
ORIGINAL RESEARCH

Development of a Lyophilized Formulation
of Pegaspargase and Comparability Versus Liquid
Pegaspargase

Alexander M. Faschinger . Nicole Sessler

Received: April 1, 2019 / Published online: May 28, 2019
� The Author(s) 2019

ABSTRACT

Introduction: Pegaspargase, a pegylated
asparaginase, is a core component in the treat-
ment of acute lymphoblastic leukemia. Pegas-
pargase in liquid form has a limited shelf life of
8 months due to depegylation, leading to
changes in purity and potency over time.
Lyophilization is an approach that can improve
the stability of biological drug conjugates.
Methods: Here we describe the development of
a lyophilized formulation of pegaspargase and
present results of a series of tests demonstrating
that the lyophilized form has comparable
physicochemical properties to the liquid form.
Results: Stability tests of critical quality attri-
butes, including purity, potency, aggregates and
total free polyethylene glycol, demonstrate that
lyophilized pegaspargase remains stable for at
least 3 years, with optimum stability achieved

with storage under refrigerated conditions
(2–8 �C).
Conclusions: Lyophilization improved the sta-
bility of pegaspargase without altering other
physicochemical properties, permitting a pro-
longed shelf life of at least 2 years when stored
at 2–8 �C. This may enable greater storage flex-
ibility and allow for better management of
pegaspargase.
Funding: Study Sponsor: Baxalta (now part of
Takeda). Publication Sponsor: Servier Affaires
Médicales.

Keywords: Cancer chemotherapy; Enzymes;
Formulation; Lyophilization; Pediatric;
Pegylation; Stability; Stabilization

INTRODUCTION

The treatment of acute lymphoblastic leukemia
(ALL) involves the administration of multiple
chemotherapeutic agents, typically including
an asparaginase agent to deplete serum L-as-
paragine levels [1–3]. L-Asparaginase may be
derived from Escherichia coli (E. coli asparagi-
nase) or isolated from Erwinia chrysanthemi (Er-
winase�, Jazz Pharmaceuticals; Erwinia
asparaginase; crisantaspase) [4–10]. Modified
forms of E. coli asparaginase with improved
pharmacological properties have been devel-
oped, including pegylated E. coli asparaginase
(Oncaspar� [pegaspargase], Servier) [11]. A
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recombinant asparaginase (Spectrila�, medac
Pharma) is also available, and pegylated forms
of recombinant enzymes are in development
(MC0609; pegcrisantaspase) [12–14]. Pegaspar-
gase is used as a first-line treatment for ALL in
clinical practice, whereas crisantaspase is gen-
erally employed following failure of E. coli-
derived asparaginases due to immunological
reactions [15].

Pegylation of E. coli asparaginase confers
advantages over the native enzyme, including
prolonged half-life [16–18], which leads to
reduced immunogenicity [17, 19] and reduced
frequency of administration (every 2 weeks
versus twice to three times weekly). In a com-
parative study of native E. coli asparaginase
versus pegaspargase in children with ALL, sig-
nificantly lower proportions of patients treated
with pegaspargase had elevated anti-asparagi-
nase antibody ratios compared with those
receiving native E. coli asparaginase. The differ-
ence was most notable during the first delayed
intensification phase (following previous expo-
sure to treatment during the induction phase):
over 40% of patients treated with native E. coli
asparaginase, compared with 11% of those
receiving pegaspargase, had antibody ratios
greater than 1.5 times the negative control.
High antibody titers had been associated with
low asparaginase activity in previous studies,
and antibody ratios greater than 1.5 were asso-
ciated with low asparaginase activity in patients
receiving native E. coli asparaginase [19]. How-
ever, in patients receiving pegaspargase, none of
the samples with antibody ratios of 1.5 or
greater were associated with low asparaginase
activity, suggesting that pegaspargase was not
neutralized or cleared more rapidly when anti-
body levels were elevated [19].

Pegaspargase is a conjugated enzyme, with
polyethylene glycol (PEG) covalently bound to
L-asparaginase via an ester linkage. Hydrolytic
instability has been observed in vitro [20],
leading to potential for depegylation if the ester
bond undergoes hydrolysis. Similar to other
pegylated pharmaceuticals [21, 22], pegylation
increases steric hindrance of the active site on
L-asparaginase; consequently, the native or
depegylated product has greater enzymatic
activity than the pegylated product, as well as a

shorter half-life [20]. The shelf life of pegaspar-
gase is limited to 8 months [23].

It is therefore important to understand the
stability of new pegylated asparaginase prepa-
rations, as this may impact many factors
including shelf life [20]. Since depegylation
results from hydrolysis of the ester bond linking
PEG to L-asparaginase [20], removal of water
from the formulation by lyophilization (freeze-
drying) is a rational approach to improve sta-
bility of the pegylated product and is a widely
used method to improve the long-term storage
stability of biopharmaceuticals [24].

The freezing and drying processes involved in
lyophilization can themselves impose stresses on
proteins [24]. One potential consequence of such
stress is protein aggregation [25], forming sub-
visible particles in the reconstituted solution,
which can lead to increased immunogenicity
[26, 27]. Stabilizing agents, such as sucrose or
sorbitol, have been shown to reduce the sub-
visible particle load in reconstituted lyophilized
solutions of immunoglobulins [25, 28], and are
typically included among excipients used in the
production of lyophilized drug products [24].

