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Abstract: Monoclonal antibodies (mAbs) are protein biotherapeutics with a proven efficacy toward fighting life-
threatening diseases. Their exceptional healing potential drives the annual increase in the number of novel mAbs
and other antibody-like molecules entering clinical trials and the number of approved mAb-based drugs. Mass
spectrometry (MS) offers high selectivity and specificity for the potentially unambiguous identification and com-
prehensive structural characterization of proteins, including at the proteoform level. It is thus not surprising that
MS-based approaches are playing a central role in the biopharma laboratories, complementing and advancing
traditional biotherapeutics characterization workflows. A combination of MS approaches is required to com-
prehensively characterize mAbs’ structures: the commonly employed bottom-up MS approaches are efficiently
complemented with mass measurements at the intact and subunit (middle-up) levels, together with product ion
analysis following gas-phase fragmentation of precursor ions performed at the intact (top-down) and subunit
(middle-down) levels. Here we overview our group’s contribution to increasing the efficiency of these approaches
and the development of the novel strategies over the past decade. Our particular focus has been on the top-
down and middle-down MS methods that utilize electron transfer dissociation (ETD) for gas-phase protein ion
fragmentation. Several approaches pioneered by our group, particularly an ETD-based middle-down approach,
constitute a part of commercial software solutions for the mAb’s characterization workflows.

Keywords: Antibody-drug conjugate - Drug-to-antibody ratio - Electron transfer dissociation - Fourier trans-
form mass spectrometry - Orbitrap - Proteoform

This mosaic portrays the authors of the manuscript. All are in-
volved in mass spectrometry method and technique development in
general, and top-down mass spectrometry-based monoclonal antibod-
ies structural analysis in particular. From left to right: (the first row)
Luca Fornelli, Daniel Ayoub, Kristina Srzenti¢, and (the second row)
Konstantin Nagornov, Anton Kozhinov, and Yury Tsybin (assistant
professor, laboratory head) were all members of the Biomolecular Mass
Spectrometry Laboratory (LSMB) at Ecole Polytechnique Fédérale
de Lausanne (EPFL), until 2014. Since 2014 their top-down mass
spectrometry research program has been undertaken and advanced at
the LSMB spin-out company, Spectroswiss. Authors continued, from
left to right, the third row: Natalia Gasilova, Laure Menin, and Alain
Beck have been external collaborators for the monoclonal antibody
research program first at LSMB and currently at Spectroswiss.

1. Introduction

Monoclonal antibodies (mAbs) are large proteins produced
by a single B-cell clone that demonstrate exceptional abilities in
the fight against a variety of pathologies.!!] Unlike small molecule
therapeutics, mAbs and their derivatives are complex bioproducts
that are very heterogeneous and are present in many proteoforms,
particularly glycoforms. By definition, proteoforms encompass the
chemical diversity of proteins, that arises due to the combinations of
genetic polymorphism, ribonucleic acid (RNA) splice variants, and
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post-translational modifications (PTMs).[2I In the biotherapeutic
drug development process, many of the mAbs’ proteoforms need
to be identified and characterized to comply with the regulatory
authorities’ guidelines, including safety requirements.

The biotherapeutics-grade mAbs are generally from the
immunoglobulin G (IgG) class or isotype.l! Structurally, an individual
IgG molecule is a tetrameric glycoprotein complex composed of two
~50 kDa heavy chains (Hc) and two ~25 kDa light chains (Lc) (Fig.
1). Four IgG subclasses exist and are defined by their Hc amino acid
sequence: IgGl, IgG2, IgG3, and IgG4. The IgG3 mAbs are not
(yet) used as therapeutics due to their significantly faster biological
clearance rates than that of the IgG1/IgG2 subclasses.[l The three-
dimensional structures of mAbs are maintained by disulfide bridges
(16 for IgG1 and IgG4; 18 for IgG2) and non-covalent interactions.
The Lc and Hc subunits are linked by a single disulfide bond and
the two Hc subunits by two (for [gG1 and IgG4) or four (for 1gG2)
disulfide bonds located in a short hinge domain.>) The other 12 cysteine
bridges are intramolecular and define six different globular domains,
both variable and constant (Fig. 1). MAbs fulfill their role by binding
foreign substances (antigens) using the variable domains represented
predominantly by the three loops connecting individual B-strands
in each of the complementarity determining regions (CDRs). Like
natural IgGs, all recombinant mAbs contain an -Asn-X-Ser/Thr-Y-
consensus sequence for N-glycosylation in their Hc constant domain
(where X and Y are amino acids different from proline). As a result,
a typical mAb-based biotherapeutic is represented by a defined set of
proteoforms (glycoforms).

Despite the powerful therapeutic potential of the mAbs in the most
common monospecific bivalent configuration (two identical Lc and
two identical Hc), current mAb development strategies consider in-
creasing the mAb-derived biotherapeutics potency by diversifying
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Fig. 1. The mAb puzzle: structural organization of IgG1. A pair of light
chains (Lc, shown in green) is connected with a pair of heavy chains
(Hc, shown in blue) via disulfide bonds (shown with red ovals). Each
Lc contains a variable, V , and a constant, C, structural domain. Each
Hc contains a single variable, V,,, and three constant, C,1-3, structural
domains. The main proteoforms are due to the N-glycosylation of Asn
in the Hc constant domain. The two heavy chains are shown split into
halves by structure specific enzymes: IdeS (cleaves mAbs below the
hinge region) and KGP (cleaves mAbs above the hinge region). The cor-
responding Hc-derived subunits are Fd (the N-terminal part of Hc) and
Fc/2 (the C-terminal part of Hc). The inset at the right shows a part of
Hc sequence with the locations of preferential backbone cleavage sites
upon ETD of a human anti-rhesus D mAb analysis.?%

the roles that their variable domains play, and by conjugation of
mAbs with different drug molecules.[®! The former is realized via the
development of multi-specific mAbs (e.g., multi-specific mAbs that
carry different binders),/”! and the latter has given rise to a new class
of biotherapeutics, the antibody-drug conjugates (ADCs).18 The cur-
rently employed drugs (payloads) range from small, less than 1 kDa,
molecules to large, several kDa, drugs, such as oligonucleotides. The
ADC:s carrying oligonucleotides can also be referred to as antibody-
oligonucleotide conjugates (AOC).[8¢! Structural analysis of ADC/
AOC samples includes quantitative analysis of the conjugated drug
profile heterogeneity — a distribution showing how many drugs are at-
tached to a given mAD and the average value of this distribution. This
information is known as the drug-to-antibody ratio (DAR), with the
average DAR values for modern ADCs varying from 2—10 and even
beyond that.”?! DAR monitoring constitutes a critical quality attribute
(CQA) in ADC analysis (Fig. 2).[101

Mass spectrometry (MS) is a powerful analytical technique
enabling comprehensive mAb structural characterization.[8¢.111
Nowadays, MS techniques are implemented throughout all stages
of the mAb-based biotherapeutics’ life cycle — from discovery to
development, production, validation, and storage.[3-8121 Due to
its high specificity and selectivity, as well as its ability to monitor
several molecular quantities simultaneously and directly, MS is
considered as a complementing technology to the proven biothera-
peutics release and characterization methods, such as capillary
electrophoresis and liquid chromatography (LC).[10b.13]

