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Abstract: Avastin® is a humanized recombinant monoclonal antibody used to treat cancer by targeting
VEGF-A to inhibit angiogenesis. SIMAB(054, an Avastin® biosimilar candidate developed in this
study, showed a different charge variant profile than its innovator. Thus, it is fractionated into
acidic, main, and basic isoforms and collected physically by Cation Exchange Chromatography
(CEX) for a comprehensive structural and functional analysis. The innovator product, fractionated
into the same species and collected by the same method, is used as a reference for comparative
analysis. Ultra-Performance Liquid Chromatography (UPLC) ESI-QToF was used to analyze the
modifications leading to charge heterogeneities at intact protein and peptide levels. The C-terminal
lysine clipping and glycosylation profiles of the samples were monitored by intact mAb analysis. The
post-translational modifications, including oxidation, deamidation, and N-terminal pyroglutamic
acid formation, were determined by peptide mapping analysis in the selected signal peptides. The
relative binding affinities of the fractionated charge isoforms against the antigen, VEGF-A, and the
neonatal receptor, FcRn, were revealed by Surface Plasmon Resonance (SPR) studies. The results
show that all CEX fractions from the innovator product and the SIMAB054 shared the same structural
variants, albeit in different ratios. Common glycoforms and post-translational modifications were
the same, but at different percentages for some samples. The dissimilarities were mostly originating
from the presence of extra C-term Lysin residues, which are prone to enzymatic degradation in the
body, and thus they were previously assessed as clinically irrelevant. Another critical finding was the
presence of different glyco proteoforms in different charge species, such as increased galactosylation
in the acidic and afucosylation in the basic species. SPR characterization of the isolated charge
variants further confirmed that basic species found in the CEX analyses of the biosimilar candidate
were also present in the innovator product, although at lower amounts. The charge variants’ in vitro
antigen- and neonatal receptor-binding activities varied amongst the samples, which could be further
investigated in vivo with a larger sample set to reveal the impact on the pharmacokinetics of drug
candidates. Minor structural differences may explain antigen-binding differences in the isolated
charge variants, which is a key parameter in a comparability exercise. Consequently, such a biosimilar
candidate may not comply with high regulatory standards unless the binding differences observed
are justified and demonstrated not to have any clinical impact.
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1. Introduction

Monoclonal antibodies (mAbs) as therapeutic drugs have gained significant attention
due to their specific and sensitive treatment potential for some cancer types, and autoim-
mune or neurodegenerative diseases [1-3]. The biosimilar mAb candidates are expected
to have an analytical, functional, and clinical similarity with the innovator molecule for
approval [4-7]. The similarity acceptance criteria are outlined and regulated by author-
ities such as the FDA, EMA, ICH, and WHO, which require additional, comprehensive
analyses in case of deviations from the predefined, analytical biosimilarity range [7-9].
The manufacturers have to establish critical quality attributes (CQAs) to ensure consistent
product efficacy, safety, and quality [10,11]. CQAs involve multiple analyses to reveal the
biosimilar candidate’s physical, chemical, and biological similarities or dissimilarities to the
innovator product.

Monitoring charge variant similarity throughout the development of mAbs is one
of the critical quality requirements [12-14]. Recombinant mAb products may contain
heterogeneous charge variants, usually resulting from post-translational modifications
occurring during cell culture, formulation, and storage. The post-translational modifica-
tions that occur enzymatically or non-enzymatically during the upstream and downstream
drug development processes can cause charge heterogeneity [15,16]. Charge variants are
composed of acidic, main, and basic species. Some modifications, including cyclization of
N-terminal glutamines, clipping of C-terminal lysine, or glycation, lead to modifications in
the protein’s net charge. Other modifications such as methionine oxidation or aspartic acid
isomerization generate the charge variants by affecting the local charge distribution [17,18].
The charge heterogeneities may or may not affect the biological activity of the mAbs de-
spite the chemical and structural differences resulting from the modifications [19]. For
example, two commercial Avastin® biosimilars approved by EMA and FDA, Mvasi [20,21]
and Zirabev [22], showed microcharge heterogeneity. It is known that C-terminal lysine
and N-terminal pyro-Glu can generate specific charge isoforms, but it was reported that
such variations had no significant impact on the in vitro potency, effector function, or
pharmacokinetics of some mAbs [19,23]. On the other hand, modifications or other physico-
chemical differences in the Antigen-Binding Fragment (Fab), Complementary Determining
Region (CDR), or the Fragment Crystallizable region (Fc) can alter the binding ability of
a mAD to its target antigen or receptor proteins [24], in addition to their possible impact
on drug absorption and bioavailability [25]. For instance, Complement-Dependent Cyto-
toxicity (CDC) was reduced by removing galactose residue, while Antibody-Dependent
Cellular Cytotoxicity (ADCC) activity was enhanced by removing fucose residues [26].
The aggregation, fragmentation, or misfolding caused by the host cell line or the process
itself may also lead to the loss of biological activity or several other side effects [27]. Thus,
the chemical and functional characterization of unexpected charge heterogeneity becomes
critical for quality assessment.

Chromatographic methods, specifically cation and anion exchange chromatography
techniques (CEX, AEX), are extensively used to characterize the charge-based hetero-
geneities of mAbs [28]. In CEX, the acidic variants are eluted earlier, and the basic variants
are eluted later than the main peak. After determining the acidic, main, and basic variant
distribution via CEX analysis, fractionation is performed for the in-depth characteriza-
tion of each charge isoform [29-31]. Fraction-based methods provide a more sensitive
determination of modifications by eliminating the interfering proteoforms arising from the
cross-contamination of different charge species. The fraction collection can be conducted
manually or automated, and further analysis can be performed with the fractions of interest
following the proper buffer exchange, if necessary [24,32]. The in-depth characterization
of the separated charge variants has gained significant attention to understand better the
different species’ physicochemical roots in innovator and biosimilar products [33].

Avastin® is a recombinant humanized immunoglobulin type 1 (IgG1) monoclonal
antibody that targets vascular endothelial growth factor type A (VEGF-A) to inhibit an-
giogenesis in various cancer types. It prevents the progress of tumors by binding and



Pharmaceutics 2022, 14, 1571

30f23

neutralizing all VEGF-A isoforms [34,35]. SIMABO054 is an Avastin® biosimilar candidate in
the flask-scale development stage, showing significant microcharge heterogeneity, espe-
cially in basic charge variants, compared to the innovator. In this study, the fractionated
charge variants of SIMAB054 were characterized in detail by comparing them to the frac-
tionated charge variants of Avastin®. Following the fractionation of both products’ acidic,
main, and basic variants, all samples were analyzed by UPLC-MS at the intact protein and
peptide levels to investigate the post-translational modifications and major glycoforms
causing charge dissimilarity. Furthermore, the VEGF-A and Neonatal receptor (FcRn)-
binding capacities of the samples were investigated in vitro by Surface Plasmon Resonance
(SPR) assays to demonstrate the potential differences in these functional parameters. The
results shed light on each variant’s structural differences and receptor- and antigen-binding
capacities, which were not discussed in the previous reports and EMA /FDA documents.

2. Material and Methods
2.1. Cation-Exchange Chromatography (CEX)

Avastin® (AVT/AVT08, Genentech, San Francisco, CA, USA, Lot: 33808339) and
SIMABO054 (produced by ILKO ARGEM Biotechnology R&D Center, Istanbul, Turkey)
samples were diluted to 9.4 mg/mL with ultrapure distilled water and injected into the
HPLC directly. CEX separation was performed on BioPro SPF Non-porous Column (5 pm,
100 x 4.6 mm, YMC). Mobile phase A:100 mM NaH,PO,;-2H,0O (Merck), mobile phase
B:100 mM NayHPO,4-2H,0 (Merck, Kenilworth, NJ, USA), and mobile phase C:1 M NaCl
(Merck) were prepared with mass spectrometry (MS) grade water. Auto Blend method was
used to perform a salt gradient from 0 mM to 200 mM sodium phosphate at constant pH of
5.7. The flow rate was 0.5 uL/min, and the column temperature was 25 °C. Detection was
achieved using a PDA detector (Waters, ACQUITY PDA Detector) at 280 and 214 nm wave-
lengths. Raw data were processed by EMPOWER Software. The acidic and basic variants
of AVT and SIMABO054 in CEX analysis were collected by fraction manager equipment in
the HPLC system. Samples were loaded to HPLC at high concentration to get high yield
fractions. The method was adapted from Ref. [36].

2.2. Size-Exclusion Chromatography (SEC)

AVT and SIMABO054 samples were diluted to 1 mg/mL with pure deionized water,
and a 20 pL sample was injected into the HPLC system (Waters, ACQUITY HPLC-PDA
Detector, Markham, ON, USA). SEC analysis was performed using TSK-GEL G3000SWxL
(7.8 x 300 mm, TOSOH, Tokyo, Japan) column. Mobile phases made of 0.2 mol/L potassium
phosphate and 0.25 mol/L NaCl pH 6.2 were prepared with MS-grade water. The flow rate
of the isocratic method was 0.33 uL/min, and the column temperature was 25 °C. Detection
was conducted by a PDA detector at 280 nm wavelengths. The raw data were processed by
EMPOWER Software (Empower 3, Waters, Milford, MA, USA).

2.3. Intact Protein Analysis

AVTO08 and SIMAB054 samples were diluted to 0.5 mg/mL with 50 mM ammonium
bicarbonate (AMBIC, Sigma-Aldrich, St. Louis, MO, USA) and injected directly into the
LC-MS/MS system (Waters, ACQUITY UPLC-ESI-Xevo G2-XS QToF). Mobile phase A
was MS grade water (Merck), mobile phase B was ACN (Merck), and mobile phase C was
1% FA (Merck). The reverse-phase separation was performed on ACQUITY UPLC-BEH300
C4 1.7 pm column (2.1 mm x 50 mm, Waters) using a 1 min gradient (5-85% B). During the
run, the flow rate and column temperatures were 0.4 uL./min and 80 °C. The mass range
was set to 5004000 m/z and analyzed in ESI-positive and sensitivity mode. The instrument
was calibrated using NaCsl (Sigma-Aldrich), and Glu-1-fibrinopeptide B (Waters) was used
as a lock-mass reference. The method was adapted from reference [37].

The deconvolution of raw mass spectra of intact mAb samples was performed by
the UNIFI MaxEntl algorithm (Waters) with the following parameters: input m/z range,
2400-3200; output mass range, 146,500-150,000; minimum intensity ratio left and right,
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30%, FWHM, 0.73 (low m/z) and 0.92 (high m/z); the number of iterations, 20. Major
glycoforms (GOF, G1F, G2F, G0) and C-terminal lysine were introduced as modifications,
and only the components identified with <50 ppm mass error were accepted as glyco-
forms. The percentage of each glycoform was calculated using the formula: “Response %
Glycoform = (Response/Total Response of Glycoforms) x 100” [38].

2.4. Peptide Mapping Analysis

AVT and SIMAB054 samples (50 ug) were treated with 1% SDS (Sigma-Aldrich) and
0.1 M DTT (Sigma-Aldrich) in 50 mM AMBIC solution and incubated at 56 °C for 15 min.
After the reduction, samples were alkylated with 20 mM IAA (Sigma-Aldrich) for 30 min
in the dark at room temperature. After incubation, all samples were diluted with 8 M urea
and purified with 30 kDa MWCO disposable filter units (Millipore) at 14,000 g for 20 min.
The purified samples were incubated with 1 ug trypsin (Pierce) in 75 uL. AMBIC (1:50, w/w,
enzyme to protein ratio) at 37 °C overnight. The filtrates, including tryptic peptides, were
collected by washing the filter unit with 50 uL of 50 mM AMBIC twice. Finally, the samples
were acidified with 1% formic acid before analysis [39].