Product quality testing is therefore impor-
tant to ensure that the lyophilized product
gains the desired property of improved stability,
without incurring detrimental effects, such as
changes in activity or increased propensity to
form protein aggregates. A comprehensive series
of analytical methods must be employed to
determine properties of the lyophilized cake
and behavior of the protein upon reconstitution
as a solution for injection/administration [24].
This article describes the development process
that has been used to produce a lyophilized
form of pegaspargase, and provides a compara-
tive assessment of structure, potency, quality
and purity of the lyophilized and liquid for-
mulations, in addition to exploring optimum
storage conditions for lyophilized pegaspargase.

METHODS

Compliance with Ethics Guidelines

This article does not contain any studies with
human participants or animals.
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Drug Substance Composition

Lyophilized pegaspargase contains largely the
same constituents as liquid pegaspargase,
although quantities of some excipients are
reduced in the lyophilized formulation,
including dibasic sodium phosphate, monoba-
sic sodium phosphate and sodium chloride, and
sucrose is added to the lyophilized formulation
as a stabilizing agent (Table 1). Both formula-
tions contain 750 U/mL pegaspargase, follow-
ing reconstitution of the lyophilized
formulation with 5.2 mL sterile water for injec-
tion per vial.

Development Process

The development process for the bulk drug
substance, for both formulations, comprises the
following stages: pegylation, clarification,
diafiltration, dilution and filtration/sterile fil-
tration (Fig. 1). Initially, L-asparaginase solution
is prepared in phosphate buffer at a concentra-
tion of 5 mg/mL. In the pegylation step, the
native enzyme is chemically modified by reac-
tion of monomethoxypolyethylene glycol suc-
cinimidyl succinate (SS–PEG) with primary
amines on the protein, producing a pegylated
protein with N-hydroxysuccinimide (NHS) as a
by-product. The impurities, NHS and any
unbound PEG, are removed during the diafil-
tration step, in which the solution is passed

through a membrane with a nominal molecular
weight cut-off of 100 kDa, allowing impurities
through while retaining the pegylated protein
product.

Modification of the liquid pegaspargase
development process leads to production of a
concentrated solution for lyophilization, which
allows for final formulation with sucrose to the
correct concentration. This modification occurs
during the diafiltration step, during which the
pegaspargase bulk solution for lyophilization is
concentrated to a protein level (20 mg/mL)
three times higher than in the liquid form
(6.5 mg/mL). Following dilution, there is a fil-
tration step and plastic bag fill for the
lyophilization bulk solution (with a hold time
of B 60 days before lyophilized product manu-
facture, determined by the time required for
transport to another facility for downstream
processing) compared with a direct stainless
steel tank fill for the liquid product (hold time
of B 72 h before liquid formulation manufac-
ture). Specifications for the drug substance
produced for each formulation are shown in
Table 2.

As well as threefold higher protein concen-
tration and enzyme activity in the bulk drug
substance for lyophilized pegaspargase, three-
fold higher levels of impurities (free 10K PEG,
total free PEG [the sum of 5K and 10K PEG] and
NHS) are permitted in the more concentrated
drug substance. In the drug product, prefill

Table 1 Constituents of liquid and lyophilized formulations of pegaspargase

Component Function Pegaspargase formulation/amount per mL

Liquid Lyophilizeda

Pegaspargase drug substance Active ingredient 750 U 750 U

Dibasic sodium phosphate Buffering agent 5.58 mg 2.79 mg

Monobasic sodium phosphate Buffering agent 1.20 mg 0.60 mg

Sodium chloride Tonicity 8.50 mg 4.25 mg

Sucrose Lyoprotectant (stabilizing agent) N/A 45 mg

Water for injection Solvent QS to 1.0 g QS to 1.0 g

QS quantify sufficient to produce total mass of 1.0 g, N/A not applicable
a Values following reconstitution with water for injection
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target weight for the lyophilized cake is 2.5 g,
which is reconstituted with 5.2 mL of sterile
water for injections. This restores impurities to
the concentrations permitted in liquid pegas-
pargase following reconstitution as a solution
for administration.

For liquid pegaspargase, the final step in the
development process is sterile filtration—the
drug substance is filtered through a sterile 0.2
lm filter into a jacketed stainless steel vessel and
stored at 2–8 �C for a maximum of 72 h before it
is aliquoted into sterile vials. For lyophilized
pegaspargase, the concentrated drug substance
is filtered through a 0.2 lm filter into a pre-
sterilized 20 L bulk solution bag, in which it is
stored at 2–8 �C for a maximum of 60 days,
prior to the final formulation, sterile filtration
and lyophilization process steps (Fig. 1). Sam-
ples were monitored at 0, 2, 4, 6, 8 and 12 weeks
to assess the stability of pegaspargase during
refrigerated storage as liquid concentrated bulk
drug substance.

The final formulation process for lyophilized
pegaspargase involves addition of a buffer con-
taining sucrose as a lyoprotectant/stabilizing
agent, plus dibasic sodium phosphate,
monobasic sodium phosphate and sodium
chloride (all buffer components apart from
sucrose are present in the standard phosphate
buffered saline [PBS] used for liquid pegaspar-
gase but in different concentrations) (Table 1).
The resulting solution contains pegaspargase at
two times the concentration of liquid pegas-
pargase, as the higher concentration (lower
water content) reduces the time required for
freeze/drying cycles during the lyophilization
process. This solution undergoes sterile

filtration, after which vials are filled in aseptic
conditions prior to lyophilization.

