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ARTICLE INFO ABSTRACT

Keywords: A biosimilar considered as a biomolecule medicinal product that is comparable to a reference medicinal product
Imiglucerase in terms of the structural, functional, biological, and clinical attributes. Glurazyme® was developed as a bio-
Glurazyme similar to Cerezyme® (imiglucerase) and was approved in CIS countries (Russian Federation, Belarus,
g::;i;‘; Kazakhstan) and recently Algeria for the treatment of type 1 and type 3 Gaucher disease. The quality assessment

of Glurazyme® was performed in accordance with the Rules for the Study of Biological Medicines of the Eurasian
Economic Union harmonized with the ICH comparability guideline and the biosimilar guidelines of the European
Medicines Agency and Food and Drug Administration. Extensive side-by-side comparison was employed with
state-of-the-art and orthogonal assays designed to interrogate all expected physicochemical and biological ac-
tivities, including those known to affect the mechanisms of action for imiglucerase. Similarity evaluation was
performed on the basis of tolerance intervals determined from about 10 lots of commercial Cerezyme®. Mainly
three discrepancies of quality attributes were established concerning oxidized and deamidated forms as well as
phosphorylated oligomannose N-glycans reflecting the difference between cultivation and down-stream pro-
cesses of both medicinal products. Nevertheless, all of them possess a little or no influence on safety and efficacy.

Enzyme replacement therapy (ERT)
Comparative characterization

1. Introduction

Gaucher disease is a hereditary autosomal recessive disorder caused
by a deficiency of lysosomal enzyme p-glucocerebrosidase (D-glucosyl-
N-acylsphingosine glucohydrolase, EC 3.2.1.45) encoded by GBAl
human gene. Since natural substrates of glucocerebrosidase represent N-
acyl-sphingosyl-1-O-p-D glucosides with varying fatty acid fragments
and sphingosines, a respective disorder is referred to as sphingolipidosis.
While active p-glucocerebrosidase promotes the cleavage of gluco-
sylceramide (also called glucocerebroside) into glucose and ceramide,
this prevents the accumulation of cellular metabolism products within
lysosomes of macrophages [1,2].

Gaucher disease is usually considered as the most common of lyso-
somal storage disorders and manifests itself in approximately one of
75,000 births worldwide [3,4]. The disease prevalence is the highest
among Ashkenazi population (1 per 855 people). In Russia, the averaged
incidence is about 1 per 360,000 people that totally corresponds to
about 400 patients [5].

Enzyme replacement therapy promotes activation of sphingolipids
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cleavage and thereby prevents their further accumulation, that is
currently considered to be an effective mean against Gaucher disease.
The first product based on human placental glucocerebrosidase (alglu-
cerase) was approved by FDA in 1991 for parenteral use under the trade
name Ceredase®. In modern practice recombinant glucocerebrosidase
analogs: i.e. imiglucerase, velaglucerase alfa, and taliglucerase alfa are
the most obvious [6].

Imiglucerase, differing from human placental p-glucocerebrosidase
by only one R495H amino acid substitution, was developed and manu-
factured by Genzyme Corp. under the trade name Cerezyme® since
1994. This medicinal product has been successfully used for chronic
treatment in patients with a confirmed diagnosis of type 1 Gaucher
disease (without neuropathic manifestations) or type 3 (with chronic
neuropathic manifestations) [7,8]. The glycoprotein is produced using a
modified CHO cell line transfected with a synthetic gene.

Purified imiglucerase represents monomeric glycoprotein with a
molecular mass of approximately 60 kDa. A matured molecule consists
of 497 amino acids remaining after N-terminal leader sequence pro-
cessing. The tertiary structure demonstrates a three-domain
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organization. The first one (residues 1-27 and 383-414) consists of a
three-stranded antiparallel p-sheet flanked on the one side by a
perpendicular strand and a looped region on the other. Thus, a pair of N-
terminal strands interacts with two antiparallel strands of inner region.
Additionally, it contains two disulfide bridges (residues 4-16 and
18-23) necessary to stabilize the whole structure. The catalytic domain
(residues 76-381 and 416-430) is formed by a classical triose-phosphate
isomerase (TIM) barrel packing (f/a)g, that is consistent with an overall
A-family glycosylhydrolase homology [9]. Contrasting to the first one
this domain contains free cysteine residues at positions 126, 248, and
342. Catalytic domain closely interacts with N-terminal domain forming
an active site cavity with one of its loops [10]. As for C-terminal domain
(residues 30-75 and 431-497) it is composed of two p-sheets closely
packed likewise an immunoglobulin fold and is connected to the cata-
lytic core-domain by a flexible linker (Supplementary Fig. 1s).

Glucocerebroside is an active component of cell membranes; there-
fore, p-glucocerebrosidase is assumed to be able to interact with a lipid
bilayer. The last is evidenced by the observed hydrolysis stimulation in
the presence of saposin C binding activator [11]. Also structural studies
have revealed the presence of sulfate and phosphate ions bound to the
globule, which is consistent with phospholipid composition [12].

Here we describe the results of comparative “state-of-the-art” char-
acterization of two imiglucerase products: the original Cerezyme® used
as a reference for the study of a biosimilar Glurazyme® product that has
been approved for the market since 2019.

2. Materials and methods

Before the study seven of the methods (Supplementary Table 1s)
were validated according to principal recommendations of [13]. The
other were qualified as appropriate for the intended purpose on site with
a sufficient number of controls.

2.1. Materials

Glurazyme® (Generium LLC., Russia) is formulated with the same
active ingredient (1 mg/ml of imiglucerase) and with the same formu-
lation compounds (mannitol, sodium citrate, and polysorbate 80) as
Cerezyme® (Genzyme Europe B.V., Netherlands).

LC-MS grade > 99.9% acetonitrile (ACN) was purchased from Merck
KGaA (Darmstadt, Germany). Dithiotreitol (DTT), iodoacetic acid, urea,
tristhydroxymethyl)aminomethane (Tris), ethylenediaminetetraacetic
acid (EDTA), trifluoroacetic acid (TFA), ammonium formate, perchloric
acid, Triton™ X-100, N-ethylmaleimide, 4-nitrophenyl-p-D-glucopyr-
anoside (pNP-G), 4-methylumbelliferyl-p-D-glucopyranoside, sodium
phosphate, sodium chloride, bovine serum albumin (BSA), 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), Coomassie
brilliant blue R-250, sodium dodecyl sulfate (SDS), sodium taurocholate,
ammonium acetate, glycine, mannan, magnesium chloride and calcium
chloride were purchased from Sigma-Aldrich (Burlington, USA). LC-MS
grade > 99.0% formic acid, as well as Ham’s F-12 K medium were
purchased from Fisher Scientific (Pittsburgh, USA). Hydrochloric acid,
citric acid, sodium citrate, sorbitol, potassium phosphate, guanidine and
potassium chloride were purchased from PanReac AppliChem (Darm-
stadt, Germany). Surfactant P20 was purchased from Cytiva (Marl-
borough, USA). Phosphate buffer saline (PBS) was purchased from
PanEco (Moscow, Russia).