The tryptic peptides were analyzed by ACQUITY UPLC-ESI-Xevo G2-XS QToF system
(Waters). Mobile phase A comprised MS grade water, mobile phase B was ACN, and mobile
phase C was 1% FA. The percentage of mobile C was set to 10%, and the percentage of
mobile phase B was increased from 1 to 80% over an 85 min total run time. The instrument
was calibrated with NaCsl, and Glu-1-fibrinopeptide B (100 fmol/uL) was used as a lock-
mass reference. Data-independent acquisition mode (DIA) was performed by sequential
MS, and MS/MS scans with 0.5 s cycle time. The mass range was set to 50-2000 m/z
and all ions within the range were fragmented without any precursor ion selection in
sensitivity mode.

The raw data were processed with UNIFI by applying peptide mapping workflow
parameters. The reference sequence was retrieved from http://www.drugbank.ca/ (ac-
cessed on 1 February 2022). Trypsin was selected as a digesting reagent with one missed
cleavage maximum. Carbomidomethyl-C was set as a fixed modification because of the
alkylation step in the sample preparation, while the other modifications (Oxidation-M,
deamidation-N, succinimide intermediates, pyroglutamic Acid-N term) were set as a vari-
able. The mass tolerance window was set within 10 ppm. The components with greater
than 10% matched primary ions (b/y ions), <10 ppm mass error, and no in-source fragment
were allowed for identification. The percentage of modifications was calculated using the
following equation: “%peptide = (Response of modified peptide/Total response of the
modified and unmodified peptides) x 100” [38,40].

2.5. VEGF-Binding Assays

The VEGF-binding analyses were performed on VEGF 165A-immobilized (Sigma-
Aldrich) CMS5 chips with a Biacore T200 SPR Instrument (Cytiva) [41]. The chip surface
was prepared with standard EDC-NHS coupling chemistry [42]. VEGF165A was diluted to
5ng/uL in pH 5.5 in 10 mM acetate buffer. Following the activation of surface carboxylate
groups by EDC/NHS injection, the target protein, VEGF 165A, was covalently immobilized
through the free primary amine groups. The excess number of activated carboxyl groups
on the matrix was blocked with a 1 M ethanolamine-HCI (Cytiva) injection. The final
immobilization level for the active flow cell reached approximately 500 response units (RU)
for all experiments. An ethanolamine-immobilized flow channel was used as the control
surface. The CEX-fractionated charge variant samples at three concentrations (15 nM, 5 nM,
1.66 nM) were prepared in 1X HBS-EP buffer (10 mM HEPES, 150 mM NaCl, 3 mM EDTA,
0.005% v/v polysorbate 20) at pH 7.4, which was also employed as the running buffer.
Single-cycle kinetic analyses were conducted at 30 uL/min flow rate at 22 °C. Analytes
were injected for 120 s in the association phase, followed by a dissociation phase of 1800 s
with the running buffer. Blank measurements were also performed on the active and
control flow channels by running buffer injections under identical conditions. The chip
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surface was regenerated by injecting 10 mM glycine pH 1.5 buffer for 90 s. Results were
obtained by subtracting responses from blank flow cells and zero concentration analyte
injection (running buffer). Two innovator samples (AVT08 and ALT03) were used in all
SPR experiments of the unfractionated, initial samples. The SPR data were presented as
the mean value, calculated from at least five measurements per sample. The equilibrium
dissociation constants (Kp) were calculated by Biacore Evaluation Software using the 1:1
Langmuir binding model [42]. An equivalence test was used for evaluation of the similarity
of SIMAB054 charge variants to innovator.

2.6. FcRn-Binding Assays

FcRn-binding analyses of the fractionated samples were carried out on Anti-His IgG1
antibody (Cytiva) immobilized CMS5 chips (Cytiva). Anti-His IgG1 antibody immobilization
procedure was applied by an amine coupling kit based on the manufacturer’s guide
(Cytiva). His-Tagged FcRn (Sigma-Aldrich) protein and all other charge variants or whole
molecule samples were prepared in 1X HBS-EP pH 6.0 running buffer with three-fold
dilutions (15 nM, 5 nM, 1.66 nM). The recombinant His-tagged FcRn molecule was captured
on the active flow cell for 120 s with a 10 uL./min flow rate at 22 °C. A blocked flow cell
was used as a blank during all measurements. Samples were injected over both flow cells
(active and blank) at a 30 uL/min flow rate for 120 s, followed by the dissociation phase of
900 s with the running buffer. The chip surface was regenerated with 1X HBS-EP buffer
(pH 7.4) for 60 s. Blank buffer injections were also performed on both flow channels, which
were later subtracted from the active surface data before the fitting. Two innovator samples
(AVTO08 and ALT03) were used in all SPR experiments of the unfractionated, initial samples.
The SPR data were presented as the mean value, calculated from at least 5 measurements
per sample. One-way analysis of variance, ANOVA, was used to reveal the statistically
significant differences between the fractionated sample pairs (p < 0.05 was considered
significant and p < 0.005 was considered highly significant). The results were evaluated
with Biacore Evaluation Software using the steady-state [43,44] and two-state binding
models [45,46].

3. Results and Discussion
3.1. CEX and SEC Analyses of Fractionated Charge Variants

Charge heterogeneity is one of the most common types observed in mAbs and should
be considered part of CQAs. Each quality attribute is assigned to one of the three risk tiers
recommended by the FDA [47], and CEX is categorized as one of the Tier 2 attributes with
its moderate clinical effect [48]. Despite its mild effect, a comprehensive characterization
of the charge isoforms is necessary for the initial risk assessment. In addition, detailed
information about the biochemical roots and possible biological impacts of any undesired
charge variant must be presented to the authorities [49]. Among several chromatographic
and electrophoretic methods available for charge variant analysis [50-52], CEX is a widely
used, qualitative technique with high resolution [14,34,35,53,54]. SIMABO054 is an Avastin®
biosimilar candidate in the flask-scale development stage, showing significant microcharge
heterogeneity, especially in basic charge variants, compared to the innovator. Here, we
physically separated all charge variants of SIMABO054 and the innovator product (AVT)
using the CEX method to investigate each variant’s structural and functional behavior
in detail.

The distribution of the acidic, main, and basic variants of both products were repre-
sented as an overlay CEX chromatogram, and the average percentages of each indicated
variant were given as an inset table in Figure 1. Acidic variants were approximately 26%
for AVT and 19% for SIMAB054, while the basic variant percentages of SIMAB054 (25%)
were significantly more than AVT (8%). Additionally, several basic peaks were observed in
SIMABO54, but not in AVT. Peak fractionation was designed as shown in Figure 1; three
acidic (A1-A3), seven basic (B1-B7) variants, and the main variants were obtained for
each sample.
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AVT
SIMABO54
Components AVT SIMABO054
Acidic Variants (%) 26.4 19.0
Main (%) 65.3 55.8
Basic Variants (%) 8.3 25.1
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Minutes

Figure 1. CEX results of AVT and SIMAB054. Overlay of CEX results of AVT and SIMAB054 and a
comparative table of acidic, basic, and main charge variant percentages.

The purity of the separated fractions was verified by the re-analysis of each fraction
via CEX (Figure 2). Each charge variant was physically separated by a fraction collector
following the CEX analysis. In order to elucidate the physicochemical roots of each charge
variant in AVT and SIMABQ54, several types of analytical tools were used. One was
size exclusion chromatography (SEC) which provides information about the molecular
size, hydrodynamic radius, and the apparent molecular mass [55]. SEC analyses of the
fractionated samples revealed the monomeric content of the samples (Figure 3). Some
samples were not detectable by the SEC due to the insufficient sample concentration. The
SEC analyses showed that each fraction of both products contained similar size species.
The monomer peak was resolved between the 17th and 18th minute. A high molecular
weight (HMW) peak was observed between the 14th and 15th minute for both products.
None of the fractions contained low molecular weight (LMW) species.



Pharmaceutics 2022, 14, 1571 7 of 23
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Figure 2. Each fraction was analyzed by CEX to confirm the presence of targeted charge variants.
(A) CEX fractions collected from the innovator, AVT. (B) CEX fractions collected from SIMABO054.
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Figure 3. Cont.
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Figure 3. SEC-HPLC analysis results of each fraction. (A) Overlay chromatograms of AVT08 charge
variant fractions. (B) Overlay chromatograms of SIMABO054 charge variant fractions.

3.2. Intact Protein Analysis of Fractionated Charge Variants

The chemical characterization of the charge variant fractions was initially performed
by intact protein analysis using mass spectrometry. Intact protein analysis is one of the
most critical structural elucidation tools for mAbs. The intact mAb analysis reveals the
exact molecular weight of the sample. The method also helps to define the modifications
that cause a significant molecular weight shift (>100 kDa), such as glycosylations (>1200 Da)
and C-terminal lysine clippings (128 Da) [56]. As one of the best-studied modifications,
glycosylation is found in the highly conserved Asn303 residue in each heavy chain of
Avastin® [57], and its potential correlation with charge heterogeneities was previously
reported [58]. Tt is already known that the major N-linked glycoform of Avastin® is
a biantennary fucosylated and agalactosylated structure (GOF: GOF) with fully clipped
C-terminal lysine residues (molecular mass: ~149.2 kDa) [57]. The SIMAB054 showed
the same dominant glycoform when analyzed in its initial form, without charge variant
fractionation. All charge variant fractions of the AVT and SIMABO054 were analyzed by
intact analysis under the same experimental conditions to determine whether there were
any glycoform differences between the charge species. The B5, B6, and B7 basic fractions
were pooled together before the analysis to increase the sample concentration. The final
sample was labeled as B5 for all remaining analyses.

The molecular mass of the main peak in the deconvoluted MS spectrum of each
fraction was listed in Figure 4A. All fractions contained one dominant mass peak identified
by matching the observed and expected theoretical mass with a 50 ppm mass error.
Figure 4B represents the glycoforms and modifications assigned to the dominant mass.
Similar to the unfractionated AVT and SIMABO054 samples, both the products’ main and A3
fractions have GOF:GOF with clipped C-term lysine (149,200 Da). In the AVT, GOF: GOF was
also assigned to the A2 fraction, whereas no dominant glycoform was detectable for the Al
sample. A mass difference of 320 Da was observed in Al and A2 fractions of SIMAB054,
identified as monogalactosylation (G1F:G1F) on both chains (149,520 Da). The results are
consistent with the study, which demonstrates that the terminal galactosylation content of
acidic charge variants was higher than the main fraction, and the levels of the acidic variants
were linearly increased by the increased G1F content [41]. In the basic variants, incomplete
C-terminal lysine clipping was identified as the predominant modification rather than the
glycoforms, although there were some exceptions. It is known that differences in the levels
of C-terminal lysine residues of monoclonal antibodies administered by the intravenous
route are not expected to impact product performance, as it is typically removed in vivo
shortly after administration [20-22].
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Al ND 149521.5 - 149523.8 B GicNac
A2 149201.5 - 149201.7 149521.7 - 149523.5 ® Mannose
A3 149199.7 - 149199.9 149200.9 — 149201.6
M 149200.6 — 149200.7 149200.9 — 149201.4 “{: fell
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Figure 4. Intact protein analysis of charge variant fractions obtained from AVT and SIMABO054.
(A) The list of the molecular mass of the dominant mass peak in each fraction. Each fraction was
injected three times, and the mass ranges represent the minimum-maximum observed mass values.
A, M, and B represent acidic, main, and basic fractions. (B) Illustration of glycoforms assigned for
each molecular mass.