Based on the structural details of mAbs and mAb-derived bio-
therapeutics (Fig. 1), the following information needs to be provid-
ed by the MS-based approaches. First, an accurate determination
of the mass of the mAb (or its subunits) to determine, based on the
deposited amino acid sequence, potential global variations such as
presence of chemical modifications, followed by validation of the
amino acid sequence. This analysis shows the structural complete-
ness (integrity) of a mAb molecule in the development or pro-
duction process. Second, a relative percentage of the main glyco-
forms (proteoforms) needs to be deduced (glycosylation profiling).
Third, expected and unexpected modifications (including deami-
dation, isomerization, oxidation, and glycation) should be identi-
fied, quantified and, preferably, localized. Fourth, the integrity and
scrambling of the inter- and intra-molecular disulfide bonds needs
to be controlled.['*] Further analyses may include charge variant
analysis, de novo sequencing, light and heavy chain pairing, esti-
mation of the DAR values for ADC/AOC samples, determination
of the extent of mAb aggregation, and conformation analysis.[8b-15]

The MS approaches for mAb/ADC analysis have greatly
evolved over the past decade.[312b:161 Major benefits have resulted
from developing high resolution and high mass accuracy MS ap-
proaches in combination with the enhanced overall capabilities of
modern mass spectrometers in their ability to ionize, transfer, and
detect ions of high mass and m/z values.l'”l The development of
native MS stands out as a particularly enabling technology.[!8] An
equally important driver for the success of MS-based workflows
is developing tandem mass spectrometry (MS/MS) methods for
gas-phase protein ion activation and dissociation.!!”l The originally
employed ergodic methods, e.g., resonant and beam-type colli-
sion-induced dissociation (CID), have been complemented with
the non-ergodic methods, such as electron capture and transfer
dissociation (ECD/ETD).[201 In addition, a whole arsenal of other
ion activation and dissociation techniques have been developed
or tailored for the analysis of mAbs, including in-source decay
in matrix assisted laser-desorption ionization (MALDI ISD),2!1l
ultraviolet photodissociation (UVPD), 221 and surface-induced dis-
sociation (SID).[23] Other gas-phase ion chemistry processes, such
as proton-transfer reaction (PTR) or proton-transfer charge reduc-
tion (PTCR),[241 have shown their benefits in manipulating the
highly complex product ion populations generated by gas-phase
fragmentation of these large proteins. Finally, parallel discoveries
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Fig. 2. Molecular weight-organized overview of the MS-based approach-
es to the structural analysis of mAbs/IgGs, ADCs/AOCs, and other anti-
body-like molecules, including multi-specific antibodies Fc-fusion pro-
teins. The acronyms and abbreviations are as follows. mAb: monoclonal
antibody; IgG: immunoglobulin G; ADC: antibody-drug conjugate; AOC:
antibody-oligonucleotide conjugate; CQA: critical quality attribute; DAR:
drug-to-antibody ratio; RPLC: reversed-phase liquid chromatography;
SEC: size exclusion chromatography; MS: mass spectrometry; HCD:
higher-energy collision-induced dissociation; ETD: electron transfer dis-
sociation; UVPD: ultraviolet photodissociation; CDR: complementarity
determining region; PTM: post-translational modification; Lc: light chain;
and Hc: heavy chain.

in the sample preparation area have delivered novel, highly-specif-
ic enzymes, particularly for mAbs processing, e.g., hinge-region
specific enzymes, IdeS (immunoglobulin-degrading enzyme of
Streptococcus pyogenes) and KGP (lysine gingipain protease from
Porphyromonas gingivalis), as recapitulated in Fig. 1.125]

We were fortunate to integrate early on the MS and MS/MS
instrumentation advances with the structural specificity provided
by the novel enzymes and realize the benefits for mAb analysis.
From our first steps in the analysis of mAbs a decade ago, we
have promoted the use of both MS and MS/MS approaches that
preserve as close as possible the precursor protein structure in the
intact form. Thus, our focus has been, and remains, on the top-
down view of the mAbs, including intact mass measurements,
top-down, middle-up, and middle-down MS approaches.[20] One
of the principal advantages of the top-down method compared
with the more widely employed bottom-up approaches is its in-
trinsic ability to identify and characterize proteins at the proteo-
form level.[2271 Here, we briefly overview selected advances in
both the methods and the techniques for MS-based structural anal-
ysis of mAbs pioneered by our groups, first at the Biomolecular
Mass Spectrometry Laboratory at EPFL and later at Spectroswiss
(Table 1). We believe these advances have helped to shape the
landscape of MS-based structural analysis of mAbs into its cur-
rent state (Fig. 2). We will briefly describe the development route
of these methods and complement this retrospective with our cur-
rent considerations for the MS-based characterization of mAbs/
IgGs and ADCs.

2. Top-down ETD TOF MS of mAbs: Initial
Implementation

Historically, our decade-long journey in the field of MS-
based mAb analysis started in 2010 with the pioneering ex-
perimental work on top-down analysis of whole mAbs (a hu-
man IgG1 and a murine IgG1) using ETD on a high-resolution
quadrupole time-of-flight (TOF) MS instrument (MaXis™
qTOF MS). This accomplishment, achieved in collaboration
with Bruker Daltonics (Bremen, Germany), was revolution-
ary for its time due to the technical challenges of isolating and
fragmenting large, ~150 kDa, mAb species and resolving their
many product ions on a TOF MS platform. The resolution per-
formance of the TOF MS instrument employed in our work was
lower than that potentially offered by Fourier transform mass
spectrometry (FTMS),[28] but it was nevertheless exceptional
for that time and varied from about 50 000 for relatively sparse
to about 30 000 for the highly congested product ion regions.
The results were published in 2011 (Table 1).[2

Prior to this work, the analytically useful top-down MS
on proteins of about this size was reported only using high-
resolution FTMS. A particular example is the top-down MS
analysis of the linear formylglycinamide ribonucleotide amido-
transferase (PurL) of about 143 kDa, performed without pre-
cursor ion selection, in the ion source region (post-skimmer
dissociation) of an FTMS instrument, reported by McLafferty
and co-workers in 2006.301 Shortly after, in 2009, Bondarenko
and co-workers reported on the use of a similar approach, in-
source CID without precursor ion isolation, for the analysis of
an intact mAb using the newly launched high-resolution instru-
ment, a hybrid linear ion trap quadrupole (LTQ) Orbitrap™.[28]
Another pioneering top-down MS analysis of large proteins,
preceding our mAb work, was reported by Ge and co-work-
ers also in 2009, who managed to characterize the ~142 kDa
protein cMyBP-C and its truncated ACO-C1 proteoform (~115
kDa) using CID and/or ECD applied to selected precursor ion
charge states.[3!l The latter is perhaps the first top-down MS
application that involved selected precursor ion isolation to pro-
teins (not mAbs) above 140 kDa. It should be noted that the first
attempt to analyze an intact mAb with the in-source CID was re-
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Table 1. An overview of selected advances in mass spectrometry-based mAb structural analysis developed by our groups.

Ref.
Tsybin et al.*

Srzentié et al.P?

Srzentié et al.*)!