Amicon® Ultra-4 10 K ultrafiltration units (Merck Millipore, Bur-
lington, USA) as well as dialysis bags with molecular weight cutoff 10
kDa (Thermo Scientific, Waltham, USA) were used for buffer exchange.

2.2. Peptide mapping
To achieve denaturation a number of 0.5 ml aliquots of imiglucerase

(1 mg/ml) solution were mixed with 0.5 ml of denaturing buffer (100
mM Tris-HCl, pH 8.6, 8 M urea, 1 mM EDTA) and incubated at 50 °C for
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30 min. Further disulfide bonds were reduced with 10 mM DTT for 1 h at
50 °C, followed by 25 mM iodoacetic acid alkylation for 30 min at 5 °C.
Samples were transferred to 0.25 ml of 0.075% TFA by means of Ami-
con® Ultra-4 10 K ultrafiltration, where 28 pl of hydrolysis buffer (350
mM Tris-HCl, pH 8.5) with 10 pg of trypsin (#V5111, Promega, Madi-
son, USA) were added. The resulting mixtures were incubated at 37 °C
for 4 h, then 1 pl of formic acid was added, mixed and centrifuged for 2
min at 13,400 g followed by supernatant analysis by means of Nexera X2
HPLC system equipped with SPD-M30A PDA detector (Shimadzu Cor-
poration, Kyoto, Japan) and Q Exactive HF Biopharma quadrupole-
orbital ion trap mass spectrometer (Thermo Scientific, Waltham, USA).
An ACQUITY UPLC Peptide CSH C18, 2.1 x 100 mm, 1.7 pym, 130 A
column (Waters, Milford, USA) was used at 45 °C and 0.35 ml/min
flowrate along with 0.1% formic acid/acetonitrile gradient (0-2.5 min —
1% ACN; 54 min — 40% ACN; 56-61 min — 98% ACN; 61.1-67 min - 1%
ACN). A 210 nm UV absorption signal was recorded while frontal and
tandem MS data were collected for each peak. The mass spectrometer
was equipped with a HESI Il source and operated in a positive ionization
ddMS? mode. The sheath and aux gas flow rates were 25 and 10 units,
respectively. The capillary temperature was set at 250 °C, aux gas temp
at 350 °C. The spray voltage was set at 3.5 kV. AGC target was setat 1 x
108 in frontal scan mode and 2 x 10° in tandem scan mode. Resolution
was set at 120 000 in frontal scan mode and 45 000 in tandem scan
mode. The frontal scan m/z range was 200-2 000 Th. Max. inject time
was set at 100 ms in frontal scan mode and 80 ms in tandem scan mode.
The HCD NCE level was set at 30 units. The resulting data were pro-
cessed and searched against the sequence of imiglucerase using Peaks
AB, v 2.0 software (Bionformatics Solutions Inc., Waterloo, Canada).
The experimental date for the site-specific glycan profiling were also
evaluated with BYOS (Protein Metrics Inc., Cupertino, USA) software. A
fixed modification of alkylated cysteine was specified, and standard
modifications typically observed in proteins were set as variable. The
relative percent PTMs were calculated as a relative intensity of modified
peptide versus the sum of modified and unmodified peptide intensities.

2.3. UV-spectroscopy

Before optical measurements, all samples were dialyzed in the same
container against 1 1 of the buffer (20 mM sodium phosphate, pH 6.2, 50
mM sodium chloride): 7.5 ml of each stock solution at + 4 °C in dialysis
bags with molecular weight cutoff 10 kDa, once for 15 h, three times for
2 h. The dialyzed fractions and buffer used at the last dialysis were
measured. Cary 100 spectrophotometer (Varian Inc., Palo Alto, USA)
was used in a two-beam absorption scanning mode in 240-350 nm range
with 1 nm increment and a 2 nm spectral gap with 0.1 s signal averaging.
An extinction coefficient of 1.75 1-.g 'cm ™! was employed for concen-
tration estimate taking in further measurements.

2.4. FTIR-spectroscopy

Imiglucerase samples were studied with Nicolet 6700 FTIR spec-
trometer (Thermo Scientific, Waltham, USA) in the transmission mode
with crystal CaFo cuvette (4 um optical path) equipped with MCT de-
tector scanning in between 650 cm™! to 4000 cm ™! range with 1 cm ™}
resolution. Before the measurements previously dialyzed samples were
concentrated by Amicon® Ultra-4 10 K units to maintain a concentration
of around 50 mg/ml. An averaging of 256 repeated spectra was pro-
ceeded for each sample.

2.5. Circular dichroism

All far- and near-CD measurements were registered with dialyzed (0.05
or 0.46 mg/ml) samples by J-810 spectropolarimeter (JASCO Inc., Easton,
USA). Far-UV region was step-by-step scanned in the range from 200 to
250 nm with 1 nm increment and a 2 nm spectral gap averaging for 2 s
while for the near-UV region (250-350 nm) averaging time took 1 s only.
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2.6. Intrinsic fluorescence

An aromatic residues fluorescence was measured with dialyzed 0.06
mg/ml samples by Cary Eclipse (Varian Inc., Palo Alto, USA) instrument
with 280 nm excitation wave and 5 nm and 2.5 nm spectral gaps for
actuating and analyzing monochromators, respectively. The emission
spectra were measured from 300 nm to 410 nm wavelength range with
2 nm increment and 1 s data averaging. A detecting PMT voltage was
established at 800 V.

2.7. SDS-PAGE

Analysis was performed with 2.5 pg imiglucerase samples denatured
by 50 mM DTT in presence of 1% SDS for 5 min at 98 °C. Separation on
Mini-PROTEAN® TGX™ Precast Protein 4-20% mini gel (BioRad Lab-
oratories Inc., Hercules, USA) was performed as described by manu-
facturers’ protocol [14].