In detail, the B1 peak (149,219 Da), observed only in SIMABO054 in CEX, was identified
as an afucosylated and galactosylated (G0:G1F) form. It is known that afucosylation leads
to basic variants [24], while the terminal galactose can lead to acidic variants, as mentioned
before. Therefore, both modifications in the same molecule could be why Bl appeared
as a shoulder to the main peak. In the B2 fractions of AVT and SIMAB054, an unclipped
lysine residue at one heavy chain (GOF:GOF + K) was identified for the observed mass
(149,328 Da) because it is known that lysin leads to a +128 Da mass shift. Similar to B2,
two Lys residues (GOF:GOF + 2K) were identified in the B4 fractions of both AVT and
SIMABO054, with a + 456 Da mass difference (149,456 Da). Unlike the AVT, the B3 fraction
of SIMABO054 also had one lysine residue in the C-terminal, in addition to afucosylation
at one heavy chain (G0:GOF + K, 149,186 Da). Finally, the B5 fraction was similar in
AVT and SIMAB054 samples regarding glycoforms and C-terminal clipping (GOF:GOF,
149,200 Da). The incomplete lysine truncation formed during the upstream process is a
frequent reason for basic species formation [59-61]. It is known that the lysine residues
are naturally cleaved off in circulation due to the intrinsic carboxypeptidase activity of the
cells [18]. Lysin removal has no known effect on antibody function or structure, mostly
related to Clq activity and CDC [62,63]. This experiment’s findings may not be evaluated
as a direct reason for the charge heterogeneity, but it may contribute to the literature by
revealing various glycoproteoforms in different charge species. The dominant glycoforms
in the fractions were identified, and two significant findings were figured out, despite the
limitations in the analysis method. First, the partially or non-clipped C-terminal lysine was
dominant in basic charge variants. Secondly, terminal galactosylation was observed mainly
in acidic species, while afucosylation was detected in the basic species.
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3.3. Peptide Mapping Analysis of Fractionated Charge Variants

Several enzymatic or non-enzymatic modifications such as oxidation, deamidation,
glycation, or N-terminal pyroglutamic acid have been reported to form acidic or basic
charge variants [31,64]. Although intact (MS) analysis is useful for analyzing several
modifications, it is hard to assign chemical modifications with small mass differences.
Therefore, post-translational modifications (PTMs) such as deamidation (+1 Da), oxidation
(+16 Da), and N-terminal cyclization (—17 Da) were analyzed by the data-independent
acquisition LC-MSF method to reveal the differences beyond the charge variants of AVT
and SIMABO054. Table 1 represents the percentages of indicated PTMs in selected peptides of
each fraction. The percentage values were calculated by averaging three separate injections
of the pooled samples.

Table 1. The post-translational modification alterations of selected peptides in all charge variant frac-
tions. The results were obtained by peptide mapping analysis of AVT and SIMAB(054. The percentage
values were calculated by averaging three separate injections, indicating standard deviations. A,
M, and B represent acidic, main, and basic fractions. HC, heavy chain; LC, light chain; TX, tryptic
peptide number in the indicated chain.

Charge Sample Oxidation M Deamidation N Isomerization Succinimide N C;ii?:;:ﬁ) n
Variant Type
LC/T1 HC/T19 LC/T9 HC/T8 HC/T21 LC/T9 HC/T2 HC/T34 HC/T1

AVTO08 1.01 £ 0.07 9.86+ 0.56 6.21 £+ 0.42 3.49 £+ 0.04 3.04 £ 0.06 1247 +094 094+£0.00 1.00 =+ 0.03 248 +£0.22

Al SIMABO054 1.22 +£0.03 8.94 £ 0.26 5.82 +£0.29 329 £0.2 5.86 & 0.00 11.92+0.72  091+0.00 0.91+0.02 1.08 + 0.08
AVTO08 143 £ 0.09 835+ 0.62 6.24 +0.34 437 +0.3 4.84+1.44 1250 £0.78  095+0.02  0.85+0.02 2.48 +0.17

A2 SIMABO054 1.07 £ 0.04 749 £0.29 5.83 +0.31 3.38+0.1 2.61 +0.00 1128 +£0.73  094+0.00 0.85+0.01 1.17+ 0.04
AVTO08 0.92 £ 0.04 6.11 £+ 0.48 5.65 £+ 0.33 2.81 £+ 0.05 2.61 £+ 0.04 11.39 +£0.75 0.95+0.04  0.84 £0.02 6.18 £ 0.45

A3 SIMABO054 1.24 +0.04 7.03+£0.5 4.90 £+ 0.39 249 £0.2 4.22 £+ 0.00 9.93 +0.72 0.96 +0.06  0.86 + 0.02 3.20 + 0.16
AVTO08 ND 4.15+0.33 5.75 4+ 0.32 2.66 + 0.07 3.53 + 1.56 1148 +£0.64 0984001 0.84 +£0.01 0.91 £+ 0.09

M SIMABO054 0.83 £ 0.00 3.02+0.15 5.07 £0.3 2.35+0.1 4.65 +0.00 1030 £0.69 097 +0.02  0.82+0.08 0.71 £+ 0.06
AVTO08 1.86 £0.02  10.26 +0.95 5.83+0.3 2.90 + 0.03 2.65 + 0.00 11.85+0.75 094+0.03 0.86 +0.01 1.39 £ 0.07

B SIMABO054 1.02+0.01 11.03+0.78 590+ 0.44 3.45 £+ 0.25 5.62 £ 0.00 1197 +0.89 090+£0.01 0.86 £ 0.02 1.14 +0.03
AVTO08 1.31+0.04 1011+044 5.78+0.39 2.87 £ 0.07 248 £+ 0.04 11.60 £0.78 093 £0.01 0.87 £ 0.02 1.10 £ 0.05

B2 SIMABO054 1.10 £ 0.02 7.70 £0.17 6.15+0.45 3.21 +0.07 6.00 £ 0.00 12.44+0.83 0.88+0.02  0.85+0.02 0.88=+ 0.04
AVTO08 126 £0.05  15.52+0.75 5.89 +0.5 3.09 + 0.09 2.61 +£0.1 11.87 £1 0.93+0.04  0.85+0.02 1.67 £0.1

B3 SIMABO054 1.17 £ 0.07 10.35 £+ 0.2 6.26 £ 0.4 2.85+0.15 4.04 + 1.86 12.61 £ 0.7 0.95+0.03  0.88 £0.01 1.05+ 0.04
AVTO08 1.36 + 0.03 16.45 £ 0.4 581 +04 3.12 £ 0.16 3.49 £1.36 1174+ 087 094+£0.02 0.86 £ 0.02 1.58 +0.12

Be SIMABO054 1.01 + 0.09 11.11 £ 0.3 590 £ 0.5 2.95 £+ 0.15 ND 11.81 +1.1 097 £0.01 094 £ 0.01 0.91+ 0.04
AVTO08 130 £0.12  18.70 £0.57 3.86 +0.3 1.75 £ 0.08 3.53 +0.00 7.67 +0.62 0.81+ 0.00 1.10 £ 0.02 1.51 £0.12

Bs SIMABO054 0.93+0.00 16.26 +0.56 6.12 £ 0.7 2.82+0.13 2.76 +0.00 12.21 £125  0.90 £0.01 1.09+ 0.04 0.93 £+ 0.06

Several reports have shown that IgG oxidation is mainly related to serum half-
life [65,66]. The antigen-binding capacity is usually not affected by oxidation because
the most susceptible residues for oxidation are found in the CH2 domain [62]. Oxidation
usually occurs in methionine and appears in tryptophan, histidine, and other residues
at a lesser amount. Although Met252 and Met428 (according to EU numbering [67]) dis-
play a higher susceptibility towards oxidation, additional Met residues can be oxidized
due to different forced studies [68,69]. As seen in Table 1, the methionine oxidation of
HC/T19 (DTLMISR) containing Met252 is significantly higher (>10%) in basic fractions
than in main and acidic peaks, while the oxidation of LC/T1(DIQMxTQSPSSLSASVGDR)
remains the same (~1%) beyond all fractions of AVT and SIMABO054. The oxidation of all
remaining methionine and tryptophan residues was calculated under 2% in all fractions,
such as LC/T1. This result is not surprising because oxidation-M is a known modification
leading to basic species formation [64]. It is also known that some peptides are prone to
modifications because of the structural conformation of the mAbs [70].
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Asparagine (Asn) deamidation and aspartate (Asp) isomerization are other extensively
studied modifications as significant factors of the chemical degradation of mAbs unless
the appropriate storage and formulation conditions were provided [71,72]. Additionally,
prior studies have noted the importance of the Asn/Asp site because the deamidation
of Asn residues in the antigen-binding sites can lead to a loss of potency or functionality
of mAbs [73]. Deamidation is a non-enzymatic reaction and occurs by the hydrolysis
of the amide group, which causes a +1 Da molecular mass shift, which cannot be easily
detected by intact protein analysis [74]. Therefore, the deamidation level was analyzed
in each charge species by peptide mapping analysis. In several peptides, an extreme
deamidation level (>25%) was observed in almost every fraction, probably enhanced by the
sample preparation step of peptide mapping, including reduction, alkylation, and tryptic
digestion [75]. Table 1 represents the deamidation level of selected peptides that have a
reasonable deamidation level. No significant differences in the Asn deamidation level of
LC/T9 (SGTASVVCLLN4eam NFYPR) and HC/T8 (STAYLOMN 4eamSLR) were observed
throughout charge species of the same groups. In contrast, notable differences (two- or
three-fold) were found in the deamidation level of HC/T21 (FNWYVDGVEVHNdeamAK)
in acidic and basic SIMABO054 compared to the AVT. This finding is unexpected because
it is known that Asn deamidation leads to the formation of acidic species [60,76]. There
might be other dominant modifications affecting the antibody’s net charge. The level
of isomerization and succinimide, an intermediate product of asparagine deamidation,
appeared to be unchanged throughout the fractions of both AVT and SIMAB054.

The cyclization of the N-terminal is formed rapidly in blood circulation following the
mADb administration [77] by the chemical or enzymatic conversion of glutamine (Gln) or
glutamic acid (Glu) at the N-terminals of the mAbs to pyroglutamate (pyroGlu) [78]. The
N-terminal of the Avastin’s heavy chains has Glu residue, which is cyclized to pyroGlu by
removing an H,O molecule. Therefore, the presence of pyroGlu does not affect the charge
heterogeneity of the Avastin®, but enhances the molecule’s hydrophobicity, which makes
this modification easily detectable by reverse-phase chromatography. Different groups
previously reported that the pyroGlu could be found in acidic or basic species [28,29,79]. In
our study, the N-terminal cyclization of HC/T1 (pyroEVOQLVESGGGLVQPGGSLR) is found
relatively higher (two-to-three-fold) in acidic species of AVT than in the basics. The highest
pyroGlu ratio was found in the A3 fraction of both AVT (~6%) and SIMAB054 (~3%), which
may be accepted as a minor modification. Although no study shows the benefit of pyroGlu,
formed by an enzymatic reaction or in a pH-dependent manner in vivo or in vitro, it is
evaluated by the biopharmaceutical industry as a part of process control [80].

According to the peptide mapping of charge species, AVT and SIMABO054 have similar
increasing methionine oxidation levels in basic species. It is relatively lesser in SIMAB(054
than AVT. Asn deamidation is surprisingly increased in basic species of SIMAB(054, which
can be explained by considering the effect of other dominant modifications. N-terminal
pyroGlu levels in all charge species of AVT and SIMABO054 are similar and reach the highest
amount in the A3 fraction. As with methionine oxidation, the pyroGlu level is relatively
lesser in SIMABO054 than in AVT. These results also suggest that all charge variant fractions
contain almost all kinds of PTMs with variable percentages, which can be assumed to be a
reason for the related species” enhanced amount.

3.4. VEGF-Binding Analysis of Fractionated Charge Variants

Avastin® is an IgG1-type antibody that neutralizes the circulating VEGF molecules
by binding them with the Fab regions. Neutralizing the VEGF molecule prevents its
interaction with target receptors (VEGFR) on the endothelial cells [81]. The binding kinetics
of a mAD to its target molecule is known to be affected by charge heterogeneities formed
during manufacturing and other processes, and other parameters such as stability and
effector function [82-84]. An Enzyme-Linked Immunosorbent Assay (ELISA) [85], Biolayer
interferometry (BLI) [41,86], KinExA [87], and SPR-based methods [88,89] are commonly
utilized to investigate antibody-antigen interactions. The SPR technique is robust and
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reliable for characterizing the binding events, label-free in real-time [90]. In this study,
SPR was used to reveal the binding affinities of the different charge variants of AVT08
and SIMABO054 against the VEGF and FcRn molecules. The binding kinetics of the initial
molecules without fractionation was also investigated.

