Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(1):76-87

ANALYTICAL METHODS IN CHEMISTRY
AND CHEMICAL TECHNOLOGY

AHAANTHYECKHE METO/bI
B XHMHHU U XHMHYECKOH TEXHOAOI'HHA

ISSN 2686-7575 (Online)
https://doi.org/ 10.32362/2410-6593-2021-16-1-76-87 [@)sy |
UDC 543.51:543.544.53

RESEARCH ARTICLE

Comparing the original and biosimilar biotherapeutics
of the monoclonal antibody eculizumab by intact mass
measurement and middle-up mass spectrometry analysis

Maksim B. Degterev?, Rakhim R. Shukurov

International Biotechnology Center Generium, Volginskiy, Viadimir oblast, 601125 Russia
@Corresponding author, e-mail: degterev@ibcgenerium.ru

Abstract

Objectives. In this biosimilar research, we compare the monoclonal antibody eculizumab
obtained from different drugs [original Soliris® (Alexion Pharmaceuticals) and candidate Elizaria®
(Generium)] by intact mass measurement and middle-up mass spectrometry analysis to enhance
the role of mass spectrometry methods in biopharmaceutical development processes.

Methods. The intact mass measurement is performed using a high-resolution ESI-MS. The
middle-up analysis is performed by reversed-phase high-performance liquid chromatography
with ESI-MS detection, subsequent IdeS treatment of antibodies, and disulfide bond reduction.
Results. We have shown some small differences between the original and candidate drugs in
the minor glycans level. Man5 glycan is only found in the original Soliris, and GO is only found
in the Elizaria. Glycation sites are also found in the light chain and Fd subunits of the original
Soliris. The glycation level does not exceed 4.4%. The non-clipped C-end lysine level and GOF
glycan levels are slightly lower in the original Soliris. All registered differences are not crucial
for eculizumab’s quality and do not affect its effectiveness and preclinical safety. Generally, the
results show a high level of similarity between the original and candidate drugs.

Conclusions. The comparative mass spectrometry analysis of eculizumab in the original Soliris
and Elizaria allows us to estimate their high degree of similarity by molecular masses and major
modification profiles.
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HAYYHAS CTATbBA

CpaBHeHHE OPUTHHAIBLHOIO U 0MOAHAJIOTMYHOIO MPENapaToB
MOHOKJIOHAJIbHOI0 AHTUTEJIA IKYJIM3yMa0 MeToIaMH
MACC-CIIEKTPOMETPHUM MHTAKTHOIO 0JIKA U «C CePeIUHbI BBEPX»

M.B. OerrepeB, P.P. lllykypos

MerkoyHapooHblii buomexHooeuveckuil yenmp « eHepuym», Braoumupckas obnacme, IlemyuuuHcKuti
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AHHOMAuuUst

ITenu. B yensx uccnedogarust 6UOAHAN02UUHOCMU, O MAKHE 8HEOPEHUsL MACC-ChekKmpomempuul
8 npouyeccol buogapmayesmuueckoli pazpabomrxu 610 HE0bxXo0UMO npogecmu CpPagHUMENb-
HOe Mmacc-cneKkmpomempuueckoe Ucciedo8aHue MOHOKJIOHAIbHO20 AHMUMENA IKYAUIYMAO U3
OpUUHANIbHO20 SleKapcmaeHH020 npenapama «Coaupuc’® u KaHouoamHoz0 «Sausapus’® npous-
soocmea AO (["EHEPHUYM» memooamu usmepeHust MONeKYJASIPHBLX MACC UHMAKMHBLX MONEKY
(intact mass measurement) u ux cybéveouruy (middle-up).

