation and purification. A Coomassie-stained
SDS-PAGE gel and B Western blot showing M =marker, ADI=puri-
fied unpegylated SpyADI, ADI-PEG=SpyADI after the PEGylation
reaction; C Coomassie-stained SDS-PAGE gel of elution fractions of
the anion exchange chromatography for the separation of SpyADI and
SpyADI-PEG20, numbers above the lanes=NaCl concentration the

majority of the SpyADI was conjugated with PEG20 resi-
dues, mostly resulting in a protein with an apparent molecu-
lar weight of 100 kDa, but variants with 120 till > 180 kDa
occurred as well. Some of the SpyADI however remained
unmodified (55 kDa signal). In order to separate PEGylated
SpyADI from the remaining unmodified SpyADI, anion
exchange chromatography was applied. Initially, a NaCl gra-
dient from 10 to 500 mM was used for the elution to assess
the appropriate NaCl concentration to recover PEGylated
ADI from the column. The majority of the PEGylated Spy-
ADI eluted at NaCl concentrations from 160 to 240 mM
(Fig. 1C, lanes 10-15). The native SpyADI was mainly
released from the column at NaCl concentrations between
295 and 390 mM (Fig. 1C, lanes 20-26). Therefore, for the
preparation of SpyADI-PEG20 for subsequent experiments,
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elution started with in the respective fraction (each fraction covers a
14 mM NaCl concentration range), M = marker; D Coomassie-stained
SDS-PAGE gel showing M =marker, P1 =pooled and concentrated
fractions eluted with 160 to 240 mM NaCl, P2 =pooled and concen-
trated fractions eluted with 295 to 390 mM NaCl

elution from the anion exchange column was carried out
with a NaCl concentration of 210 mM. The fractions con-
taining the PEGylated SpyADI were pooled and concen-
trated by ultrafiltration, yielding an almost pure SpyADI-
PEG20 preparation (Fig. 1D). This yielded 3.6 + 1.0 mg
SpyADI-PEG20 from 1 1 of initial expression culture (n =4
biological replicates). PEGylation efficiency was determined
by TNBSA staining of the accessible primary amines in the
native and the PEGylated SpyADI. As determined using a
standard curve generated with L-alanine, the native SpyADI
contains 26 accessible primary amino groups. To determine
the degree of PEGylation of the SpyADI-PEG20, different
concentrations of SpyADI and SpyADI-PEG20 were stained
with TNBSA (Fig. 2A) and the molar ratio of PEG/SpyADI
was calculated as described in Holtsberg et al. (2002). With
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Fig.2 PEGylation efficiency and impact on activity. A Concentra-
tion dependent absorbance of TNBSA stained SpyADI and Spy-
ADI-PEG20 (means of n=>5 biological replicates). As described by
Holtsberg et al. (2002), the molar PEGylation rate was calculated as

our PEGylation approach, in average, 7.5 (+ 1.7, n=5) mole
of PEG were conjugated with one mole of SpyADI. Meas-
urement of the enzymatic activity of the SpyADI-PEG20 in
comparison to the native SpyADI revealed that this degree
of PEGylation reduces the specific activity of the enzyme to
about 50% as compared to the unmodified enzyme (Fig. 2B).

Although overall specific activity of SpyADI was
reduced by PEGylation, the binding affinity of the
enzyme to arginine was not significantly affected, as
Michaelis—Menten kinetics with the specific activity
of the enzyme as a function of the arginine concentra-
tion revealed Michaelis constants (Km) of 0.94 +0.3 and
1.04 + 0.3 mM arginine for native and PEGylated Spy-
ADI, respectively (Fig. 3).

