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Correct primary structure assessment
and extensive glyco-profiling of cetuximab
by a combination of intact, middle-up,

middle-down and bottom-up ESI and MALDI
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The European Medicines Agency received recently the first marketing authorization application for a biosimilar
monoclonal antibody (mAb) and adopted the final guidelines on biosimilar mAbs and Fc-fusion proteins. The agency
requires high similarity between biosimilar and reference products for approval. Specifically, the amino acid sequences
must be identical. The glycosylation pattern of the antibody is also often considered to be a very important quality
attribute due to its strong effect on quality, safety, immunogenicity, pharmacokinetics and potency. Here, we describe a
case study of cetuximab, which has been marketed since 2004. Biosimilar versions of the product are now in the pipelines
of numerous therapeutic antibody biosimilar developers. We applied a combination of intact, middle-down, middle-up
and bottom-up electrospray ionization and matrix assisted laser desorption ionization mass spectrometry techniques to
characterize the amino acid sequence and major post-translational modifications of the marketed cetuximab product,
with special emphasis on glycosylation. Our results revealed a sequence error in the reported sequence of the light
chain in databases and in publications, thus highlighting the potency of mass spectrometry to establish correct antibody
sequences. We were also able to achieve a comprehensive identification of cetuximab’s glycoforms and glycosylation
profile assessment on both Fab and Fc domains. Taken together, the reported approaches and data form a solid
framework for the comparability of antibodies and their biosimilar candidates that could be further applied to routine
structural assessments of these and other antibody-based products.
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Introduction

With more than 40 products currently approved and ~30 mol-
ecules investigated in advanced clinical trials, monoclonal anti-
bodies (mAbs) and derivatives constitute the most important
and the fastest growing class of human therapeutics.! These large
proteins can be used for a variety of indications such as inflam-
matory diseases and cancer. Most of the first generation approved
molecules such as rituximab, trastuzumab, infliximab, cetux-
imab, adalimumab and bevacizumab will be off patent soon.?
This will open the way for the approval of biosimilar mAbs in the
European Union (EU) and in the United States (US). Biosimilar
antibodies are “generic” versions of marketed antibodies pro-
duced through different manufacturing processes and from
different clones.” The marketed antibodies are referred to as orig-
inator or reference products when compared with the biosimilar

version. Due to the inherent variability of bioproduction and the
large number of parameters that influence it, it is difficult, or
rather impossible, to produce exact copies of large biomolecules
such as antibodies because of their inherent structural complex-
ity. This is in sharp contrast with the relative ease of manufacture
of low-cost generic versions of small pharmaceutical molecules.
As a consequence, different variants such as glycosylation vari-
ants and other microvariations, like charge variants, may occur
in biosimilar mAbs. These could affect the final quality, safety
and potency,” and that is why the term biogeneric should be
avoided.? Nevertheless, it is now possible to produce proteins and
glycoproteins that are highly similar to reference products owing
to the tremendous progress that has been achieved in the last
few years. This implies the need for a new regulatory framework
for the approval of biosimilar products based on comparability
with the reference molecule. The European Medicines Agency
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(EMA) was the first to initiate the regulatory pathways for bio-
similar products in 2005, which has to date led to marketing
authorization in Europe for 14 recombinant drugs encompassing
3 product classes (human growth hormone, granulocyte colony-
stimulating factor and erythropoietins).” Specific guidelines are
also available in Europe for biosimilar insulin, interferon and
low molecular weight heparins.® Outside Europe, biosimilar
antibodies have already been approved in India, South Korea
and China. These biosimilar products are copies of current
important therapeutic antibodies such as rituximab and abcix-
imab.” Additional biosimilar candidates currently in develop-
ment include copies of infliximab (Remicade®; Janssen Biotech,
Merck), trastuzumab (Herceptin®; Genentech/Roche), cetux-
imab (Erbitux®; ImClone/Lilly, Merck-Serono), bevacizumab
(Avastin®; Genentech/Roche) and etanercept, an Fc-fusion pro-
tein (Enbrel®; Amgen, Pfizer, Takeda).

At the end of 2012 the EMA released the final version of the
guidelines on similar medicinal products containing mAbs.®
These guidelines discuss relevant animal model, non-clinical and
clinical studies that are recommended to establish the similarity
and the safety of a biosimilar compared with a reference mAb
approved in the EU. For the approval of biosimilar products, the
EMA requires high similarity to the reference product in terms
of physico-chemical characteristics, functional properties and
clinical efficiency. The primary amino acid sequence should be
the same for the biosimilar and the reference product. If appro-
priately justified with regard to its potential effects on safety or
pharmacokinetic (PK) and pharmacodynamic (PD) properties,
small differences in the micro-heterogeneity pattern of the mol-
ecule may be acceptable. First-generation approved originator
mAbs sequences, however, are not explicitly published in pat
ents and other official documents. Some patents only contain
the complementary determining region and the variable domain
sequences. The International Immunogenetics Information
System (IMGT) is one of the main sources of structural and bio-
logical information on immunoglobulins (including monoclonal
antibodies), T cell receptors, major histocompatibility of human
and other vertebrate species and other. The IMGT provides a
common access to sequence, genome and structure immunoge-
netics data. These data are based on the scientific information
available in other databases or published in the scientific litera-
ture and patents and, as such, are an extremely useful and help-
ful resource in the development of biosimilar products. However,
sequence errors do exist in the scientific data and databases.
Sequence errors have been reported for trastuzumab,’ rituximab'®
and etanercept.'! Another major quality attribute of mAbs is their
N-glycosylation profile,'? which has important effects on effector
functions such as antibody-dependent cell-mediated cytotoxic-
ity (ADCC) and complement dependent cytotoxicity (CDC).!*
The N-glycosylations of mAbs can also affect safety and PK/PD.
It is evident that extensive structural and functional comparison
of the biosimilar and the reference product is the foundation of
biosimilar development and that assessment of the amino acid
sequences and N-glycosylation patterns are among the most
important criteria. Mass spectrometry (MS) is a key technique
that plays a primary role in the assessment and the structural
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comparison of biosimilar and reference product. Throughout all
stages of mAbs development and production, mass spectrometry
based methodologies are used to provide essential information on
the primary structures including amino-acid sequences, glycosyl-
ation and other post-translational modifications.” Here we chose
cetuximab for a case study because it is one of the therapeutic
mAbs that will be off-patent soon.