2.8. Intact mass measurements

The analysis was performed by HPLC Nexera X2 (Shimadzu Corpo-
ration, Kyoto, Japan) system equipped with Q Exactive HF Biopharma
mass spectrometer (Thermo Scientific, Waltham, USA). An Advance-
Bio™ SEC 200 A, 2.1 x 150 mm, 1.9 um column (Agilent Technologies,
Santa Clara, USA) was used to perform quick separation in 60 pl/min
mobile phase (80 mM ammonium acetate) flow at 25 °C. An injecting
volume corresponded to 10 pl for 1 mg/ml concentrated samples. The
mass spectrometer was equipped with a HESI II source and operated in a
positive ionization HMR mode. The sheath and aux gas flow rates were
40 and 30 units, respectively. The spray voltage was set at 3,4 kV. In
source CID energy was set at 15 eV. AGC target was set at 1 * 106,
Resolution was set at 30 000 with m/z range from 2 500-8 000 Th. Max.
inject time was set at 100 ms. The experimental data were processed
using Biopharma Finder v 3.2 software (Thermo Scientific, Waltham,
USA).

2.9. Ellman’s assay

Here 10 mg/ml solutions of imiglucerase were prepared in a dena-
turing buffer (0.1 M Tris-HCl, pH 8.0, 5 M guanidine, 1.7 mM EDTA)
with Amicon® Ultra-4 10 K ultrafiltration. A precise concentration was
evaluated by measuring 280 nm optical absorbance. To determine the
content of thiols, 412 nm optical absorbance was registered after incu-
bation in the presence of 0.34 mM 5,5"-dithio-bis(2-nitrobenzoic acid).
When a total thiols amount determined, the samples were preliminary
reduced by 10 mM DTT for 1 h at 20 °C followed by its ultrafiltration
removal. The content of free 2-nitro-5-thiobenzoate was quantified
using the extinction coefficient of 14,150 M~lem ™! in accordance with
[15].

2.10. Disulfide bonds mapping

An equal volume of imiglucerase solution (1 mg/ml) was added to
50 pl of denaturing buffer (0.1 M Tris-HCI, pH 7.8, 6 M guanidine, 1 mM
EDTA) with further 50 °C incubation for 1 h. The samples were cooled
down to RT followed by 14 pl addition of 0.2 M N-ethylmaleimide so-
lution with 4 °C incubation for 1 h. A successive buffer exchange to
0.075% TFA by means of Amicon® Ultra-4 10 K ultrafiltration was
performed. At the last cycle the final volume adjusted to 50 pl. Next 10 pl
of proteolysis buffer (350 mM Tris-HCl, pH 8.5) and rAsp-N (#V1160,
Promega, Madison, USA) solution (0.2 mg/ml) were added to each
sample. The samples were mixed and incubated at 37 °C for 6 h. Finally,
5 pl of peptide-N-glycosidase F (#P7367, Sigma-Aldrich, Burlington,
USA) solution (0.5 U/ml) was added followed by 37 °C incubation for
18 h. The samples prepared were analyzed on 1290 Infinity II HPLC
system connected to 6550 QTOF mass spectrometer (Agilent
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Technologies, Santa Clara, USA) equipped with ExD fragmentation cell
(E-MSIon, Inc., Corvallis, USA). An ACQUITY UPLC Peptide CSH C18,
1.0 x 150 mm, 1.7 um, 130 A column (Waters, Milford, USA) was used at
60 °C and 0.08 ml/min flowrate together with 0.1% formic acid/
acetonitrile gradient (0-1.5 min — 2%ACN; 58 min — 50% ACN; 62-67
min — 95% ACN; 69-75 min — 2%ACN). The mass spectrometer was
equipped with AJS source and operated in a positive ionization autoMS/
MS mode for the CID fragmentation and targeted MS/MS mode for the
ECD fragmentation. The sheath gas temperature was set at 350 °C with
flow rate 12 1/min. The drying gas temperature was set at 200 °C with
flow rate 18 I/min. The nebulizer pressure was set at 35 psig. The VCap
voltage was set at 2.5 kV with nozzle voltage at 0.9 kV. The frontal scan
m/z range was 250-2 000 Th, tandem scan range of 50-3 200 Th. The
frontal scan rate was 4 Hz, tandem scan rate — 3 Hz for auto MS/MS
mode and 0.5 Hz for targeted MS/MS mode. The collision energy for CID
fragmentation was set at 20 eV; the filament current for ECD fragmen-
tation was set at 2.49 A. The experimental data were processed using
Peaks AB, v 2.0 (Bionformatics Solutions Inc., Waterloo, Canada) and
ExD Viewer (E-MSIon, Inc., Corvallis, USA) software.

2.11. Isoelectrofocusing

Isoforms distribution was assessed using a precast polyacrylamide
250 x 110 x 0.5 mm CleanGel (Cytiva, Marlborough, USA) soaked in
ampholites mixture (2.5% PL5-8, 3.7% PL 8-10.5, 10% sorbitol). Gel
was prefocusing at 0.7 kV for 20 min, when 5 pl of about 2 mg/ml
concentrated samples were applied to the anodic side, and then a voltage
of 0.5 kV was applied for 20 min. Focusing was performed for 120 min at
2.0 kV, for the last 10 min gel was exposed at 2.5 kV to improve band
resolution. Finally, it was fixed with 10% perchloric acid and stained
with Coomassie brilliant blue R-250 solution as initially described in
[16].

2.12. HILIC

Glycosylation pattern was evaluated by hydrophilic interaction
liquid chromatography (HILIC), where oligosaccharides were prelimi-
narily isolated from imiglucerase by treatment with peptide-N-
glycosidase F. To increase a sensitivity, the samples were prepared by
InstantPC™ GlykoPrep Kit® (#GP96NG-LB, Prozyme, Hayward, USA)
following the manufacturers’ protocol [17]. HPLC separation was per-
formed with 2.1 x 150 mm, 2.7 ym AdvanceBio Glycan Map column
(Agilent Technologies, Santa Clara, USA) by 65 min acetonitrile gradient
(75-63%) in 100 mM ammonium formate, pH 4.5, at 0.4 ml/min
flowrate and 45 °C. An injecting volume corresponded to 3 pl. The data
acquisition was made using Nexera X2 system (Shimadzu Corporation,
Kyoto, Japan), equipped with RF-20A xs fluorescence detector capable
for 285 nm excitation and 345 nm emission registration. Glycan mass
spectra were recorded using a 6550 iFunnel QTOF LC/MS (Agilent
Technologies, Santa Clara, USA) mass-spectrometer operated in a high
sensitivity mode. The mass-spectrometer was operated with AJS ESI ion
source in a positive mode with nozzle voltage set to 0.5 kV, capillary
voltage set to 2 kV, and nebulizer pressures set to 33 psig. The sheath gas
flowrate was set to 17 1/min (200 °C) while focusing gas flowrate was set
to 10 I/min (300 °C). The scanning range was set to 400-2500 m/z. MS
identification of glycans was performed by Mass Hunter Workstation v
10.0 (Agilent Technologies) software MFE algorithm. For monoisotopic
mass calculations a monoisotopic mass additive of [IPC-group considered
to be as 261.14773 Da.