The lyophilization process comprises a thermal
treatment phase and a freeze condenser and evac-
uator phase. On completion of the lyophilization
process, the evacuated lyophilization chamber is
backfilled with nitrogen gas and the vials are
stoppered and crimp sealed. Lyophilization pro-
cess cycle parameters are shown in Supplementary
Table 1.

Comparability Assessment

A series of comparability tests were performed
on samples of liquid pegaspargase and recon-
stituted lyophilized pegaspargase. Prior to test-
ing, vials of lyophilized pegaspargase were
reconstituted with a 21-gauge needle by dis-
pensing 5.2 mL of sterile water for injection into
each vial and mixing for 5 min or until particles
of lyophilized cake were no longer visible by
visual inspection at approximately 50 rotations
per minute (rpm) on a roller mixer. Compara-
bility tests were conducted on three lots each of
liquid and lyophilized pegaspargase, to ensure
that consistent results were replicated and per-
mit statistical analysis.

Assessment of Physiochemical Properties
and Critical Quality Attributes
Physicochemical properties and critical quality
attributes of each lot were assessed to determine
if batches of liquid pegaspargase and reconsti-
tuted lyophilized pegaspargase met predefined
acceptance criteria (as detailed in Table 3).
Acceptance criteria for the liquid product,
including control limits for appearance, pH,
protein concentration, activity, free PEG, etc.
were established on the basis of a large number
of historical lots of liquid pegaspargase, and
were similar to the specifications for bulk drug
substance (as detailed in Table 2). Similarly,
acceptance criteria suitable for a lyophilized
product were established on the basis of those
for liquid pegaspargase to assess and determine
the suitability of such a product based on
physicochemical properties and critical quality
attributes.

bFig. 1 Development process for liquid and lyophilized
pegaspargase. Black boxes represent core process steps; grey
boxes show intermediate steps and tests; blue boxes
highlight different pegaspargase concentrations in drug
substance for liquid and lyophilized pegaspargase. a Free
PEG, 10K PEG, NHS. b Dibasic and monobasic sodium
phosphate and sodium chloride at half the concentrations
of PBS used for production of bulk drug substance/liquid
pegaspargase. NHS N-hydroxysuccinimide, PBS phosphate
buffered saline, SS–PEG monomethoxypolyethylene glycol
succinimidyl succinate
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Characterization Tests
A series of tests was performed to characterize
higher-order protein structure and other aspects
of liquid and lyophilized pegaspargase formu-
lations. In most cases, characterization tests
were conducted side-by-side on paired lots of
liquid and lyophilized pegaspargase to permit
direct comparison. Tests included the follow-
ing: characterization of molecular mass, using
matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF); extent of pegyla-
tion, measured using size-exclusion chro-
matography with multi-angle static light
scattering (SEC-MALS) and high-performance
liquid chromatography–mass spectrometry
(HPLC–MS); purity, assessed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) profiles; calorimetric enthalpy and tran-
sition peak midpoint (melting temperature),
assessed by differential scanning calorimetry
(DSC); and secondary and tertiary protein
structure motifs and thermal unfolding charac-
teristics, investigated by performing circular
dichroism (CD) spectroscopy at various wave-
lengths. Further details of the analytical meth-
ods used in the characterization tests are
detailed in the Supplementary Methods section.

In vitro enzyme kinetics were also evaluated.
Pegaspargase was added to asparagine, diluted
in buffer at pH 7.3 to a range of concentrations
(5–250 lM). After addition of the derivatization
reagent, and a second dilution step, the samples
were incubated at 37 �C for 15 min to allow the
enzymatic reaction to proceed. The released
aspartic acid was derivatized before measure-
ment by reversed-phase HPLC (RP-HPLC). The
results obtained from this range of concentra-
tions were used to determine enzyme kinetic
parameters including Michaelis constant cat-
alytic rate constant and maximum velocity.

Forced Degradation Studies
Degradation profiles for each formulation were
determined in forced degradation studies in
order to evaluate the comparative stress stability
behavior of each pegaspargase formulation. The
effect of heat stress was evaluated in samples
stored at 40 ± 2 �C (in 75 ± 5% relative
humidity [RH]) for 6 months. The effects of
changes in pH were tested by applying acid/base