Year Method / Advance
Top-down MS of intact mAbs with ETD on a TOF MS: first application of electron-assisted
2011 . L . .
radical dissociation reaction (ETD) to fragment intact mAbs
Top-down MS of intact mAbs (isotype 1) with ETD on an Orbitrap FTMS: first application of ~ Fornelli ez al.*”
2012 . . . - . . .
electron-assisted radical dissociation reaction to fragment intact mAbs on an FTMS instrument
2014 Middle-down MS of mAbs using IdeS enzyme (25 kDa subunits) for improved sequencing and Fornelli et al.
PTMs analysis: first use of ETD in a combination with IdeS
2014 Extended bottom-up MS of mAbs using Sap9 enzyme: up to 100% sequence coverage in a
single LC-MS/MS experiment with a novel enzyme, Sap9
Top-down analysis of isotypes 1 and 2 mAbs with Orbitrap FTMS: first application of ETD to  Fornelli et al.™"
2017 . . .
intact mAbs of isotype 2, further method improvement
2018 Multiplexed middle-down MS of mAbs using KGP enzyme (50 kDa subunits): first
demonstration of light and heavy chain pairing via MS/MS of mAb subunits
2021 Proteoform peak integration for intact mass analysis of antibody-drug conjugates: a novel

approach to drug-to-antibody ratio estimation for FTMS

ported well before the FTMS work. Already in 1993, Feng and
Konishi reported on this achievement using a triple-quadrupole
mass spectrometer. Although the low-resolution performance
of the employed MS platform significantly limited the analyti-
cal outcome, that original implementation confirmed that intact
mAbs can be fragmented with CID in the gas phase.[”7]

In our TOF MS work, ETD was chosen to replace collision-
induced ion activation and dissociation because of its propensi-
ty to more evenly cleave the peptide backbone, and its potential
capability to rupture disulfide bridges (Fig. 3).I'9 An efficient
implementation of ECD on a TOF MS platform was not avail-
able at that time, whereas currently there are several very potent
ECD-enabled TOF MS configurations.[17"321 The original top-
down ETD results delivered 14% and 21% sequence coverage
for the human and the murine mAb, respectively. Importantly,
product ions were detected from the CDR regions, specifically
the functionally critical CDR3 region. Overall, this advance
was enabled by the ability of a novel high-resolution mass spec-
trometer to efficiently transfer heavy precursor ions and many
product ions to the mass analyzer and to decipher a complex
pattern of product ions. In addition, the already developed ini-
tial data analysis methods, including a high-resolution product
ion deconvolution algorithm, facilitated analysis of the convo-
luted MS/MS datasets.[!7¢]

The original implementation of the top-down ETD approach
on the TOF MS platform allowed the formulation of the experi-
mental design features and top-down data characteristics that are
still actual today (Table 2). For example, the employed TOF MS
instrument design entailed front-end injection of both multiply
charged cations and radical azuline anions, with ETD reaction
taking place in a collision chamber followed by an ‘ion cooler’
quadrupole. The latter was used to maximize the transfer efficien-
cy of product ions to the TOF mass analyzer and their detection.
17el Notably, a related approach to release product ions into the
TOF mass analyzer has recently been shown to be instrumental
in achieving the enhanced performance of ECD TOF MS imple-
mentation.['7" For improving the ETD efficiency, the 100 m/z
isolation window included three charge states of the mAb pre-
cursor ions, centered around the 50+ charge state. The precur-
sor ion accumulation time was increased compared to bottom-
up experiments, up to 800 ms, and ETD duration (i.e., ion-ion
interaction time) was typically set to 60 ms. ETD product ion
mass spectra, acquired with a broad, 100-5000, m/z window, were
dominated by the undissociated charge-reduced species (electron
transfer without dissociation, or ETnoD, products), with multiply-
charged product ions having a much lower intensity. The TOF

Nagornov et al.[*9

MS-specific baseline increase around the charge-reduced species
is present also on the recently released high-performance ECD
TOF MS configuration reported by Baba and co-workers, as
exemplified by their top-down ECD analysis of bovine serum al-
bumin.l7h]

Depending on the analyzed mAb, two different distributions in
the product ion populations were observed in our work: a bimodal
distribution characterized the murine mAb (Fig. 3, top panel),
whereas the human mAb produced a single Gaussian-like product
ion population (Fig. 3, middle panel).?%7 This difference was at-
tributed to the gas-phase structural differences between the two
mAbs. It was reflected on the fragmentation patterns identified
for the two mAbs, with the N-terminus of both Lc and Hc highly
sequenced in the case of the murine mAb (with this explaining the
low m/z product ion population) and with only three cleavage sites
identified for the human mAb. Two main facts were associated
with the fragmentation results for the two mAbs. First, they both
showed that the primary sequence is not affected homogeneously
by ETD fragmentation, but exhibited a pronounced sequencing
along the loops interconnecting mAb domains, with the disulfide
bond-protected areas and the central portion of the Hc remain-
ing instead poorly characterized. Moreover, several fragmentation
hot spots (preferred cleavage sites) were identified (Fig. 1, right
panel, and Fig. 3, middle panel). The preference toward specific
backbone cleavage sites is directed, presumably, by protein higher-
order structure. ECD/ETD cleavage preference around basic ami-
no acids, e.g., Lys, is known to be high and can be particularly
strong if these amino acids are charged (protonated).33 Secondly,
they both presented several backbone cleavage sites from disulfide
bond-protected areas, confirming the capability of ETD of cleaving
disulfide bonds in large proteins. These particular characteristics of
intact mAb’s fragmentation patterns in ETD MS/MS revealed by
the original work, including the preferential fragmentation chan-
nels, are currently being exploited for novel method development
in mAbs analysis, for example, for directing the de novo sequenc-
ing and MS" workflows.[34]

3. Top-down ETD Orbitrap FTMS for mAbs: First
Implementation

To enhance the method’s performance by further increasing the
mass spectral resolution, we partnered with the Orbitrap develop-
ment team at Thermo Fisher Scientific (Bremen, Germany). Prior to
this work, Orbitraps were employed only for intact mass measure-
ments of mAbs, in-source CID of whole mAbs, and CID-based mid-
dle-down analysis of mAbs, namely CID MS/MS of Lc and Hc sub-
units.[281 To perform the initial top-down Orbitrap implementation,
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Fig. 3. Examples of top-down ETD mass spectra of mAbs. (Top panel)
shows a tandem mass spectrum of MOPC21 mAb (a murine IgG1),
acquired on a high resolution TOF MS (maXis™ ETD from Bruker
Daltonics). The isolated precursor ions included charge states +49, +50,
and +51. The inset shows an expanded view of a complex product ion
pattern demonstrating a high-resolution performance enabling assign-
ment of multiply charged product ions. (Middle panel) shows application
of the same qTOF MS set-up to the analysis of a human mAb, an anti-
rhesus D IgG1. The same isolation window encompassing charge states
49-51 was employed. (Bottom panel) shows top-down analysis of a
biotherapeutic mAb, Humira (adalimumab), performed with a hybrid LTQ
Orbitrap™ Elite™ equipped with ETD. Precursor ion isolation window
2900 +/- 300 m/z, ETD duration 10 and 25 ms, 1000 summed scans,
target number of charges 1e6. Figures are adapted from Tsybin et al.,?
and Fornelli et al.*!

we employed a therapeutic [gG1 mAb — adalimumab (Humira). The
experiments were conducted with a hybrid LTQ Orbitrap instrument
(Orbitrap™ Velos Pro™). The Orbitrap mass analyzer was operat-
ing with a resolution of 100 000 at 400 m/z, which is almost double
that sustained by the high-resolution TOF MS described above. The
result of this pioneering Orbitrap ETD-based top-down analysis of
mAbs was published in 2012 (Table 1).13!