2.13. Site-specific glycan profiling

Here preparative and analytical protocols were the same as for
peptide mapping procedure except mass spectrometry data were pro-
cessed with a BYOS software (Protein Metrics, Cupertino, USA).
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2.14. Sizge-exclusion HPLC

Alliance e2695 HPLC system equipped with 2475 fluorescence detector
were used (Waters, Milford, USA). An AdvanceBio™ SEC 300 f\, 4.6 x 300
mm, 2.7 um column (Agilent Technologies, Santa Clara, USA) was used to
perform separation in 0.3 ml/min mobile phase (49 mM sodium citrate, pH
6.3, 10% acetonitrile) flow at 28 °C. An injecting volume corresponded to
5 pl for 1 mg/ml concentrated samples. A signal of 330 nm fluorescence
was recorded when 280 nm excitation was performed.

2.15. Reverse-phase HPLC

Acquity Arc HPLC system equipped with UV/Visible 2489 detector
(Waters, Milford, USA) were used. Jupiter C4, 4.6 x 150 mm, 5 um, 300
A (Phenomenex Inc., Torrance, USA) column was used to perform sep-
aration in 1.0 ml/min mobile phase (0.1% trifluoroacetic acid with
acetonitrile) flow at 45 °C. An injecting volume corresponded to 15 pl for
1 mg/ml concentrated samples. Separation was performed in acetoni-
trile gradient mode: 0-1 min - 35% ACN; 33 min — 65% ACN; 34-39 min
—95% ACN; 40-50 min — 35% ACN. A signal of 214 nm absorbance was
collected for the related-impurities estimate. A characterization of
fractionized products performed by LC-MS as described for the intact
mass measurement section.

2.16. Activity assay

The kinetics of imiglucerase chromogenic 4-nitrophenyl-f-D-gluco-
pyranoside hydrolysis was studied in a 96-well plate. The range of pNP-
G substrate working dilution corresponded to 0.15-20 mM prepared in
buffer solution (100 mM potassium phosphate, pH 5.9, 20 mM citric
acid, 0.125% sodium taurocholate, 0.16% Triton™ X-100 and 0.1%
BSA). Each well was placed with 80 pl of corresponding substrate
dilution. A plate was pre-warmed to 37 °C temperature prior to the
measurements. The reaction was initiated by adding 20 pl of enzyme
solution (5 nM final concentration). A 96-well plate was incubating at
37 °C while stop mixture (0.1 M glycine, pH 10.0) 150 pul was introduced
after 5, 10, 20, 30, 45, or 60 min followed by an optical density mea-
surement at 405 nm using xMark™ reader (Bio-Rad Laboratories, Inc.,
Hercules, USA). The substrate conversion rate was evaluated by accu-
mulation of 4-nitrophenol, taking the extinction coefficient equal to
18.3 mM 'em™L. One activity unit (U) defined as the enzyme amount
required to convert 1 pmol of the substrate in 1 min at 37 °C.

2.17. SPR study

Surface plasmon resonance (SPR) signal was recorded using the
Biacore 8 K system (GE HealthCare, Chicago, USA). Recombinant cation-
dependent human macrophage mannose receptor (MMR) CD206
(#CD6-H52H9, Acro Biosystems, Newark, USA) was covalently immo-
bilized on CM5-sensor in accordance with a standard protocol [18]. A
specific imiglucerase real time interaction observed in a range from 7 to
200 nM when injecting solutions directly to reference cell (with no re-
ceptor) followed by measuring cell containing immobilized MMR. The
analysis was performed at 25 °C and 30 pl/min flowrate in duplicates
using buffer (0.1 M HEPES, pH 7.4, 1.5 M sodium chloride, 5 mM cal-
cium chloride and 0.5% v/v Surfactant P20). For the association and
dissociation time a value of 220 s or 100 s were taken respectively. The
resulting sensograms were inspected with Biacore Insight Evaluation
Software (GE HealthCare, Chicago, USA), where kinetic dissociation
constant (Kp) was determined, resembling the ratio between the decay
and association rate for the receptor complex.

2.18. Uptake by macrophages

Peritoneal macrophages obtained from healthy BALB/c mice (~7.5
x10* cells) were incubated with (150 nM to 10 pM) imiglucerase
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samples in ham’s F-12 K medium and 5% carbon dioxide for 3 h and
37 °Cin Galaxy 170 S incubator (New Brunswick Scientific, Cambridge,
UK). The cells were then washed twice with ice cold PBS containing 1
mg/ml of mannan additive. To further ensure release of any proteins
with its non-specific binding to the membrane one half was washed by
ice cold buffer (0.7% glycine-HCl, pH 3.0, 0.8% NaCl, 0.038% KCl,
0.01% MgCl,, and 0.01% CaCly) followed by two cold PBS washes. The
other half was used as control for measuring a total (i.e. bound and
internalized) enzymatic activity. A solution of 1% Triton™ X-100 was
added to the cells and incubated at 37 °C with stirring for 1 h. Then, the
cells were frozen/thawed three times, while the lysis level was moni-
tored with microscope. The resulting lysates were centrifuged with
further 20 pl of supernatant transfer to clean 96-well plates. Internalized
imiglucerase activity determined by the reaction with 80 pl of 5 mM 4-
methylumbelliferyl-p-D-glucopyranoside fluorogenic substrate dis-
solved in a buffer (100 mM potassium phosphate pH 5.9, 20 mM citric
acid, 0.125% sodium taurocholate, 0.16% Triton X-100, 0.1% BSA).
Incubation for 30 min at 37 °C performed prior to addition of 150 pl of
0.1 M glycine pH 10.5 solution. The 440 nm fluorescence was measured
after 365 nm light excitation with SpectraMax M3 microplate reader
(Molecular Devices, San Jose, USA). The fluorescence logarithmic
dependence on imiglucerase concentration approximated by a four-
parameter sigmoidal plot with successive effective concentration
(ECsp) estimate. A relative activity was calculated as per cent proportion
of test and standard ECsp values. A standard value was averaged from
Cerezyme® batches statistics.

To assess the internalization specificity incubation of murine peri-
toneal macrophages was performed in simultaneous presence of both
2.2 pM imiglucerase and 2.5 mg/ml mannan. Fluorescence levels were
compared with those for the mixture without mannan.

3. Results
3.1. Structure elements

For the amino acid sequence comparison, a site-specific trypsin
proteolysis followed by HPLC-MS peptide separation was performed as a
quite sensitive method to discover minor differences between closely
related proteins. An example of chromatographic profiles of the original
product and similar imiglucerase hydrolysates is shown in Fig. 1. All the
peptides peaks of Glurazyme® have its corresponding analogs at Cer-
ezyme® chromatogram, while no unique peaks were detected. By
correlating the recorded masses and peptide fragmentation spectra the
imiglucerase sequence coverage seemed to be near 100% for both
preparations (Supplementary Table 2s).