MemoowuL. Hameperue macc UHMAKmHbLx 6enK08 U oueHKY 0osetl ux Moougurayuil npo8oou-
AU NPU NOMOUWU UHGPYIUOHHOU MACC-CNEKMPOMEMPUU 8bLCOKO20 PA3peuleHUsl ¢ 3/1eKmpopac-
NblLAUMenbHOlU uoHusayuell. Hameperue MONEKYAIPHBbIX MACC CYOBLEOUHUY, U OUEHKY Oonell UxX
Mmoougpurayuil npogoounu memooom obpauieHHo-gpazoeoti BOXKX, coemeweHHOl ¢ macc-chek-
mpomempueil 8blCOK020 paspeuleHUsl C 21eKMpopacnbliuUmesbHolU UoOHU3AYuell nocie npeoaa-
pumenbHo20 pacwennieHust anmumen gpepmermom IdeS u paspsiea oucyrbPuoHsblLx ces3ell.
Pesynemamut. Hamu 6bin 3apezucmpupo8aH pso Hebosrbuux omauduil 8 CoO0epiIaHuuU HeKomo-
PblX MUHOPHBLX 2UKAHO08: onuzocaxapud Man5 6bin o6HapyrkeH moabKko 8 benke opusUHAIbHO20
npenapama, a GO — moavko 8 kaHoudamHom benxe; 8 cybveouruuax LC u Fd opusuHanbHo20
beska bbiiu 3apezucmpupo8aHsbl CAlimbl 2IUKUPOBAHUSL C COOEPIKAHUEM OAHHOU MOOuUpuKayul
He sblwe 4.4%. Tarxxe donu HeomuwenneHHozo C-kKoHyegozo susuHa u eaukara GOF e opuezu-
HanbHOM benke OblU HEeCKONbKO HUXKe, uem 8 kKaHouoamHom. OOHAKOo 3apeucmpuposaHHble
oMmaUUUSL He S8ASIUC, KPUMUUECKUMU NApAMempamu Kauecmaa sKyausymada u He eausiiu Ha
AKMuU8HOCMb MOAEKYA U UX 6E30NACHOCMb 8 OOKNUHUUECKUX UCNbIMAHUSX, U, 8 UEeJIOM, CPASHU-
gaemble MOSeKYJlbl NPOOEMOHCMPUPOBANU BbLCOKOE CXOOCMEO.

Bbleoodsl. CpagHUMENbHBLIL XPOMAMO-MACC-CNEKMPOMEMPUUECKUTL AHAIU3 IKYAusymaba us
OpULUHANIBHO20 U KAHOUOGMHO20 NPEenapamosg no38oausl YCmaHo8UMb 8blCOKYH CmeneHb CoOno-
cmasumocmu CpagHUBAEMbIX MONEKY NO MONEKYAIPHBIM MACCAM U NO NPOPUNAM MANOPHBLX
Mmoougpurayui.

Knroueevle cnoea: skyausymad, macc-cnekmpomempust, NOCMmMpPAHCAIYUOHHbLE MOOU-
purkayuu, buoaHaioczuuHOCMb, 2nuKo3unuposarue, BOXKX-MC, intact mass measurement,
middle-up

Jlna yumuposanusa: Jlerrepes M.b., lllykypos P.P. CpaBHeHre OpuruHaibHOro U OMOaHAJIOTHYHOrO MPEnapaToB MoO-
HOKJIOHQJIbHOTO aHTHUTENA HKYJIU3yMad METOJaMU MacC-CIIEKTPOMETPUH MHTAKTHOTO O€JIKa U «C CepeauHbl BBepX». ToHKue
xumuueckue mexnonocuu. 2021;16(1):76-87. https://doi.org/10.32362/2410-6593-2021-16-1-76-87
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INTRODUCTION

One of the most promising areas in the
pharmaceutical industry is biopharmaceuticals (e.g.,
therapeutic proteins). Therapeutic proteins exhibit
much higher specificity and activity than chemically
synthesized low-molecular-weight drugs. Since their
development, they are found effective in treating
many acute diseases previously inaccessible to
therapy, increasing the patients’ duration and quality
of life. For the last five years, the US Food and Drug
Administration' (FDA) has approved 213 drugs, of
which 44 are monoclonal antibodies.’