The first Orbitrap application to a whole mAb analysis with
ETD MS/MS relied, first of all, on the benefits of higher resolution
offered by FTMS compared to even the state-of-the-art in TOF
MS technology. The increased resolution in FTMS was shown to
be beneficial for dealing with product ion isotopic envelopes over-
lapping with the pronounced baseline around the abundant precur-
sor and charge reduced ions in TOF mass spectra (Fig. 3, bottom
panel and Fig. 4).1172hl The selection of the optimum ETD ion-ion
reaction times was performed based on the variation of product
ion yield and abundance of ETnoD species (Fig. 4). In addition,
we employed the fundamental ability of FTMS instruments to
increase the sensitivity of peak detection in mass spectra by av-
eraging the unreduced data — the time-domain transients.[30 It is
known that averaging N time-domain transients increases the sig-
nal/noise ratio (SNR) of mass spectral peaks proportionally to the
square root of N.[371 The more common at that time direct infusion
sample introduction would allow many time-domain transients
to be aquired in a single experiment.[381 However, direct infu-
sion necessarily requires off-line mAb purification and desalting
(Fig. 2). Therefore, to make the method more straightforward and
minimize sample manipulation, we early on decided to develop
mAb analysis methods based on LC online coupled with MS, or
LC-MS. In the case of mAbs, due to sample availability and the
targeted protein analysis approach, the number of time-domain
transients can be increased substantially by performing several
technical replicates of LC-MS/MS measurements.

In the Orbitrap-based method implementation, the electron trans-
fer from fluoranthene radical anions to multiply-charged mAb cat-
ions was performed in the LTQ.[35 The ion-ion interaction times were
shortened compared to TOF MS implementation, and the number
of reacting species (number of anions and number of cations) was
kept nearly constant by the automatic gain control (AGC) function
implemented in the LTQ. Furthermore, similarly to the TOF MS ex-
periments, multiple charge states of the precursor ions were selected
by isolating precursor ions with a 100 m/z window (equivalent to
three charge states, from 53+ to 55+) or a 600 m/z window (includ-
ing charge states from 47+ to 57+) (Table 2). The mass spectra were
recorded between 200 and 4000 m/z and represented in magnitude
mode FT (mFT). As a reminder, the mass spectral representation in
the ‘historic’ mFT mode available at that time provided about two-
times lower resolution for the same ion detection period (time-domain
transient length) compared to the current industry-standard enhanced
FT, or eFT, mass spectral representation in Orbitrap FTMS.[3%]

An important characteristic of the Orbitrap-based experiment
design was the acquisition of tandem mass spectra with two differ-
ent ETD reaction durations, 10 and 25 ms.[351 The shorter ETD du-
ration produced tandem mass spectra with product ions centered
around m/z 1600, whereas longer duration resulted in their shift
towards higher m/z. Acquiring time-domain transients of ETD
product ions allowed the combination of results of 10 and 25 ms
ETD MS/MS experiments in a single mass spectrum (Fig. 3, bot-
tom panel). The undissociated charge-reduced (ETnoD) species
at the chosen reaction times, 10 and 25 ms, dominated Orbitrap
ETD MS/MS spectra less compared with the TOF MS/MS. The
final results showed a substantial improvement in sequence cover-
age in relation to the previous TOF ETD MS/MS study, with 24%
sequence coverage with the 100 m/z isolation window and 27% cov-
erage with the 600 m/z window, considering only c-, z-, and y-type
product ions. Overall, the combination of the two sets of experi-
ments (for a total of about 13 000 time-domain transients — obtained
by acquisition of many LC-MS/MS technical replicates) led to a
record 32.7% sequence coverage (Table 2). A careful analysis of the
produced fragmentation map revealed that experiments involving
different precursors resulted in high coverage of slightly different
areas, probably due to the different arrangements of the protonation
sites. Globally, the highly sequenced regions remained unvaried
compared to the previous top-down TOF ETD MS/MS work.
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Table 2. An overview of instrument-specific selected characteristics of the mass spectrometry-based mAb structural analysis methods developed by

Direct infusion on a high-resolution instrument: 30 000 — 50 000 m/Am
Wide isolation windows for precursors (100 m/z isolates 3 charge states)

Improved product ion transmission and detection: ‘ion cooler’ quadrupole
Abundant ETnoD products dominate ETD mass spectra
Baseline increase around ETnoD peaks is pronounced (low resolution)

Extensive fragmentation outside S-S bond protected regions
Preferential cleavage sites suggest mAb structure-cleavage relationships

Top-down analysis of a biotherapeutic IgG1 — Humira (adalimumab)
On-line LC-MS/MS for sample purification, denaturing conditions
D30 Orbitrap, mFT mass spectra: higher resolution (100 000 at m/z 400)

Wide isolation windows: 100 m/z and 600 m/z (up to 10 charge states)

The undissociated ETnoD species are less pronounced

Baseline increase around ETnoD products is resolved (high resolution)
Averaging the time-domain transients from technical LC-MS replicates
Dual ETD reaction duration: 10 ms and 25 ms for increased coverage

Top-down analysis of IgG2 and IgG4, diverse IgG1 biotherapeutic mAbs
D20 Orbitrap, eFT mass spectra — faster scanning, enhanced resolution
Method optimization: ‘HCD trapping’ and ‘protein mode’ pressure regime
Multiple ETD reaction times provide complementary product ions

Sequence coverage in top-down remains at ~30%, but faster acquisition

Middle-up and middle-down approaches development: mAb subunits
Sequence coverage in middle-down: up to 60% (total mAb sequencing)
Light and heavy chain pairing: top-down analysis of F(ab) subunits
Extended bottom-up analysis with Sap9: up to 100% sequence coverage

aFT mode mass spectra representation (higher resolution, sensitivity)

our groups.
Instrument Method Characteristics
Top-down analysis of a murine and a human IgGls
MaXis ETD
q TOF MS
Sequence coverage: up to 20%
LTQ Orbitrap Velos Pro
Sequence coverage ~30%, but long experiment
LTQ Orbitrap Elite
Q Exactive HF BioPharma

Averaging aFT mass spectra or transients provides equal performance

Proteoform integration approach improves ADC/AOC analysis of DARs
Sliding window approach in LC-MS increases accuracy for DAR analysis

4. Top-down ETD of mAbs on High-field Orbitrap
FTMS

The success of the initial intact mAb analysis with ETD on TOF
and regular Orbitrap mass spectrometers in Bremen resulted in the
technology transfer to our laboratory at EPFL in Lausanne (Fig. 3,
bottom panel). Due to our original expertise and interest in FTMS
and the already available ion cyclotron resonance (ICR) technology
(a 12 T LTQ FT-ICR MS instrument) in the laboratory, we contin-
ued to perform further method development and applications on a
hybrid LTQ Orbitrap™ Elite™ platform. The custom-built Orbitrap
instrument installed in our laboratory uniquely at that time allowed
us to acquire even higher resolution mass spectra (including 3 s or
even longer transients delivering a 1 million resolution at m/z 400
and above) and provided access to the time-domain transients from
the built-in data acquisition system.[?! Our follow-up work on the
top-down analysis of mAbs on this powerful platform improved the
method performance (Tables 1 and 2).[!l The realized improvements
allowed to substantially reduce the number of averaged transients and,
ultimately, the required experimental time. These were achieved by an
enhanced efficiency to select higher charge state precursor ions, in-
creased instrument data acquisition rate (high-field, compact Orbitrap
mass analyzer, D20, and eFT mass spectra) compared to the LTQ
Orbitrap™ Velos Pro™ configuration,373! improved ion manipula-
tion including an extension of the ion path prior to C-trap focusing and

injection to the Orbitrap (now known as ‘HCD trapping’), and (man-
ual) reduction of the collision gas pressure in the HCD cell/C-trap to
lower the pressure in the ultra-high-vacuum region where the Orbitrap
mass analyzer is located. These procedures are now automated and
represent the foundation of the ‘protein mode’ available on modern
Orbitrap platforms.[?] In addition, we confirmed that ETD reactions
performed with multiple reaction times lead to complementary frag-
mentation patterns. This approach has been recently taken further by
jointly considering data obtained with different MS/MS techniques,
such as CID and ETD, to benefit sequence coverage.[12b-22b]