SPR-based VEGF-binding analysis of the fractionated charge variants was presented
in Figure 5. According to the data, the M fractions from both products showed a similar
trend with the highest VEGF affinity among all samples tested. It was not surprising that
A3 and Bl variants showed the second-best binding values since they were located right
next to the M variant in the CEX analysis and behaved similarly for VEGF binding. The
lowest binding performance was found in the B4 and B5 fractions with the highest standard
deviation, probably due to a lower purity. Among the acidic fractions, the A2 sample
from the AVT performed slightly better (86 & 24 pM) than the A2 fraction obtained from
the SIMABO54 (115 £ 8 pM) product. The Al samples from both products presented a
similar binding ability towards the targeted VEGF antigen, calculated as 155 4 26 and
165 £ 56 pM for SIMABO054 and AVT fractions, respectively. The difference between the
B3 fractions from the reference and the innovator product was significant. The binding
constant values increased from B2 to B5 for both products, in which the B3 fractions from
the SIMABO054 product presented a better binding ability (lower Kp values) in every case.
The minimum and the maximum Kp values for these basic species were recorded as
73 £ 11-221 =+ 81 pM, respectively.

Analyte: mAbs

Qi ‘_f AVASTIN

Q VEGFR-2 Extracellular

700 — Ligand:veera' ! ] H
NH NH NH NH
1 | | | Intracellular
600 - _
Chip: CM5 CI-O f'o (I:‘O f'o
500 Anti-Angiogenesis
- Covalent Immobilization of the ligand Avastin® specifically inhibits the VEGF
% 400 through EDS-NHS reaction molecules extracellularly
2
300
200
" % m % % m % m
,, Nl N !
Al A2 A3 M B1 B2 B3 B4 B5
E SIMAB| 155 115 78 70 92 93 73 119 178
CJAVTO8| 165 86 53 58 89 122 287 221 221

Figure 5. The VEGF-binding characteristics of the fractionated charge variants using the SPR using
the Langmuir 1:1 binding model. The samples fractionated by the CEX method were obtained from
the innovator (AVT) and the biosimilar candidate (SIMAB054) under the same operational conditions.
A, M, and B, respectively, represent acidic, main, and basic fractions. The Kp data were presented
as the mean value obtained from at least five measurements. The inset (top-left) is a representative
illustration of the prepared SPR chip surface. The inset (top-right) shows the proposed mechanism of
action for Avastin®, adapted from reference [91].
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Equivalence Test - 90.% CI Plot

Two-sample equivalence test was used to show the means difference between the
samples in a 90% confidence interval. The equivalence test results for SPR-based VEGEF-
binding analysis of the fractionated charge variants are presented in Figure 6. The main
fractions from both products showed a similar trend with the highest VEGF affinities
among all samples tested. According to the equivalence test, A1, M, B1, and B5 variants
were found statistically not different and equivalent to the innovator, while A2 and B4
variants were found not different, but also not equivalent. On the other hand, A3, B2, and
B3 variants seemed not equivalent and statistically different from the same variants of
the innovator.
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Figure 6. The VEGF-binding characteristics of the fractionated charge variants using the SPR using
the Langmuir 1:1 binding model. The samples fractionated by the CEX method were obtained from
the innovator (AVT) and the biosimilar candidate (SIMAB054) under the same operational conditions.
A, M, and B, respectively, represent acidic, main, and basic fractions. The means of Kp values were
obtained from at least five measurements, and an equivalence test was used to compare each charge
variant of SIMABO054 with those of AVT.

According to the peptide map results, those basic fractions mostly contained unclipped
Lysine residues at a greater ratio in SIMABO054 than in the AVT fractions. It was reported
in the literature that the unclipped Lysine residues do not usually change the biological
function of the product [19,24], and the endogenous carboxypeptidase B activity of the cells
degrades the extra Lysine residues immediately [92]. For example, the basic charge isoforms
of an IgG antibody (with 15% leader sequence and 85% C-terminal Lys) presented similar
potency and pharmacokinetics in rats [93]. On the other hand, the major glycoforms varied
slightly among the tested fractions, and the oxidation levels of the basic species between
two products’ basic fractions were observed at different ratios (found less in the SIMAB).
Such variations in the defined modifications may have caused the altered antigen-binding
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behavior of the basic species. Du et al. [94] reported that the modifications in CDR could
lead to the formation of extra acidic (such as deamidation of Asn) or basic (Asp isomer-
ization, succinimide formation, and Met oxidation) variants, and such acidic variants had
lower binding activities towards the target molecules due to the conformational changes.

Several other examples in the literature correlate the modifications with the biological
functions similarly, but for different mAb samples. Vlasak et al. reported that acidic
fractions of the antibody that contained deamidation in the Fab region had a reduced
binding activity to the target molecule [95]. Another study presented that the formation
of the deamidation intermediate in CDR2 (Asn55) reduced the Ka compared to the native
Fab form [96]. Moreover, the characterization study of Trastuzumab indicated that the
acidic fraction of the antibody had a lower binding affinity than the main and basic fraction
of the antibody to the HER2 [97]. As reported in the literature, modifications in CDR
may alter the antigen affinity; however, no significant modification was observed in the
CDR of either product. Thus, we could not directly correlate the basic species” increased
VEGF-binding capabilities with the defined modifications. Such a direct correlation may
require a detailed force degradation study supported by SPR and proliferation assays that
might be a future project.

On the other hand, it was noted in the SPR data that the SD values for the basic
species B3-B5 were significantly higher than the other fractions, for example, 137 pM for
the SIMABO054-B5 fraction and 99 pM for the AVT-B5 fraction (data not shown), probably
due to the physicochemical diversity of the IgG1 molecules in these samples that may not
have separated precisely enough during the CEX fractionation. The initial separation range
had been intentionally kept wider for the basic species to collect the samples at a beneficial
concentration, which did not work for the fractions with low percentages. The number
of the basic species separated from the CEX was more significant at the beginning of the
study; later, the B5, B6, and B7 were pooled to increase the final sample concentration.
Although there were differences between the calculated Kp values, especially the basic
species, the values were still in the VEGF-binding range reported previously by other
groups [19,88,98]. The Kp differences for different charge variants of the same mAb sample
were also previously reported for other mAb samples [7]. Despite the importance of charge
heterogeneity in biosimilars, there are limited studies investigating charge variant-specific
binding kinetics. The present study offered a side-by-side SPR characterization of the
fractionated innovator and a biosimilar candidate.

3.5. FcRn-Binding Analysis of Fractionated Charge Variants

The FcRn is a cell surface receptor expressed on monocyte and endothelial cells. This
receptor prevents IgG degradation in endosomes and extends the IgG molecules” half-life
in vivo by binding to the Fc parts of IgG molecules in a pH-dependent manner [99]. Post-
translational modifications on mAbs can affect their interaction with the receptor proteins.
For example, methionine oxidation reduced the mAb’s interaction with the FcRn receptor
by leading to conformational changes in the structure [45,100,101]. On the other hand,
deamidation was shown to increase the affinity of the mAbs to the FcRn [93]. In order
to examine the interaction of antibodies with the Fc receptors, an amplified luminescent
proximity homogenous assay (Alpha screen) [102,103], ELISA, and Fluorescence Resonance
Energy Transfer-based assays (FRET) [104] were proposed in the literature. Although the
in vivo studies are the most useful in observing the biological impact of different charge
variants or modifications on pharmacokinetics, it is not possible for every research group.
Thus, real-time in vitro analysis by SPR can be a robust alternative to the previous methods
for FcRn-binding characterizations. In the current study, all isolated charge isoforms of
AVTO08 and SIMAB054 products were investigated by the SPR against the captured FcRn
ligands to reveal the binding patterns among different samples.

The FcRn-binding affinity of two different lots of the unfractionated initial innovator
samples (AVTO08 and ALT03) and the SIMAB054 were 25.03 & 7.63, 22.72 £ 1.69, and
22.02 £ 1.86 nM, respectively (data not shown in a graphical format). The binding affinity
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of Avastin® to human recombinant FcRn molecules was previously reported in a range from
6 to 2500 nM with different techniques [44,69,105]. In an SPR-based FcRn-IgG interaction
study, the affinity values were reported between 6.58 + 0.12 and 49.6 = 1.78 nM for
recombinant IgG and between 9.99 £ 0.43 and 71.9 £ 15.7 nM for human IgG1 [106]. The
FcRn-binding interaction of mAbs by SPR is considered in the Tier 2 category, with a low
risk on the product quality [107]. The analytical biosimilarity range for this interaction
was represented as the mean =+ 3xSD [107], calculated from at least five measurements of
the two innovator products (AVT08, ALT03), obtained from two different lots. Under the
specified conditions, the analytical biosimilarity range for the FcRn-mAb interaction was
calculated as 7.66—40.09 nM, which qualifies the initial, unfractionated SIMAB054 product
as a potential Avastin® biosimilar candidate in the FcRn-binding parameter.

The comparative steady-state FcRn-binding [43,44] data of the fractionated charge
variants were presented in Figure 7A. The data were also analyzed with two-state binding
kinetics [45,46] to reveal possible differences between the applied fitting models presented
in Figure 7B. The main fractions of both AVT08 and SIMAB(054 gave the highest binding
affinity towards the captured FcRn ligands, with calculated Kp values of 22.60 & 2.21 nM
and 20.35 £ 0.62 nM for AVT08 and SIMABO054, respectively. According to the ANOVA
analysis, the acidic species obtained from both products, A1, A2, and A3, presented a similar
FcRn-binding affinity that remained in the range of 22.83 £ 2.28 to 38.89 £ 38.91. Among
the basic species, the B3 and B4 samples presented a statistically significant difference
(p < 0.05, 95% confidence interval), while the variants of SIMAB054 presented a better
binding affinity towards FcRn than the same variants from the AVT08 product. The Kp
values for the B3 fractions from the AVT08 and SIMABO054 products were 49.50 £ 24.19 and
22.47 £ 1.73, respectively.
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Figure 7. The FcRn-binding characteristics of the fractionated charge variants were revealed by the
SPR, using steady-state (A) and two-state binding models (B). The samples fractionated by the CEX
method were obtained from the innovator (AVT08) and the biosimilar candidate (SIMAB054) under
the same operational conditions. The A, M, and B represent acidic, main, and basic fractions. A lower
Kp value represents a better binding. The Kp data were given as the mean value obtained from
at least five measurements. The inset (top-left) is a representative illustration of the prepared SPR
chip surface. The inset (top-right) shows the proposed mechanism of action for FcRn, adapted from
reference [108].

On the other hand, the KD values for the B4 fractions from AVT08 and SIMAB054
products were calculated as 63.78 £ 33.59 and 30.75 £ 2.70, respectively. Finally, the B1,
B2, and B5 isoforms presented a statistically similar binding trend towards the FcRn in
both products, with a calculated Kp between 25.53 £ 5.01 and 49.15 £ 2.38 nM. Two-state
binding kinetics analysis of the same data gave almost similar results, except for the B2
variants, which were found statistically different (p < 0.05) between the innovator and the
SIMABO054 samples.

The literature has no general agreement about the correlation between the charge
heterogeneity and the FcRn-binding ability. The findings reported in some studies indicated
an increased affinity for FcRn, especially the basic variants [24,109], and some other studies
showed that the basic variants of a recombinant antibody bound better to the FcRn receptor
than the acidic variants, which contained sialylation, glycation, and deamidation modifica-
tions [41,93,109]. According to a different study, there was no significant difference between
the IgG molecule’s basic and acidic variants regarding the FcRn-binding ability [41]. In the
current data set, the acidic species generally showed a similar binding affinity for FcRn
compared to the M variant and the initial, unfractionated products. The late basic species
(B3, B4, and B5) presented slightly lower binding affinities, which were still within the
standard deviations’ limits compared to the other samples and the calculated analytical
biosimilarity range (7.66—40.09 nM). The overall data suggest no significant FcRn-binding
affinity change among the tested charged isoforms obtained from the innovator and biosim-
ilar candidate molecules under the same experimental conditions. Howevre, the Kp values
changed in between the main, acidic, and basic species. It should be noted that the SPR data
alone is not enough to predict in vivo antibody stability or the serum half-life. Khawli et al.
reported that the administration of separated antibody fractions (acidic, main, and basic)
into the rats did not affect the pharmacokinetic features, although the minor differences in
Kp values beyond the charge variant fractions were observed by SPR [93].