One of the main driving forces for the development
of biopharmaceuticals is the development of biosimilar
drugs due to several reasons. The biosimilar drug’s cost
is typically lower than the original drug’s cost; hence
its release is attractive for pharmaceutical companies.
Stringent requirements for the comprehensive characterization
of a promising biosimilar molecule developed by leading
regulatory bodies such as the FDA and the European
Medicines Evaluation Agency (EMEA) minimize the
risk of an ineffective or hazardous product entering the
market. They also stimulate research by developing new
analysis methods and deepening understanding of the
structures and functions of therapeutic proteins, their
targets, and the pathogenesis of various diseases.

Monoclonal  antibodies account for most
developed biosimilar drugs. Monoclonal antibodies are
successfully used in treating serious diseases, including
hereditary diseases. The potential of some monoclonal
antibodies to expand indications for therapeutic use is
also a stimulus for the development of biosimilar drugs.
A striking example is eculizumab. It is a recombinant
humanized monoclonal antibody (IgG2/4k) used for
treating paroxysmal nocturnal hemoglobinuria, atypical
hemolytic uremic syndrome, myasthenia gravis, and

' Guidance, Compliance & Regulatory Information (Biologics).
https://www.fda.gov/vaccines-blood-biologics/guidance-
compliance-regulatory-information-biologics (accessed
21.10.2020).

2 Global Therapeutic Proteins Market Report 2020: Market
was Valued at $93.14 Billion in 2018 and is Expected to Grow
to $172.87 Billion through 2022. https://www.businesswire.
com/news/home/20191223005228/en/Global-Therapeutic-
Proteins-Market-Report-2020-Market-was-Valued-at-
93.14-Billion-in-2018-and-is-Expected-to-Grow-to-172.87-
Billion-through-2022---ResearchAndMarkets.com  (accessed
21.10.2020).

? Biological guidelines. https://www.ema.europa.eu/en/human-
regulatory/research-development/scientific-guidelines/
biological-guidelines (accessed 21.10.2020).

4+ ASSESSMENT REPORT FOR Soliris. International
Nonproprietary Name: ECULIZUMAB. Procedure No.
EMEA/H/C/000791/11/0050. European Medicines Agency,
Committee for Medicinal Products for Human Use (CHMP).
March 21, 2013. EMA/CHMP/126714/2013

optic neuromyelitis. The development of biosimilar
eculizumab requires a comprehensive, in-depth study of
its physicochemical properties. Currently, an important
method for studying proteins has become the method
of mass spectrometry (MS). Hence, it is possible to
determine the molecular mass of an intact molecule (by
intact mass measurement) and its subunits (by middle-up
analysis).

Intact mass measurement of a protein molecule
for the comparison of biological products makes
it possible to establish its authenticity by the
correspondence of the measured value to the
expected one, measure the content of some modified
forms, and evaluate the purity of the drug by the
number of proteoforms found with a polypeptide
chain cleavage [1-3]. Suppose the measurement is
carried out in the mode of native MS. In that case,
the list of characteristics to be determined can also
be supplemented with information on the molecule’s
spatial organization, on the content of proteins with
different conformations and their aggregates in the
sample [4, 5]. Intact mass measurement involves
preliminary purification and fractionation of the
protein before it is enter to the ion source of the
mass spectrometer using offline (ultrafiltration,
dialysis, and size exclusion purification) or online
(high-performance liquid chromatography (HPLC)
and capillary electrophoresis) methods followed by
collecting mass spectra for a sample or its fractions,
their mathematical processing (deconvolution), and
interpreting obtained data [6, 7]. The method’s main
advantages are achieving high-speed research and
obtaining a picture of the structure and shape of
whole protein molecules [3, 4].