Cetuximab is a chimeric mouse-human IgGl targeting epi-
dermal growth factor receptor (EGFR). It is approved for use in
the EU and US as a treatment for colorectal cancer and squamous
cell carcinoma of the head and neck. The amino acid sequence
for both the light and heavy chains of cetuximab are reported in
the IMGT database (www.imgt.org) and the drug bank (www.
drugbank.ca). The crystal structure of the antigen binding frag-
ment (Fab) has been reported by Li et al.' and is referenced in the
RCSB Protein Data Bank. Cetuximab’s primary sequence has
also been reported by Dubois et al. who used liquid chromatog-
raphy (LC)-MS/MS and matrix assisted laser desorption ioniza-
tion-time of flight- MS (MALDI-TOF-MS) for PK studies."”

Cetuximab is produced by SP2/0 murine myeloma cells and
is N-glycosylated both in the Fc and the Fab domains. A high
prevalence of hypersensitivity reactions to cetuximab has been
reported in some areas of the US. Some of the glycoforms were
demonstrated to be responsible for these hypersensitivity reac-
tions and anaphylaxis.' Here, we used the latest generation of
high resolution electrospray ionization (ESI) and MALDI mass
spectrometry instruments and methods for the detailed and
rapid structural characterization of the EMA-approved version
and formulation of cetuximab. Intact molecular weight (MW)
measurements, middle-up and middle-down, i.e., MW determi-
nation and direct mass spectrometric sequencing on the domain
level, as well as bottom-up techniques were used to assess the
glycosylation variants and the amino acid sequence. Detailed
sequence information of the antibodies subunits were then deter-
mined using MALDI N- and C-terminal top-down sequencing
(TDS) analysis.”* LC-MS/MS peptide mapping experiments
on tryptic and GluC digests enabled post-translational modifica-
tions and sequence variants to be further localized. Using a pro-
prietary search engine to query carbohydrate structure databases,
glycopeptide and glycan identifications and profiles were auto-
matically generated. From the LC-ESI-MS mass spectra of cetux-
imab subunits (middle-up) we derived glycosylation site-specific
accurate masses of the various antibody glycoforms. Our results
confirmed an unexpected modification revealing a sequence
error in the light chain terminal region. The methodologies we
describe here form a solid framework for routine biosimilar struc-
ture verification.

Results and Discussion

Mass measurement of intact cetuximab. The intact LC-ESI-
TOEF-MS mass measurement of cetuximab indicates a strong
heterogeneity of the antibody (Fig. 1). This heterogeneity is not
chromatographically resolved by the simple LC method that
was applied. The observed mass peaks in the deconvoluted spec-
trum result from an overlap of different isoforms due to post
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translational modifications (PTMs). The most important PTMs
of cetuximab are the complex glycosylations resulting from four
glycosylation sites and incomplete lysine clipping of the two heavy
chain C-termini.?* To interpret the intact measurements, the
observed heterogeneity needs to be reduced and the theoretical
MWs of the expected isoforms calculated. The sequences of the
light and heavy chain of cetuximab reported in the IMGT data-
base and the previously cited references'®" are shown in Figure 2.

Intact IgG1 contain 32 cysteines and thus 16 disulfide bonds
(-32 Da when calculating the intact antibody mass). It is notice-
able by looking at the sequence of the light chain of cetuximab
that it lacks the C-terminal cysteine found in IgGl. The thiol
group of this particular cysteine usually links the light chain
to the heavy chain by a disulfide bond. To calculate the theo-
retical MW, this missing cysteine was added to the C-terminal
sequence and an average MW of 23368.7 Da for the light chain
and 49371.7 Da for the heavy chain is obtained. N-terminal glu-
tamines are usually converted to pyroglutamic acid, which results
in a mass decrease of 17 Da per heavy chain. As already men-
tioned, another major modification occurring in mAbs sequences
is the clipping of the C-terminal lysine of heavy chains result-
ing in a mass decrease of 128 Da per heavy chain. Taking into
consideration these modifications, the theoretical average MW
of the aglycosylated form of intact cetuximab would be 145,158
Da. It should be noted that calculated average MWs depend on
the source of the average atoms’ MWs used. In fact, the isotopic
abundance of elements depends on their source. When calculat-
ing the theoretical masses of natural proteins, the atomic weights
from organic sources are preferred.** We have observed that dif-
ferent MW calculators, open source and proprietary, would cal-
culate different average MW for the same sequence depending
on the source of the atomic weights they use. These added to
rounding errors can induce up to 1 Da calculated MW difference
for an intact antibody, the equivalent of a 7 ppm difference.