Next, we analyzed the efficiency of arginine depletion
of native SpyADI and SpyADI-PEG20 in vitro. For that
purpose, the GBM cell lines HROG02, HROGO05, HROG52,
and HROG63 were treated with 35 mU/ml SpyADI or
SpyADI-PEG20 in standard medium. Untreated cells of all
cell lines served as a control. The arginine concentration in
the supernatant of the cells was determined 1 h, 3 h, 6 h,
and 24 h after application of the SpyADI variants. Both
SpyADI and SpyADI-PEG20 reduced the arginine con-
centrations in the medium to below 10 uM in all cell lines
(Fig. 4). Under these conditions, the arginine concentrations

B
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x=(1—(slope PEG-ADI / slope ADI))x26, where 26 refers to the
number of accessible primary amino groups of SpyADI. B Relative
specific activity of SpyADI-PEG20 in comparison to native SpyADI,
means with standard deviations of n =4 biological replicates

decreased more quickly in supernatants of cells treated with
the native SpyADI. After 24 h, however, arginine concen-
trations were lower in supernatants of the SpyADI-PEG20-
treated HROGO02, HROG52, and HROG63 cells than in the
SpyADI-treated cells. In the latter two cases, arginine levels
dropped below the detection limit 24 h after application of
the SpyADI-PEG20 (Fig. 4).

We previously showed that S. pyogenes SpyADI effi-
ciently inhibits growth of GBM cells in vitro and in an
ectopic xenograft mouse model (Fiedler et al. 2015;
Maletzki et al. 2017). To assess the impact of PEGylation
on the antitumoral effect of SpyADI, 35 mU/ml of native
SpyADI or SpyADI-PEG20 were applied to four different
low-passage human GBM cell lines for 72 h in vitro. Native
SpyADI reduced the biomass of the GBM lines HROGO02,
HROGO05, and HROG63 to 60-80% as compared to the
untreated control (Fig. 5). For HROG02 and HROG63,
the biomass reduction caused by the SpyADI-PEG20 was
slightly and for HROGOS significantly stronger than the
reduction caused by the unmodified SpyADI. The GBM
line HROGS52, however, was not responsive to treatment
with native SpyADI at all, but showed a significant reduc-
tion in biomass to 75% of the untreated control when treated
with SpyADI-PEG20.

Fig.3 Michaelis—Menten kinet- ADI ADI-PEG20
ics. Activity of SpyADI and
SpyADI-PEG20 is shown as 80+ 201
a function of arginine concen-
tration. Means with standard 60 154
deviations of n=3 biological '|'
replicates E’ 404 J- E’ 104
) )
204 54
0 v T T T T T T T L} T T 0 T T T T T T T T T 1
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o, T T T ured (Fig. 7). Twelve hours after intravenous application,
o(’& o@" oc,;;"' o(’éb the plasma arginine was reduced below the detection limit
& & & & in the SpyADI-PEG20-treated mice. Twenty-four hours post

Fig.5 Antitumoral activity of SpyADI or SpyADI-PEG20. GBM
cells were treated with 35 mU SpyADI or SpyADI-PEG20 for 72 h.
Biomass was assessed by Calcein AM staining and absorbance
measurement at 570 nm. Absorbance measured for untreated control
cells was set to 100% and the other values were related, respectively.
Shown are means and standard deviations of n>3 biological repli-
cates, *p <0.05, #**p <0.001, two-way ANOVA

To assess whether the enzyme is stable in human serum,
native SpyADI and SpyADI-PEG20 were incubated with
serum pooled from four healthy donors for up to 48 h. Pro-
teolytic degradation was analyzed via SDS-PAGE, West-
ern blot (Fig. 6A), and enzymatic activity (Fig. 6B). While
no major proteolytic degradation was detectable for both
native SpyADI and SpyADI-PEG20 for at least 24 h, the
activity of both forms of the enzyme dropped quickly after
exposure to the serum, resulting in loss of about 90% of
the activity within the first 2 h for both native SpyADI

injection, the arginine concentration in the plasma of mice
treated with unmodified SpyADI was at the same level as in
the PBS-treated control animals. In SpyADI-PEG20-treated
mice, however, the arginine level was still significantly
reduced in comparison to mice receiving PBS or unmodi-
fied SpyADI (Fig. 7).