However, the high complexity and heterogeneity
of therapeutic proteins limit intact molecule
applicability for in-depth comparability studies.
The method does not yet allow identifying minor
modifications and establishing their positions
in the molecule, interpreting and annotating the
spectra of proteins with ultrahigh heterogeneity [8].
A significant part of these problems is solved by
middle-up analysis, slightly reducing the analysis
performance and minimizing the risk of losing data
about the molecule under study. Its essence lies in
the limited chemical or enzymatic cleavage of the
protein molecule under the study of obtaining large
fragments. Then, these fragments are separated
using HPLC or capillary electrophoresis and entered
to the mass spectrometer. The obtained mass spectra
are interpreted, taking into account theoretical
data on the molecule’s structure, allowing a deeper
characterization of the profile of modifications,
degradant forms, and interpreting the results of
an analysis of proteins characterized by high
heterogeneity of forms [9].
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In this study, we evaluate the comparability of
eculizumab from different sources by infusion MS
after purification of the protein by size-exclusion
filtration. To perform middle-up analyses, we have
ensured that the antibody is cleaved in the hinge
region with the IdeS protease before analysis. Then,
the fragments’ disulfide bridges are disrupted with
TCEP-HCI. Before entering the mass spectrometer,
the resulting antibody subunits (light chain (LC),
Fc/2, and Fd: light chain and monoclonal antibody
fragments located in the region from the hinge region
to the C-terminus of the heavy chain and from the
N-terminus of the heavy chain to the hinge region,
respectively) are separated and purified from
impurities using reverse-phase HPLC.

The results of mass spectrometric comparison
of eculizumab from the original and candidate drugs
show their similarity in the main quality parameters:
the molecular masses of the main protein proteoforms
coincide with each other and with the expected
values; the glycosylation profiles of the compared
samples turned out to be close with each other,
as well as the content of some modified variants:
oxidized forms of the Fc/2 subunit and forms with
uncleaved C-terminal lysine. Significant differences
are recorded in the content of high-mannose and
fucosylated glycans and glycated variants of LC and
Fd subunits: Man5 glycan and glycated variants are
found in the eculizumab from the original drug, and
GO (fucosylated) glycan is found in Elizaria® drug.
The content of these proteoforms does not exceed
4.4%. All reported differences are expected because
of using different host cell lines. The differences
are not significant in the effectiveness and safety of
eculizumab. The data obtained have become the basis
for further, deeper comparison of molecules by other
methods.

MATERIALS AND METHODS

The candidate Elizaria drug was produced
from Generium JSC (Moscow, Russia); the original
drug was purchased as part of the Soliris® drug
(Alexion Pharmaceuticals, Zirich, Switzerland).
Deionized water was obtained using a MilliQ 1Q 7000
system (Merck, Darmstadt, Germany). Acetonitrile
(LC-MS grade) was also purchased from Merck. We
use the IdeS protease manufactured by Promega
(Madison, WI, USA). HPLC column BioResolve
RP mAb Polyphenyl and difluoroacetic acid (DFA,
LC-MS grade) were purchased from Waters (Finglas,
Dublin, Ireland). Zeba Spin Desalting Columns (7K
MWCO, 0.5 mL) and tris-(2-carboxyethyl)phosphine
hydrochloride (TCEP-HCI) were purchased from
Thermo Scientific (Dreieich, Germany). The rest of
the reagents and materials (Na,HPO,, NaH,PO,, NaCl,

guanidine hydrochloride, ethylenediaminetetraacetic
acid (EDTA), and trisaminomethane hydrochloride
(Tris-HCI1)) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). All studies were performed
using a Nexera X2 HPLC system (Shimadzu Co., Tokyo,
Japan) connected to a 6550 QTOF mass spectrometer
(Agilent Technologies, Santa Clara, CA, USA).

EXPERIMENTAL

Sample preparation
for intact mass measurement

In this experiment, we use three series of original
and candidate drugs. The antibody concentration in
the solution is adjusted to 1.0 mg/mL. The buffer is
replaced with a 0.15% solution of difluoroacetic acid
by size exclusion filtration through Zeba Spin columns
according to the instructions.

Sample preparation for middle-up analysis

The antibody concentration in the solution is
adjusted to 2.0 mg/mL by dilution with 50-mM
phosphate buffer with 150-mM NaCl (pH 6.6). Then,
to 25-uL sample solutions, 2-pL IdeS solution (1 U/uL)
is added and incubated at 37°C for 1.5 h. The samples
are diluted twice with denaturing buffer containing
6-M guanidine-HCI, 1-mM EDTA, and 0.1-M Tris-HCI
(pH 7.8); 2.5 uL of 1-M TCEP-HCI solution is added.
The incubation periods last for 18 h at 4°C.