stress sufficient to induce 5–25% degradation.
For acid stress, 200 lL 0.8 M HCl or 200 lL
0.4 M HCl were added to 20 mL liquid or
reconstituted lyophilized pegaspargase, respec-
tively, and samples were incubated at 37 �C for
90 min. For base stress, 200 lL 0.8 M NaOH or
200 lL 0.4 M NaOH were added to 20 mL liquid
or reconstituted lyophilized pegaspargase,
respectively, and samples were incubated at
37 �C for 20 min. The concentration of HCl and
NaOH used in the stress tests were different for
the liquid and reconstituted lyophilized pegas-
pargase because of the constitution of the dif-
ferent formulations. As the lyophilized cake is
unstable at commercial liquid pegaspargase
concentrations, the filled product for
lyophilization is approximately double that of
commercial pegaspargase, resulting in reduced
concentration of stabilizing salts upon recon-
stitution. Therefore, half the concentrations of
HCl and NaOH are required for the same pH to
be reached because only half the stabilizing
buffer is present in reconstituted lyophilized
pegaspargase. Oxidative stress was applied by
adding 200 lL 30% H2O2 to 20 mL pegaspargase
and incubating at 40 �C for 30 min. Agitation
stress was applied to inverted vials shaken at
120 rpm, using an orbital shaker, for 8 h at
room temperature. Light (photo) stress involved
exposure to 1.2 million Lux h cool white or
200 W h ultraviolet (UV) light. Critical quality
attributes including purity, potency, aggregates
and total free PEG were tested at various time
points during or after exposure to stresses.

Stability Tests

Long-term stability of lyophilized pegaspargase
was assessed for at least 3 years for samples
stored under refrigerated (5 ± 3 �C) and accel-
erated (25 ± 2 �C; 60 ± 5% RH) conditions.
Purity, potency and aggregates were measured
in reconstituted samples (every 3 months for
the first year and every 6 months thereafter).
One method was used to determine the purity
of active non-aggregated proteins, measured by
gel-filtration HPLC (GF-HPLC), and the number
of aggregated non-active proteins. Activity was
measured as an indicator of potency by RP-

2112 Adv Ther (2019) 36:2106–2121



Table 3 Assessment of physicochemical properties and critical quality attributes

Test Acceptance criteria Liquid pegaspargasea Reconstituted lyophilized
pegaspargasea

Appearance Colourless solutionb Complies Complies

Clarity Clear, no visible particles Complies Complies

Fill volume To deliver 5.0 mL 5.1–5.2 mL 5.2–5.5 mL

pH 7.2–7.4 7.2–7.3 7.4

Protein

concentration

4.5–8.5 mg/mL 6.2–7.3 mg/mL 6.5–7.1 mg/mL

Potency (activity) 600–900 U/mL 737–778 U/mL 718–805 U/mL

Specific activity C 85 U/mg protein 101–125 U/mg protein 111–114 U/mg protein

Purity by GF-HPLC

Active

components

C 95% 98–99% 97%

Aggregates B 8% 1–4% 1–5%

Free 10K PEG B 0.2 mg/mL \ 0.07 mg/mL 0.1–0.2 mg/mL

Total free PEG B 2.0 mg/mL 0.2–0.6 mg/mL 0.5–1.3 mg/mL

NHS B 2.0 ppm 0.2–0.6 ppm 0.2–1.0 ppm

Modification by

TNBS

69–82 mol PEG/mole protein 73–75 mol PEG/mole

protein

75–77 mol PEG/mole protein

Particulate matter Per container

C 2 lm B 27,000 particles 1961–3204 530–5834

C 10 lm B 6000 particles 13–46 12–116

C 25 lm B 600 particles 0 1–2

Sterility Pass USP sterility test Complies Compliesc

General safety Pass USP tests in guinea pigs and

mice

Conforms Conformsc

Endotoxin by LAL B 35 EU/mL \ 15 EU/mL \ 4 EU/mL

Content uniformity – N/A Complies

Reconstitution time B 3 min N/A \ 1 min

Water (by KF) B 3.0% N/A 0.1–0.2%

GF-HPLC gel filtration high-performance liquid chromatography, KF Karl Fischer titration, LAL Limulus amebocyte
lysate, N/A not applicable, NHS N-hydroxysuccinimide, PEG polyethylene glycol, ppm parts per million, TNBS 2,4,6-
trinitrobenzene sulfonic acid, USP United States Pharmacopeia Convention
a Range of values for three lots tested
b Lyophilized product has appearance of white to off-white cake prior to reconsitution
c Sterility and general safety tests not performed for one of the three lots tested
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HPLC. This is assessed by incubating the sample
with L-asparagine to generate L-aspartic acid by
enzymatic reaction. The amount of released L-
aspartic acid is analysed by RP-HPLC fitted with
a UV detector set at 265 nm. This method is also
used to determine the identity of the drug
substance. Residual water was measured by Karl
Fischer titration in samples of lyophilized cake
at the same time points.

RESULTS

Pre-Lyophilization Tests on Bulk Drug
Substance

In this comparability study, all batches of bulk
drug substance (concentrated liquid) used in
the development process of lyophilized pegas-
pargase met the required pre-specified criteria
detailed in Table 2, including protein concen-
tration, potency, appearance, pH and purity.
Stability testing showed that storage of bulk
drug substance for lyophilized pegaspargase at
2–8 �C for up to 12 weeks prior to lyophilization
met the acceptance criteria approved for liquid
pegaspargase (Table 2 and additional time point
data shown in Supplementary Tables 2–4). No
significant changes in purity were detected,
although higher potency, total free PEG and
10K PEG were observed as a result of expected
depegylation. However, these elevated results
were still within specification limits (Table 2).

Post-Lyophilization Tests on Lyophilized
and Reconstituted Lyophilized
Pegaspargase

Tests investigating the physiochemical proper-
ties and critical quality attributes of each for-
mulation showed no significant differences
between liquid and lyophilized pegaspargase.
All parameters, including measures of potency
and purity, were within acceptance criteria
limits (Table 3).