Discussion

The improved pharmacokinetic properties of PEGylated pro-
teins are due to the masking of the immunogenic peptides
with the non-immunogenic PEG without causing conforma-
tional changes in PEGylated proteins (Digilio et al. 2003;
Hinds and Kim 2002; Wang et al. 2002; Youngster et al.
2002). The reason for the low immunogenicity of PEG itself
is unknown, but is generally attributed to its simple structure
(Schellekens et al. 2013).
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Fig.6 Stability in human serum. A Western blot analysis of Spy-
ADI (left column) and SpyADI-PEG20 (right column) after incu-
bation for up to 48 h in PBS (upper row) and human serum (lower
row). M=marker (Page-RulerTM Plus Prestained Protein Ladder),
S1=fresh pure serum, S2=pure serum after 48 h of incubation at
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6 h

37 °C. B Enzymatic activity of SpyADI and SpyADI-PEG20 after
2, 4, and 6 h incubation in human serum at 37 °C in % of the spe-
cific activity at the start of the incubation. Means and standard devia-
tions of n=3 biological replicates, no significant differences, two-way
ANOVA



Applied Microbiology and Biotechnology (2022) 106:261-271

269

600+ .
— o PBS
_ o . m ADI
5 4004 ) A ADI-PEG20
° * —i
£ f 1 SE) N
(=
— | |
® 200{ ©
& !-.' @% o
™ A
| |
ol "
© K% >

Time (h)

Fig.7 Plasma arginine concentrations in mice. Mice were injected
with 250 U/kg body weight of SpyADI or SpyADI-PEG20. PBS
served as a mock control. Plasma arginine concentrations were deter-
mined 6, 12, and 24 h after injection. Each symbol represents one
individual. Horizontal lines and vertical whiskers represent means
and standard error of means. *p <0.05, **p<0.005, ***p<0.001,
one-way ANOVA

While the reduction of the immunogenicity is mostly
independent from the molecular weight of the conjugated
PEG, the serum half-life of PEGylated proteins increases
with the molecular weight of the PEG. This is due to the
inhibited renal clearance by glomerular filtration in the
kidney. The inhibition increases with the increasing Stokes
radius of PEG molecules starting at a threshold of 70 A
(20 kDa PEG). This threshold effectively represents the
maximum size of PEG in the modification of biopharma-
ceuticals, as there is an inverse relationship between specific
activity and PEG size (Bailon and Won 2009).

Since the streptococcal ADI does not contain any pri-
mary amino group bearing amino acids in the active site, an
amino group-specific PEGylation reagent was applied. The
approach used here leads to random PEGylation of primary
unprotonated (nucleophilic) amino groups. Secondary amino
groups are not accessible. It has been described, however,
that PEGylation of primary amino groups is not random,
but there is some selectivity towards e-amino groups of
lysine residues (Bailon and Won 2009; Jevsevar et al.
2010; Roberts et al. 2002). The number of accessible
amino groups determined for the SpyADI resembles that
described for the Mycoplasma ADI (Holtsberg et al.
2002). We could show that in average, about 30% of the
TNBSA stainable amino groups of the SpyADI were
PEGylated with our approach.

After PEGylation, the SpyADI retained about 50% of
its initial specific activity, which is in the range reported
for other PEGylated enzymes, e.g., Mycoplasma-derived
ADI with roughly the same PEGylation rate (Holtsberg
et al. 2002).

When the same activity (35 mU/ml) of SpyADI-
PEG20 and native SpyADI is applied to GBM cells
in vitro, the antitumoral effect of SpyADI-PEG20 was
significantly higher in HROGO05 and HROGS52. In the
other two GBM lines, a tendency towards a stronger