Peptide mapping allowed for the relative assessment of amino acid
modifications via isolated ion current integration (Fig. 2). A 5-fold dif-
ference is recorded for the deamidated glutamine 440 content. Three
other residues (N192, N333 and Q350) also undergo deamidation but
the extent and difference between Glurazyme® and Cerezyme® looks
less significant.

The other prevalent modifications are oxidized forms, since
ponderable contents of modified amino acids (M123, M450 and some
other) is found. Among them no distinct increase or decrease were
detected between Glurazyme® and Cerezyme® thus probably reflecting
a consequence of a sample preparation procedure rather than real
products similarity. Finally, two succinimide containing peptides were
registered for N192 and, mainly, for N188 residues equally among the
products under the study.

The levels of secondary and tertiary structure organization were
evaluated in a comprehensive study using a combination of physico-
chemical methods, including UV-absorption spectroscopy, circular di-
chroism, Fourier transform IR spectroscopy, and intrinsic protein
fluorescence (Fig. 3 and Supplementary Table 4s).

All the UV spectra has a pronounced maximum near 280 nm due to
the presence of aromatic residues, that is consistent with a published
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Fig. 1. Mirror images of UV 210 nm chromatograms of trypsin-generated imiglucerase peptides. Main peaks are enumerated and annotated as amino acid sequences

validated with LC-MS/MS.
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Fig. 2. Summary of imiglucerase % PTMs observed by LC-MS/MS tryptic peptides analysis. The relative abundances were calculated as a relative intensity of

modified peptide versus the sum of modified and intact peptides intensities.

data [19]. In addition, the fine spectral structure was also identical for
both imiglucerase products (data not shown).

The estimated theoretical content of secondary structure elements is
characterized by the predominance of a-helices (28%) and p-sheets
(27%), while contribution of disordered areas looks also prevalent
(about 40%) [10]. The results obtained from far-UV CD spectra calcu-
lations proves a significant contribution of a-helices (about 23%), as
well as B-sheets (26-28%) and disordered areas (28-29%), and together
with the similarity of near-UV CD spectra account for identical tertiary
structures among two imiglucerase products under the study (Fig. 3A
and B).

Imiglucerase contains 12 tryptophan and 19 tyrosine residues,
allowing intrinsic fluorescence method to be used for the estimate of
their local environment. All the fluorescence spectra obtained indicates
the predominance of tryptophan contribution while the maximum is
located at 334 nm suggesting a moderate residues’ exposition to the

outer water solvent [20]. Comparison of the fine fluorescence spectra
shapes demonstrates no remarkable difference suggesting a similarity of
corresponding tryptophan mobilities and polarities (Fig. 3C).

3.2. Molecular mass

When analyzed by slab gel electrophoresis in the presence of SDS the
samples of reduced generic and original products were characterized by
a single band with 64 kDa mobility (Supplementary Fig. 2s). Taking into
account the complex nature of the imiglucerase a high-resolution native
mass spectrometry was used to determine the exact molecular masses of
major proteoforms. Glurazyme® and Cerezyme® mass spectra demon-
strate a formation of ion clusters with a charge distribution from 13 + to
16 + for the imiglucerase monomeric state. The spectra indicate the
presence of a number of proteoforms distributed in the range from about
59.5-60.5 kDa consistently to published data [12]. As imiglucerase
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Fig. 3. Superimposition of three Glurazyme® and three Cerezyme® products batches curves: (A) far-UV CD spectra; (B) near-UV CD spectra; (C) FT-IR spectra; and
(D) intrinsic fluorescence. Glurazyme® data are shown with blue, while Cerezyme® data are shown with red.

polypeptide theoretical mass is 55,574 Da all the proteoforms found in
the study considered to be glycosylated. Among the entire pattern, four
most pronounced glycosylated proteoforms has been evaluated
(M3F/M3F/M3F/M3, M3FN/M3F/M3F/M3, M3FN/M3FN/M3/M3, M3
FN/M3FN/M3F/M3 +0x), that constitutes about 60% of Cerezyme®
proteoforms and more than 80% for Glurazyme® samples (Table 1).

3.3. Disulfide bonds

The disulfide bridges network is important for the tertiary structure
stabilization, and, consequently, affects protein biological properties. A
conserved structure of p-glucocerebrosidase involves the formation of
two C4/C16 and C18/C23 covalent bonds while three other cysteines
(126, 248, and 342) considered to be spatially isolated [10,21]. The
measured total number of thiols per reduced molecule corresponded to
6.5 £+ 0.4 (mol/mol) for both Glurazyme® and Cerezyme® products
that is consistent with the method variability. A free thiol content esti-
mated by intact imiglucerase samples showed a value of approximately
2.7 (mol/mol) thus confirming a consideration above.

A practical method of disulfide bonds LC-MS/MS mapping allowed to
determine the location of disulfide bridges and unpaired protein cyste-
ines simultaneously. A detailed analysis confirmed that both Glur-
azyme® and Cerezyme® samples contains two disulfides at C4-C16 and
C18-C23 positions while three other residues (126, 248, and 342) re-
mains unpaired (Supplementary Fig. 4s).

3.4. Charge variants

Here a slab isoelectric focusing method was used to characterize the
content of charged protein isoforms representing a result of additional
modifications (deamidation, oxidation, glycosylation, etc.). All

Table 1
Imiglucerase proteoforms identity and distribution.
Proteoform Exact Measured Cerezyme®  Glurazyme®
mass, Da mass, Da

M3EF/M3F/M3F/ 59,583.2 59,583.1 17.9 37.7 £ 3.7%
M3 +1.2%

M3FN/M3F/M3E/ 59,785.7 59,785.9 20.3 21.1 £ 2.6%
M3 +0.7%

M3FN/M3FN/ 59,841.5 59,841.4 13.4 9.6 + 0.4%
M3/M3 + 1.5%

M3FN/M3FN/ 59,988.2 59,986.1 n.d. 2.2+ 1.8%
M3F/M3

MB3FN/M3FN/ 60,003.2 60,003.2 11.9 17.2 £ 0.6%
M3F/M3 + Ox +1.2%

GOF/M3FN/M3/ 60,044.6 60,044.0 7.1+ 0.7% 0.5+ 0.2%
M3

M3FN/M3FN/ 60,149.8 60,150.7 4.8 +£0.1% 4.7 + 0.3%
M3F/M3F + Ox

M3FN/GOF/M3F/ 60,191.3 60,191.7 n.d. 1.9 £ 0.4%
M3

M3FN/M3FN/ 60,205.7 60,206.1 11.9 2.2+ 0.4%
M3FN/M3 + Ox + 0.5%

GOF/GOF/M3/M3 60,247.7 60,246.4 1.9 + 0.4% n.d.