Cetuximab bears two glycosylation sites on each heavy chain,
one in the conserved site in the CH2 domain and one in the Fd
domain. Glycoforms of the CH2 domain are mainly of the com-
plex glycan type, with the most commonly occurring forms being
GO, GOF, G1F and G2F with 1299.2, 1445.3, 1607.5 and 1769.6
Da mass increments, respectively. The Fd domain glycans can
be more complex with tri-antennary and tetra-antennary glycans
and differing degrees of sialylation.

If we consider the GOF/GOF; G2FGal2/G2FGal2 isoform,
the calculated theoretical MW would be 152,236 Da. This MW
is not consistent with any of the measured MW of the intact
cetuximab and is -115 Da off the closest isoform 152,351 Da in
the deconvoluted mass spectrum (Fig. 1). The possible reasons
for this inconsistency were explored in the subsequent analyses.

Middle-up analysis. To further investigate this MW dif-
ference, we performed middle-up analysis of cetuximab by
IdeS proteolysis followed by complete reduction of all disulfide
bonds. Middle-up refers to the mass measurements of large frag-
ments (subunits) of proteins after limited proteolysis.** IdeS or
Immunoglobulin degrading enzyme of Streptococcus pyogenes has
the advantage of being more specific than the other described
IgG hinge cleaving enzymes.” IdeS cleavage followed by the
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Figure 1. Deconvoluted ESI-Q-TOF mass spectrum of intact cetuximab.
The calculated MW for the GOF/GOF; G2FGal2/G2FGal2 isoform with
pyroglutamic acid formation at the N-termini of the heavy chains is
152236 Da, which is 115 Da lower than the experimental MW at 152351
Da.

reduction of disulfide bonds results in three subunits (light chain,
Fc/2 domain and Fd domain) each with a MW of approximately
25 kDa. It permits easier and more straightforward analysis by
LC-MS in ashort time (less than 2 h for the whole analysis includ-
ing digestion and LC-MS). The LC-MS chromatogram obtained
shows three main peaks (Fig. 3). The first peak corresponds to
the Fc/2 fragment with different isoforms. The theoretical MW
of the GOF isoform of Fc/2 with clipped C-terminal lysine and
reduced cysteines is 25,236.04 Da (average) and 25,220.463 Da
(monoisotopic). The utilized ultra-high resolution Q-TOF pro-
vides isotopic resolution of the analyzed fragments and enables
the determination of their monoisotopic masses. The monoiso-
topic mass is an intrinsic property of the molecule that is not
dependent on the isotopic abundance of elements that make up
the molecule, as is the case for the average mass.?* The isotopic
abundance of the elements in a biologic depends on the feed-
ing source for the producing cell line;*® therefore, if accessible,
the monoisotopic mass is a better reference in accurate mass
measurements.

As shown in Figure 4A, the measured monoisotopic mass of
the Fc/2-K GOF glycoform was determined to be 25220.462 Da,
which corresponds to a MW error of -0.06 ppm. The measured
MWs are consistent with different glycoforms with the cleaved/
non-cleaved lysine heterogeneity mostly with sub ppm MW
errors (Table 1).

The second chromatographic peak corresponds to the light
chain (Fig. 3). The light chain MW according to the IMGT
sequence after adding the C-terminal cysteine is 23,368.69 Da
(average) and 23354.512 Da (monoisotopic). The measured
monoisotopic mass of the light chain is 23,412.518 Da, which
corresponds to a +58.006 Da mass difference (Fig. 4B). Thus, we
can speculate that there is an unidentified modification/variation
in the light chain sequence.

The third chromatographic peak corresponds to the Fd frag-
ment. The monoisotopic MW derived from the IMGT sequence
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Light Chain:
10
DILLTQSPVI
70
RESGSGSGTD
130
SDEQLKSGTA
190
LSKADYEKHK

Heavy Chain:
10
QVQLKQSGPG
70
TPEFTSRLSIN
130
STKGPSVFPL
190
LYSLSSVVTV
250
SVELFPPKPK
310
TYRVVSVLTV
370
TKNQVSLTCL
430
QGNVFEFSCSVM

20
LSVSPGERVS
80
FTLSINSVES
140
SVVCLLNNFY
200
VYACEVTHQG

20
LVQPSQSLSI
80
KDNSKSQVFEF
140
APSSKSTSGG
200
PSSSLGTQTY
260
DTLMISRTPE
320
LHODWLNGKE
380
VKGFYPSDIA
440
HEALHNHYTQ

30
FSCRASQSIG
90
EDIADYYCQQ
150
PREAKVQWKV
210
LSSPVTKSFEN

30
TCTVSGFSLT
90
KMNSLQSNDT
150
TAALGCLVKD
210
ICNVNHKP SN
270
VTCVVVDVSH
330
YKCKVSNKAL
390
VEWESNGQPE

KSLSLSPGK

40
TNIHWYQQRT
100
NNNWPTTEGA
160
DNALQSGNSQ

RGA

40
NYGVHWVRQS
100
ATYYCARALT
160
YFPEPVTVSW
220
TKVDKRVEPK
280
EDPEVKENWY
340
PAPIEKTISK
400
NNYKTTPPVL

50
NGSPRLLIKY
110
GTKLELKRTV
170
ESVTEQDSKD

50
PGKGLEWLGV
110
YYDYEFAYWG
170
NSGALTSGVH
230
SCDKTHTCPP
290
VDGVEVHNAK
350
AKGQPREPQV
410
DSDGSFFLYS

60
ASESISGIPS
120
AAPSVFEIFPP
180
STYSLSSTLT

60
IWSGGNTDYN
120
QGTLVTVSAA
180
TFPAVLQOSSG
240
CPAPELLGGP
300
TKPREEQYNS
360
YTLPPSREEM
420
KLTVDKSRWQ

‘ Figure 2. Sequences of the light and heavy chains of cetuximab as reported in the IMGT and in the literature.'®"” ‘

of the most abundant Fd glycoform, G2FGal2, is 27530.3150
Da and corresponds to the measured MW of 27,530.3154 Da
(Fig. 4C) with a 0.02 ppm mass error. The measured molecular
weights are consistent with different glycoforms typically at the 1
ppm MW error level (Table 2).