effect was detected as well. In our experiments, we
monitored arginine levels in culture supernatants over
a period of 24 h. In a direct comparison of the two
SpyADI preparations, the native form depleted argi-
nine faster than the SpyADI-PEG 20. In the case of
HROGO02, HROG52, and HROG63, the stronger antitu-
moral effect might be explained by the lower arginine
concentrations in the medium of the SpyADI-PEG20-
treated cells after 24 h in comparison to those treated
with the native SpyADI. In HROGOS, however, the
arginine concentration was below the detection limit
in the medium of cells treated with the native SpyADI,
while residual arginine (1.7 uM) was detected in the
supernatant of SpyADI-PEG20-treated cells. Why the
effect of the SpyADI-PEG20 on viability of the cells
was still more pronounced is unclear. It can be specu-
lated that a subpopulation of the HROGOS cells regains
the ability to produce arginine upon the arginine deple-
tion pressure. The SpyADI-PEG20 might be active for
a longer time as compared to the native SpyADI and
be able to degrade the de novo synthesized arginine
in the 72 h incubation period. This may have boosted
toxicity characterized by autophagy, senescence, and
necrosis (Fiedler et al. 2015; Maletzki et al. 2017). All
four cell lines tested have previously been shown to
be arginine auxotrophic due to epigenetic silencing of
genes of the urea cycle (Fiedler et al. 2015; Maletzki
et al. 2017). However, HROG52 cells did not respond
to the native SpyADI, consistent with previous studies
describing the same unexplained phenomenon for these
cells (Maletzki et al. 2017). Although the exact reason
for the enhanced antitumoral activity of the SpyADI-
PEG20 in vitro remains elusive, we assume the bet-
ter stability compared to its native form as underlying
cause. This would be in line with the plasma arginine
levels measured in mice after application of native
SpyADI and SpyADI-PEG20 to the animals. Here,
plasma arginine levels increased again after an initial
drop following the application of the native SpyADI,
while arginine levels in the plasma of mice injected
with SpyADI-PEG20 remained low 24 h post applica-
tion. Similar effects were reported by Holtsberg et al.
(2002) for mice injected with native and PEGylated
ADI from Mycoplasma sp., were plasma arginine levels
remained close to the detection limit for 6 days post
injection of an ADI-PEG20 variant, while 24 h post
injection of native Mycoplasma ADI more than 60 pM
of arginine was detected in the plasma of the animals
(Holtsberg et al. 2002).

Our findings argue in favor of using the PEGylated
SpyADI not only for future in vivo but also for in vitro
approaches.
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Finally, our optimized PEGylation process described
here constitutes an ideal starting point for combination
approaches with cytostatic or even immunomodula-
tory agents. Indeed, several clinical trials are currently
assessing the impact of ADI-PEG 20 to chemotherapy
or immune-checkpoint inhibition (Harding et al. 2021)
(ClinicalTrials.gov identifier NCT02709512). A very
recent phase 1 study holds promise for the latter because
of increased intratumoral T cell infiltration induced by
ADI-PEG 20 (Chang et al. 2021). This is of particu-
lar importance for tumors with a low immunogenicity,
such as GBM. Prospective follow-up studies will show
whether this combined approach provides a real treat-
ment option for cancer patients.

Author contribution RS: methodology, investigation, resources, super-
vision, writing — review and editing; EZ: methodology, investigation,
writing — review and editing; AF, SH, YH, NS, NK, and KV: inves-
tigation; BH: resources, methodology, writing — review and editing;
BK: resources, writing — review and editing; CM: conceptualization,
resources, supervision, writing — review and editing; TF: conceptual-
ization, supervision, resources, visualization, writing — original draft.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Data availability The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on
reasonable request.

Code availability Not applicable.

Declarations

Ethics approval All animal experiments were approved by the local
governmental authority (approval number: 7221.3-1-032/19-3), in
accordance with the governmental animal protection law and the EU
Guideline 2010/63/EU.

Consent to participate Not applicable.

Consent for publication All authors gave their consent for the publica-
tion of this study.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer

References

Abuchowski A, McCoy JR, Palczuk NC, van Es T, Davis FF (1977a)
Effect of covalent attachment of polyethylene glycol on immuno-
genicity and circulating life of bovine liver catalase. J Biol Chem
252(11):3582-3586

Abuchowski A, van Es T, Palczuk NC, Davis FF (1977b) Alteration of
immunological properties of bovine serum albumin by covalent
attachment of polyethylene glycol. J Biol Chem 252(11):3578-3581

Bailon P, Won CY (2009) PEG-modified biopharmaceuticals. Expert Opin
Drug Deliv 6(1):1-16. https://doi.org/10.1517/17425240802650568

Bowles TL, Kim R, Galante J, Parsons CM, Virudachalam S, Kung HJ,
Bold RJ (2008) Pancreatic cancer cell lines deficient in argininosuc-
cinate synthetase are sensitive to arginine deprivation by arginine
deiminase. Int J Cancer 123(8):1950-1955. https://doi.org/10.1002/
ijc.23723