M3FN/M3FN/ 60,352.3 60,353.2 5.4+ 0.1% 3.0 £ 0.2%
M3FN/M3F
+ Ox

M3FN/M3FN/ 60,393.8 60,393.4 n.d. 1.0 £0.1%
GOF/M3

GOF/M3FN/ 60,408.8 60,408.2 4.4 £ 0.7% 1.1+0.1%
M3FN/M3 + Ox

M3FN/M3FN/ 60,554.8 60,554.5 1.8 +0.1% n.d.
M3FN/M3FN
+ Ox
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Glurazyme® and Cerezyme® samples demonstrate the presence of five
separate bands within the range of 6.8-8.2 pI with no unique bands
found. Moreover, the statistical analysis of gel densitometry data con-
firms the high similarity of isoform distribution and proves about 85% of
total isoforms to be identical (Fig. 4 and Supplementary Fig. 3s).

3.5. Glycosylation

Imiglucerase molecule contains four asparagine residues (19, 59,
146, and 270) typically occupied by N-glycans [22]. Since oligosac-
charides have the potential ability to affect biological, pharmacokinetic,
and immunogenic properties the glycosylation pattern is a prerequisite
for biosimilarity confirmation. The glycosylation profile has been eval-
uated by HILIC methodology. An example of fluorescence chromato-
grams obtained as a result of N-glycans separation is shown in Fig. 5,
while the full list of measured monoisotopic masses summarized in
supplementary section (Table 3s). Here predominant (more than 70%)
modifications represent trimannosylchitobiose structures. Among them
M3, M3F and M3FN glycans are the most abundant. Additionally,
high-mannose forms as well as phosphorylated species (M5, M5P, M6P,
M5PN, and M6PN) are noticed, however, in a significantly fewer
amount.

To deep understand the glycoforms site distribution we performed a
supplementary LC-MS “bottom-up” data inspection. Here all four site-
specific glycosylation profiles (i.e. N19, N59, N146, and N270) found
to be dominating with M3, M3F and M3FN variants and looked very
similar for both Glurazyme® and Cerezyme® products (Fig. 5). The
same is confirmed when the intact mass results are considered (Table 1).

3.6. Related impurities

The used method of size-exclusion HPLC allowed to separate both
monomeric and aggregate fractions of imiglucerase. Glurazyme® as well
as Cerezyme® elution profiles characterized by a pronounced mono-
meric form peak with a retention time of about 11.3 min (Supplemen-
tary Fig. 5s). At the same chromatogram, aggregates migrate as 9.8 min
peak. Both imiglucerase products demonstrate a comparable presence of
about 1% of aggregates.

Imiglucerase contains seven conserved cysteines with four of them
involving in a disulfide bridges formation. A wrong pairing could bring
about a misfold that causes a regular structure distortion. In addition,
there can be examples of spontaneous asparagine deamidation, as well
as methionine oxidation leading to a similar result [23]. A reverse phase
chromatography (RP-HPLC) is a sensitive technique to analyze dis-
crepancies alike.

An example of imiglucerase RP-HPLC chromatograms is shown in
Fig. 6. Both products demonstrate the presence of main peak at
12.5 min, while related substances were found within two groups of pre-

Glurazyme®

) &
L 25

Cerezyme®

oOoN NN
WO N O

Fig. 4. Electropherogram of imiglucerase charged isoforms. Isoelectric points
are shown near corresponding imiglucerase bands.
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and post-peaks. For Glurazyme® samples the related substances are on
average 0.5% and 2.5% higher as compared to original Cerezyme® pre-
and post-peaks, respectively. Taken together, these data suggest a
slightly reduced content of the Glurazyme® main peak form.

To assess the criticality of the difference observed, an additional LC-
MS study of the pre- and post-peak fractions was performed. Here,
molecular masses determined for each peak fraction were used to
interpret a possible modifications pattern. As for Cerezyme® accompa-
nying forms the glycans’ distribution seemed to be the main reason for
these fractions because of the respective mass shift. In a generic Glur-
azyme® product not only four glyco-sites occupation was a prerequisite
for the appearance of concomitant peaks, but multiple oxidized variants
were detected consistent with the results of modification profiling
(Fig. 2).

3.7. Enzymatic activity

Natural p-glucocerebrosidase is a lysosomal hydrolase involved in
catabolism of cell wall components, such as homologous N-acyl-sphin-
gosyl-1-O-p-D glucosides, including glucosylsphingosines without fatty
acids. In the present study synthetic substrate analog containing a
chromogenic 4-nitrophenyl--D-glucopyranoside, as well as natural p-D-
glucosylceramide, were employed in accordance with published pro-
tocols [24,25].

An example of kinetic curves of two Glurazyme® and Cerezyme®
samples is shown in Fig. 7A. Both products performed a hydrolysis with
respect to 4-nitrophenyl-p-D-glucopyranoside. Two principal Michaelis-
Menten parameters (i.e. K, and k.q4,) seemed to be close for imiglucerase
preparations under the study. Together with a specific activity level of
approximately 40 U/mg, they were reasonably consistent with the
published data [25-27]. An alternate study of natural p-D-glucosylcer-
amide hydrolysis was also performed showing the relative activity of
Glurazyme® to be within 85-105% interval of Cerezyme® (data not
shown).

3.8. MMR binding and internalization

An SPR methodology was employed for the assessment of mannose
receptor binding that is prerequisite for successive imiglucerase uptake
to macrophages. A dose-dependent equilibrium of protein complexes
was monitored under physiological conditions. Dissociation constant
values obtained for both Glurazyme® and Cerezyme® appeared to be
near 12 nM (Supplementary Table 5s). A desired interaction was further
confirmed by direct internalization study to murine peritoneal macro-
phages expressing sufficient MMR on its plasma membranes [28]. The
level of internalized imiglucerase was measured by a more sensitive
fluorescence-based assay. As judged by accumulation of 4-methylumbel-
liferone the relative activity of Glurazyme® samples typically corre-
sponded to 90-110% interval of Cerezyme® (Supplementary Table 6s).
In this internalization study the simultaneous addition of mannan to a
cell suspension containing imiglucerase resulted in an approximately
2-fold inhibition of product penetration, as assessed by the decrease of
4-methylumbelliferone fluorescence (Fig. 7B). Thus, internalization of
Glurazyme® and/or Cerezyme® is significantly reduced in the presence
of mannose-containing competitor.