The mechanism of action of the IdeS enzyme
comprises cutting the antibody molecule in the hinge
region, resulting in the formation of two subunits [F(ab’),
and Fc/2] (Fig. 1). Subsequent chemical cleavage of the
disulfide bridges divided the F(ab’), subunit into two
fragments: LC and the Fd subunit.

Intact mass measurement

We have performed the test in the infusion MS mode.
The injection rate of the sample solution is 10 pL/min.
Before ionization, it is mixed with a 0.15% DFA
solution flow supplied at a rate of 100 puL/min. The
device operated under the following conditions:
positive ionization mode and high mass range with
boundaries of 700-8000 Th with signal detection in
the frontal scanning mode. The linear data collection
rate is 1 Hz, and the evaporator pressure is 22 psi. We
analyze each sample in three technical replicas. We
process the experimental results using the MassHunter
Qualitative Analysis B.09.00 (Agilent Technologies)
and UniDec v.4.1.2 [10].

Middle-up analysis

We have performed the linear gradient reversed-
phase HPLC-MS mode test using a BioResolve RP mAb
Polyphenyl column (1.0 x 150 mm). Mobile phase A: 0.15%
DFA in water; mobile phase B: 0.15% DFA in acetonitrile.
Gradient scheme: 0 min (26% B), 22 min (41.5% B),
22.1 min (98% B), 24 min (98% B), 24.1 min (26% B),
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Fig. 1. Mechanism of action of the IdeS protease.

30 min (26% B) at 80°C and flow rate of 0.1 mL/min.
We process the obtained mass spectra using MassHunter
Qualitative Analysis B.09.00 and UniDec v.4.1.2 [10].

Statistical comparison of results

The analysis methods used for comparison are
qualitative to establish the equivalence of the results,
according to the currently accepted standards [11, 12];
the concept of a quality range is introduced. Its
boundaries are determined by a threefold increase in
the standard deviation of the measured parameters of
the original samples from their mean values.

RESULTS AND DISCUSSION

Measuring the molecular mass of intact antibodies

The average molecular mass of the major
proteoform of eculizumab, taking into account its amino
acid sequence and main modifications (a pair of GOF
glycans, a pair of cleaved C-terminal lysines, a pair of
pyroglutamates at the N-termini of heavy chains, and
17 disulfide bonds) is 147874 Da. Comparative analysis
of the raw mass spectra of eculizumab from samples
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100 1 i ‘ |
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of various manufacturers shows that the distribution of
the protein’s charge states in all cases ranges from 35+
to 65+, with the most intense states in the range from
approximately 40+ to 50+ (Fig. 2).

We perform the deconvolution of mass spectra
using UniDec software with the following settings: m/z
range of 2250-4300 Th, automatic noise subtraction,
range of charge states at 35—65, automatic smoothing
of mass spectra, peak width at half-height of 0.8 Th,
and normalized peak detection limit at 1%. It shows
the presence in all studied samples of glycoforms’
molecular mass distribution, monoclonal antibodies’
characteristic, in the region expected for eculizumab.
The molecular mass of the major glycoform GOF/GOF
in all samples corresponds to the expected value of 148874 Da,
and the deviation of its mass from the expected did not
exceed 1 Da (7 ppm). Eight proteoforms are found in
the original Soliris, and seven proteoforms in Elizaria,
of which six and five, respectively, differed in the
glycan profile; the remaining two differ in the content
of uncleaved C-terminal lysine (Fig. 3 and Table 1).

Elizaria_MA00319
4|5 Elizaria_MA01219
50 | M Elizaria_030919

40

2500 2750 3000 3250 3500 3750 4000 4250
m/z (Th)

Fig. 2. Mass spectra of the original Soliris and Elizaria drugs before deconvolution.
Individual charge states are annotated.
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The content of the major glycoforms of
eculizumab in the compared samples is similar. GOF/GOF,
G1F/GOF, and G1F/G1F occupy the first, second, and
third places, respectively. Glycoforms with smaller
proportions are distributed more variably. Therefore,
in the samples of the original Soliris, the variant
GOF/GOF-GN is in fourth place, and in the drug
Elizaria, the variant GOF/GO is in fourth place.