Casiano-Colon A, Marquis RE (1988) Role of the arginine deiminase
system in protecting oral bacteria and an enzymatic basis for acid
tolerance. Appl Environ Microbiol 54(6):1318-1324

Chang KY, Chiang NJ, Wu SY, Yen CJ, Chen SH, Yeh YM, Li CF, Feng
X, Wu K, Johnston A, Bomalaski JS, Wu BW, Gao J, Subudhi SK,
Kaseb AO, Blando JM, Yadav SS, Szlosarek PW, Chen LT (2021)
Phase 1b study of pegylated arginine deiminase (ADI-PEG 20)
plus Pembrolizumab in advanced solid cancers. Oncoimmunology
10(1):1943253. https://doi.org/10.1080/2162402X.2021.1943253

Cunin R, Glansdorff N, Pierard A, Stalon V (1986) Biosynthesis and
metabolism of arginine in bacteria. Microbiol Rev 50(3):314-352

Cusumano ZT, Caparon MG (2015) Citrulline protects Streptococcus pyo-
genes from acid stress using the arginine deiminase pathway and the
F1Fo-ATPase. J Bacteriol 197(7):1288-1296

DeBerardinis RJ, Lum JJ, Hatzivassiliou G, Thompson CB (2008) The
biology of cancer: metabolic reprogramming fuels cell growth and
proliferation. Cell Metab 7(1):11-20. https://doi.org/10.1016/j.cmet.
2007.10.002

Deibel RH (1964) Utilization of arginine as energy source for growth of
Streptococcus faecalis. J Bacteriol 87(5):988

Delage B, Fennell DA, Nicholson L, McNeish I, Lemoine NR, Crook
T, Szlosarek PW (2010) Arginine deprivation and argininosucci-
nate synthetase expression in the treatment of cancer. Int J Cancer
126(12):2762-2772

Delage B, Luong P, Maharaj L, O’Riain C, Syed N, Crook T, Hatzimi-
chael E, Papoudou-Bai A, Mitchell TJ, Whittaker SJ, Cerio R, Grib-
ben J, Lemoine N, Bomalaski J, Li CF, Joel S, Fitzgibbon J, Chen
LT, Szlosarek PW (2012) Promoter methylation of argininosuccinate
synthetase-1 sensitises lymphomas to arginine deiminase treatment,
autophagy and caspase-dependent apoptosis. Cell Death Dis 3:e342
cddis201283 [pii];https://doi.org/10.1038/cddis.2012.83 [doi]

Digilio G, Barbero L, Bracco C, Corpillo D, Esposito P, Piquet G, Traversa
S, Aime S (2003) NMR structure of two novel polyethylene glycol
conjugates of the human growth hormone-releasing factor, h\GRF(1-
29)-NH2. J Am Chem Soc 125(12):3458-3470. https://doi.org/10.
1021/ja021264j

Ensor CM, Holtsberg FW, Bomalaski JS, Clark MA (2002) Pegylated
arginine deiminase (ADI-SS PEG20,000 mw) inhibits human mela-
nomas and hepatocellular carcinomas in vitro and in vivo. Cancer Res
62(19):5443-5450

Feldman-Salit A, Hering S, Messiha HL, Veith N, Cojocaru V, Sieg A,
Westerhoff HV, Kreikemeyer B, Wade RC, Fiedler T (2013) Regula-
tion of the activity of lactate dehydrogenases from four lactic acid bac-
teria. J Biol Chem 288(29):21295-21306 M113.458265 [pii];https://
doi.org/10.1074/jbc.M113.458265

Fiedler T, Bekker M, Jonsson M, Mehmeti I, Pritzschke A, Siemens N,
Nes I, Hugenholtz J, Kreikemeyer B (2011) Characterization of three
lactic acid bacteria and their isogenic 1dh deletion mutants shows