Overall, including sequence-specific product ions from indi-
vidual experiments performed with different reaction times re-
duced the number of averaged transients necessary for achieving
~30% sequence coverage to approximately 6000. Nevertheless,
the ‘30%-barrier’ was not greatly overcome, suggesting that other,
complementary, approaches are needed.

5. Middle-down ETD Orbitrap FTMS of mAbs

Despite the improvements in the top-down approach perfor-
mance enabled by better instrumentation, optimization of the ex-
perimental procedures, and advances in data processing and analy-
sis, the final sequence coverage outcome remained restricted, pre-
sumably due to structural constraints, such as S—S bonds and the
large size of subunits forming a mAb. Therefore, in parallel with the
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LTQ Orbitrap Velos Pro ETnoD
ETD of Adalimumab: 2 ms products
product ions
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 miz 4000
ETD S ms
ETnoD
products

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 mz 4000

ETD 50 ms

200 400 6[30 800 1000 1200 1400 16‘00 1500 2000 2200 2400 2600 2800 3000 3200 3400 3600 m/z 4000

Fig. 4. Influence of ETD ion-ion reaction time on the top-down mass
spectra composition in the analysis of a mAb. Shown are the results of
ETD top-down MS of adalimumab (Humira) analyzed with a hybrid LTQ
Orbitrap™ Velos Pro™ for different ETD reaction times: 2 ms (top panel),
5 ms (middle panel, and 50 ms (bottom panel). Precursor ion isolation
at 2750 +/- 50 m/z. The experimental details are described in Fornelli et
al.kd

top-down approach, we started to develop the middle-down meth-
ods (Fig. 2). These are defined as the protein structural analysis
approaches based on the gas-phase fragmentation of precursor ions
of parts (e.g., mAD subunits) of a protein (Fig. 1).[201 To qualify for
the middle-down definition, these protein parts should be relatively
large, ~3-5 fold greater than the typical enzymatically-derived pep-
tides analyzed in bottom-up MS approaches, or represent a structur-
al unit of a precursor protein. In the case of mAbs, which are char-
acterized by a multi-chain quaternary structure, functionally and/
or structurally distinct subunits can be generated by disulfide bond
reduction or by enzymatically-assisted digestion in the hinge region
(Fig. 1).112028] If the disulfide bond reduction is performed under
denaturing conditions, in the presence of chaotropic agents such as
urea or guanidine-HCI, all disulfide bonds could be reduced, yield-
ing separate Lc, ~25 kDa, and He, ~50 kDa (Figs 1 and 2). The other
types of mAb subunits, e.g., F(ab) and Fc, are produced by limited
proteolysis of mAbs using non-denaturing conditions.

We selected a mAb structure-specific bacterial cysteine pro-
tease IdeS for our implementation of a middle-down approach.
The specificity of IdeS to mAb digestion is in the unique cleavage
site located just below the hinge region (Fig. 1).1251 This enzyme
became commercial at about that time and demonstrated an inter-
esting use in the middle-up applications to mAb analysis.[25431 The
IdeS-derived mAbD subunits after the digestion are the 100 kDa
F(ab)', and the 50 kDa Fc subunits. Note, the prime ' notation is
added to the subunit name to denote a presence of a hinge region
in it. The Fc subunit is held together by non-covalent interactions
and thus usually appears as two separated Fc/2 subunits of ~25
kDa each when denaturing conditions are used for LC-MS analy-
sis (Fig. 1). The S-S bonds that keep the F(ab)', subunit together
may be efficiently reduced to yield two ~25 kDa subunits — name-
ly Lc and Fd, which is the N-terminal part of the Hc. Therefore,
instead of a single ~150 kDa mAb, IdeS allowed to deal with three
mAb subunits of ~25 kDa each (Lc, Fd', and Fc/2) (Fig. 1).

As aresult, we combined the instrumentation and sample-prep-
aration advances to develop a novel workflow for mAb structural
analysis—the ETD MS/MS-based middle-down approach (Fig. 2).144]
The results obtained with this workflow improved significantly,
by 2-3-fold, the sequence coverage obtained by the top-down ap-
proach. In addition, the involved processes, such as the separation
of the 25 kDa species with an LC system and the subsequent ion for-
mation, transfer, and detection with an Orbitrap mass spectrometer,
were substantially easier to perform and optimize compared with
the whole mADb analysis. It is thus not surprising that this workflow
is gaining an increasing interest in biopharma analytical laborato-
ries and constitutes a part of commercial software solutions.

Compared to the whole mAb, the ~100 kDa F(ab), subunit gen-
erated by IdeS digestion is structurally-simplified as it lacks the het-
erogeneous Fc subunit that carries the canonical N-linked glycans.
In addition, it is composed of an Lc and an Fd subunit, the known
pairing of which may help identify a whole mAb due to the pres-
ence of all six CDRs on them. Nevertheless, the attempted middle-
down analysis of the F(ab), subunit did not substantially improve
the final sequence coverage compared with top-down analysis.

To further facilitate the middle-down analysis application for
the chain pairing, we employed another structure-specific enzyme,
KGP (commercially available from Genovis as GingisKHAN).[4!
This cysteine protease is particularly efficient towards the IgG1
class, and it cleaves in a highly specific and reproducible man-
ner at the ... KSCK-THTCPPCP... bond above the hinge region
(Fig. 1). Therefore, the resulting digestion products are ~50 kDa
subunits — two F(ab) subunits and an Fc subunit (held together by
covalent intermolecular S-S bonds in the hinge region). The F(ab)
subunit is thus the smallest part of a mAb that may provide the Lc
and Hc chain pairing information. We realized the corresponding
proof-of-concept experiment using trastuzumab (Herceptin) as a
reference mADb (Table 1).11 The experiments were performed on
an LTQ Orbitrap™ Elite™ equipped with ETD MS/MS and a Q
Exactive™ HF with the BioPharma option equipped with higher-en-
ergy collision-induced dissociation (HCD) MS/MS. Once again, the
sensitivity enhancement via data averaging from technical replicates
demonstrated its enabling power to enhance confidence in both ETD
and HCD product ion annotation and increased sequence coverage.
The reported results were the first ones to represent Orbitrap mass
spectra in a true absorption FT mode (aFT).[5] The latter advance
was due to the phase artifact-free acquisition of time-domain tran-
sients from an Orbitrap using a high-performance data acquisition
system, FTMS Booster X2 (Spectroswiss).[*¢! In contrast to the mFT
and eFT mass spectra, the aFT mass spectra preserve full informa-
tion on the ion signals contained in the time-domain transients: fre-
quency, intensity, and phase. Fundamentally, only the time-domain
transients and the aFT mass spectra represent the unreduced data
types in FTMS. Using either of them would yield equal information
upon data averaging, retiring the concept of microscans. Overall,
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the use of the unreduced data maximizes the information output and
increases confidence in FTMS data.l*7]

Other common proteases suitable for middle-down approaches
include papain, pepsin, ficin, and endoprotease Lys-C.[*81 However,
compared to IdeS and KGP, optimizing sample preparation us-
ing these proteases can be more laborious, the yield is generally
more heterogeneous, and some of them may suffer low specificity.
Nevertheless, our original proof-of-concept experiments on pair-
ing light and heavy chains of mAbs, prior to the use of KGP, were
performed with papain on a single mAb and simple mAb cocktails;
see below.