Middle-down MALDI-in source decay (ISD) analysis. The
middle-up results described above revealed that the light chain
presents an unexpected modification. Middle-down MS, by
analogy to top-down MS refers to the MS/MS sequencing of
limited proteolysis generated subunits of a protein.”* Misuse
of the top-down and middle-down terms is common in the lit-
erature when referring to the molecular weight measurement
of intact IgG or limited proteolysis generated subunits without
MS/MS. MALDI-ISD allows fast, straight-forward top-down
sequence analysis of undigested proteins based on fragmentation
of the entire protein chain caused by hydrogen radical transfer
from the MALDI-ISD matrix.””*® The data quality is high (mass
accuracy approx. 10 ppm in reflector mode and typical sequence
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readout length is 60-90 residues from N- and C-terminus) and
even permits de novo sequencing of medium-sized proteins.”
Middle-down MALDI-ISD enables fast sequencing of terminal
domains of mAbs in a targeted way. The cetuximab fragments
after IdeS digest and chromatographic separation were collected
for further MALDI-ISD analysis. The results confirm the N-
and C-terminal sequences of the heavy chain, including the
heterogeneities discussed above (N-terminal pyroglutamic acid
presence/absence of the C-terminal lysine) (Fig. S1). The ISD
sequencing of the light chain confirmed the first 86 N-terminal
residues of the IMGT database sequence. The C-terminal y-
and z+2 fragments match the light chain sequence only under
the condition of a +58 Da modification C-terminal to residue
207. This offset is present in the smallest C-terminal fragment
y, which indicates that the modification is present within the
6 C-terminal residues. Taking this offset into account provides
for a good match of the C-terminal domain of the light chain
from residues 162-207 (Fig. 5). The IMGT sequence of the 6
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C-terminal FNRGAC.

Considering that no post-transla-

residues is Intens.

8

tional modifications are described for x10

these residues in mAbs, we can specu-
late that it might be a substitution of
one or more amino-acids (Fig. §2). In
fact, the substitution of A by an E or
of G by a D in that sequence would

2.0

Fc/2 - K

cause a +58 Da mass shift. To confirm 16

this putative sequence modification, Fc/2
we performed a bottom-up analysis i
of cetuximab using trypsin and endo- 1.0
protease GluC digestion.

Bottom-up analysis. The trypsin
and the GluC digests were subjected to

LC-MS/MS analysis. The combined

Lo

Fd

1\

results of the two digestions provided :
100% sequence coverage for both the 4 42

43 44 45 46 47 48  Time[min]

light (Fig. S3) and heavy chains. The

C-terminal tryptic peptide is very short
and was not detected by LC-MS/MS.
However, the MS/MS spectrum of

Figure 3. Total ion chromatogram of IdeS cleaved and reduced cetuximab separating the three major
subunits. For each of the Fc/2 and Fd subunits, two peaks were observed. Fc/2 shows lysine clipping at
the heavy chain’s C-terminus, Fd exhibits glycosylation heterogeneity (presence of sialic acid).

the C-terminal GluC peptide (Fig. 6)

allowed the unambiguous assignment

of an A213E substitution in the cetuximab light chain, which is
in agreement with the middle-down sequencing result and the
intact MW of the light chain. The alanine-to-glutamic acid sub-
stitution results in an expected MW shift of 58.005 Da, in very
good agreement with the observed +58.006 Da mass difference
between the light chain MW determination shown in Figure 4B
and the calculated MW based on the IMGT sequence. The mass
error between the corrected theoretical and the experimental
intact light chain data are only 0.04 ppm.

These results show that the IMGT sequence of the light
chain of cetuximab contains 2 errors at the C-terminus: Cys214
is missing and Glu213 replaces Ala213. These sequence errors
were not previously described. Dubois at al. used trypsin diges-
tion in their bottom-up analysis of cetuximab and achieved 88%
sequence coverage missing the three C-terminal residues.” Wang
at al. used publically-available high-resolution crystal structures
of cetuximab to determine potential aggregation-prone regions.*
When performing the sequence alignment of different mAbs,
this group used the IMGT sequence. The unique capabilities of
the strategy adopted in this work highlight that MALDI-ISD
middle-down sequence analysis provides reliable information
for C-terminal sequences, rapidly—a capability that was not
directly available using Edman sequencing, the classical method
of protein terminal analysis that only accesses the N-terminus.
Subsequently, the classical bottom-up strategy can then be used
in a targeted way to confirm the findings and hypotheses from
the top-down sequencing. The intact MW or subdomain MWs
(middle-up approaches) provide a third, orthogonal dimension to
confirming the overall assigned biosimilar structure.