The fifth places in all cases are represented by the
glycoform G2F/GIF, and the sixth place is registered
only in the samples of the original Soliris, G2F/G2F.
The content of galactosylated glycans of the main
functional group of oligosaccharides in the samples
of the original Soliris and Elizaria are 25.7-26.4%
and 11.9-14.7%, respectively. The proportions of
forms of antibodies with uncleaved C-terminal

B Soliris_1000325

_ GOF/GOF_ W Soliris_1000382
7 Soliris_1000568
GOF/GO 7 GIF/GOF Elizaria_MA00319
i~ GOF/GOF+1lys , Elizaria_MA01219
I e M Elizaria_030919
Y GIF/GIF.
] |GGy GIF/GLE
S e
| | -
' [
|
* |
|

% A

0

148.00 148.25 148.50 148.75 149.00

Mass (kDa)

147.00 147.25 147.50 147.75

Fig. 3. Mass spectra of the original Soliris and Elizaria drugs after deconvolution.
The identified proteoforms are annotated.

Table 1. Results of measuring the molecular masses of eculizumab proteoforms from the compared samples

Measured mass
Eculizumab Theoretical Original Soliris Elizaria
proteoforms mass, Da
Avera]g)z +SD, S Avera]g)z + SD, LS,

GOF/GO0 147728 - - 147727 +2 =5
GOF/GOF-GN 147671 147669 + 1 -11 - -
GOF/GOF 147874 147873 + 1 -5 147874 £ 0 0
GOF/GOF+1Lys 148002 147999 + 3 =23 148000 + 1 -16
G1F/GOF 148036 148036 + 3 0 148036 + 2 2
GOF/GOF+2Lys 148130 148130+ 3 2 148128 +2 -14
GI1F/G1F 148198 148197 +2 =7 148198 +2 -2
G2F/G1F 148360 148360 + 2 0 148363 + 1 20
G2F/G2F 148522 148513+ 13 —61 - -

Note: SD, standard deviation.
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lysine, both one and two, are slightly higher in the
samples of Elizaria (Fig. 4 and Table 2). All observed
differences could be explained using different cell lines
to produce the original Soliris and Elizaria. The original
Soliris is produced using NSO rodent myeloma cells;
Elizaria is produced using a line of Chinese hamster
ovary cells that produces more galactosylated forms
[13, 14]. However, the proportion of galactosylated
glycans is important only for antibodies that implement
a therapeutic function through the mechanism of
complement-dependent cytotoxicity. In eculizumab, this
mechanism is deliberately inhibited [13—15]. Similar to
the previous ones, differences in uncleaved C-terminal
lysine content are due to different producers and usually
do not significantly affect the antibody’s therapeutic
efficacy and safety.

Therefore, the samples of the original Soliris and
Elizaria can be considered comparable in molecular
masses and spectrum of the presented proteoforms,
despite some differences in their content.

Middle-up analysis

Treating the samples with IdeS protease followed
by destructing disulfide bonds using TCEP makes
it possible to obtain from the eculizumab molecule
three well chromatographically separated subunits,
Fc¢/2, LC, and Fd. Figure 5 shows the recorded
chromatographic peak of the coeluting oxidized form
and the form with uncleaved C-terminal lysine of the
Fc/2 subunit and a peak of the Fd subunit with one
unbroken internal disulfide bond.

The molecular masses of all subunits coincide
with the calculated ones; the maximum discrepancy
from the expected value does not exceed 0.6 Da (40 ppm,
Table 3).