A formidable challenge of extending the chain pairing approach
from a single mAb to simple cocktails and more complex mixtures
of mAbs can be appreciated already from the analysis of a mixture
of three therapeutic mAbs (Fig. 5). The first analyzed reference
mixture consisted of three mAbs: adalimumab, trastuzumab, and
natalizumab. After papain digestion, the mAb subunit mixture was
directly analyzed by LC-MS/MS on a hybrid LTQ Orbitrap™
Elite™ instrument. Fig. 5 shows the total ion current (TIC) chro-
matogram of the mixture, demonstrating separation of ~50 kDa Fc
and F(ab) subunits. Expectedly, the Fc subunits of all three mAbs
co-eluted as they share nearly identical sequences. The Fc subunits
contain glycosylation and other structural features important for
effector functions, interaction with Fc receptors, and stability. Still,
they provide no information about Lc and Hc pairing as they origi-
nate solely from the heavy chains.
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Fig. 5. An example of a middle-up approach application to mAb ana-
lysis. The main panel shows a TIC chromatogram of separated 50 kDa
F(ab) subunits of three mAbs from a mixture digested with papain:

IgG1 trastuzumab, IgG1 adalimumab, and IgG4 natalizumab. Additional
panels show broadband LTQ OrbitrapTM EliteTM mass spectra of the
charge state envelopes of the corresponding F(ab) subunits of these
mADbs. The precursor ion isolation windows for the subsequent ETD MS/
MS are centered around charge states 34-36, 33-35, and 28-30 for tras-
tuzumab, adalimumab, and natalizumab, respectively.

The three F(ab) subunits originating from the three IgGs were
separated by reversed-phase liquid chromatography (RPLC) un-
der denaturing conditions,['8a] (Fig. 5). Maintaining the LC col-
umn at a constant temperature (e.g., 65 °C) ensured the high elu-
tion reproducibility which is necessary for subsequent elution
time scheduled ETD-based fragmentation. Nevertheless, baseline
separation of the F(ab) subunits of the three mAbs was not
achieved. This result is not surprising, taking into account the
close hydrophobicity values that are characteristic for such large
mAbs subunits (which include highly conserved constant re-
gions). Despite of the absence of the baseline separation, precur-

sor ion isolation using a wide isolation window (encompassing
several charge states) was possible. The latter is beneficial to
maximize ETD MS/MS efficiency and sequence coverage. The
choice of precursor ion charge states is driven by the efficiency of
ETD being proportional to precursor charge state. Therefore, we
attempted to preferentially isolate higher charge states precursor
ions that were abundant enough to ensure the ion injection (ac-
cumulation) times are compatible with the LC timescale. An ex-
ample of a resulting ETD mass spectrum is shown in Fig. 6.
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Fig. 6. Middle-down MS product ion complexity: an expanded view of
ETD mass spectrum (m/z 1500-1640 range) of Fab subunit of trastu-
zumab (generated with papain digestion, Fig. 5). Indicated are terminal
c-ions and disulfide bond linked z-z ions. Insets show expanded views
of isotopically resolved product ions identified as an interchain disulfide
bond linked z104-z118 (+13 charge state) product ion (left) and the c103
(+7 charge state) terminal product ion (right). Product ions shown in blue
belong to Hc and in red - to Lc..

If a co-elution of mADb subunits occurs, one can use narrow
isolation windows for individual charge state isolation from each
co-eluting species and obtain targeted MS/MS spectra that cor-
respond to the particular F(ab) subunits. This procedure is chal-
lenging on an LC-MS peak elution profile as only a few time-
domain transients can be acquired, which makes increasing the
number of LC-MS/MS technical replicates beneficial to detect
more product ions and increase SNR. Another alternative is to
isolate several charge states for both F(ab)s. A mixture of trastu-
zumab and rituximab, two mAbs that provide co-eluting F(ab)
subunits in the RPLC-MS settings employed, were analyzed using
a broad isolation window of 230 m/z to test if the quality of the
F(ab) sequencing would be affected and if it would still be pos-
sible to identify the chain pairing-specific product ions connected
by an inter-chain disulfide bond (Fig. 7). The product ion analysis
results showed that the co-isolation of several charge states from
both mAbs might preserve the outcome of the sequence coverage
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in data analyses performed with and without considering disulfide
bond-linked product ions (data not shown). The CDR3 domains
that are particularly important for unambiguous chain pairing
were covered with several product ions in all cases. Moreover,
rituximab was confirmed to present cyclization of glutamine to
pyroglutamic acid on both chains. Overall, this result suggests that
the sequencing and chain pairing determination can be possible
even in the case of species co-elution, supporting the validity of
the middle-down approach at the F(ab) level for mAb mixtures.
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Fig. 7. An example of a middle-down approach application to mAb
analysis. The figure shows a broadband LTQ OrbitrapTM EliteTM mass
spectrum (top panel) and ETD tandem mass spectrum (bottom panel) of
the co-eluting trastuzumab and rituximab F(ab) subunits. The respective
charge state envelopes are color-coded. The red rectangle shows the
isolation window of ~230 m/z employed for ETD MS/MS. The isolation
window contains five to six charge states of each F(ab) subunit.

6. Extended Bottom-up Mass Spectrometry of mAbs
Comprehensive structural analysis of mAbs requires a 100%
sequence coverage and identification of small, such as ~1 Da,
modifications. A common ~1 Da modification is asparagine (Asn)
deamidation (loss of NH, and gain of H,0O), which transforms Asn
residues into aspartic (Asp) and iso-aspartic acid residues (iso-
Asp) via formation of a succinimide intermediate.[*] To analyze
such minor modifications, neither top-down nor middle-down ap-
proaches may be sufficient. Instead, a standard workflow would
be based on the bottom-up approach. This approach is more com-
monly applied to the analysis of proteomes and is typically per-
formed with trypsin as the enzyme of choice. Trypsin specificity is
toward the basic amino acids — Lys and Arg. Due to the relatively
high (about one out of 10 amino acids) occurrence of these amino
acids in proteins, mAbs included, trypsin-derived peptides are
typically lighter than 3 kDa. Nevertheless, even such significant
sample simplification into relatively short tryptic peptides does
not always provide a complete sequence coverage of mAbs.!12b]
First, mAbs are known to carry an extended amino acid region
without basic residues, which would result in the generation of
very large peptides that may remain undetected with standard
experimental settings. In addition, mAbs may have regions with
many basic residues, which would result in the generation of very

short peptides, composed of less than 5 amino acids, that may
escape the detection. Furthermore, digestion reaction with trypsin
usually involves steps performed at a high pH level. The latter is
known to induce structural changes, such as inducing Asn de-
amidation. Therefore, enzymatic reactions at a lower pH level and
providing a 100% sequence coverage were of interest at that time
(presently, novel trypsin-based enzymatic digestion procedures
may be performed at reduced pH conditions).