Glycosylation assessment. Whereas the analysis of glycans
released by endoglycosidases provides the averaged glycan profile
of the mAb, the glycopeptide-centric approach employed in this
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study allows for determination of glycan heterogeneity at each of
the two glycosylation sites of cetuximab separately (Fig. S4-6).
In this approach, MS/MS spectra of glycopeptides are acquired
during standard bottom-up LC-MS/MS experiments and classi-
fied as glycopeptide spectra. For this purpose, the ProteinScape
software we used searches for specific fragmentation patterns
and oxonium ions to classify the potential glycopeptide spectra
(Fig. S7). In the case of MALDI-TOF/TOF-MS/MS data, the
fragmentation pattern described by Wuhrer el al.’’ and Rapp et
al.? is used for classification. From the fragmentation pattern of
the glycopeptide (Fig. S8A), ProteinScape determines the m/z
value of the peptide and the glycan moieties. These are used for
their identification through database searches. Glycans were
identified through the search engine GlycoQuest (integrated in
ProteinScape) and peptides through Mascot (Matrix Science,
USA) (Fig. S8B). Initially, GlycoQuest searches public or user-
defined databases for glycan structures that match each experi-
mental parent MW within a given tolerance. From the candidate
glycan structures, fragments are calculated and matched with the
respective MS/MS spectra. As a result of this search, a list of gly-
can structures is obtained, which is ranked by a score. The score
is based on the number of identified fragments and the intensity
coverage of the MS/MS spectrum, i.e., the fraction of the sum of
the intensities of the peaks assigned to a glycan structure vs. the
sum of the intensities of all MS/MS fragment ions. A spectrum
viewer provides the annotation of both glycan and peptide frag-
ments for the interactive validation of GlycoQuest and Mascot
database search results (Fig. $9-10). Glycan identification with
the described mass spectrometric methods relates to the assign-
ment of glycan composition and to some extent of the glycan
structure. These methods, however, do not allow inferring any
further reaching structural assignments, such as the definition
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Figure 4. Deconvoluted spectra (red) of the main isoforms of the subunits after IdeS digestion and reduction, (A) Fc/2, (B) LC and (C) Fd. The monoiso-
topic MWs were calculated from the baseline resolved isotopic peak patterns using the SNAP peak picking algorithm. The isotopic patterns calculated
from the sequence of the antibody as specified in the IMGT database were also displayed for the three subunits (blue). The position of the average
mass is marked with an arrow. For Fc/2, the isotopic pattern was calculated taking into account lysine clipping at the C-terminus and GOF glycosyl-
ation. For the Fd subunit N-terminal pyroglutamic acid formation and G2FGal2 glycosylation was assumed. While the agreement between the mea-
sured and expected monoisotopic mass is well below 1 ppm for the Fc/2 and Fd fragments [-1.5 mDa for Fc/2 (A) and 0.4 mDa for Fd (C)], a significant
MW difference of 58.006 Da was observed for the LC (B) clearly indicating a sequence or structural variation.

of linkage. Such full structural assignments require dedicated
structural methods, e.g., NMR or mass spectrometric analysis of
permethylated and released glycans, which were not the objective
in this study.

Cetuximab glycanshavebeen extensively characterized by Qian
et al. who identified 21 different glycans.” However, the method
used did not allow differentiation between the Fc N-glycosylation
(of the CH2 domain) and the Fd N-glycosylation since the
authors released the glycans before analyzing them. Janin-Bussat
et al. used a middle-up approach similar to the one described
here and identified 6 different glycoforms for the conserved CH2
N-glycosylation and 11 different Fd N-glycosylations.?* In our
work, we could identify 11 glycans for the CH2 N-glycosylation
and 20 different for the Fd N-glycosylation with a total of 24
different glycosylations (Fig. 7 and Tables 1 and 2). We ranked
the different glycoforms according to their relative abundances
as derived from the middle-up MS glycoprofiling (Fig. 8). It
is, to our knowledge, the most comprehensive identification of
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cetuximab’s glycoforms. In the Fd glycosylations, 41% contained
N-glycolyl neuraminic acid (NGNA) and 78% contained Gal-a-
1,3-gal in their structures. These glycosylations have been shown
to be responsible for immunogenic responses.'”® Batch-to-batch
variations in the glycosylation profiles of cetuximab have also
been reported by Sundaram et al.*!

Materials and Methods

The cetuximab used in this study is the EMA-approved version
and formulation.

Middle-up and middle-down sample preparation. Cetuximab
was cleaved in the hinge region using limited proteolysis by IdeS
(Immunoglobulin-degrading enzyme of Streptococcus pyogenes)
(FabRICATOR, Genovis). After cleavage, 6 M of guanidine-
HCI and 50 mM TCEP were added to perform reduction (30
min, RT) before adding 10% trifluoracetic acid (TFA) yielding
the Fc/2, Fd and light chain subunits of cetuximab.
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Table 1. Theoretical and measured monoisotopical masses of the Fc/2 subunit identified glycoforms

Fe/2-K F2k  Fopk  Tel? Fe/2 Fef2

Glycan Glycan Glycan structure Theoretical Measured AMW Theoretical Measured  AMW