Characterization tests indicated no signifi-
cant differences in molecular weight, extent
and site of pegylation, and enzyme kinetics. The
results of these methods met predefined

acceptance criteria (Table 4). However, results of
DSC and CD spectroscopy demonstrated that
lyophilized pegaspargase has a trend towards
lower calorimetric enthalpy required for the
transition to an unfolded state, relative to liquid
pegaspargase (Table 4 footnotes).

The degradation profile of lyophilized
pegaspargase under conditions of heat stress
was decelerated compared with liquid pegas-
pargase. Deleterious changes in purity, potency,
aggregates and free PEG were observed to be
more rapid in liquid than lyophilized pegas-
pargase (Fig. 2). Additional stress conditions
tested (photo, agitation and acidic, basic and
oxidative stress) showed no significant differ-
ences in degradation of liquid and lyophilized
pegaspargase (Supplementary Tables 5–7).

Stability tests showed that purity, potency,
aggregates and residual water in lyophilized
cake remained within acceptance criteria limits
for samples stored at both 5 �C and at 25 �C for
up to 3 years. Refrigerated conditions were more
favorable for maintained stability of lyophilized
pegaspargase. Stability profiles over 45 months
showed an expected gradual decline in purity
that was slower for samples stored at 5 �C than
25 �C (Fig. 3a). Potency (activity) remained
constant beyond 3 years in samples at 5 �C,
while the decline in purity at 25 �C corre-
sponded with a decrease in specific activity at
this temperature (Fig. 3b). Aggregates remained
at a constantly low level in samples at 5 �C,
whereas increased aggregation was observed in
samples at 25 �C (Fig. 3c). There was minimal
increase in residual water in the lyophilized
cake at 5 �C, while increased residual water was
observed at 25 �C (RH 60%) (Fig. 3d). On the
basis of these long-term stability results, the
shelf life of lyophilized pegaspargase was set as
24 months at 5 ± 3 �C.

DISCUSSION

The lyophilization process described here pro-
duced a pegaspargase formulation with compa-
rable physicochemical properties, purity and
potency profiles to those of liquid pegaspargase.
Ongoing process validation showed no signifi-
cant differences in quality attributes between

2114 Adv Ther (2019) 36:2106–2121



T
ab
le
4

C
ha
ra
ct
er
iz
at
io
n
te
st
s:
su
m
m
ar
y
of

si
m
ila
ri
ti
es
/d
iff
er
en
ce
s
be
tw
ee
n
liq
ui
d
an
d
ly
op
hi
liz
ed

pe
ga
sp
ar
ga
se

C
ha
ra
ct
er
is
ti
c

T
es
t

A
cc
ep
ta
nc
e
cr
it
er
ia
a

O
bs
er
ve
d
di
ff
er
en
ce
sb

M
ol
ec
ul
ar

m
as
s

M
A
L
D
I-
T
O
F

B
3
kD

a
pe
r
m
on
om

er
0.
4–

0.
8
kD

a

E
xt
en
t
of

pe
gy
la
ti
on

(1
)

SE
C
-M

A
L
S

B
3
m
ol

PE
G

pe
r
m
ol
e
pr
ot
ei
n

1.
7–

2.
4
m
ol

E
xt
en
t
of

pe
gy
la
ti
on

(2
)

H
PL

C
–M

Sc
B

10
%

di
ff
er
en
ce

in
pe
gy
la
ti
on

at
ea
ch

po
te
nt
ia
lb
in
di
ng

si
te

C
om

pa
ra
bl
e,
de
sp
it
e
di
ff
er
en
ce
s
in

pe
pt
id
es
co
nt
ai
ni
ng

m
ul
ti
pl
e
ly
si
ne

gr
ou
ps

d

C
al
or
im

et
ry

D
SC

B
2
�C

fo
r
T
m

B
15
%

fo
r
ca
lo
ri
m
et
ri
c
en
th
al
py

T
m

0.
06
–0

.5
4
�C

C
al
or
im

et
ri
c
en
th
al
py

4–
19
%
e

Se
co
nd

ar
y

st
ru
ct
ur
e

C
D

sp
ec
tr
os
co
py
:

Fa
r-
U
V
sc
an

(1
90
–2

50
nm

)

B
10
%

di
ff
er
en
ce

in
ea
ch

se
co
nd

ar
y
st
ru
ct
ur
e
m
ot
iff

B
2%

di
ff
er
en
ce

in
pr
op
or
ti
on
s

of
an
y
m
ot
if

T
er
ti
ar
y
st
ru
ct
ur
e

C
D

sp
ec
tr
os
co
py
:

N
ea
r-
U
V
sc
an

(2
50
–3

50
nm

)