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1517/17425240802650568
https://doi.org/10.1002/ijc.23723
https://doi.org/10.1002/ijc.23723
https://doi.org/10.1080/2162402X.2021.1943253
https://doi.org/10.1016/j.cmet.2007.10.002
https://doi.org/10.1016/j.cmet.2007.10.002
https://doi.org/10.1038/cddis.2012.83
https://doi.org/10.1021/ja021264j
https://doi.org/10.1021/ja021264j
https://doi.org/10.1074/jbc.M113.458265
https://doi.org/10.1074/jbc.M113.458265

Applied Microbiology and Biotechnology (2022) 106:261-271

271

optimization for YATP (cell mass produced per mole of ATP) at their
physiological pHs. Appl Environ Microbiol 77(2):612-617

Fiedler T, Strauss M, Hering S, Redanz U, William D, Rosche Y, Clas-
sen CF, Kreikemeyer B, Linnebacher M, Maletzki C (2015) Arginine
deprivation by arginine deiminase of Streptococcus pyogenes controls
primary glioblastoma growth in vitro and in vivo. Cancer Biol Ther
16(7):1047-1055 https://doi.org/10.1080/15384047.2015.1026478

Fultang L, Vardon A, De SC, Mussai F (2016) Molecular basis and current
strategies of therapeutic arginine depletion for cancer. Int J Cancer
139(3):501-509. https://doi.org/10.1002/ijc.30051[doi]

JJ Harding TS Yang YY Chen YH Feng CJ Yen CL Ho WT Huang I Dika
EI M Akce B Tan SA Cohen T Meyer D Sarker DW Lee BY Ryoo
HY Lim A Johnston JS Bomalaski EM O’Reilly S Qin GK Abou-
Alfa 2021 Assessment of pegylated arginine deiminase and modified
FOLFOXG6 in patients with advanced hepatocellular carcinoma: results
of an international, single-arm, phase 2 study Cancer https://doi.org/
10.1002/cncr.33870

Hering S, Sieg A, Kreikemeyer B, Fiedler T (2013) Kinetic characteriza-
tion of arginine deiminase and carbamate kinase from Streptococcus
pyogenes M49. Protein Expr Purif 91:61-68 S1046-5928(13)00121-6
[pii];https://doi.org/10.1016/j.pep.2013.07.002 [doi]

Hinds KD, Kim SW (2002) Effects of PEG conjugation on insulin proper-
ties. Adv Drug Deliv Rev 54(4):505-530

Holtsberg FW, Ensor CM, Steiner MR, Bomalaski JS, Clark MA (2002)
Poly(ethylene glycol) (PEG) conjugated arginine deiminase: effects
of PEG formulations on its pharmacological properties. J Control
Release 80(1-3):259-271 S0168365902000421 [pii]

Husson A, Brasse-Lagnel C, Fairand A, Renouf S, Lavoinne A (2003)
Argininosuccinate synthetase from the urea cycle to the citrulline-NO
cycle. Eur J Biochem 270(9):1887-1899. https://doi.org/10.1046/j.
1432-1033.2003.03559.x

Jevsevar S, Kunstelj M, Porekar VG (2010) PEGylation of therapeutic pro-
teins. Biotechnol J 5(1):113-128. https://doi.org/10.1002/biot.20090
0218

Kenny GE, Pollock ME (1963) Mammalian cell cultures contaminated with
pleuropneumonia-like organisms. I. Effect of pleuropneumonia-like
organisms on growth of established cell strains. J Infect Dis 112:7-16.
https://doi.org/10.1093/infdis/112.1.7

Kim RH, Coates JM, Bowles TL, McNerney GP, Sutcliffe J, Jung JU, Gan-
dour-Edwards R, Chuang FY, Bold RJ, Kung HJ (2009) Arginine
deiminase as a novel therapy for prostate cancer induces autophagy
and caspase-independent apoptosis. Cancer Res 69(2):700-708.
https://doi.org/10.1158/0008-5472.CAN-08-3157

Kraemer PM (1964) Interaction of Mycoplasma (Pplo) and murine lym-
phoma cell cultures: prevention of cell lysis by arginine. Proc Soc Exp
Biol Med 115:206-212. https://doi.org/10.3181/00379727-115-28871