The proportion of glycosylated forms in the
compared samples slightly changes compared to
the intact molecule analysis (Fig. 6 and Table 4).
Thus, the difference between the content of the
major glycan GOF decreases: its average levels
in the original Soliris and Elizaria are 58.2 and
60.8%, respectively. The contents of G1F and G2F
are approximately 14.0 and 2.5%, respectively, in
all samples; no reliable difference is established for
this parameter. In the middle-up analysis, we have
confirmed the data on the uniqueness of oligosaccharides
GOF-GN in the composition of the original Soliris and
GO in the composition of Elizaria, and another glycan,
unique for the original Soliris, is discovered—Man5.
Studying LC and Fd subunits makes it possible to
understand why the difference in the content of G1F
and G2F glycans in intact molecules. In the middle-up
analysis, we have found minor proteoforms in LC
and Fd subunits in the original Soliris by identifying
by a characteristic mass shift of 162 Da as glycated
variants. Their content ranges from 2.8 to 4.6%. The
contribution of these forms overestimates the levels of
G1F/G1F, G2F/G1F, and G2F/G2F in the analysis of
intact molecule from the original Soliris. The content of
galactosylated glycans in the samples of Elizaria fully
corresponds to the original Soliris quality range. In the
C-terminal lysine content of the compared samples, a
rather close similarity is observed: compliance with
the quality range is demonstrated by two out of three
series of Elizaria medicinal products. The oxidation of
the Fc/2 subunit becomes a new modification, which
is established using the middle-up analysis. Its content
in all candidate drug batches also corresponds to the
quality range of the original Soliris.

70
W Soliris 1000325 W Soliris 1000382
60 oo Soliris 1000568 M Elizaria MA00319
50 sl W Elizaria MA01219 Elizaria 030319
40
30 LNON
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T | 8 %
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10 Z:::LO mq.l.n ;?u”: II oomv. II q.kaD 2@2@ O O
o mm |I i AR B SD mRsoeo
@ \7\6 \ﬁg \/ 'f/( \z@/
& S & S & > © © X
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Fig. 4. The content of proteoforms in individual series of the original Soliris and Elizaria drugs.
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Table 2. Comparison of the proportions of eculizumab proteoforms in the analyzed intact molecules

Original Soliris Elizaria ,E g,;
<3 85
S @ 5=
g e
= e @ e § H o =
Eculizumab proteoforms = S & S ) g
) N b S ol g
> a > =] = 5 s o
= “ = “ P =<
o~ g =
(S
GOF/GO0 - - 32 0.3 - None
GOF/GOF-GN 5.2 0.4 — - 4.0-6.4 None
GOF/GOF 51.0 0.6 64.2 32 49.2-52.8 None
GOF/GOF+1Lys 4.8 0.7 8.6 1.7 2.7-6.9 33
G1F/GOF 22.4 0.2 13.2 0.8 21.8-23.0 None
GOF/GOF+2Lys 1.8 0.4 3.8 1.3 0.6-3.0 33
G1F/GI1F 9.4 0.5 5.8 0.9 7.9-10.9 None
G2F/GIF 3.8 0.2 1.2 0.4 3244 None
G2F/G2F 1.5 0.3 - - 0.6-2.4 None
Galactosylated glycans, sum
(0.5 x GOF/GIF + GIF/GIF + G2F/GIF + GaF/Gory | 200 | 04 ] 136 1.5 1 248272 None
Note: SD, standard deviation.
uVv
110000 Fd W Soliris_1000325
] Fc/2 T M Soliris_1000382
100000 - N Soliris_1000568
90000 Fc/2 + Lys \\ A Elizaria_MA00319

1 Fc/2 + 16 Da Elizaria_MA01219
goooo{ T T T M Elizaria_030919
70000 \

60000

50000

40000

30000

20000

100009, \

0 A \
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T .
25 5.0 75 10.0 12.5 15.0 17.5 20.0 22,5 min
a

Toukue xuMudeckue TexHosoruy = Fine Chemical Technologies. 2021;16(1):76-87
83



Comparing the original and biosimilar biotherapeutics ...