The overall evaluation and summary of the results obtained by chemical and bio-
logical activity characterization studies are represented in Table 2. The distribution of
each charge species in CEX was expressed as the peak percentages. The dominant glyco-
forms and the significant variations in modifications were summarized for both AVT and
SIMAB054 isoforms.
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Table 2. A summary of the results obtained by chemical and biological activity characterization

studies was represented.

CEX Peak (%) AVT SIMAB054 Result
Glycoforms could not be . . v Glycoforms could not be
o . Predominant glycoform is G1F: compared.
AVT: 4.71% characterized. . . .
Al o . e G1F with truncated Lys. V' Similar PTM profiles.
SIMABO054: 3.78%  No dominant modification . . . C 1. L. ..
A slight increase in deamidation. v*  Similar in VEGF binding.
was observed. . 3
Ve Similar in FcRn binding.
Predominant glycoform is Predominant glycoform is G1F: v ngi}iffzrlﬁ in predominant
np  AVT:824% SOSF: GOF with truncated giﬁc";;i‘l Lo v Similar PTM profiles.
SIMABO054: 6.96 ys: . e @ Lys. e v' Different in VEGF binding
No dominant modification = No dominant modification was (v < 0.05)
was observed. observed. v Similar in FcRn binding.
Predominant glycoformis =~ Predominant glycoform is GOF: v g;cilfféiﬁnce in predominant
AVT: 12.24% GOF: GOF with GOF with v Both contain PyroGlu at
A3 truncated Lys. truncated Lys.
SIMABO054: 7.5% . D . C 4 N-term.
Increase in deamidation Increase in deamidation and . . .
and N-terminal cyclization. ~ N-terminal cyclization. v Different in VEGF binding,
V' Similar in FcRn binding.
v" No difference in predominant
AVT: 65.30% Predomman.t glycoform is Predominant glycoform is GOF: g}yc.oform. .
M SIMABO54: 55.8% GOF: GOF with GOF with truncated Lvs v' Similar PTM profiles.
"2 truncated Lys. ys: V' Similar in VEGF binding.
V' Similar in FcRn binding.
v' Difference in predominant
AVT: NA% Predomman.t glycoform is Predominant glycoform is GO: g.lyc.oform. .
B1 SIMABO54: 7.61% GOF: GOF with G1F with truncated Lvs v' Similar PTM profiles.
“P77 truncated Lys. ye. v' Similar in VEGF binding.
Ve Similar in FcRn binding
V" No difference in predominant
Predominant glycoformis =~ Predominant glycoform is GOF: glycoform.
B2 AVT: 3.52% GOF: GOF with 1 Lys. GOF with 1 Lys. v Same PTMs with variable
SIMABO054: 8.17%  Increased in oxidation and  Increased in oxidation and ratios.
deamidation. deamidation. v' Similar in VEGF binding.
v/ Similar in FcRn binding.
v' The difference in predominant
. . glycoform.
Preqomlnagt glycoform is Predominant glycoform is GO: v' Same PTMs with variable
GOF: GOF with . .
B3 AVT: 1.56% truncated Lvs GOF with 1 Lys. ratios.
SIMABO054: 3.89% S Increased in oxidation and v' Different in VEGF binding
Increased in oxidation and N
deamidation. deamidation. (p < 0.005).
v' Different in FcRn binding

(p < 0.05).
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Table 2. Cont.

CEX Peak (%) AVT SIMABO054 Result
v" No difference in predominant
glycoform.
o Predominant glycoformis =~ Predominant glycoform is GOF: v Same PTMs with variable
pa AVE091% GOF: GOF with 2 Lys GOF with 2 Lys ratios.
SIMABO54: 1.57% PN WL 2 Y. - ys v Different in VEGF binding
Increased in oxidation. Increased in oxidation. (p < 0.05)
v' Different in FcRn binding
(p <0.05).
Predominant glycoform is v" No difference in predominant
GOF: GOF with Predominant glycoform is GOF: glycoform.
BS AVT: 1.35% truncated Lys. GOF with truncated Lys. v Same PTMs with variable
SIMABO054: 1.96%  Increase in oxidation, Increase in oxidation, ratios.
deamidation, and deamidation, and isomerization. v*  Similar in VEGF binding.
isomerization. v' Similar in FcRn binding.

4. Conclusions

SIMABO054 is an Avastin® biosimilar candidate in the flask-scale development stage,
showing significant microcharge heterogeneity, especially in basic charge variants com-
pared to the innovator. The current study’s scope was to reveal the structural and functional
behaviors of the physically separated charge variants from SIMAB054 and the innovator
product in a comparative manner. A side-by-side characterization approach was applied
to the samples using CEX, UPLC-MS/MS, and SPR techniques. The CEX study revealed
that some basic species in the innovator product do not form detectable peaks during the
analysis, which can be easily misinterpreted as the absence of such species in the innovator
product. However, the charge variants” isolation from the innovator and the biosimilar
candidate under the same conditions showed that the innovator product actually contained
similar basic charge variants, although at lower amounts. The SPR characterization of the
isolated charge variants further confirmed that basic species found in the CEX analyses
of the biosimilar candidate were also present in the innovator product, although at lower
amounts. Another critical finding was the presence of different glyco proteoforms in differ-
ent charge species, such as increased galactosylation in the acidic species and afucosylation
in the basic species. The same analysis confirmed that the incomplete C-terminal Lysine
clipping led to the formation of basic variants. Methionine oxidation, asparagine deamida-
tion, and N-terminal cyclization were also analyzed as potential factors affecting the VEGF-
and FcRn-binding affinities, and several minor differences among the charge variants
were observed.

The minor or major alterations in the chemical structure do not always significantly
affect the biological activity of a monoclonal antibody. However, there were significant
deviations from the reference in the antigen-binding data obtained from the SIMAB(054
charge variant isoforms despite the biosimilarity found in its intact or unfractionated
protein form. Minor structural differences in this study may explain antigen-binding
differences in the isolated charge variants, which is a key parameter in a comparability
exercise. Further characterization of the isolated charge variants can be performed using
various analytical tools such as Circular Dichroism, Dynamic Light Scattering, Fourier
Transform Infrared spectroscopy, and Hydrogen/Deuterium Exchange Mass Spectroscopy.
The isolation of the charge variants from degraded (under oxidative, UV, heat, or other
conditions) or enzymatically-treated products can also be used to investigate the impact of a
specific stress condition or modification in vitro. Consequently, such a biosimilar candidate
may not comply with high regulatory standards unless the binding differences observed
are justified and demonstrated not to have any clinical impact.
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DTT 1,4-Dithiothreitol

IAA iodoacetamide

AMBIC ammonium bicarbonate
SDS sodium dodecyl sulfate

ACN acetonitrile

NaCsl sodium cesium iodide

FDA U.S. Food and Drug Administration
ICH International Council for Harmonization
EMA European Medicines Agency

WHO World Health Organization

CQA critical quality attributes

AVT Avastin®

FcRn neonatal Fc receptor
VEGF vascular endothelial growth factor
Kp dissociation constant

References

1.

10.

11.

Wang, X.; An, Z.; Luo, W.; Xia, N.; Zhao, Q. Molecular and functional analysis of monoclonal antibodies in support of biologics
development. Protein Cell 2018, 9, 74-85. [CrossRef] [PubMed]

Chan, K.K,; Bass, A.R. Autoimmune complications of immunotherapy: Pathophysiology and management. BM] 2020, 369, m736.
[CrossRef] [PubMed]

Milne, R. The rare and the common: Scale and the genetic imaginary in Alzheimer’s disease drug development. New Genet. Soc.
2020, 39, 101-126. [CrossRef] [PubMed]

Robert, J.-L. International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for
Human Use Considerations (ICH) Guideline Q8 (R2) on Pharmaceutical Development. Available online: https://admin.ich.org/
sites/default/files/inline-files/Q8_Pharma_development_JL.Robert.pdf (accessed on 26 July 2022).

McCamish, M.; Woollett, G. Worldwide experience with biosimilar development. mAbs 2011, 3, 209-217. [CrossRef]
AL-Sabbagh, A.; Olech, E.; McClellan, J.E.; Kirchhoff, C.F. Development of biosimilars. Semin. Arthritis Rheum. 2016, 45, S11-518.
[CrossRef]

Beyer, B.; Walch, N.; Jungbauer, A.; Lingg, N. How Similar Is Biosimilar? A Comparison of Infliximab Therapeutics in Regard to
Charge Variant Profile and Antigen Binding Affinity. Biotechnol. ]. 2019, 14, 1800340. [CrossRef]

EMA. Guideline on Similar Biological Medicinal Products; CHMP: Amsterdam, The Netherlands, 2014; Volume 44, pp. 1-7.

World Health Organization. Guidelines on Evaluation of Similar Biotherapeutic Products (SBPs); WHO Technical Report Series; WHO:
Geneva, Switzerland, 2009; p. 34.

Kwon, O,; Joung, J.; Park, Y.; Kim, C.W.; Hong, S.H. Considerations of critical quality attributes in the analytical comparability
assessment of biosimilar products. Biologicals 2017, 48, 101-108. [CrossRef]

Blauvelt, A.; Cohen, A.D.; Puig, L.; Vender, R.; Van Der Walt, ].; Wu, ].]. Biosimilars for psoriasis: Preclinical analytical assessment
to determine similarity. Br. |. Dermatol. 2016, 174, 282-286. [CrossRef]


http://doi.org/10.1007/s13238-017-0447-x
http://www.ncbi.nlm.nih.gov/pubmed/28733914
http://doi.org/10.1136/bmj.m736
http://www.ncbi.nlm.nih.gov/pubmed/32253223
http://doi.org/10.1080/14636778.2019.1637718
http://www.ncbi.nlm.nih.gov/pubmed/32256202
https://admin.ich.org/sites/default/files/inline-files/Q8_Pharma_development_JL.Robert.pdf
https://admin.ich.org/sites/default/files/inline-files/Q8_Pharma_development_JL.Robert.pdf
http://doi.org/10.4161/mabs.3.2.15005
http://doi.org/10.1016/j.semarthrit.2016.01.002
http://doi.org/10.1002/biot.201800340
http://doi.org/10.1016/j.biologicals.2017.04.005
http://doi.org/10.1111/bjd.14267

Pharmaceutics 2022, 14, 1571 20 of 23

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kahle, J.; Zagst, H.; Wiesner, R.; Watzig, H. Comparative charge-based separation study with various capillary electrophoresis
(CE) modes and cation exchange chromatography (CEX) for the analysis of monoclonal antibodies. J. Pharm. Biomed. Anal. 2019,
174, 460-470. [CrossRef]

Stone, M.T.; Cotoni, K.A.; Stoner, J.L. Cation exchange frontal chromatography for the removal of monoclonal antibody aggregates.
J. Chromatogr. A 2019, 1599, 152-160. [CrossRef]

Goyon, A.; Excoffier, M.; Janin-Bussat, M.-C.; Bobaly, B.; Fekete, S.; Guillarme, D.; Beck, A. Determination of isoelectric points and
relative charge variants of 23 therapeutic monoclonal antibodies. . Chromatogr. B 2017, 1065-1066, 119-128. [CrossRef]

Vaziri, B. Charge Variants Analysis of Recombinant Monoclonal Antibodies. Biomed. ]. Sci. Tech. Res. 2019, 20, 1476614767 .
[CrossRef]

Sissolak, B.; Lingg, N.; Sommeregger, W.; Striedner, G.; Vorauer-Uhl, K. Impact of mammalian cell culture conditions on
monoclonal antibody charge heterogeneity: An accessory monitoring tool for process development. J. Ind. Microbiol. Biotechnol.
2019, 46, 1167-1178. [CrossRef]

Zhang, W.; Czupryn, M.]. Analysis of isoaspartate in a recombinant monoclonal antibody and its charge isoforms. J. Pharm.
Biomed. Anal. 2003, 30, 1479-1490. [CrossRef]

Liu, H.; Caza-Bulseco, G.; Faldu, D.; Chumsae, C.; Sun, ]. Heterogeneity of monoclonal antibodies. J. Pharm. Sci. 2008, 97,
2426-2447. [CrossRef]

Zhao, Y.-Y.; Wang, N.; Liu, W.-H.; Tao, W.-].; Liu, L.-L.; Shen, Z.-D. Charge Variants of an Avastin Biosimilar Isolation, Characteri-
zation, In Vitro Properties and Pharmacokinetics in Rat. PLoS ONE 2016, 11, e0151874. [CrossRef]

European Medicines Agency Mvasi: Public Asssessment Report. Available online: https://www.ema.europa.eu/en/documents/
assessment-report/mvasi-epar-public-assessment-report_en.pdf (accessed on 26 July 2022).