To address this need, we characterized a novel enzyme — the
secreted aspartic protease Sap9 — and benchmarked its utility for
mAb structural analysis. The original aim was to employ Sap9
for developing an alternative middle-down approach due to the
enzyme’s suggested dibasic (e.g., KK, RR, KR, and RK) amino
acid cleavage specificity.’9) However, our extensive protease
characterization revealed its less strict amino acid preference.[5!]
Nevertheless, the Sap9-based workflow fulfilled several require-
ments and resulted in a novel approach distinct from both middle-
down and bottom-up — extended bottom-up mass spectrometry
(Table 1).521 Its application to diverse mAbs showed up to 100%
sequence coverage and minimal introduction of artifacts, such
as almost absent isomerization of Asp residues during digestion.
Adding the term ‘extended’ was justified by the 2-fold larger size
of the proteolytic peptides produced by Sap9 compared to trypsin.
The access to larger and, thus, more highly charged peptides was
believed to be beneficial for high-resolution mass spectrometry
and charge state-dependent ETD MS/MS.[50]

Finally, the Sap9-based extended bottom-up approach showed
promise for rapid de novo sequencing of mAbs, particularly using
the algorithms originally developed for the top-down methodology.
1531 Indeed, the current industry standard de novo sequencing of
mAbs is based on bottom-up approaches that utilize several enzymes
with complementary cleavage specificities.l>¥ In the panel of these
proteases, which usually includes 3-5 enzymes, trypsin is gener-
ally complemented by chymotrypsin and Lys-C. On the other hand,
results obtained by the Sap9-based extended bottom-up workflow
suggest that a single enzyme, Sap9, may replace the multi-enzyme
approach or, at least, reduce the number of the required proteases.

7. Intact and Middle-up Mass Measurements of mAbs
and ADCs

Intact mass measurements of mAbs, ADCs, and mAbs sub-
units are indispensable parts of top-down and middle-down work-
flows (Fig. 2).1102.551 Modern MS offers both low- and high-reso-
lution capabilities for intact mass measurements, allowing mAb
analysis at the isotopically-resolved and unresolved levels.[59 The
former strategy is widely applied for ~25 kDa mAb subunit analy-
sis (middle-up approach), whereas the latter typically provides
proteoform-resolved mass spectra for larger mAb subunits and
intact mADb species, e.g., for glycosylation profiling.571 The low-
resolution intact mass measurements provide average mass values
and, advantageously, integrate ion signals from all the isotopes
constituting a mAb molecule.l58! That increases the SNR of the
detected peaks by orders of magnitude.

Higher resolution enables the differentiation of mAb species
with smaller mass differences. However, the extensive isotopic
envelope of mAbs (~25 Da wide) limits the capabilities of in-
tact mass measurements to resolve closely-spaced proteoforms
(e.g., single oxidation of +16 Da, or dehydration, -18 Da) using
the usually accessible and/or LC-compatible MS resolution per-
formance.!#¢l Therefore, similar to the case of middle-down ap-
proaches described above, to better distinguish the different mAb
proteoforms, the mass analysis of structurally-significant mAb
subunits, e.g., F(ab)z, F(ab), Hc, Lc, Fd, Fc, and Fc/2, can be pre-
ferred (Figs 1 and 2). In this regard, middle-up MS provides an
extensive profile picture of the structural micro-variants of the
molecule.l5 Although middle-up MS assigns these modifications
to a certain 25 kDa subunit, it does not allow to attribute them to
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a specific amino acid. Therefore, the intact and middle-up mass
measurements are generally complemented by the discussed (ex-
tended) bottom-up, middle-down, and top-down MS approaches
(Fig. 2).I1001 The (extended) bottom-up approaches complete the
intact/middle-up capabilities in the analysis of the tiniest modi-
fications.

In regard to intact mass measurements, attempts to resolve
proteoforms of complex mAb/ADC samples may result in highly
congested mass spectra that may be challenging or impossible
to rationalize.l'82.611 Tt is thus a common practice to deglycosyl-
ate mAb/ADC samples prior to LC-MS (and LC-MS/MS) analy-
sis, for example by using PNGase F (Peptide:N-glycosidase F)
amidase (Fig. 2).13-571 To potentially avoid this additional sample
preparation step, we recently demonstrated that integration of
mass spectral peaks from several proteoforms provides ultra-low-
resolution mass spectra that can be beneficial for the DAR analy-
sis of complex ADC/AOC samples (Table 1 and Fig. 1).[46]

Briefly, the experimental measurements of an AOC sample
(trastuzumab-oligonucleotide conjugate) were performed on a Q
Exactive™ HF™ mass spectrometer equipped with the BioPharma
option.[#0l This allowed for ion detection over an extended mass
range and thus the use of native conditions for sample preparation,
separation (size exclusion chromatography, SEC), and ionization.
The unreduced data (time-domain transients) were acquired with
an external high-performance data acquisition system (FTMS
Booster X2, Spectroswiss) and processed using the advanced
FTMS data processing and analysis software package Peak-by-
Peak (Spectroswiss). The ability to define the resolution of the fi-
nal mass spectrum was achieved by a user-controlled time-domain
transient truncation process — as FT mass spectral resolution is
proportional to the transient period, typically.[2] In the case of
mADbs, the latter statement is fulfilled if short, less than 60 ms,
transient periods are considered.[0] This period corresponds to
the half-width of the first time-domain isotopic beat of a mAb.
However, increasing the transient period, even substantially, by
10-fold and more, will not enhance resolution. Again, this is due
to the particular structure of the isotopic beat patterns from mAbs
in FTMS.[17d:63]

In the above example, the identified optimum mass spectral
resolution that enabled estimation of DAR values of the inves-
tigated AOC sample was 4-fold lower than the lowest resolution
provided by the employed Orbitrap model. It is also 2-fold lower
than the lowest resolution provided by any current Orbitrap model.
This example illustrates the additional flexibility and intriguing
potential toward developing novel methods allowed by the access
and possibility to process unreduced FTMS data (time-domain
transients). This is readily available nowadays, for example, via
the new generation of high-performance data acquisition and data
processing systems developed by Spectroswiss.47]

Finally, we demonstrated that the accuracy with which the
DAR values could be assigned for ADCs/AOCs samples depends
on the data processing of the LC-MS data. Specifically, DAR re-
sults obtained from mass spectral averaging across a complete
elution peak may significantly, by more than 10%, differ from
the results obtained with the sliding window approach. In the lat-
ter method, the whole elution profile for a given peak is divided
into several, e.g., 8—10, narrower elution time windows. Mass
spectral averaging is first performed within the individual elution
time windows, and the DAR distribution is calculated for each of
these windows. The final DAR distribution is an average of all the
window-specific DAR distributions. Previously, the sliding win-
dow approach has been reported in the peer-reviewed literature for
the analysis of mAbs,!%4 but not the ADCs/AOCs. As it could be
expected from the native SEC-FTMS measurements, processing
mass spectra from different portions of the elution profile showed
that the heavier species, with DAR = 6-8, elute first, whereas the
lighter ones, with DAR = 1-3, are detected at the end of the elu-

tion peak.l“¢l The species with the highest and lowest DAR values
are those that substantially differ from the whole elution peak
integration analysis. It appears that mass spectral averaging of the
whole elution profile suppresses ion signals from the species with
the lowest and the highest DARs. Therefore, the sliding window
approach has demonstrated a potential increase in DAR estima-
tion accuracy in the ADC/AOC sample analysis. Further method
validation and benchmarking are thus justified.