Kraemer PM, Defendi V, Hayflick L, Manson LA (1963) Mycoplasma
(PPLO) strains with lytic activity for murine lymphoma cells in vitro.
Proc Soc Exp Biol Med 112:381-387. https://doi.org/10.3181/00379
727-112-28052

Levering J, Fiedler T, Sieg A, van Grinsven KWA, Hering S, Veith N,
Olivier BG, Klett L, Hugenholtz J, Teusink B, Kreikemeyer B, Kum-
mer U (2016) Genome-scale reconstruction of the Streptococcus
pyogenes M49 metabolic network reveals growth requirements and
indicates potential drug targets. J Biotechnol 232:25-37. https://doi.
org/10.1016/j.jbiotec.2016.01.035

Maletzki C, Rosche Y, Riess C, Scholz A, William D, Classen CF, Kreike-
meyer B, Linnebacher M, Fiedler T (2017) Deciphering molecular
mechanisms of arginine deiminase-based therapy—comparative
response analysis in paired human primary and recurrent glioblasto-
mas. Chem Biol Interact 278:179—188. https://doi.org/10.1016/j.cbi.
2017.10.007

Miyazaki K, Takaku H, Umeda M, Fujita T, Huang WD, Kimura T,
Yamashita J, Horio T (1990) Potent growth inhibition of human tumor

cells in culture by arginine deiminase purified from a culture medium
of a Mycoplasma-infected cell line. Cancer Res 50(15):4522-4527

Morris SM, Jr. (2004) Enzymes of arginine metabolism. J Nutr 134(10
Suppl):2743S-2747S 134/10/2743S [pii]

Morris SM Jr (2009) Recent advances in arginine metabolism: roles and
regulation of the arginases. Br J Pharmacol 157(6):922-930. https:/
doi.org/10.1111/j.1476-5381.2009.00278.x

Riess C, Shokraie F, Classen CF, Kreikemeyer B, Fiedler T, Junghanss C,
Maletzki C (2018) Arginine-depleting enzymes—an increasingly rec-
ognized treatment strategy for therapy-refractory malignancies. Cell
Physiol Biochem 51(2):854-870. https://doi.org/10.1159/000495382

Roberts MJ, Bentley MD, Harris JM (2002) Chemistry for peptide and
protein PEGylation. Adv Drug Deliv Rev 54(4):459-476. https://doi.
org/10.1016/s0169-409x(02)00022-4

Ryan S, Begley M, Gahan CG, Hill C (2009) Molecular characterization of
the arginine deiminase system in Listeria monocytogenes: regulation
and role in acid tolerance. Environ Microbiol 11(2):432-445. https://
doi.org/10.1111/j.1462-2920.2008.01782.x

Schellekens H, Hennink WE, Brinks V (2013) The immunogenicity of
polyethylene glycol: facts and fiction. Pharm Res 30(7):1729-1734.
https://doi.org/10.1007/511095-013-1067-7

Schimke RT, Berlin CM, Sweeney EW, Carroll WR (1966) The genera-
tion of energy by the arginine dihydrolase pathway in Mycoplasma
hominis 07. J Biol Chem 241(10):2228-2236

Syed N, Langer J, Janczar K, Singh P, Lo NC, Lattanzio L, Coley HM, Hat-
zimichael E, Bomalaski J, Szlosarek P, Awad M, O’Neil K, Roncaroli
F, Crook T (2013) Epigenetic status of argininosuccinate synthetase
and argininosuccinate lyase modulates autophagy and cell death in
glioblastoma. Cell Death Dis 4:e458 cddis2012197 [pii];https://doi.
org/10.1038/cddis.2012.197 [doi]

Szlosarek PW, Wimalasingham AG, Phillips MM, Hall PE, Chan PY, Coni-
bear J, Lim L, Rashid S, Steele J, Wells P, Shiu CF, Kuo CL, Feng
X, Johnston A, Bomalaski J, Ellis S, Grantham M, Sheaft M (2021)
Phase 1, pharmacogenomic, dose-expansion study of pegargiminase
plus pemetrexed and cisplatin in patients with ASS1-deficient non-
squamous non-small cell lung cancer. Cancer Med 10(19):6642-6652.
https://doi.org/10.1002/cam4.4196