Fc/2 GOF (25220)
1004
a GIF
25.382
G2F
o V\/J\\/\A/\“
246 25.0 254 25.8 kDa
b
LC (23135)
1004 LC A
% 4 LC+Hex
/
/
° =) V==
kDa
22.8 23.0 23.2 23.4 23.6
C
Fd (25617)
1004 Fd
% Fd+/Hex
/
O. ‘_\/\/\J \/\/M
kDa
25.0 254 25.8 26.2
d

Fig. 5. Annotated chromatograms (a) and mass spectra (b—d) of eculizumab subunits of the original Soliris and Elizaria drugs.
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Fig. 6. The content of proteoforms in the Fc/2 subunit of separate series of the original Soliris and Elizaria drugs.
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Table 3. Results of measuring the molecular masses of eculizumab subunits from the compared samples

Measured mass
Eculizumab proteoforms Theoret]i)c:l HLASS) Original Soliris Elizaria
Avera]g)il +SD, Error, ppm Avera]g)z + SD, Error, ppm

Fc/2+Man5 24992 24992 +0.3 7 - -
Fc/2+GOF-GN 25017 25017 + 0.6 -13 25016 —40
Fe/2+G0 25074 - - 25073 —40
Fc/2+GOF 25220 25220 0 25220 0
Fc/2+G1F 25382 25382+0.3 =7 25382 0
Fc/2+G2F 25544 25544 £ 0.6 13 25544 + 0.6 13
Fc/2 + 16 Da (oxidation) 148198 148197 +2 =7 148198 +2 -2
Fc/2+Lys 25348 25349 39 25349 39
LC 23135 23135 0 23135 0
Fd 25617 25617 £ 0.6 —-13 25617+ 0.6 —-13

Note: SD, standard deviation.

Table 4. Comparison of the proportions of eculizumab proteoforms in the subunits of the analyzed samples

Original Soliris Elizaria S ¢

X~ ; g)

°.a s

SR —

0t =

o=

Eculizumab proteoforms §;n X §‘J X £g 3 %a\°

= . = s Z z 2E

5% £ =

(G-
Man35 3.0 0.3 - - 2.1-3.9 None
GOF-GN 4.6 0.2 0.9 0 4.0-5.2 None
GO - - 3.5 0.2 - None

GOF 58.2 0.8 60.9 1.1 55.8-60.6 33
GIF 14.1 0.5 14.2 1.0 12.6-15.6 100
G2F 2.5 0.3 24 0.3 1.6-3.4 100
GOF Ox 6.6 1.2 5.8 0.5 2.0-10.2 100

GOF+Lys 11.1 0.2 12.4 0.8 10.5-11.7 67
LC+Hex 4.4 0.2 — — 3.8-5.0 None
Fd+Hex 29 0.1 - - 2.6-3.2 None
Galactosylated glycans, sum (G1F + G2F) 16.6 0.7 16.5 1.3 14.5-18.7 100
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CONCLUSIONS

The development and registration of biosimilar
therapeutic proteins require their comprehensive
characterization, in the physicochemical part of which
HPLC-MS occupies one of the leading positions. The
options for this analysis are quite diverse because
of the goals of the researchers. However, both in
biopharmaceutical comparability studies and in
developing a molecule, the entire protein molecule
must be described. The results of this analysis become
the basis for a deeper characterization of objects of
comparison or development.

The study of the monoclonal antibody eculizumab
in the original Soliris and Elizaria by mass spectrometric
intact mass measurement shows the identity of the
molecular masses of most of the proteoforms found
in the samples. However, it demonstrates differences
in their content, which consisted in a lower content of
the major glycoform GOF/GOF and larger—glycoforms
G1F/GOF, G1F/G1F, G2F/G1F, and G2F/G2F as part
of the original Soliris. However, a detailed study of
the antibody subunits by an HPLC-MS middle-up
analysis allowed explaining the increased content of
heavier glycoforms by glycation sites in the LC and
Fd subunits of eculizumab from the original Soliris.
As expected, the comparison of oligosaccharides
attached to the canonical glycosylation site on the
Fc/2 subunit establishes high comparability of
the compared samples. Significant differences are
observed in the content of the major glycoform GOF;
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