Centre for Drug Evaluation and Research Mvasi—Product Quality Review. Available online: https://www.accessdata.fda.gov/
drugsatfda_docs/nda/2017/7610280rig1s000ChemR.pdf (accessed on 26 July 2022).

European Medicines Agency Zirabev: Public Assessment Report. Available online: https:/ /www.ema.europa.eu/en/documents/
assessment-report/zirabev-epar-public-assessment-report_en.pdf (accessed on 26 July 2022).

Brorson, K.; Jia, A.Y. Therapeutic monoclonal antibodies and consistent ends: Terminal heterogeneity, detection, and impact on
quality. Curr. Opin. Biotechnol. 2014, 30, 140-146. [CrossRef]

Hintersteiner, B.; Lingg, N.; Zhang, P.; Woen, S.; Hoi, K.M.; Stranner, S.; Wiederkum, S.; Mutschlechner, O.; Schuster, M.;
Loibner, H.; et al. Charge heterogeneity: Basic antibody charge variants with increased binding to Fc receptors. mAbs 2016, 8,
1548-1560. [CrossRef]

Datta-Mannan, A.; Estwick, S.; Zhou, C.; Choi, H.; Douglass, N.E.; Witcher, D.R.; Lu, J.; Beidler, C.; Millican, R. Influence of
physiochemical properties on the subcutaneous absorption and bioavailability of monoclonal antibodies. mAbs 2020, 12, 1770028.
[CrossRef]

Yang, Y.; Wang, G.; Song, T.; Lebrilla, C.B.; Heck, A.J.R. Resolving the micro-heterogeneity and structural integrity of monoclonal
antibodies by hybrid mass spectrometric approaches. mAbs 2017, 9, 638-645. [CrossRef]

Torkashvand, F,; Vaziri, B. Main quality attributes of monoclonal antibodies and effect of cell culture components. Iran. Biomed. ].
2017, 21, 131-141. [CrossRef] [PubMed]

Alekseychyk, L.; Su, C.; Becker, G.W.; Treuheit, M.].; Razinkov, V.I. High-Throughput Screening and Analysis of Charge Variants
of Monoclonal Antibodies in Multiple Formulations. SLAS Discov. 2017, 22, 1044-1052. [CrossRef] [PubMed]

Talebi, M.; Nordborg, A.; Gaspar, A.; Lacher, N.A.; Wang, Q.; He, X.Z.; Haddad, P.R.; Hilder, E.F. Charge heterogeneity profiling
of monoclonal antibodies using low ionic strength ion-exchange chromatography and well-controlled pH gradients on monolithic
columns. J. Chromatogr. A 2013, 1317, 148-154. [CrossRef] [PubMed]

Chen, G.; Gerrior, A.; Hale, G.; Ghosh, R. Feasibility study of the fractionation of monoclonal antibody charge variants using a
cuboid packed-bed device. Biochem. Eng. |. 2019, 147, 48-56. [CrossRef]

Neill, A.; Nowak, C.; Patel, R.; Ponniah, G.; Gonzalez, N.; Miano, D.; Liu, H. Characterization of Recombinant Monoclonal
Antibody Charge Variants Using OFFGEL Fractionation, Weak Anion Exchange Chromatography, and Mass Spectrometry. Anal.
Chem. 2015, 87, 6204-6211. [CrossRef]

Harris, R.].; Kabakoff, B.; Macchi, FD.; Shen, EJ.; Kwong, M.; Andya, ].D.; Shire, S.].; Bjork, N.; Totpal, K.; Chen, A.B. Identification
of multiple sources of charge heterogeneity in a recombinant antibody. J. Chromatogr. B Biomed. Sci. Appl. 2001, 752, 233-245.
[CrossRef]

Yiice, M,; Sert, F.; Torabfam, M.; Parlar, A.; Giirel, B.; Cakir, N.; Daglikoca, D.E.; Khan, M.A.; Capan, Y. Fractionated charge
variants of biosimilars: A review of separation methods, structural and functional analysis. Anal. Chim. Acta 2021, 1152, 238189.
[CrossRef]

Ferrara, N.; Hillan, K.J.; Gerber, H.-P.; Novotny, W. Discovery and development of bevacizumab, an anti-VEGF antibody for
treating cancer. Nat. Rev. Drug Discov. 2004, 3, 391-400. [CrossRef]

U.S. Food and Drug Administration (FDA). Food and Drug Administration (FDA). FDA Advisory Committee Briefing Document:
Oncologic Drugs. Sci. Transl. Med. 2017, 1-104. [CrossRef]

Fekete, S.; Beck, A.; Fekete, J.; Guillarme, D. Method development for the separation of monoclonal antibody charge variants in
cation exchange chromatography, Part II: PH gradient approach. J. Pharm. Biomed. Anal. 2015, 102, 282-289. [CrossRef]


http://doi.org/10.1016/j.jpba.2019.05.058
http://doi.org/10.1016/j.chroma.2019.04.020
http://doi.org/10.1016/j.jchromb.2017.09.033
http://doi.org/10.26717/BJSTR.2019.20.003395
http://doi.org/10.1007/s10295-019-02202-5
http://doi.org/10.1016/S0731-7085(02)00479-X
http://doi.org/10.1002/jps.21180
http://doi.org/10.1371/journal.pone.0151874
https://www.ema.europa.eu/en/documents/assessment-report/mvasi-epar-public-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/assessment-report/mvasi-epar-public-assessment-report_en.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2017/761028Orig1s000ChemR.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2017/761028Orig1s000ChemR.pdf
https://www.ema.europa.eu/en/documents/assessment-report/zirabev-epar-public-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/assessment-report/zirabev-epar-public-assessment-report_en.pdf
http://doi.org/10.1016/j.copbio.2014.06.012
http://doi.org/10.1080/19420862.2016.1225642
http://doi.org/10.1080/19420862.2020.1770028
http://doi.org/10.1080/19420862.2017.1290033
http://doi.org/10.18869/acadpub.ibj.21.3.131
http://www.ncbi.nlm.nih.gov/pubmed/28176518
http://doi.org/10.1177/2472555217711666
http://www.ncbi.nlm.nih.gov/pubmed/28570837
http://doi.org/10.1016/j.chroma.2013.08.061
http://www.ncbi.nlm.nih.gov/pubmed/24011724
http://doi.org/10.1016/j.bej.2019.04.003
http://doi.org/10.1021/acs.analchem.5b01452
http://doi.org/10.1016/S0378-4347(00)00548-X
http://doi.org/10.1016/j.aca.2020.12.064
http://doi.org/10.1038/nrd1381
http://doi.org/10.1126/scitranslmed.3005930
http://doi.org/10.1016/j.jpba.2014.09.032

Pharmaceutics 2022, 14, 1571 21 of 23

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Giirel, B.; Capkin, E.; Parlar, A.; Ozkan, A.; Corbacioglu, M.; Daglikoca, D.E.; Yiice, M. Optimized Methods for Analytical and
Functional Comparison of Biosimilar mAb Drugs: A Case Study for Avastin, Mvasi, and Zirabev. Sci. Pharm. 2022, 90, 36.
[CrossRef]

Sokolowska, I.; Mo, J.; Dong, J.; Lewis, M.].; Hu, P. Subunit mass analysis for monitoring antibody oxidation. mAbs 2017, 9,
498-505. [CrossRef]

Kiris, I; Basar, M.K.; Sahin, B.; Gurel, B.; Coskun, J.; Mroczek, T.; Baykal, A.T. Evaluation of the Therapeutic Effect of Lycoramine
on Alzheimer’s Disease in Mouse Model. Curr. Med. Chem. 2021, 28, 3449-3473. [CrossRef]

Rogstad, S.; Yan, H.; Wang, X.; Powers, D.; Brorson, K.; Damdinsuren, B.; Lee, S. Multi-Attribute Method for Quality Control of
Therapeutic Proteins. Anal. Chem. 2019, 91, 14170-14177. [CrossRef]

Miao, S.; Xie, P.; Zou, M,; Fan, L.; Liu, X.; Zhou, Y.; Zhao, L.; Ding, D.; Wang, H.; Tan, W.-S.S. Identification of multiple sources of
the acidic charge variants in an IgG1 monoclonal antibody. Appl. Microbiol. Biotechnol. 2017, 101, 5627-5638. [CrossRef]

Kurt, H.; Eytipoglu, A.E,; Siitlti, T.; Budak, H.; Yiice, M. Plasmonic Selection of ssDNA Aptamers against Fibroblast Growth
Factor Receptor. ACS Comb. Sci. 2019, 21, 578-587. [CrossRef]

Wang, X.; McKay, P,; Yee, L.T; Dutina, G.; Hass, P.E.; Nijem, I.; Allison, D.; Cowan, K.J.; Lin, K.; Quarmby, V.; et al. Impact of SPR
biosensor assay configuration on antibody: Neonatal Fc receptor binding data. mAbs 2017, 9, 319-332. [CrossRef]

Neuber, T.; Frese, K.; Jaehrling, J.; Jager, S.; Daubert, D.; Felderer, K.; Linnemann, M.; Hohne, A.; Kaden, S.; Kolln, J.; et al.
Characterization and screening of IgG binding to the neonatal Fc receptor. mAbs 2014, 6, 928-942. [CrossRef]

Bertolotti-Ciarlet, A.; Wang, W.; Lownes, R,; Pristatsky, P,; Fang, Y.; McKelvey, T.; Li, Y.; Li, Y.; Drummond, J.; Prueksaritanont,
T.; et al. Impact of methionine oxidation on the binding of human IgG1 to FcRn and Fcy receptors. Mol. Immunol. 2009, 46,
1878-1882. [CrossRef]

Abdiche, Y.N.; Yeung, Y.A.; Chaparro-Riggers, J.; Barman, I.; Strop, P.; Chin, S.M.; Pham, A.; Bolton, G.; McDonough, D.;
Lindquist, K.; et al. The neonatal Fc receptor (FcRn) binds independently to both sites of the IgG homodimer with identical
affinity. mAbs 2015, 7, 331-343. [CrossRef]

Vandekerckhove, K.; Seidl, A.; Gutka, H.; Kumar, M.; Gratzl, G.; Keire, D.; Coffey, T.; Kuehne, H. Rational Selection, Criticality
Assessment, and Tiering of Quality Attributes and Test Methods for Analytical Similarity Evaluation of Biosimilars. AAPS J. 2018,
20, 68. [CrossRef]

Yu, C,; Zhang, F,; Xu, G.; Wu, G.; Wang, W,; Liu, C,; Fu, Z; Li, M,; Guo, S.; Yu, X,; et al. Analytical Similarity of a Proposed
Biosimilar BVZ-BC to Bevacizumab. Anal. Chem. 2020, 92, 3161-3170. [CrossRef]