MW (Da) MW (Da) (ppm) MW (Da) MW (Da)  (ppm)
Hex5HexNAc2 1 H5N2 M 24992.352 24992.350 -0.08 25120.447 25120.454 0.26
Hex3HexNAc3DHex1 ¥ H3N3F1 % 25017.384 25015.359 -0.82* 25145.479 25143.467 -0.27*
Hex3HexNAc4 H3N4 “q 25074.406 25074.376 -1.20 25202.501 25202.479 -0.84
Hex6HexNAc2 X H6N2 “«5. 25154.405 25155.434 1.07* 25282.500 25283.504 0.06*
Hex4HexNAc3DHex1 ¥ H4N3F1 M 25179.437 25307.532 25307.459 -2.88
Hex3HexNAc4DHex1 ¥ H3N4F1 !Iw 25220.463 25220.462 -0.06 25348.558 25348.564 0.22
Hex5HexNAc3DHex1 H5N3F1 !l(.d‘l 25341.490 - - 25469.585 25469.563 -0.85
Hex4HexNAc4DHex1 x H4N4F1 No 25382.516 25382.512 -0.18 25510.611 25510.617 0.21
Hex6HexNAc3DHex1 ¥ H6N3F1 !l-(sl_o 25503.542 - - 25631.637  25631.610 -1.06
Hex5HexNAc4DHex1 ®  HS5N4F1 !l'w 25544.569 25544551  -0.69 25672.664  25672.653 -0.41
Hex6HexNAc4DHexl ~ H6N4F1 l‘lq:g O  25706.622 25706.588  -1.28 25834.716  25834.679 -1.48

“Structure confirmed by GlycoQuest, *manually corrected due to overlapping.

LC-MS of intact cetuximab and middle-up analysis. LC-MS
analyses of intact cetuximab and of IdeS digested fragments were
performed on an Acquity UPLC H-Class system (Waters) coupled
to a maXis 4G high resolution Q-TOF type mass spectrometer
(Bruker Daltonik). For middle-up MW analysis of the cetuximab
subunits, a modified maXis 4G with a novel collision cell design
was used, which permits mass resolution of approx. 80,000 for
the deconvoluted spectra of the antibody fragments, thus well-
resolving the isotopic patterns of the cetuximab subunits.

For intact mAb analysis, 3 pg of cetuximab were loaded at a
0.3 mL/min flow rate of 0.1% formic acid in water (solvent A) on
a BEH300 C4 2.1 x 100 mm column (Waters). The antibody was
eluted using a linear gradient of 5-95% of solvent B (0.1% formic
acid in 60% acetonitrile and 40% isopropanol) in 8 min followed
by a 3 min 93% solvent B wash stage before reconditioning of the
column at 5% solvent B.

For IdeS-generated cetuximab subunits, 2 g of the cetuximab
digest were loaded on the column and eluted using a flow rate
of 0.4 mL/min and 23 min at 5% solvent B followed by a linear
gradient of 5 to 15% solvent B in 3 min then 15 to 45% in 30
min and 45 to 80% in 1 min followed by 5 min at 80% of sol-
vent B and reconditioning of the column at 5% solvent B. The
whole LC-MS system and analysis was controlled by BioPharma
Compass 1.1 (Bruker Daltonik).

Monoisotopic molecular weights (MWs) of the IdeS-generated
cetuximab subunits were determined by the SNAP algorithm.

www.landesbioscience.com
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The SNAP algorithm fits a theoretical peak pattern derived from
the average atomic composition found in proteins® to the mea-
sured isotopic peak patterns.>*** Raw data were inspected and spo-
radic peak mis-assignments were manually corrected.

MALDI-ISD middle-down analysis of cetuximab. For mid-
dle-down analysis, the cetuximab Ides digest was desalted using
Micro Spin G 25 columns (GE Healthcare) and LC-separated
using Agilent 1200 and Zorbax 300SB-C8 column with
water/0.1% TFA as solvent A and acetonitrile/0.1% TFA as sol-
vent B. Fractions were spotted directly to MTP BigAnchor plates.
The dry sample spots were then covered with sDHB (9+1 mixture
of 2,5-dihydroxybenzoic acid and 2-hydroxy-5-methoxybenzoic
acid, 25 g/l in 50% acetonitrile/water/0.1% TFA) and intact pro-
tein spectra and ISD spectra were acquired using WARP-LC 1.3
and compass 1.4 flexSeries. ISD spectra were acquired in reflector
mode and externally calibrated using bovine ubiquitin ISD frag-
ments. MALDI-ISD middle-down spectra were further analyzed
with BioTools 3.2 SR4.

Bottom-up analysis of cetuximab. 100 pg of cetuximab (20
L) were mixed with 80 wL of guanidine-HCI (6M), reduced
with DDT at 56°C for 2 h and alkylated with iodoacetamide
at 37°C for 30 min then desalted using Microspin G 25 col-
umn. Trypsin (seq. grade) was obtained from Promega and
Endoproteinase GluC from Roche. Tryptic digestion was per-
formed for 24 h at 37°C, the GluC digest at 25°C. Peptide map-
ping nanoLC-MS/MS analysis was performed using a Dionex

705



10 20 30 40 50 60 70 80
DILLT QSPUI LSUSP GERUS FSCRA SQSIG TNIHW YQQRT NGSPR LLIKY ASESI SGIPS RFSGS GSGID FTLSI NSUES

90 100 110 120 130 140 150 160
EDIAD ¥YCQQ NNNWP TTFGA GTKLE LKRIU AAPSU FIFPP SDEQL KSGTA SUUCL LNNFY PREAK UQUKU DNALQ SGNSQ