4. Discussion
4.1. Study plan

The evaluation of two drug products analytical comparability based
on a direct comparison of quality attributes. A “head-to-head” study was
performed with a sufficient number of Cerezyme® batches purchased at
the market and commercial (100-liter bioreactor) Glurazyme® batches.
By the time of study all the samples had valid expiry dates. Both prod-
ucts were similar by their formulations.
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Fig. 5. A mirror plot of chromatograms of imiglucerase product N-glycans with their LC-MS interpretation and distribution among four sites (N19, N59, N146, and
N270). Glurazyme® profile is shown with blue, while Cerezyme® profile is shown with red.
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Fig. 6. A mirror plot of imiglucerase RP-HPLC chromatograms along with LC-MS fraction interpretation. Proteoforms with oxidation are marked with “Ox” label.

In accordance with the current regulatory documents of ICH, FDA,
and EMA applied for the development of biosimilar products, the plan of
analytical comparability assessment had been developed to characterize
the structural, physicochemical, and functional similarity [29-32]. This
plan was aimed at comparing the properties of active component that
can potentially affect the safety and efficacy of the medicinal product.
Based on the quality target product profile (QTPP), the permissible
ranges of CQA were assumed by measuring the original product

Cerezyme® characteristics. Complete characterization was carried out
using orthogonal analytical methods when possible.

4.2. Similarity assessment

The current study aimed to demonstrate a high physico-chemical
similarity of two imiglucerase drug products: Cerezyme® and Glur-
azyme®. The first one was originally prepared by Genzyme Corp. while
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Fig. 7. Evaluation of biological properties: (A) example of Michaelis-Menten kinetics demonstrated by two batches of imiglucerase in relation to the chromogenic
substrate pNP-G; (B) inhibiting effect of mannan on imiglucerase internalization by peritoneal macrophages.

the last was developed by Generium LLC. and authorized in several
countries for the practical purpose.

Here we demonstrate that both products have an identical primary
and high-order structures as judged by direct peptide mapping and
spectroscopic investigations. The proteolytic hydrolysates mass-
chromatograms of Glurazyme® and Cerezyme® confirm the theoret-
ical amino acid sequence of imiglucerase, and also indicate the differ-
ences in the content of methionine oxidized forms as well as deamidated
form of glutamine 440 (Fig. 2). Two primary oxidized residues M123
and M450 are located at f-strands transitions linking to disordered areas
and, consequently, oriented outside the globule. Such a disposition of
methyl sulfide groups promotes a favorable arrangement for oxidizing
attack possible during the sample preparation step [33]. Nevertheless,
oxidized forms were registered for 11 separate amino acids thus
presuming their presence even on the level of intact molecule. A
glutamine 440 residue is located in the linker connecting two p-strands
and also oriented to the outer space, that increase the availability to
potential nucleophilic attack. Together with other less pronounced dif-
ferences it can be considered non-critical due to the absence of a direct
effect on the catalytic activity and/or binding functions of imiglucerase.

Both products demonstrated significant and comparable amounts of
succinimide cyclic form in place of 188 asparagine (Fig. 2). Interestingly
no respective deamidated species were observed for N188 while N192
demonstrates ammonium loss to some extent. Thus, a major succinimide
containing form is supposed to depend on intrinsic properties of a
trypsin-generated peptide rather than a real deamidation intermediate
[23].

The calculated molecular mass of the amino acid sequence of imi-
glucerase is 55,574 Da, and the distribution of intact enzyme proteo-
forms around 60 kDa for both Glurazyme® and Cerezyme® (Table 1)
indicates a significant glycosylation in accordance with previous studies
[12,34]. 9 of 14 observed proteoforms were reported for both imiglu-
cerase products representing more than 97% of the total content.

Imiglucerase molecule contains five consensus asparagine residues
(N-x-S/T) located on the globule surface and available for intracellular
glycosylation machinery. Only four of them are actually modified [35].
The results of site-directed mutagenesis confirm the criticality of N19
glycosylation for the catalytic activity of the protein; however, they
seem ambiguous with respect to selected substrate or amino acid sub-
stitution [36-38]. There are also published data describing a significant
oligosaccharide effect on imiglucerase stability in aqueous solution
[12]. Taking into account moderate heterogeneity of N-glycans a
possible pharmacokinetics effect is under the question.

The imiglucerase mechanism of action implies the endocytosis stage
to be mediated by interaction with cellular mannose-binding receptors.
It is known that natural p-glucocerebrosidase contains about 20% of
high-mannose glycans for this purpose. The other part is unevenly

distributed between bi- and triantenna oligosaccharides of complex
type. Among 9% of the remaining glycans also contain a terminal
mannose residue within uncapped antennas composition [39]. On
average, only one fourth of glycosylated sites totality is capable for re-
ceptor binding thus reducing an overall efficacy of therapeutic. Inter-
nalization is further disturbed by hepatocytes protein absorption via
asialoglycoprotein receptor interaction. Artificial glycan remodeling
produced by exoglycosidase treatment significantly improves a macro-
phage binding potency and increases imiglucerase cellular lifetime,
thereby influencing on the efficacy [40,41].

Here we confirm imiglucerase glycosylation pattern (Fig. 5) to be
consistent with published data [25,42]. A more detailed comparison has
revealed some difference between two products. For example, Glur-
azyme® samples are characterized by increased abundances of tri-
mannosylchitobiose glycans (M3, M3F, M3FN) as compared to
Cerezyme® that possibly results from incomplete enzymatic remodeling
of the originators’ biantenna precursors. It becomes more evident via the
total mannose glycans content comparison (M group in Table 2).

On the other hand, Cerezyme® samples are characterized by
increased percentage of high-mannose oligosaccharides containing
mannose-6-phosphate residues (Mp group in Table 2). Glycans with
terminal mannose are believed to play a key role in the efficacy of
enzyme replacement therapy for lysosomal storage disorders [43]. Thus,
glucocerebrosidase penetration into macrophage cells can be signifi-
cantly improved, when all four oligosaccharide branches of the molecule
contain an external mannose [44]. Both products chromatograms
demonstrate peaks of trimannosylchitobiose and high-mannose glycans
along with phosphorylated species that can contribute to effective
transport via mannose receptor binding. The total content of these
modifications is about 90% and within 3-4% differs among the
compared products. As a result, one can suggest a high percentage of
molecules carrying terminal mannose within four glyco-sites and mini-
mizes the physiological impact of the established difference. The latter is
confirmed by intact protein MS data demonstrating glycosylated pro-
teoforms with four trimannosylchitobiose glycans to be the most
abundant (Table 1).

Incomplete remodeling is also the reason for sialylated glycoform
presence although in a small extent of about 1%. Potentially sialylation
affect activity, pharmacokinetics, and immunogenicity of biomolecules,
however, under the content observed only the last one can be the key of
concern. Fortunately, Chinese Hamster Ovary cells are capable of pro-
ducing only a-2,3-N-acetylneuraminic acid residues, that excludes any
immunogenicity under the scope [45,46].