N
o
ob
vi
ou
s
di
ff
er
en
ce
s
w
he
n
C
D

sp
ec
tr
a
ov
er
la
id

N
o
ob
vi
ou
s
di
ff
er
en
ce
s
in

C
D

sp
ec
tr
os
co
py

sc
an
s

T
he
rm

al
un

fo
ld
in
g

C
D

sp
ec
tr
os
co
py

at
fix
ed

w
av
el
en
gt
h
of

22
0
nm

,o
ve
r
a

ra
ng
e
of

te
m
pe
ra
tu
re
s

N
o
ob
vi
ou
s
di
ff
er
en
ce
s
w
he
n
C
D

sp
ec
tr
a
ov
er
la
id

N
o
si
gn
ifi
ca
nt

di
ff
er
en
ce
s
in

C
D

sp
ec
tr
os
co
py

sc
an
sg

C
on
si
st
en
t
m
el
ti
ng

te
m
pe
ra
tu
re
s

Pu
ri
ty

SD
S-
PA

G
E

Si
m
ila
r
ba
nd

in
g
pr
ofi
le
s;
no

ad
di
ti
on
al
ba
nd

s
(r
ep
re
se
nt
in
g
ne
w
im

pu
ri
ti
es
)

Si
m
ila
r
ba
nd

in
g
pr
ofi
le
s
w
it
h
no

ne
w
im

pu
ri
ti
es

E
nz
ym

e
ki
ne
ti
cs

K
m
:
10
–2

0
lM

V
m
ax
:
0.
10
–0

.1
5
lm

ol
/m

in
/l
g

K
ca
t:
58
–8

8
s-

1

W
it
hi
n
de
fin

ed
ra
ng
es
h

C
D

ci
rc
ul
ar

di
ch
ro
is
m
,D

SC
di
ff
er
en
ti
al
sc
an
ni
ng

ca
lo
ri
m
et
ry
,H

PL
C
–M

S
hi
gh
-p
er
fo
rm

an
ce

liq
ui
d
ch
ro
m
at
og
ra
ph
y–
m
as
s
sp
ec
tr
om

et
ry
,K

ca
t
ca
ta
ly
ti
c
ra
te
co
ns
ta
nt
,K

m
M
ic
ha
el
is
co
ns
ta
nt
,M

A
L
D
I-

T
O
F
m
at
ri
x
as
si
st
ed

la
se
r
de
so
rp
ti
on

io
ni
za
ti
on

ti
m
e-
of
-fl
ig
ht
,
PE

G
po
ly
et
hy
le
ne

gl
yc
ol
,
SD

S-
PA

G
E

so
di
um

do
de
cy
l
su
lfa
te

po
ly
ac
ry
la
m
id
e
ge
l
el
ec
tr
op
ho
re
si
s,
SE

C
-M

A
L
S
si
ze
-e
xc
lu
si
on

ch
ro
-

m
at
og
ra
ph
y
w
it
h
m
ul
ti
-a
ng
le
st
at
ic
lig
ht

sc
at
te
ri
ng
,T

m
tr
an
si
ti
on

pe
ak

m
id
po
in
t
(m

el
ti
ng

te
m
pe
ra
tu
re
),
U
V
ul
tr
av
io
le
t,
V
m
ax
m
ax
im

um
ve
lo
ci
ty

a
M
ax
im

um
di
ff
er
en
ce

be
tw
ee
n
ly
op
hi
liz
ed

an
d
liq
ui
d
pe
ga
sp
ar
ga
se

to
co
nc
lu
de

eq
ui
va
le
nc
e
be
tw
ee
n
fo
rm

ul
at
io
ns

b
R
an
ge

fo
r
di
ff
er
en
ce
s
be
tw
ee
n
pa
ir
ed

lo
ts
of

ly
op
hi
liz
ed

an
d
liq
ui
d
pe
ga
sp
ar
ga
se

c
L
-A
sp
ar
ag
in
as
e
w
as
re
ac
te
d
w
it
h
su
cc
in
ic
an
hy
dr
id
e
un

de
r
si
m
ila
r
co
nd

it
io
ns

to
th
os
e
us
ed

fo
r
pe
gy
la
ti
on
,r
es
ul
ti
ng

in
a
co
nf
or
m
at
io
n
si
m
ila
r
to

th
at
fo
un

d
du
ri
ng

th
e
m
an
uf
ac
tu
ri
ng

pe
gy
la
ti
on

st
ep
.

T
he
re
fo
re
,t
he

ex
po
se
d
ly
si
ne

re
si
du
es

on
th
e
pr
ot
ei
n
su
rf
ac
e
w
er
e
su
cc
in
yl
at
ed
.T

he
sa
m
pl
es

w
er
e
th
en

de
na
tu
re
d
us
in
g
a
hi
gh

co
nc
en
tr
at
io
n
of

ur
ea

to
ex
po
se

ly
si
ne

re
si
du
es

th
at

ha
d
be
en

bu
ri
ed

in
si
de

th
e
th
re
e-
di
m
en
si
on
al
st
ru
ct
ur
e
of

th
e
pr
ot
ei
n.
T
he
se
ha
d
be
en

pr
ot
ec
te
d
fr
om

in
it
ia
ls
uc
ci
ny
la
ti
on
,a
nd

al
so

fr
om

pe
gy
la
ti
on

du
ri
ng

th
e
de
ve
lo
pm

en
t
pr
oc
es
s.
A
se
co
nd

de
ri
va
ti
za
ti
on

st
ep

us
in
g

is
ot
op
ic
al
ly

la
be
lle
d
d 4
-s
uc
ci
ni
c
an
hy
dr
id
e
le
d
to

th
e
m
od
ifi
ca
ti
on

of
th
e
re
m
ai
ni
ng

fr
ee

ly
si
ne

re
si
du
es
.
T
hu
s,
al
l
ly
si
ne

re
si
du
es

w
er
e
su
cc
in
yl
at
ed
:
th
e
ex
po
se
d
ly
si
ne

re
si
du
es

w
er
e
m
od
ifi
ed

w
it
h

un
la
be
lle
d
su
cc
in
at
e
an
d
th
e
bu
ri
ed

ly
si
ne

re
si
du
es

w
er
e
m
od
ifi
ed

w
it
h
is
ot
op
ic
al
ly
la
be
lle
d
su
cc
in
at
e,
co
ns
eq
ue
nt
ly
di
st
in
gu
is
ha
bl
e
by