Berkowitz, S.A.; Engen, ].R.; Mazzeo, ].R.; Jones, G.B. Analytical tools for characterizing biopharmaceuticals and the implications
for biosimilars. Nat. Rev. Drug Discov. 2012, 11, 527-540. [CrossRef]

Sosic, Z.; Houde, D.; Blum, A.; Carlage, T.; Lyubarskaya, Y. Application of imaging capillary IEF for characterization and
quantitative analysis of recombinant protein charge heterogeneity. Electrophoresis 2008, 29, 4368-4376. [CrossRef]

Turner, A.; Schiel, J.E. Qualification of NISTmADb charge heterogeneity control assays. Anal. Bioanal. Chem. 2018, 410, 2079-2093.
[CrossRef]

Held, D.; Montag, P; Polymer, P.S.S.; Service, S.; Jones, K.; Held, D.; Montag, P.; Polymer, P.S.S.; Service, S. Antibodies the Benefits
of Ion-Exchange Chromatography to Monitor Charge Heterogeneity in Monoclonal Antibodies. Column 2019, 15, 2-6.
Wagner-Rousset, E.; Fekete, S.; Morel-Chevillet, L.; Colas, O.; Corvaia, N.; Cianférani, S.; Guillarme, D.; Beck, A. Development of
a fast workflow to screen the charge variants of therapeutic antibodies. J. Chromatogr. A 2017, 1498, 147-154. [CrossRef]

Khanal, O.; Kumar, V.; Westerberg, K.; Schlegel, F.; Lenhoff, A.M. Multi-column displacement chromatography for separation of
charge variants of monoclonal antibodies. J. Chromatogr. A 2019, 1586, 40-51. [CrossRef] [PubMed]

Siegemund, M.; Beha, N.; Miiller, D. Production, Purification, and Characterization of Antibody-TNF Superfamily Ligand Fusion
Proteins. In Antibody Engineering, Methods in Molecular Biology; Nevoltris, D., Chames, P, Eds.; Springer: New York, NY, USA,
2018; pp. 351-364.

Shortreed, M.R,; Frey, B.L.; Scalf, M.; Knoener, R.A.; Cesnik, A.J.; Smith, L.M. Elucidating Proteoform Families from Proteoform
Intact-Mass and Lysine-Count Measurements. J. Proteome Res. 2016, 15, 1213-1221. [CrossRef] [PubMed]

Seo, N.; Polozova, A.; Zhang, M.; Yates, Z.; Cao, S.; Li, H.; Kuhns, S.; Maher, G.; McBride, H.J.; Liu, J. Analytical and functional
similarity of Amgen biosimilar ABP 215 to bevacizumab. mAbs 2018, 10, 678-691. [CrossRef] [PubMed]

Yang, ].M.; Ai, ].; Bao, Y,; Yuan, Z.; Qin, Y.; Xie, YYW.; Tao, D.; Fu, D.; Peng, Y. Investigation of the correlation between charge and
glycosylation of IgG1 variants by liquid chromatography-mass spectrometry. Anal. Biochem. 2014, 448, 82-91. [CrossRef]
Trappe, A.; Fiissl, F.; Carillo, S.; Zaborowska, I.; Meleady, P.; Bones, J. Rapid charge variant analysis of monoclonal antibodies to
support lead candidate biopharmaceutical development. J. Chromatogr. B 2018, 1095, 166-176. [CrossRef]

Fekete, S.; Beck, A.; Guillarme, D. Characterization of cation exchanger stationary phases applied for the separations of therapeutic
monoclonal antibodies. J. Pharm. Biomed. Anal. 2015, 111, 169-176. [CrossRef]

Carillo, S.; Jakes, C.; Bones, J. In-depth analysis of monoclonal antibodies using microfluidic capillary electrophoresis and native
mass spectrometry. J. Pharm. Biomed. Anal. 2020, 185, 113218. [CrossRef]

Liu, H.; Ponniah, G.; Zhang, H.; Nowak, C.; Neill, A.; Gonzalez-Lopez, N.; Patel, R.; Cheng, G.; Kita, A.Z.; Andrien, B. In vitro
and in vivo modifications of recombinant and human IgG antibodies. mAbs 2014, 6, 1145-1154. [CrossRef]


http://doi.org/10.3390/scipharm90020036
http://doi.org/10.1080/19420862.2017.1279773
http://doi.org/10.2174/0929867327999201116193126
http://doi.org/10.1021/acs.analchem.9b03808
http://doi.org/10.1007/s00253-017-8301-x
http://doi.org/10.1021/acscombsci.9b00059
http://doi.org/10.1080/19420862.2016.1261774
http://doi.org/10.4161/mabs.28744
http://doi.org/10.1016/j.molimm.2009.02.002
http://doi.org/10.1080/19420862.2015.1008353
http://doi.org/10.1208/s12248-018-0230-9
http://doi.org/10.1021/acs.analchem.9b04871
http://doi.org/10.1038/nrd3746
http://doi.org/10.1002/elps.200800157
http://doi.org/10.1007/s00216-017-0816-6
http://doi.org/10.1016/j.chroma.2017.02.065
http://doi.org/10.1016/j.chroma.2018.11.074
http://www.ncbi.nlm.nih.gov/pubmed/30573313
http://doi.org/10.1021/acs.jproteome.5b01090
http://www.ncbi.nlm.nih.gov/pubmed/26941048
http://doi.org/10.1080/19420862.2018.1452580
http://www.ncbi.nlm.nih.gov/pubmed/29553864
http://doi.org/10.1016/j.ab.2013.11.020
http://doi.org/10.1016/j.jchromb.2018.07.037
http://doi.org/10.1016/j.jpba.2015.03.041
http://doi.org/10.1016/j.jpba.2020.113218
http://doi.org/10.4161/mabs.29883

Pharmaceutics 2022, 14, 1571 22 of 23

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

van den Bremer, E.T.].; Beurskens, EJ.; Voorhorst, M.; Engelberts, PJ.; de Jong, RN.; van der Boom, B.G.; Cook, EM,;
Lindorfer, M.A.; Taylor, R.P; van Berkel, PH.C.; et al. Human IgG is produced in a pro-form that requires clipping of C-
terminal lysines for maximal complement activation. mAbs 2015, 7, 672-680. [CrossRef]

Leblanc, Y.; Ramon, C.; Bihoreau, N.; Chevreux, G. Charge variants characterization of a monoclonal antibody by ion exchange
chromatography coupled on-line to native mass spectrometry: Case study after a long-term storage at +5 °C. J. Chromatogr. B
2017, 1048, 130-139. [CrossRef]

Hawe, A.; Wiggenhorn, M.; van de Weert, M.; Garbe, ]. H.O.0O.; Mahler, H.C.; Jiskoot, W. Forced degradation of therapeutic
proteins. J. Pharm. Sci. 2012, 101, 895-913. [CrossRef]

Cockrell, G.M.; Wolfe, M.S.; Wolfe, J.L.; Schoneich, C. Photoinduced aggregation of a model antibody-drug conjugate. Mol. Pharm.
2015, 12, 1784-1797. [CrossRef]

Edelman, G.M.; Cunningham, B.A.; Gall, W.E.; Gottlieb, P.D.; Rutishauser, U.; Waxdal, M.]. The covalent structure of an entire
gammaG immunoglobulin molecule. Proc. Natl. Acad. Sci. USA 1969, 63, 78-85. [CrossRef]

Dyck, YEK.; Rehm, D.; Joseph, J.F.; Winkler, K.; Sandig, V.; Jabs, W.; Parr, M.K. Forced Degradation Testing as Complementary
Tool for Biosimilarity Assessment. Bioengineering 2019, 6, 62. [CrossRef]

Gao, X.; Ji, J.A.; Veeravalli, K.; John Wang, Y.; Zhang, T.; Mcgreevy, W.; Zheng, K_; Kelley, R.F,; Laird, M.W.; Liu, J.; et al. Effect of
Individual Fc Methionine Oxidation on FcRn Binding: Met252 Oxidation Impairs FcRn Binding More Profoundly than Met428
Oxidation. J. Pharm. Sci. 2015, 104, 368-377. [CrossRef]

Lamanna, W.C.; Heller, K.; Schneider, D.; Guerrasio, R.; Hampl, V,; Fritsch, C.; Schiestl, M. The in-use stability of the rituximab
biosimilar Rixathon®/Riximyo® upon preparation for intravenous infusion. J. Oncol. Pharm. Pract. 2019, 25, 269-278. [CrossRef]
Wakankar, A.A.; Borchardt, R.T. Formulation considerations for proteins susceptible to asparagine deamidation and aspartate
isomerization. J. Pharm. Sci. 2006, 95, 2321-2336. [CrossRef]

Simpson, R.J. Stabilization of Proteins for Storage. Cold Spring Harb. Protoc. 2010, 2010, pdb.top79. [CrossRef]

Sydow, J.E; Lipsmeier, E; Larraillet, V.; Hilger, M.; Mautz, B.; Melhej, M.; Kuentzer, J.; Klostermann, S.; Schoch, J;
Voelger, H.R,; et al. Structure-based prediction of asparagine and aspartate degradation sites in antibody variable regions. PLoS
ONE 2014, 9, €100736. [CrossRef]

Bailey, A.O.; Han, G.; Phung, W.; Gazis, P; Sutton, J.; Josephs, ].L.; Sandoval, W.; Bailey, A.O.; Han, G.; Phung, W,; et al. Charge
variant native mass spectrometry benefits mass precision and dynamic range of monoclonal antibody intact mass analysis. mAbs
2018, 10, 1214-1225. [CrossRef]

Chelius, D.; Rehder, D.S.; Bondarenko, P. V Identification and Characterization of Deamidation Sites in the Conserved Regions of
Human Immunoglobulin Gamma Antibodies. Anal. Chem. 2005, 77, 6004-6011. [CrossRef]

Kang, J.; Halseth, T.; Vallejo, D.; Najafabadi, Z.I.; Sen, K.I.; Ford, M.; Ruotolo, B.T.; Schwendeman, A. Assessment of biosimilarity
under native and heat-stressed conditions: Rituximab, bevacizumab, and trastuzumab originators and biosimilars. Anal. Bioanal.
Chem. 2020, 412, 763-775. [CrossRef]

Xu, X.; Huang, Y.; Pan, H.; Molden, R.; Qiu, H.; Daly, TJ.; Li, N. Quantitation and modeling of posttranslational modifications in a
therapeutic monoclonal antibody from single- and multiple-dose monkey pharmacokinetic studies using mass spectrometry.
PLoS ONE 2019, 14, 0223899. [CrossRef]

Liu, Z; Valente, J.; Lin, S.; Chennamsetty, N.; Qiu, D.; Bolgar, M. Cyclization of N-Terminal Glutamic Acid to pyro-Glutamic Acid
Impacts Monoclonal Antibody Charge Heterogeneity Despite Its Appearance as a Neutral Transformation. J. Pharm. Sci. 2019,
108, 3194-3200. [CrossRef] [PubMed]

Griaud, F;; Denefeld, B.; Lang, M.; Hensinger, H.; Haberl, P.,; Berg, M. Unbiased in-depth characterization of CEX fractions from a
stressed monoclonal antibody by mass spectrometry. mAbs 2017, 9, 820-830. [CrossRef] [PubMed]

Jefferis, R. Posttranslational Modifications and the Immunogenicity of Biotherapeutics. J. Immunol. Res. 2016, 2016, 5358272.
[CrossRef] [PubMed]

Panoilia, E.; Schindler, E.; Samantas, E.; Aravantinos, G.; Kalofonos, H.P.; Christodoulou, C.; Patrinos, G.P; Friberg, L.E,;
Sivolapenko, G. A pharmacokinetic binding model for bevacizumab and VEGF165 in colorectal cancer patients. Cancer Chemother.
Pharmacol. 2015, 75, 791-803. [CrossRef]