Incidentally Glurazyme® appear to contain a little more processed
oligosaccharides as compared to Cerezyme® judging by the abundance
of registered glycoforms containing “unprocessed” GOF species
(Table 1). It is the case even with “bottom-up” MS data demonstrating
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Table 2

Quality parameters and their assessment.
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Parameter CQA Risk Assay Cerezyme® Glurazyme®
Primary structure Primary structure High Peptide mapping profile profile
Deamidation Moderate Peptide mapping 4 sites 4 sites
Modifications Oxidation Moderate Peptide mapping 11 sites 11 sites
Succinimide Low Peptide mapping 2 sites 2 sites
Secondary and tertiary Moderate to high CD spectroscopy profile profile
. Secondary structure Moderate FTIR spcctr.oscopy profile profile
Higher order UV absorption spectroscopy profile profile
structure Tertiary structure Moderate Intrinsic fluorescence profile profile
' + +
Thiols and disulfide bonds  Moderate [ Ellman's assay 2.8+ 0.1 mol/mol 2.7 + 0.1 mol/mol

Molecular mass

Charged variants

Glycosylation

Intact protein

Charged variants

N-glycan profile

Low to moderate

Moderate to high

Moderate to high

Purity/impurities Aggregates. Moderate to hfgh
Hydrophobic proteoforms ~ Moderate to high
MMR binding High

Activity
Enzymatic activity High

Peptide mapping C4-Cl6; C19-C23; C4-Cl6; C19-C23;
[ LC-MS 59.6 — 60.6 kDa 59.6 — 60.6 kDa
SDS-PAGE 64 kDa band 64 kDa band
Isoelectofocusing 6.8 -8.2 pl 6.8 8.2 pl
(M)73.9+1.3% (M) 85.9 +1.4%
HILIC (Mp) 16.2 +0.5% (Mp) 7.5+ 0.4%

() 0.8 £0.1%

(S) 0.8 £0.1%

. - N19; N59; N19; N59;
Site-distribution LC-MS
N146; N270; N146; N270;
Size-exclusion HPLC 0.4+0.1 0.4+0.1
Reversed phase HPLC 6.7 +0.6% 9.8+ 1.0%
SPR 122+ 0.5 nM 12.3+0.6 nM
Internalization 90 — 115% 92 - 111%

37.9+2.2 U/mg

37.6+2.3 U/mg

|: pNP-G cleavage

Glucosylceramide cleavage 78 —99% 85 -106%

overall 5% elevation of GOF glycopeptides mainly as a result of N19
glycosylation of Cerezyme®. This reasonably correlates with direct N-
glycans measurements and may be associated with a more complete
biosimilar remodeling, despite only main glycoforms could be estimated
by two mentioned LC-MS methodologies.

A discovered difference of N-glycosylation as well as modified amino
acids discrepancies were further subjected for evaluation with iso-
electrofocusing and RP-LC approaches. As judged by electropherogram
Glurazyme® and Cerezyme® consist of very similar isoform sets with
minor distribution discrepancy. A small visual increase for Glurazyme®
acidic 7.6 pl isoform is agreed with peptide mapping data showing
enlarged glutamine 440 deamidation (Fig. 4). Oxidized forms are
mutually estimated by RP-LC methodology and, here, Glurazyme®
samples seemed to be a little more pronounced (Fig. 6) that also could
contribute to protein “acidification”.

To evaluate risk of activity and pharmacokinetics difference as a
result of established modifications we experimentally verified imiglu-
cerase ability for chromogenic and natural substrate cleavage, as well as
its binding to mannose receptor and uptake to peritoneal macrophages.

An apparent Michaelis constant (K;,) determined by pNP-G imiglu-
cerase substrate is about 1.2 mM independently on the source of
enzyme. Although catalytic rate constant (k) values of Glurazyme®
and Cerezyme® could potentially reflect the difference between two
imiglucerase products we suppose it to be the consequence of two
particular samples shelf-lives. The last one looks to be the case since
calculated over the number of batches activities correspond to 37.6
+ 2.3 and 37.9 £+ 2.2 U/mg for Glurazyme® and Cerezyme® respec-
tively (Table 2). The other very similar activity attributes of two

10

products were obtained in the study with natural p-D-glucosylceramide
substrate. Glurazyme® relative activity was about 85-105% of that of
Cerezyme® evidencing for the identical p-D-glucosylceramide degra-
dation (data not shown).

As the main function of lysosomes is cleavage of internalized mate-
rial by specific hydrolases, that’s why associated organelles represent a
system of compartments interacting with environment through endo-
cytosis, phagocytosis, and exocytosis. Lysosomal enzymes are typically
synthesized and matured by acquiring carbohydrate recognition
markers, necessary for their transportation via specific receptors [43].
Since this mechanism is fundamental for imiglucerase an SPR method
was used to monitor dose-dependent equilibrium of protein-
mannose-receptor complexes under physiological conditions. As
measured apparent dissociation constants correspond to 12.1 + 0.6 nM
and 12.3 £ 0.5 nM for MMR complexes of Glurazyme® and Cerezyme®,
respectively thereby meeting the expectations. When assessing the
specificity of imiglucerase product penetration to peritoneal macro-
phages, the simultaneous addition of mannan led to a 2-fold inhibition of
4-methylumbelliferyl-p-D-glucopyranoside hydrolysis for both Glur-
azyme® and Cerezyme® (Fig. 7B). An equivalence testing over the
number of imiglucerase batches proves the identical mannose-receptor
binding affinities as well as macrophage uptake (Supplementary
Tables 5s and 6 s). In other words, internalization of the generic product
Glurazyme®, as well as the original Cerezyme® occurs similar via
receptor-mediated endocytosis through the binding of external mannose
residues.
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5. Conclusion

With combination of a number of analytical techniques a deep
physicochemical and biological characterization of Glurazyme® bio-
similar versus the reference originator product Cerezyme® has been
performed. The difference observed for imiglucerase products in the
content and distribution of N-glycans, as well as oxidized and deami-
dated amino acid residues supposed to be insignificant regarding the
effect on pharmacokinetics, immunogenicity, and catalytic properties.
The other estimated CQAs so as primary and high-order structures, free
sulfhydryl groups, aggregated forms, mannose-receptor affinity and
ability to hydrolyze either synthetic or natural substrates have been
shown to be identical for both imiglucerase products.

All the collected data confirms the high comparability of functional
and physicochemical properties (Table 2). Based on the information
obtained, we can confidently state that generic product Glurazyme® has
a high degree of comparability with respect to the reference originator
product Cerezyme® that has been successfully verified within clinical
practice [47,48].
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