8. Further Considerations

Instrumentation advances in MS techniques, combined with
gas-phase ion activation and dissociation method improvements
for MS/MS, and the allied developments in data processing and
data analysis, as well as liquid-phase sample preparation and
separation, have propelled the structural analysis of individual
mAbs and other biotherapeutics to new heights in efficiency, ac-
curacy, and robustness. Overall, these advances have facilitated
the acceptance of MS-based methods to characterize mAb-based
biotherapeutics both in the biopharma industry and regulatory
agencies, such as the Food and Drug Administration (FDA) and
European Medicines Agency (EMA). Following the success of
bottom-up MS approaches that are now integrated into the multi-
attribute method (MAM) workflows increasingly employed by
biopharma,[100:651 the intact mass measurements and the middle-
up/down workflows are now being considered to be integrated
into the MAM-type workflows.[1%] Today, for many routine bio-
therapeutics characterization processes, the current bottlenecks
are within the automation and integration of the experimental and
data analysis workflows, rather than in the MS method develop-
ment itself. Nevertheless, further progress in the MS-based mAb
structural analysis remains desirable, particularly in the mAb
development activities, but requires addressing numerous chal-
lenges in methods and techniques.[12b-60]

The top-down MS analysis of mAbs remains a niche applica-
tion. It still cannot yield 80—100% sequence coverage even for
a highly purified and unlimited amount mAb sample. Achieving
this objective would require developing efficient multi-stage MS/
MS methods that employ both types of MS/MS techniques — er-
godic (e.g., CID) and non-ergodic (e.g., ECD) — consecutively
and in a single experimental set-up. Perhaps a combination of a
multi-trap MS/MS device (Omnitrap™ from FasmaTech, Athens,
Greece) with an Orbitrap platform will offer the most advanced
capabilities that will help to achieve these objectives already in
the near future.

The compelling capabilities offered by the use of the unre-
duced data in FTMS, achieved via the acquisition and rational
processing of the time-domain transients, have already resulted
in the development of novel methods, such as the proteoform
peak integration approach for ADC/AOC analysis of DARs.[40]
Furthermore, access to the time-domain transients enables the
implementation and use of such intriguing novel methods as indi-
vidual ion counting (I2ZMS),67 and charge determination analysis
(CHARDA).[68] These methods address one of the major bottle-
necks in top-down MS by facilitating analysis of the heavily con-
gested mass spectra. In the I2MS approach, peaks of individual
multiply-charged ions are detected in the m/z space. The charge
states are assigned to these peaks based on the growth rate of the
peak intensity as a function of the transient period. This rate is
proportional to the charge state — peaks with higher charge states
increase their abundances faster. The approach relies on statistics
and requires that the individual ions survive during extended de-
tection periods. The second approach, CHARDA, processes time-
domain transients from an inverse perspective — it monitors the
decay rates of ion signals along the time-domain transients. lons
with different charge states have been shown to have different de-
cay rates. The benefit of CHARDA is that individual ion detection
is not required, and a top-down MS experiment can be conducted



124

CHIMIA 2022, 76, No. 1/2

Mass SPECTROMETRY AT Swiss ACADEMIC AND INDUSTRIAL INSTITUTIONS

conventionally. Therefore, CHARDA can assign charge states to
the stand-alone peaks composed of many (and not necessarily
high charge state) ions, which may enhance method sensitivity
and widen charge state applicability.

Furthermore, a robust and rapid top-down de novo sequencing
of IgGs is not yet offered for the biologically-significant cases,
especially when the antibody quantity is limited and efficient pu-
rification or production of an IgG of interest is not possible. To
achieve this objective, exceptional mass accuracy is needed to be
provided for both canonical (i.e., N- and C-terminal) and internal
product ions in the top-down data sets.[%] According to the current
estimates, mass accuracy of better than 1 ppm is indispensable for
increasing confidence, specifically in product ion annotation.[70]
That signifies a 5-10-fold improvement over the current state-
of-the-art. With the high resolution and high mass accuracy data
in hand, sophisticated top-down de novo sequencing algorithms,
such as Twister,’!] may receive the much-needed performance
enhancement. In addition, increased sequencing confidence and,
potentially, facilitated de novo sequencing, can be accomplished
by reducing congestion of product ions upon distributing them
across a wider m/z range.[7?!

Finally, achieving the top-down MS capabilities overviewed
here at the level of mAb mixtures is still beyond the reach of the
current analytical technology. Nevertheless, recent developments
have already demonstrated proof-of-concept capabilities of a mid-
dle-down analysis (on the level of F(ab) subunits) to probe the
circulating IgG1 repertoire in human plasma.!’3! In addition to the
MS and MS/MS challenges, the liquid-phase separation of IgGs
presents a formidable bottleneck due to the similar physico-chem-
ical properties of IgGs, including their pI values. Implementation
of efficient methods to separate complex mixtures of mAbs in
solution and/or in the gas phase (e.g., using ion mobility)!74 will
trigger a significant advancement of the already developed MS
and MS/MS-based workflows for the analysis of IgGs in general,
and mAbs in particular, embedded in complex molecular matrices
and accelerate our access to new medicines.

9. Conclusions

The growing importance of mAbs/ADCs as biotherapeutics
has magnified the usefulness of top-down and middle-down mass
spectrometry for their structural analysis, including those meth-
ods developed by our group (Table 1). Notably, we pioneered top-
down and IdeS/KGP-based middle-down MS approaches to mAb
analysis utilizing ETD as a gas-phase ion fragmentation method
on two platforms: TOF MS and Orbitraps. The general character
of the allied approaches to increase the sensitivity and specificity
of mAb/ADC analysis, including data averaging across multiple
technical replicates and the use of unreduced data in FTMS, fur-
ther expands the application reach of these methods (Table 1).
The ideas behind several developed methods and techniques have
been employed in related commercial products and are readily
available to the community.

Nevertheless, a global and concerted effort is needed to ad-
vance the field of top-down MS toward routine workflows with a
broad acceptance by the larger scientific, industrial, and regula-
tory communities. We contribute to this process by participating
in the Consortium for Top-Down Proteomics (CTDP) and other
initiatives focused on further developing and promoting top-down
MS approaches. In the frame of the CTDP activities, we super-
vised an interlaboratory study on the characterization of mAbs
with top-down and middle-down MS.!'201 This study summarized
mAb analysis reports from more than 20 top-down MS labora-
tories worldwide. It underlined a particular need in didactic and
educational resources, supported with software tools, to more rig-
orously comprehend the structural chemistry and mass spectra of
large molecules and improve the experimental design. To address
this, we developed a dedicated software tool, FTMS Simulator,

capable of accurately computing mAb’s isotopic envelopes and
simulating FTMS-specific data for biotherapeutics analysis.[46.73]
Presently, we are assisting the major CTDP action in advanc-
ing the Human Proteoform Project — an ambitious initiative to
bridge genotype and phenotype via large-scale proteome analysis
at the proteoform level with top-down MS.[76] Advances in the lat-
ter will be necessarily beneficial for the whole field of top-down
MS, including large-scale and targeted biopharma applications.
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