Tomlinson BK, Thomson JA, Bomalaski JS, Diaz M, Akande T, Mahaffey
N, Li T, Dutia MP, Kelly K, Gong I'Y, Semrad T, Gandara DR, Pan
CX, Lara PN Jr (2015) Phase I trial of arginine deprivation therapy
with ADI-PEG 20 plus docetaxel in patients with advanced malignant
solid tumors. Clin Cancer Res 21(11):2480-2486. https://doi.org/10.
1158/1078-0432.CCR-14-2610

Wang YS, Youngster S, Grace M, Bausch J, Bordens R, Wyss DF (2002)
Structural and biological characterization of pegylated recombinant
interferon alpha-2b and its therapeutic implications. Adv Drug Deliv
Rev 54(4):547-570

Wu G, Bazer FW, Davis TA, Kim SW, Li P, Marc Rhoads J, Carey Satter-
field M, Smith SB, Spencer TE, Yin Y (2009) Arginine metabolism
and nutrition in growth, health and disease. Amino Acids 37(1):153—
168. https://doi.org/10.1007/s00726-008-0210-y

Wu G, Morris SM Jr (1998) Arginine metabolism: nitric oxide and beyond.
Biochem J 336(Pt 1):1-17. https://doi.org/10.1042/bj3360001

Wu L, LiL, Meng S, Qi R, Mao Z, Lin M (2013) Expression of arginino-
succinate synthetase in patients with hepatocellular carcinoma. J Gas-
troenterol Hepatol 28(2):365-368. https://doi.org/10.1111/jgh.12043

Youngster S, Wang YS, Grace M, Bausch J, Bordens R, Wyss DF (2002)
Structure, biology, and therapeutic implications of pegylated interferon
alpha-2b. Curr Pharm Des 8(24):2139-2157. https://doi.org/10.2174/
1381612023393242

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1080/15384047.2015.1026478
https://doi.org/10.1002/cncr.33870
https://doi.org/10.1002/cncr.33870
https://doi.org/10.1016/j.pep.2013.07.002
https://doi.org/10.1046/j.1432-1033.2003.03559.x
https://doi.org/10.1046/j.1432-1033.2003.03559.x
https://doi.org/10.1002/biot.200900218
https://doi.org/10.1002/biot.200900218
https://doi.org/10.1093/infdis/112.1.7
https://doi.org/10.1158/0008-5472.CAN-08-3157
https://doi.org/10.3181/00379727-115-28871
https://doi.org/10.3181/00379727-112-28052
https://doi.org/10.3181/00379727-112-28052
https://doi.org/10.1016/j.jbiotec.2016.01.035
https://doi.org/10.1016/j.jbiotec.2016.01.035
https://doi.org/10.1016/j.cbi.2017.10.007
https://doi.org/10.1016/j.cbi.2017.10.007
https://doi.org/10.1111/j.1476-5381.2009.00278.x
https://doi.org/10.1111/j.1476-5381.2009.00278.x
https://doi.org/10.1159/000495382
https://doi.org/10.1016/s0169-409x(02)00022-4
https://doi.org/10.1016/s0169-409x(02)00022-4
https://doi.org/10.1111/j.1462-2920.2008.01782.x
https://doi.org/10.1111/j.1462-2920.2008.01782.x
https://doi.org/10.1007/s11095-013-1067-7
https://doi.org/10.1038/cddis.2012.197
https://doi.org/10.1038/cddis.2012.197
https://doi.org/10.1002/cam4.4196
https://doi.org/10.1158/1078-0432.CCR-14-2610
https://doi.org/10.1158/1078-0432.CCR-14-2610
https://doi.org/10.1007/s00726-008-0210-y
https://doi.org/10.1042/bj3360001
https://doi.org/10.1111/jgh.12043
https://doi.org/10.2174/1381612023393242
https://doi.org/10.2174/1381612023393242

	PEGylation increases antitumoral activity of arginine deiminase of Streptococcus pyogenes
	Abstract 
	Key points 
	Introduction
	Material and methods
	Results
	Discussion
	References