170 180 190 200 210
ESUTE QDSKD STYSL SSTLT LSKAD YEKHK UYACE UTHQG LSSPU TKSFN Reac + 58 Da offset

c IVFHI{L SIV SFQEIRIVSFF-SCER ASIQ SH QTINHAHFW+Y1QIQIRIT NC SPERELILHAKEY -ASIE SHI-S G IP -SER+F-SGSCSATIDFF{TIL SHIAN SIVIE SHEIDH-ADFY 4
P

y |IKITVIPSSILGQIHITIVIE CAYIVIKIHIKIEFY{DAK SILITILITSSIL SFY{TSIDIK SID QIEITIVSIEIQS NCSIQIL AN
242 |IKITIVPS SILAQIHITIVIE CAY4VIKIHIKIEFY 4D AK SHLITILIT SSIL SFY{T SIDIK SIDIQIEITIV SIEIQ SINGSIQIL AN IN
400 28
.20 ¥B y and z+2 annotation only possible with

o €23 ¢27 additional 58 Da offset at C-terminus
350+ i-y19 :
300+
250 v38
c38 c42  y46
. 1 ' y58
200 9 y36 ya1 cd46 y49 y52 '
S yM c1s y32 : ' ' ' * y5 ys59  ye3
& aam o Yo% yM e yas  cdo o2 - oIr
1504 ¥° ¢ 14 ' o ' ' toe c59 y62
i . A y31 ¢35 y§7 y40 ya4 yas  y51 . S L c67 c73 76 ¢ 86
100, e Y0 ) y34 3 ca0 cas yar yso YH oS vE1 ces oo <72 o7 c82 c85
1 b3 1030 ya2 cas a0 Y BToseces Tt om T8 oot cod
50 | he i ¥ 5 Y8 y60 63 yes c70 y71 y74 <80 <83
' C 030 c53 ¢85 c60 .2 co6  ye9 | y73 <79 y80
b . b an : Six
T T T T T T T T T
] 1000 2000 3000 4000 5000 6000 7000 8000 miz

Figure 5. LC-MALDI-ISD middle-down spectrum of cetuximab'’s light chain after chromatographic separation, using sDHB as matrix. The N-terminal
sequence of the first 86 residues matches the spectrum precisely (top) while the C-terminal sequence displays a +58 Da offset. After assuming an A to E
exchange (+58 Da), the C-terminal sequence is in accordance with the ISD-spectrum.
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Figure 6. LC-MALDI-MS/MS mass spectrum of the GluC C-terminal peptide of cetuximab'’s light chain confirming E213 instead of A.

RSLC nano-chromatography system (Thermo Scientific,) cou-  technology (Bruker Daltonik). The analytical column is a
pled to a maXis impact high resolution Q-TOF mass spectrom-  Dionex C18 Pepmap 100, 2 pm, 0.075 x 250 mm. The digestion
eter (Bruker Daltonik) equipped with Captivespray nanosprayer  peptides were loaded on the enrichment column (Dionex C18
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Figure 7. LC-ESI-MS spectra of (A) Fc/2 subunit and (B) Fd subunit. Only 19 out of 20 are displayed, the lowest abundant species is out of the mass
range shown. The peaks were annotated with the correspondent glycoform.

Pepmap 100, 5 ., 0.1 x 20 mm) at a flow rate of 5 wL/min, elu-
tion was performed at 0.300 pL/min with a 5-40% linear gra-
dient of solvent B in 55 min followed by 15 min at 97% solvent
B before reconditioning of the column at 5% solvent B.

The maXis impact was operated in the positive ion mode. The
TOF was mass calibrated prior to analysis using sodium TFA in
the m/z 430-2100 range. For tandem MS, the system automati-
cally switched between MS and MS/MS modes. MS spectra were
recorded over an m/z range of 50-2200 at 2 spectra/sec. The
MS/MS accumulation time was regulated by the intensity of the
selected peak on the MS spectrum. The 3 most abundant peptide
ions, preferably doubly or triply charged, were selected in each
MS spectrum for further isolation and collision induced dissocia-
tion using optimized collision energies depending on charge state
and m/z of the ion. The analyzed peptides were subsequently
excluded from re-selection for 60 sec. The acquisition process was
controlled by the Compass software (Bruker Daltonik).

Mass spectra were processed and the resulting peak lists trans-
ferred to ProteinScape 3.1 (Bruker Daltonik). The Mascot search
engine (Matrix Sciences) was used for MS/MS searches against
a custom database containing the IMGT light and heavy chain
sequences of cetuximab and common likely contaminants (trypsin,
human keratins). Carbamidomethylation of cysteine residues was
set as a fixed modification while methionine oxidation, N-terminal
cyclization of glutamine, deamidation of glutamine and asparagine
where set as variable modifications. The peptide mass tolerance was
set at 7 ppm and fragment mass tolerance was set to 0.05 Da. Up to
two trypsin or GluC mis-cleavages were allowed. Search results were
compiled using ProteinScape (Bruker Daltonik).

MALDI Bottom-Up analysis for light chain C-terminal
sequence confirmation was performed on the GluC digested cetux-
imab. The digested sample was separated using nano-Advance
UHPLC (Bruker Daltonik) equipped with Acclaim PepMap100,
C18,5 um, 100 A, 100 pm i.d. x2 cm (Trap column) and Acclaim
PepMap RSLC, C18, 2 um, 100 A, 75 pum i.d. x25 cm, nanoViper

www.landesbioscience.com
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(Analytical column). Five pmol of digest were loaded and eluted
using a linear gradient starting from 2% acetonitrile/0.1% TFA/
water to 35% acetonitrile in 64 min. Fractions of 10 sec were spotted
using Proteineer Fcll (Bruker Daltonik) with a matrix sheath flow
(a-cyano-4-hydroxycinnamic acid) providing co-crystallization of
sample and matrix on the MALDI sample holder. MALDI-TOF/
TOF-MS and MS/MS spectra were acquired using ultra-fleXtreme
(Bruker Daltonik) and further analyzed using the ProteinScape 3.1
software platform.