Beck, A.; Liu, H. Macro- and Micro-Heterogeneity of Natural and Recombinant IgG Antibodies. Antibodies 2019, 8, 18. [CrossRef]
Beyer, B.; Schuster, M.; Jungbauer, A.; Lingg, N. Microheterogeneity of Recombinant Antibodies: Analytics and Functional Impact.
Biotechnol. ]. 2018, 13, 1700476. [CrossRef]

Chung, S.; Tian, J.; Tan, Z.; Chen, ]J.; Lee, J.; Borys, M.; Li, Z.]. Industrial bioprocessing perspectives on managing therapeutic
protein charge variant profiles. Biotechnol. Bioeng. 2018, 115, 1646-1665. [CrossRef]

Sreenivasan, S.; Kumar, D.; Malani, H.; Rathore, A.S. Does interaction of monoclonal antibody charge variants with VEGF-A
and ELISA reagents affect its quantification? Quantification of anti-VEGF mAb charge variants by ELISA? Anal. Biochem. 2020,
590, 113513. [CrossRef]

Kim, TK,; Park, C.S; Jang, J.; Kim, M.R; Na, H]; Lee, K.; Kim, H.].; Heo, K.; Yoo, B.C.; Kim, Y.M.; et al. Inhibition of VEGF-
dependent angiogenesis and tumor angiogenesis by an optimized antibody targeting CLEC14a. Mol. Oncol. 2018, 12, 356-372.
[CrossRef]

Drake, A.W.; Myszka, D.G.; Klakamp, S.L. Characterizing high-affinity antigen/antibody complexes by kinetic- and equilibrium-
based methods. Anal. Biochem. 2004, 328, 35-43. [CrossRef]


http://doi.org/10.1080/19420862.2015.1046665
http://doi.org/10.1016/j.jchromb.2017.02.017
http://doi.org/10.1002/jps.22812
http://doi.org/10.1021/mp5006799
http://doi.org/10.1073/pnas.63.1.78
http://doi.org/10.3390/bioengineering6030062
http://doi.org/10.1002/jps.24136
http://doi.org/10.1177/1078155217731506
http://doi.org/10.1002/jps.20740
http://doi.org/10.1101/pdb.top79
http://doi.org/10.1371/journal.pone.0100736
http://doi.org/10.1080/19420862.2018.1521131
http://doi.org/10.1021/ac050672d
http://doi.org/10.1007/s00216-019-02298-9
http://doi.org/10.1371/journal.pone.0223899
http://doi.org/10.1016/j.xphs.2019.05.023
http://www.ncbi.nlm.nih.gov/pubmed/31145921
http://doi.org/10.1080/19420862.2017.1313367
http://www.ncbi.nlm.nih.gov/pubmed/28379786
http://doi.org/10.1155/2016/5358272
http://www.ncbi.nlm.nih.gov/pubmed/27191002
http://doi.org/10.1007/s00280-015-2701-3
http://doi.org/10.3390/antib8010018
http://doi.org/10.1002/biot.201700476
http://doi.org/10.1002/bit.26587
http://doi.org/10.1016/j.ab.2019.113513
http://doi.org/10.1002/1878-0261.12169
http://doi.org/10.1016/j.ab.2003.12.025

Pharmaceutics 2022, 14, 1571 23 of 23

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Yang, J.; Wang, X.; Fuh, G.; Yu, L.; Wakshull, E.; Khosraviani, M.; Day, E.S.; Demeule, B.; Liu, J.; Shire, S.J.; et al. Comparison of
binding characteristics and in vitro activities of three inhibitors of vascular endothelial growth factor A. Mol. Pharm. 2014, 11,
3421-3430. [CrossRef]

Wang, X.; Phan, M.M.; Li, J.; Gill, H.; Williams, S.; Gupta, N.; Quarmby, V.; Yang, J. Molecular Interaction Characterization
Strategies for the Development of New Biotherapeutic Antibody Modalities. Antibodies 2020, 9, 7. [CrossRef]

Patel, R.; Neill, A.; Liu, H.; Andrien, B. IgG subclass specificity to C1q determined by surface plasmon resonance using Protein L
capture technique. Anal. Biochem. 2015, 479, 15-17. [CrossRef]

Webpage about Avastin: Proposed Mechanism of Action. Available online: http://www.avastin-hcp.com/about-avastin/
proposed-moa# (accessed on 26 July 2022).

Luo, J.; Zhang, J.; Ren, D.; Tsai, W.-L,; Li, F.; Amanullah, A.; Hudson, T. Probing of C-terminal lysine variation in a recombinant
monoclonal antibody production using Chinese hamster ovary cells with chemically defined media. Biotechnol. Bioeng. 2012, 109,
2306-2315. [CrossRef]

Khawli, L.A.; Goswami, S.; Hutchinson, R.; Kwong, Z.W.; Yang, ].; Wang, X.; Yao, Z.; Sreedhara, A.; Cano, T.; Tesar, D.B.; et al.
Charge variants in IgG1. mAbs 2010, 2, 613-624. [CrossRef]

Du, Y,; Walsh, A.; Ehrick, R.; Xu, W.; May, K,; Liu, H. Chromatographic analysis of the acidic and basic species of recombinant
monoclonal antibodies. mAbs 2012, 4, 578-585. [CrossRef]

Vlasak, J.; Bussat, M.C.; Wang, S.; Wagner-Rousset, E.; Schaefer, M.; Klinguer-Hamour, C.; Kirchmeier, M.; Corvaia, N.;
Ionescu, R.; Beck, A. Identification and characterization of asparagine deamidation in the light chain CDR1 of a humanized IgG1
antibody. Anal. Biochem. 2009, 392, 145-154. [CrossRef]

Yan, B.; Steen, S.; Hambly, D.; Valliere-Douglass, J.; Bos, T.V.; Smallwood, S.; Yates, Z.; Arroll, T.; Han, Y.; Gadgil, H.; et al.
Succinimide formation at Asn 55 in the complementarity determining region of a recombinant monoclonal antibody IgG1 heavy
chain. J. Pharm. Sci. 2009, 98, 3509-3521. [CrossRef]

Dakshinamurthy, P.; Mukunda, P.; Prasad Kodaganti, B.; Shenoy, B.R.; Natarajan, B.; Maliwalave, A.; Halan, V.; Murugesan, S.;
Maity, S. Charge variant analysis of proposed biosimilar to Trastuzumab. Biologicals 2017, 46, 46-56. [CrossRef]

Papadopoulos, N.; Martin, J.; Ruan, Q.; Rafique, A.; Rosconi, M.P; Shi, E.; Pyles, E.A.; Yancopoulos, G.D.; Stahl, N.; Wiegand, S.J.
Binding and neutralization of vascular endothelial growth factor (VEGF) and related ligands by VEGF Trap, ranibizumab and
bevacizumab. Angiogenesis 2012, 15, 171-185. [CrossRef]

Schmid, I.; Bonnington, L.; Gerl, M.; Bomans, K.; Thaller, A.L.; Wagner, K.; Schlothauer, T.; Falkenstein, R.; Zimmermann, B.;
Kopitz, ].; et al. Assessment of susceptible chemical modification sites of trastuzumab and endogenous human immunoglobulins
at physiological conditions. Commun. Biol. 2018, 1, 28. [CrossRef]

Wang, W.; Vlasak, J.; Li, Y.; Pristatsky, P.; Fang, Y.; Pittman, T.; Roman, J.; Wang, Y.; Prueksaritanont, T.; Ionescu, R. Impact of
methionine oxidation in human IgG1 Fc on serum half-life of monoclonal antibodies. Mol. Immunol. 2011, 48, 860-866. [CrossRef]
Pan, H.; Chen, K.; Chu, L.; Kinderman, E.; Apostol, I.; Huang, G. Methionine oxidation in human IgG2 Fc decreases binding
affinities to protein A and FcRn. Protein Sci. 2009, 18, 424-433. [CrossRef]

Hosken, B.D.; Li, C.; Mullappally, B.; Co, C.; Zhang, B. Isolation and Characterization of Monoclonal Antibody Charge Variants
by Free Flow Isoelectric Focusing. Anal. Chem. 2016, 88, 5662-5669. [CrossRef]

Bosse, R.; Illy, C.; Chelsky, D. Principles of AlphaScreen, Amplified Luminescent Proximity Homogenous Assay; PerkinElmer:
Waltham, MA, USA, 2002; pp. 1-8.

Lee, N.; Lee, J.AJ.; Yang, H.; Baek, S.; Kim, S.; Kim, S.; Lee, T.; Song, D.; Park, G. Evaluation of similar quality attribute
characteristics in SB5 and reference product of adalimumab. mAbs 2019, 11, 129-144. [CrossRef]

Visser, J.; Feuerstein, I.; Stangler, T.; Schmiederer, T.; Fritsch, C.; Schiestl, M. Physicochemical and functional comparability
between the proposed biosimilar rituximab GP2013 and originator rituximab. BioDrugs 2013, 27, 495-507. [CrossRef]

Szikora, B.; Hiripi, L.; Bender, B.; Kacskovics, I; Ilids, A. Characterization of the interactions of rabbit neonatal Fc receptor (FcRn)
with rabbit and human IgG isotypes. PLoS ONE 2017, 12, e0185662. [CrossRef]

US FDA Zirabev: Summary Review. Available online: https://www.accessdata.fda.gov/drugsatfda_docs/nda/2019/76109
90rig1s000Approv.pdf (accessed on 26 July 2022).

Absolute Antibody Other Antibody Interactions: FcRn | Absolute Antibody. Available online: https://absoluteantibody.com/
antibody-resources/antibody-overview /other-antibody-interactions/ (accessed on 26 July 2022).

Hintersteiner, B.; Lingg, N.; Janzek, E.; Mutschlechner, O.; Loibner, H.; Jungbauer, A. Microheterogeneity of therapeutic
monoclonal antibodies is governed by changes in the surface charge of the protein. Biotechnol. J. 2016, 11, 1617-1627. [CrossRef]


http://doi.org/10.1021/mp500160v
http://doi.org/10.3390/antib9020007
http://doi.org/10.1016/j.ab.2015.03.012
http://www.avastin-hcp.com/about-avastin/proposed-moa#
http://www.avastin-hcp.com/about-avastin/proposed-moa#
http://doi.org/10.1002/bit.24510
http://doi.org/10.4161/mabs.2.6.13333
http://doi.org/10.4161/mabs.21328
http://doi.org/10.1016/j.ab.2009.05.043
http://doi.org/10.1002/jps.21655
http://doi.org/10.1016/j.biologicals.2016.12.006
http://doi.org/10.1007/s10456-011-9249-6
http://doi.org/10.1038/s42003-018-0032-8
http://doi.org/10.1016/j.molimm.2010.12.009
http://doi.org/10.1002/pro.45
http://doi.org/10.1021/acs.analchem.5b03946
http://doi.org/10.1080/19420862.2018.1530920
http://doi.org/10.1007/s40259-013-0036-3
http://doi.org/10.1371/journal.pone.0185662
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2019/761099Orig1s000Approv.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2019/761099Orig1s000Approv.pdf
https://absoluteantibody.com/antibody-resources/antibody-overview/other-antibody-interactions/
https://absoluteantibody.com/antibody-resources/antibody-overview/other-antibody-interactions/
http://doi.org/10.1002/biot.201600504

	Introduction 
	Material and Methods 
	Cation-Exchange Chromatography (CEX) 
	Size-Exclusion Chromatography (SEC) 
	Intact Protein Analysis 
	Peptide Mapping Analysis 
	VEGF-Binding Assays 
	FcRn-Binding Assays 

	Results and Discussion 
	CEX and SEC Analyses of Fractionated Charge Variants 
	Intact Protein Analysis of Fractionated Charge Variants 
	Peptide Mapping Analysis of Fractionated Charge Variants 
	VEGF-Binding Analysis of Fractionated Charge Variants 
	FcRn-Binding Analysis of Fractionated Charge Variants 

	Conclusions 
	References