th
e
4-
D
a
m
as
s
di
ff
er
en
ce

of
th
e
la
be
l
us
in
g
H
PL

C
-M

S
d
D
iff
er
en
ce
s
in

ex
te
nt

of
pe
gy
la
ti
on

([
10
%
)
w
er
e
ob
se
rv
ed

fo
r
so
m
e
pe
pt
id
es

co
nt
ai
ni
ng

m
ul
ti
pl
e
ly
si
ne

gr
ou
ps
.
H
ow

ev
er
,
th
es
e
di
ff
er
en
ce
s
w
er
e
at
tr
ib
ut
ed

to
un

ce
rt
ai
nt
ie
s
in

pr
ec
is
io
n
of

th
e

co
m
pl
ex

m
et
ho
d,

an
d
do

no
t
re
pr
es
en
t
si
gn
ifi
ca
nt

di
ff
er
en
ce
s
in

th
e
ex
te
nt

of
pe
gy
la
ti
on
,
si
nc
e
th
er
e
w
er
e
no

co
rr
es
po
nd

in
g
di
ff
er
en
ce
s
in

m
ol
ec
ul
ar

m
as
s
or

ex
te
nt

of
pe
gy
la
ti
on

in
ot
he
r

ch
ar
ac
te
ri
za
ti
on

te
st
s

e
L
yo
ph
ili
ze
d
pe
ga
sp
ar
ga
se
tr
en
de
d
to
w
ar
d
lo
w
er
en
th
al
py

re
qu
ir
ed

fo
r
th
e
tr
an
si
ti
on

to
an

un
fo
ld
ed

st
at
e
re
la
ti
ve

to
liq
ui
d
pe
ga
sp
ar
ga
se
,e
xc
ee
di
ng

th
e
ac
ce
pt
an
ce

cr
it
er
ia
of

15
%
di
ff
er
en
ce

in
on
e
ca
se

(f
ro
m

th
re
e
pa
ir
s
of

lo
ts
).
T
hi
s
ap
pe
ar
ed

to
re
la
te
to

hi
gh
er
en
th
al
py

of
liq
ui
d
pe
ga
sp
ar
ga
se
in

th
at
pa
ir
of

lo
ts
,w

hi
le
th
e
ly
op
hi
liz
ed

pe
ga
sp
ar
ga
se
lo
t
ha
d
co
ns
is
te
nt

en
th
al
py

w
it
h
ot
he
r
ly
op
hi
liz
ed

lo
ts

f
a-
he
lix
,a
nt
i-p

ar
al
le
l
an
d
pa
ra
lle
l
b-
sh
ee
t,
b-
tu
rn

an
d
ra
nd

om
co
il

g
Sl
ig
ht

sh
ift

in
th
er
m
al
m
el
t
cu
rv
es
,c
on
si
st
en
t
w
it
h
sli
gh
t
di
ff
er
en
ce
s
in

T
m

on
D
C
S

h
L
ot
s
w
er
e
an
al
ys
ed

in
di
vi
du
al
ly
an
d
no
t
pa
ir
ed

fo
r
si
de
-b
y-
si
de

an
al
ys
is
of

en
zy
m
e
ki
ne
ti
cs
.R

es
ul
ts
fo
r
ea
ch

lo
tw

er
e
w
it
hi
n
th
e
de
fin

ed
ra
ng
es
;d
iff
er
en
ce
s
be
tw
ee
n
th
e
m
ea
ns

fo
r
th
re
e
lo
ts
ea
ch

of
th
e

tw
o
fo
rm

ul
at
io
ns

(1
5%

fo
r
K
m
,8

.4
%

fo
r
V
m
ax
an
d
7.
2%

fo
r
K
ca
t)
w
er
e
w
it
hi
n
th
e
ex
pe
ct
ed

in
tr
a-
as
sa
y
va
ri
ab
ili
ty

Adv Ther (2019) 36:2106–2121 2115



pre- and post-lyophilized drug product, indi-
cating that the lyophilization process used had
no negative impact on product quality. Char-
acterization tests showed that lyophilized
pegaspargase also remained comparable to the
liquid formulation, in terms of structure, extent
and site of pegylation, and enzyme kinetics.
DSC and CD spectroscopic investigation of

thermal unfolding revealed slight differences in
enthalpy and melting point for the two formu-
lations, which may relate to differences in salt
and/or sucrose concentrations in excipients.
Forced degradation tests demonstrated
improved stability of lyophilized compared
with liquid pegaspargase under conditions of
heat stress.