For glycan and peptide identification based on glycopeptide
MS/MS spectra, an automated four-step workflow was executed in
ProteinScape. In step 1, each MS/MS spectrum was screened for the
presence of characteristic N-linked glycopeptide fragmentation pat-
terns (Fig. S8A). In step 2, the peptide [M+H]* was extracted from
that pattern, yielding both the precise glycan and the peptide MW
from a single glycopeptides MS/MS spectrum. In step 3, Bruker’s
GlycoQuest glycan search engine in ProteinScape obtained glycan
identifications via GlycomeDB? database searches using the glycan
fragments of the glycopeptide MS/MS spectra. Several input param-
eters were specified for the search: the glycan type was restricted to
N-glycan; taxonomy and composition were not restricted. Only
singly charged, protonated ions and a fragmentation type contain-
ing b, ¢, y and z-ions were used. MS tolerance was set to 0.5 Da
and MS/MS tolerance to 0.8 Da. For every glycopeptide spectrum,
the peptide moiety mass previously determined during classifi-
cation was used as modification of the glycan. In step 4, Mascot
searches allowed identification of the peptide parts of the glyco-
peptides, yielding overall the glycan and peptide structures, includ-
ing the location of the glycosylation site in the peptide sequence

(Fig. 8, right).
Conclusion

To meet the expectations of regulatory agencies, marketing
applications for biosimilar antibodies must include data from
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Table 2. Theoretical and measured monoisotopical masses of the Fd subunit identified glycoforms

Glycan Glycan Glycan structure Theoretical Measured AMW

¥ 4 4 MW (Da) MW (Da)  (ppm)
Hex5HexNAc2" H5N2 “‘<:¢ 26653.993 26652977 -0.50*
Hex4HexNAc3DHex1" H4N3F1 !I-Cc: 26841.077  26843.022  -2.25*
Hex5HexNAc3 H5N3 “.(.4 26857.072  26857.006  -2.47
Hex3HexNAc4DHex1" H3N4F1 !I-d 26882.104  26882.053  -1.90
Hex5HexNAc3DHex1" H5N3F1 II.(:C 2003 507003 005 T 0 )
Hex4HexNAc4DHex1" HAN4F1 !l-ado 27044157 27044141  -0.56
Hex5HexNAc4DHex1" H5N4F1 !I‘(::_g 27206.209  27206.197  -0.47
Hex6HexNAc4DHex1" HEN4F1 !I‘(:Ig @) 27368.262  27368.268 0.22
Hex5HexNAc5DHex1 H5N5F1 !I‘qg 27409.289  27409.313 0.85
Hex5HexNAc4DHexINGNAL  HSN4FINGNAL !I-CCE & 27513300  27513.316  0.61
Hex7HexNAc4DHex1" H7N4F1 !I‘cm 27530.315  27530.315 0.02
Hex6HexNAcSDHex1 HENSF1 !I‘ﬁ(:g 27571342 27570.302  -1.35%
Hex6HexNAc4DHexINGNAL®  HEN4FINGNAL m 27675352  27675.375 0.82
Hex7HexNAc5DHex1" H7N5F1 I"Cigc 27733.394 27733321  -2.64
Hex5HexNAc4ADHexINGNA2  H5N4FINGNA2 W 27820390  27820.363  -0.97
Hex8HexNAc5DHex1" H8N5F1 27895.447  27895.446  -0.04
Hex7HexNAC5DHexINGNAL1  H7NSFINGNA1 28040.485  28040.487  0.07
Hex9HexNAcSDHex1" HINSF1 28057.500  28057.498  -0.06
Hex8HexNAC5DHexINGNAL"  H8NSFINGNA 28202.537  28202.554  0.59

5
Hex7HexNAc5DHexINGNA2®  H7NSFINGNA2 28347.575  28346.558  0.53*
<

“Structure confirmed by GlycoQuest, *manually corrected due to overlapping.
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Figure 8. Relative abundance of glycoforms attached to the N299 glycosylation site (Fc) as derived from middle-up glyco-profiling (Left). Eleven
glycoforms were assigned to this glycosylation site. Relative abundance of glycoforms of glycosylation site N88 (Fd) as derived from middle-up glyco-

te.

reliable comparability methodologies applied to the biosimilar
and reference molecules. The state-of-the art mass spectrome-
try-based methods presented here constitute a solid framework
for both amino acid sequence and glycosylation assessment.
Starting with an intact antibody mass measurement and going
through middle-up and middle-down and then bottom-up MS
approaches, we were able to detect rapidly and unambiguously
both an expected and an unexpected sequence error near the light
chain C-terminus and to correct them. It is clear that biosimi-
lar developers should start with such a comprehensive structural
assessment and comparability exercise prior to other pre-clinical
studies. In addition, we provided the most comprehensive glyco-
form identification and glycoprofiling of cetuximab to date using
a new automated glycopeptides-based identification strategy,
which also substantially reduced the time required for the overall
analysis and data interpretation compared with traditional man-
ual approaches. Taken together, the reported workflow and mass
spectrometric techniques clearly demonstrated the ability to gain

in-depth structural insights that will help biosimilar developers
in the structural assessment of reference mAbs and in compara-
bility studies.
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