Fig. 2 Heat stress profiles for liquid (Lot A) and
lyophilized (Lot 1) pegaspargase: purity (a), potency (b),
aggregates (c) and total free PEG (d) of/in liquid and
lyophilized pegaspargase stored at 40 �C for 6 months.
a Determined by GF-HPLC. b Determined by RP-HPLC.
Results from a representative lot of liquid and lyophilized
pegaspargase are presented. Each lot was tested once at

each time point. Liquid and lyophilized lots were tested
using validated methods. GF-HPLC gel filtration high-
performance liquid chromatography, LSL lower specifica-
tion limit, PEG polyethylene glycol, RP-HPLC reversed-
phase high-performance liquid chromatography, USL
upper specification limit

2116 Adv Ther (2019) 36:2106–2121
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The primary aim of developing the lyophi-
lized formulation of pegaspargase was to
improve stability of the pegylated protein,
allowing for a prolonged shelf life. From the
long-term stability tests performed, we believe
that this goal has been achieved. These tests
demonstrated that lyophilized pegaspargase
met acceptance criteria for various quality
attributes, including purity, potency and pro-
tein aggregation, during a 45-month storage
period under refrigerated conditions (2–8 �C).
Samples stored at 25 �C (RH 60%) had a greater
tendency to absorb moisture, resulting in
residual water in the lyophilized cake and
potentially increasing the likelihood of cake
collapse. In addition, these samples demon-
strated a trend for slightly decreasing values in
purity and potency and increasing aggregation
over time. Active asparaginase is a tetramer,
which becomes inactive when it disassembles
into dimers or monomers over time and at
higher temperatures, thereby resulting in a
gradual decrease in potency [9]. It is therefore
recommended that lyophilized pegaspargase
should be refrigerated at 2–8 �C during long-
term storage for optimal stability and mainte-
nance of protein activity at the intended
potency.

In light of the improved stability of lyophi-
lized pegaspargase, while maintaining compa-
rability with the liquid formulation in terms of
physicochemical properties, purity and
potency, the European Medicines Agency gran-
ted approval of lyophilized pegaspargase fol-
lowing a positive opinion from the Committee

for Medicinal Products for Human Use [23]. On
the basis of our results, the shelf life of lyophi-
lized pegaspargase was set as 24 months at
2–8 �C [23]. This is a considerable improvement
on the 8-month shelf life of liquid pegaspargase.
As long-term stability has been demonstrated
for test lots of lyophilized pegaspargase within a
45-month period, and tests are ongoing, it may
be possible to extend this shelf life further in the
future.

Lyophilization has been used to improve
stability of other recombinant protein thera-
peutics, e.g. IgG1 monoclonal antibodies
(mAbs) [25, 28, 29], with potential applications
including improved stability during shipping
[29]. Tests of lyophilized IgG1 mAbs under
simulated shipping conditions (agitation stress)
suggested that lyophilized formulations can
remain vulnerable to physical degradation on
shaking [29]. However, we found no instability
upon agitation for liquid or lyophilized
pegaspargase.

One of the limitations of this study is that it
did not investigate the stability of lyophilized
pegaspargase following reconstitution. In a
separate study, chemical and physical in-use
stability has been demonstrated for 24 h for
reconstituted solutions stored below 25 �C [23].
Stability, in terms of enzyme activity based on
catalysis of L-asparagine to L-aspartic acid and
ammonia, has been reported for up to 7 days
following reconstitution of a lyophilized for-
mulation of native E. coli asparaginase in dif-
ferent parenteral solutions refrigerated at 2–8 �C
[30]. It is important that sterility is maintained,
so unless precautions are taken to preclude any
risk of microbial contamination on reconstitu-
tion, it is recommended that the solution
should be used immediately [23]. Another lim-
itation is that each lot of liquid and lyophilized
pegaspargase was tested once at each time point
for each comparability assessment, using vali-
dated test methods. Characterization of liquid
and lyophilized pegaspargase lots was per-
formed in a side-by-side fashion, however, to
minimize variability between assays. Finally,
beyond demonstrating an effective example of
stabilization, it could be argued that the infor-
mation reported here may not be of broad
applicability to the community, particularly

bFig. 3 Stability of lyophilized pegaspargase stored at 5 �C
and 25 �C (60% RH) over 45 months: trend analyses for
purity (a), potency (b), aggregates (c) and residual water
(d) substance for lyophilized pegaspargase. Lots stored in
an inverted orientation. Results from a representative lot of
liquid and lyophilized pegaspargase are presented. Each lot
was tested once at each time point. Liquid and lyophilized
lots were tested using validated methods. Acceptance
criteria for purity (% active components) are lower at end
of shelf life than on release; acceptance criteria for other
quality attributes (aggregates, potency, residual water) are
the same at release and end of shelf life. RH relative
humidity
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without associated preclinical or clinical data
for the lyophilized formulation.

Despite these limitations, the prolonged
shelf life of lyophilized pegaspargase is expected
to improve product supply management in
pharmacy formulary settings through enabling
greater flexibility and longer-term planning.
The prolonged shelf life may also lead to
improvements in access to pegaspargase for
patients with ALL in countries where liquid
pegaspargase is currently not available.

CONCLUSION

Lyophilization has been demonstrated to
improve the stability of pegaspargase without
altering other physicochemical properties, per-
mitting a prolonged shelf life of 24 months at
2–8 �C.
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